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Abstract

The field of flexible and wearable electronics has seen considerable expansion in

recent years. Flexible electronics’ remarkable mechanical qualities, such as bend-

ing, stretching, and twisting, make them promising for modern electronic devices

to operate in real-world conformal and varied environmental operating circum-

stances. With the emergence of flexible electronics, flexible antennas have piqued

the interest of academicians and industry personnel worldwide. They have a lot

of appealing features, such as delivering adequate performance under a variety

of operating conditions, which makes them a good contender for next-generation

wireless communication systems.

There are a lot of choices of flexible substrates for the development of flexible

and wearable antennas available in the literature which includes, fabric, polymer

and paper-based substrates. Due to their multiple advantages over rigid and fabric

substrates, polymers have been increasingly popular as a substrate for the design

of flexible/wearable antennas in the previous few years. Flexible antennas require

bending, stretching, and twisting, whereas rigid substrates do not perform well

under these conditions. Fabric substrates, though can be employed for flexible

antenna designs, but they are more susceptible to environmental influences like

moisture absorption, temperature changes, and so on, which have negative impact

on the antenna’s radiating characteristics. Therefore, researchers are continuously

exploring new conducting and substrate materials for the design of flexible anten-

nas. In this research, the silicone-based polymer Polydimethylsiloxane (PDMS),

which belongs to the category of polymeric organo-silicon compounds (silicones)

(C2H6OSi)n, is chosen as the polymer substrate. In addition to flexible antennas, it

can also be employed as a flexible substrate in microchips, thin membranes, sensors,

hydrophobic antenna coating, and other applications. PDMS possesses favorable

attributes for its employment as a flexible antenna substrate like it is chemically

inert, thermally stable, permeable to gases, easy to handle, and with reasonably

isotropic and homogeneous qualities in addition to flexibility, transparency, and

water resistance properties.



However, it has been observed that varied values of its dielectric parameters are

employed by the researchers for the frequency range 0.1-40 GHz. These parameters

include dielectric constant (ϵr) values ranging from 2.32 to 3.2 and loss tangent

(tan δϵr) values ranging from 0.01 to 0.08. The values in the range of ∼2.7-2.8

represent parallel dielectric constant values, whereas values in the range of ∼2.65

or below represent perpendicular dielectric constant values. This variance in PDMS

dielectric parameter values is undesirable since it degrades design accuracy. This

gives the motivation for the development of novel PDMS characterization methods

for calculating the precise value of its dielectric parameters.

Two experimental methods for PDMS characterization are proposed in this re-

search. The first method is based on resonance measurements using PDMS samples

in the shape of discs to excite two types of TE- and TM-mode cylinder resonators.

This method ensures that the dielectric constant and dielectric loss tangent values

in parallel and perpendicular directions are accurately determined. The second

method is based on the close coverage of planar microstrip ring resonators with

non-metalized PDMS samples, and it provides accurate equivalent dielectric pa-

rameters. The obtained results reveal that PDMS substrate posses modest but

measurable uniaxial anisotropy, as well as well-expressed frequency dependence of

the derived dielectric parameters in the 1-40 GHz range, notably ϵpar ∼2.7-2.82;

ϵperp ∼ 2.52-2.73 and ϵeq ∼2.64- 2.75, tan δϵeq ∼ 0.017-0.048. Several other comple-

mentary methods confirm the results obtained.

After successfully evaluating important electromagnetic properties of PDMS,

the first antenna prototype for various wireless applications is designed. The key

objective of this prototype is to show that, PDMS can be used as a flexible an-

tenna substrate that offers various advantages over fabric-based substrates. To

present the comparative analysis, the fabric-based substrate Jean is chosen. Vari-

ous researchers have employed Metamaterial for the enhancement of the radiation

properties of rigid substrate-based antennas. A very limited literature is available

on the use of metamaterial in the flexible antennas, particularly those employing

polymer-based substrates like PDMS. So, this prompted us to incorporate it in

the second antenna prototype as metamaterial inspired flexible antenna. A single

split ring resonator (SRR) is employed in this proposed design on the same side



of the patch in addition to the rectangular slot on the ground. This offers the

requisite frequency notched characteristics for the intended frequency bands, and

the provided antenna resonates at 5 GHz, 5.8 GHz, and 6.6 GHz for WLAN and

WBAN applications, as per the IEEE 802.11ac, 802.16d, and 802.11ax require-

ments. The SRR structure and slots with the applied coplanar waveguide (CPW)

feed also helped in achieving compactness, minimize losses, and backward radia-

tion, when the proposed antenna is used in close proximity to the human body.

Both the presented flexible antennas have been tested in a variety of operating

situations including bending, and wet environments, and they consistently provide

good performance characteristics. The specific absorption rate (SAR) analysis is

also performed in this research using three layered simulation model to analyze the

effect of antenna on human body. The presented flexible antennas are fabricated

and characterized using the KEYSIGHT N9928A vector network analyzer (VNA)

to validate the simulation results.

Keywords: Anisotropy, Dielectric materials, Dielectric constant, Flexible an-

tenna, Material characterization, Metamaterial, PDMS, Polymers, Resonators,

SRR, SAR.
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Chapter 1

Introduction

1.1 Background

The ‘Fourth Industrial Revolution’ piqued researcher’s interest in flexible electron-

ics, which is one of the most recent innovations in the electronics sector. The 5G

network’s technological breakthroughs, such as higher data speeds, range, and ca-

pacity with reduced latency, have sparked this revolution. As a result, researchers

are constantly looking for novel materials that can meet all of these requirements

while also providing flexible characteristics to address the drawbacks of rigid ma-

terials.The flexible devices are light, compact, easy to integrate, inexpensive, and,

most significantly, environmentally beneficial, especially in light of today’s high

pollution levels. By 2023, the flexible electronics sector market is expected to be

worth more than 40 billion dollars [1]. The demand for wireless, implantable and

flexible devices for the number of applications like health monitoring systems and

other day-to-day devices such as mobiles, computers, laptops, etc., has increased

tremendously in recent years. Therefore, the demand and requirement for flexible

antennas, the crucial component of flexible wireless communication systems, has

increased proportionally. So, to design a flexible antenna that is compact, flexible,

and low profile, satisfying all the system requirements in terms of small size, num-

ber of frequency bands supported, gain and bandwidth, etc., is still a challenging

task [2].

Traditional stiff substrates and conducting materials are not suited for designing

flexible antennas because they cannot withstand the requirements mentioned above
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of flexibility and conformal circumstances. Therefore, the researchers are constantly

looking for new materials with the necessary properties for specific applications.

Various materials for flexible antennas have been suggested in the literature. As

illustrated in Fig 1.1, in order to design a flexible antenna, materials for conductive

sections such as patch, ground and feed, as well as substrate material should be

carefully chosen, that mainly depends on the target applications in consideration.

The conductive materials like silver and cooper are most commonly used in the form

of nanoparticle (NP) inks. Nowadays, conductive textile fabrics known as electro-

textiles such as taffeta and conductive polymers such as polyaniline, polypyrrole

etc. are also becoming increasingly popular because of their high conductivity and

better performance under conformal conditions.

The three main types of flexible substates that can be employed for flexible an-

tenna design are fabric, polymers, and paper-based substrates. Fabric substrates

are more prone to environmental factors such as moisture absorption and tempera-

ture variations. Under flexible, stretchable, and conformal circumstances, they de-

liver a limited performance. Paper-based substrates have comparable constraints,

therefore polymer-based substrates are preferred in this research.

Figure 1.1: Different materials for flexible antenna design

With the advancements in printing technology, a variety of new techniques for

fabricating flexible antenna have emerged in recent years. Conventional fabrica-

tion procedures such as chemical itching and embroidery have certain drawbacks.
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These include being slow, inaccurate and using chemicals that are not very environ-

mentally friendly. The latest manufacturing techniques, like inkjet printing, screen

printing, and substrate intigrated waveguide (SIW), are faster and antenna design

is directly transferred on the substrates utilising conducting NP inks and modern

printers. These manufacturing procedures create relatively little waste and are also

non-hazardous to the environment. A comprehensive review of various types mate-

rials and fabrication methods employed by different researchers to develop flexible

antennas for multiple applications is presented in chapter 2.

In order to design the flexible antennas, the conventional procedure to be fol-

lowed is illustrated in Fig.1.2. The initial and most crucial step in the design

process is the material selection and characterization of the dielectric properties

of these materials mainly dielectric constant ϵr, dielectric loss tangent tan δϵr and

conductivity σr. Then depending upon the applications, suitable geometry of the

antenna structure is selected, which includes the radiating patch, ground and feed

lines. After that, the antenna is simulated and optimized using the appropriate

3D electromagnetic solvers like Ansys HFSS or CST, etc. In this research, all sim-

ulations are performed using the Ansys HFSS. At last, the simulation results are

validated by developing the appropriate prototype, measurements and performance

evaluation of the designed antenna are then performed using the suitable vector

network analyzer (VNA) based setup.

Figure 1.2: Design steps of Flexible Antennas

This chapter is divided into four sections. The first section 1.1 provides a quick

background of flexible antennas. The challenges of the flexible antenna designs
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are highlighted in section 1.2, followed by section 1.3, which explains the research

motivation and objectives. The thesis’s organization is then presented in section

1.4.

1.2 Challenges of Flexible Antenna Design

Figure 1.3: Challenges for Flexible antenna design

The different issues and challenges of flexible antennas as shown in Fig (1.3), in

terms of design, fabrication, and implementation are as follows:

A. Selection of suitable substrate : The substrate plays a vital role in flexible

antenna design, which should be flexible and operate well under different conformal

conditions. So, the first task is to replace the conventional rigid substrate with a

flexible substrate depending upon the requirement and target applications. There

are various choices of flexible substrates available these days. The typical flexi-

ble substrates have a low value of dielectric parameters as compared to standard

rigid substrates like FR4 or Rogers, which have a dielectric constant of 3–10 and

a loss tangent of 0.001–0.02. Despite having a low value of dielectric parameters

that allows to achieve a high bandwidth and gain, downsizing of the flexible an-

tenna is still a challenging task. The uneven surface thickness of flexible substrates

like polymers is another problem. We also faced this problem while developing

Polydimethylsiloxane (PDMS) in our lab but performing different iterations gave

us satisfactory results. The fabric-based and paper substrates are more prone to

environmental variations like absorption of moisture, inability to withstand high
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temperatures, which may lead to the degradation of the antenna’s performance.

That’s why polymer-based substrates like PDMS are preferred here in this re-

search. Excessive bending or twisting of the polymer-based antenna might result

in micro-cracks in the substrate, which can be a concern. This will reduce the an-

tenna’s electrical conductivity and increase the chance of failure. This constraint

can be solved by inserting ultra-thin metallic nanowires on the surface of PDMS

to make them highly conductive and flexible.

B. Selection of suitable conducting material : Another issue in developing

flexible antennas is finding acceptable conducting materials that can withstand a

variety of bending and twisting situations while maintaining a tolerable resistance

value that does not degrade the antenna’s performance. Different conducting ma-

terial choices for flexible antennas are available in the literature. Also, there are

many ways to develop conductive substrates, such as chemically altering fabric

surfaces or physically combining numerous conductive materials.

C. Complex design, fabrication, and high cost : The choice of different

available fabrication methods and designs to develop flexible antenna mainly de-

pends on the targeted applications and budget, so optimizing these two parameters

is also a challenging task. In this research, in order to reduce the cost and design

complexity, we have used the substrate PDMS developed and characterized in our

lab, conducting parts of the flexible antenna are made from the adhesive copper

tape. A single split-ring resonator structure (SRR) is also used to enhance the

performance of the proposed antenna.

1.3 Motivation and Objective of the Thesis

The following are the three primary components that drive this research’s motiva-

tion:
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Figure 1.4: Thesis Motivation

A. Flexible Antennas : With the rapid rise of flexible electronics, flexible

antennas have piqued the interest of researchers, academia, and business in recent

years. They are preferred over rigid antennas for a variety of reasons, including their

broad range of WBAN and WLAN applications, their non-traditional operating

environment-bending, stretching, and so on, and the fact that they can be used in

close proximity to the human body. However, previous research has shown that

developing a flexible antenna with decent performance under a variety of operating

situations remains a challenge. As a result, in this research, a flexible antenna

for WBAN and WLAN applications is fabricated and tested for various operating

scenarios with satisfactory results.

B. Flexible Substrate- PDMS : Various types of substrates have been doc-

umented in the literature to design flexible and wearable antennas; a complete

overview is addressed in chapter 2. Because of its numerous advantages, such as

being highly flexible, transparent, chemically inert, adhesive, performing well under

conformal conditions, withstanding high temperatures, and suitable for a variety of

applications, Polydimethylsiloxane (PDMS) is preferred over the fabric and other
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types of substrate options in this research (comparative analysis of PDMS with

denim substrate is also performed in the chapter- 5).

C. Substrate Characterization : As inferred from the previous works, differ-

ent researchers have used a diverse variety of dielectric constant and loss tangent

values of PDMS, affecting the antenna’s performance directly or indirectly. There-

fore, different experimental methods for the exact characterization of the dielectric

properties of PDMS and similar substrates have been proposed in chapter 3 of this

thesis. Parallel and perpendicular dielectric parameters of PDMS and comparable

substrates can be obtained simulteneously using the proposed methods, and their

frequency and temperature dependence have also been investigated.

The development and characterization of Polydimethylsiloxane (PDMS) as a

flexible antenna substrate, as well as the design and analysis of the flexible antenna

using PDMS substrate for WLAN and WBAN applications, are the key themes of

this thesis. The following are the thesis objectives:

1. Development and dielectric characterization of the flexible antenna substrate.

2. Investigation of the dielectric anisotropy and bending effect of the flexible

substrates.

3. Design, simulation and analysis of the antenna on the developed flexible sub-

strate.

4. Fabrication and testing of the developed flexible antenna under various op-

erating conditions.

1.4 Organization of the Thesis

The thesis is organized into seven chapters, of which Chapter 1 introduces the

background of flexible antennas, with design challenges, motivation and objectives

of the research. The following six chapters of this thesis are outlined below:

Chapter 2 provides an overview of flexible antennas, including different conduct-

ing and substrate material options and various fabrication procedures for flexible

antenna design. In the later sections of this chapter, the benefits of using Meta-

material to improve the performance of flexible antennas are discussed.
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Chapter 3 deals with the development and characterization of the Polydimethyl-

siloxane (PDMS) as a substrate for flexible antennas. The fabrication procedure

used at the BITS-Pilani lab to develop PDMS is illustrated in this chapter. To

characterize the dielectric properties of PDMS, two experimental methods are ap-

plied. The first method is based on resonance measurements by the two-resonator

method. This method allows the determination of the dielectric constant ϵr and di-

electric loss tangent tan δϵr of non-metalized samples in parallel and perpendicular

directions. The second method is based on the application of different planar struc-

tures (resonators and transmission lines) by integrating the PDMS samples with-

out metallization. The results obtained by analyzing PDMS samples are compared

with results for isotropic Polytetrafluoroethylene (PTFE) and Cyclo Olefin Poly-

mer (COP) samples. The analysis performed experimentally proves that PDMS is

a good choice as a flexible and wearable antenna substrate.

Chapter 4 highlights the bending effect of the substrates for the flexible antennas.

The simultaneous effect of the substrate anisotropy and bending are numerically

and experimentally investigated in this chapter for planar resonators on flexible tex-

tile and polymer substrates. With the help of properly selected flexible isotropic

substrates, the pure bending effect has been investigated. The effect of anisotropy

is quantitatively split from the effect of bending, and it has been demonstrated

for the first time that both phenomena have nearly similar but opposite effects on

the resonance characteristics of planar resonators. The opposite influence of both

effects, anisotropy and bending, has been experimentally demonstrated for rectan-

gular resonators after selecting different anisotropic textile fabrics, polymers, and

flexible reinforced substrates with measured anisotropy.

Chapter 5 presents a comparitive analysis of polymer and fabric substrate based

flexible antenna. The denim (Jean) is selected as a fabric substrate and PDMS is

used as a polymer substrate. The flexible antenna with PDMS substrate shows a

better results in terms of its performance parameters like S-parameters and VSWR

as compared to the jean substrate based antenna. The discripancy between the

simulated and measured results of the presented antenna using PDMS substrate

is likewise less then the jean substrate based antenna. Also, the PDMS substrate

based antenna shows a stable performance under varying operating conditions like
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bending and wet conditions.

Chapter 6 describe the performance and geometric analysis, fabrication, and mea-

surements of a flexible antenna for WLAN and WBAN applications. In this design

a single split ring resonator (SRR) structure is also used at the same side of the

patch to further improve the antenna’s performance. This proposed antenna have

also been tested in various operating conditions, including bending and wet condi-

tions. The specific absorption rate (SAR) analysis is performed using a three layer

simulation model in order to analyse the effect of the antenna when it is used in

the close proximity to the human body.

Chapter 7 presents the conclusions drawn from the work, thesis highlights, and

provides directions for possible future works.
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Chapter 2

Flexible Antenna: An Overview

2.1 Introduction

Electronic devices using flexible substrate materials provide numerous advantages

over traditional electronic devices using rigid substrates. These flexible devices can

withstand unusual operating situations such as bending, stretching, and twisting.

Due to the increased demand for novel wireless communication systems in recent

years, antenna designers have had to overcome a number of technological chal-

lenges as a result of additional unusual performance requirements. It is better to

have a flexible, small, lightweight, easily integrable, and low-cost antenna for such

purposes. These characteristics are likewise desirable for wearable antennas for

body-worn applications, without causing potential harm to the user’s health. As a

result, flexible antennas that are developed using flexible substrates are preferred to

meet such requirements over conventional antennas using rigid substrates. Differ-

ent types of flexible antennas for various applications using a variety of substrates

have been reported in the literature in recent years. In 2001, the authors [3] used

fabric substrates to design a flexible antenna to conform to wear. Then, in 2002 a

flexible antenna was designed for WLAN (2.04 GHz) and UMTS (2.1 GHz) applica-

tions using the fabric-based substrates [4] again. The flexible antennas for wearable

applications used in the military and safety were developed from 2003 to 2007 [5,6].

A wearable antenna operating under variable humid conditions was reported in [7].

Implementing flexible antennas for biomedical applications has gained popularity

in recent years [8, 9]. Flexible antennas, in particular, are the vital component
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in the implementation of vital sign monitoring systems, organ function regulation

systems, brain interfaces, intracranial sensors, drug administration systems, and a

variety of other activities related to health monitoring systems [10,11].

The flexible antenna sensors are also becoming popular in modern electronics

due to their number of advantages like easy to integrate, reducing the overall cost of

the systems, perform well under bent or stretched conditions, or non-flat conditions.

They have simple configurations, and most importantly, they can handle both sens-

ing and communication, allowing the system’s size to be lowered significantly. The

first antenna sensor [12], based on the Bottcher model, was implemented in 1995

to monitor moisture content using a circular patch antenna. Since then, a num-

ber of flexible antenna sensors have been reported in various studies for measuring

the dielectric characteristics of snow, soil, gas [13, 14], pH level [15], glucose level,

humidity, and moisture etc. [16–20] content. These flexible antenna sensors fall

under the category of dielectric antenna sensors. The dielectric properties of the

materials used in the flexible antennas define the relation of the experimental mea-

surements and the radiation characteristics of the antennas. There are no exact

analytical models present in the literature to evaluate the actual dielectric parame-

ters of the flexible materials (substrates), which is one of the significant barriers in

the creation of the flexible dielectric antennas. This research also presents different

experimental methods for measuring the dielectric properties of flexible antenna

substrates like Polydimethylsiloxane (PDMS) in Chapter 3.

This chapter provides a brief overview of flexible antennas. The various materi-

als used as substrates and conducting parts are discussed in section 2.2. In Section

2.3, the different fabrication procedures for the construction of flexible antennas are

presented. Section 2.4 explains how metamaterial can be used in flexible antennas

to improve their performance for a variety of applications. Finally, the complete

study is summarized in section 2.5 as the conclusion.

2.2 Materials for Flexible Antennas

Different choices of materials for the substrates and conductive parts are available

to develop flexible antennas. The selection of these materials is based on the type of
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the target applications, required radiation characteristics of the flexible antennas,

dielectric properties, tolerance limits according to the working environment like me-

chanical deformations- bending, twisting, and stretching conditions, and required

compactness. Materials are chosen such that they retain their usefulness even when

exposed to the worst working circumstances, such as rough and uneven surfaces.

All such requirements have triggered the researchers to continuously search and

develop new materials with the latest fabrication methods that are more precise in

terms of dielectric characteristics, flexibility, reliability, weight, and efficiency.

The dielectric characteristics of the selected substrates directly affect the radi-

ation behavior of the flexible antennas. The dielectric constant, loss tangent and

height of the substrates must be adequately evaluated with sufficient accuracy so

that the required expectation of the antenna’s behavior for a selected application

must be reached. For example different characterization methods for polymer sub-

strate are available in the literature like waveguide method, two-resonator method,

coplanar method, ring-resonator method, planar methods, etc. [21–23].

Different materials for the development of flexible antennas are presented in

this section. The conductive materials used to form the conducting layers, such as

patch, ground, and feed, are first explained. Following that, three main types of

substrate materials are discussed: fabric, polymers, and paper-based substrates.

2.2.1 Conducting Materials

The choice of conductive material for the patch, ground, feed, and other parts

should have a high electrical conductivity, which is essential for attaining accept-

able performance of flexible antenna. Another desirable attribute for the conductive

material is to resist performance degradation due to the flexible antenna’s different

conformal geometries. Because of their excellent electrical conductivity, materials

such as silver and copper, in the form of nanoparticle (NP) inks, are frequently

used to fabricate conductive parts of flexible antennas. These materials have their

own advantages, like silver has less oxidation rate than copper, which is more cost-

effective than silver [24]. Electro-textile materials such as Flectron, copper-coated

nylon fabric, Ni/Ag-plated threads, and nonwoven conductive fabrics (NWCFs) are
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commonly utilized in flexible textile-based antennas in addition to copper and sil-

ver. In [25], the authors have reviewed different conductive materials used for flexi-

ble antennas. The self-adhesive tapes of copper [26], [27] are also employed to create

flexible antennas. Conducting polymers are also becoming increasingly popular for

developing the conducting sections of flexible antennas. Different polymers, such

as Polyethylenedioxythiophene polystyrene sulfonate (PSS) [28], Polyaniline [29],

and Polypyrrole [30], are examples of popular conducting polymer materials that

could be used in flexible antennas.

By adding elements like graphene [31], carbon nanoparticles [32], and nan-

otubes [33], the conductivity of these polymer composites can be improved even

more. Due to their high electrical conductivity and higher performance in confor-

mal environments, graphene-based flexible antennas are getting a lot of attraction.

Different stretchable conductive materials use doping to increase their conductiv-

ity to accommodate mechanical strain and deformation without compromising the

antenna’s effectiveness. Silver nanowire silicone [34], fluorine rubber loaded silver,

conductive polymers based on carbon nanotubes (CNT) [35], [36], and metals in

liquid state in flexible substrates are just a few examples. Table 2.1 shows the con-

ductivity values of the various conductive materials utilized to produce a flexible

antenna.

(a) Polyaniline (PANI) (b) Polyacetylene (CH)x

(c) Polyphenylene vinylene (PPV)

Figure 2.1: Typical examples of conducting polymers used in the
flexible antennas
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Table 2.1: Different conducting materials for flexible antennas

Conductive Material

Category

Examples Conductivity

value, σ (S/m)

Ref.

Metal nanoparticles
Ag nanoparticle 2.173× 107 [37]

Cu nanoparticle 1× 106 [38]

Conductive Polymers

PEDOT: PSS 100-1500

[39]Polyaniline (Pani) 5

Polypyrrole (PPy) 40-200

Polyleurethene nanoparticle

composite sheet

1.1× 106 [40]

Conductive Polymers

C nanotube 4000-7000 [41]

PANI/CCo Composite 7.3× 103 [42]

AgNW/PDMS 8130 [26]

with additives Ag flakes + Fluorine Rubber 8.5× 104 [27]

Zoflex FL45 + Cu 1.93× 105 [43]

Graphene Based
Nanoflakes 6× 105 [44]

materials Paper 4.2× 105 [45]

Liquid Metal
Eutectic GaIn 3.4× 106 [46]

EgaIn liquid fillet 2.5× 105 [47]

Conductive Fabrics
Copper coated taffetta 3.4× 106 [48]

Meshed Fabric 2× 105 [49]

2.2.2 Substrate Materials

The three types of substrate materials that are widely employed in the design of

flexible antennas are as follows:

A. Fabric (Textile) Substrates

The fabric substrates are a promising candidate for flexible antennas, particularly

for different wearable applications like Body centric wireless communications. The

IEEE 802.15.6 standards group was formed in November 2007 [50] to support the

growing interest in antennas and propagation research for body communication

systems. A flexible wearable antenna is a type of antenna in which textile materials

are utilized to produce an antenna segment that may be conveniently employed

in close proximity to the human body for communication purposes. They are

easily interagable, lightweight with acceptable performance in different conformal

conditions. These fabric-based antennas can be categorized as per the materials

used in the antenna structure. In the first category, the antenna substrate is a

non-conductive textile material. For other segments like patch, ground, and feed,
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different conductive Nanoparticle inks like silver and copper as described above can

be used. In the following category, both substrate and other conducting antenna

segments are textile materials.

Electro-textile (e-fabrics) materials are utilized to produce the conductive seg-

ments of the antenna in the second category of flexible wearable antenna. These

e-fabrics are typically metal-plated fabrics in which various types of metals are

implanted in standard textile fabric materials by weaving various metal wires in

different directions (the orthogonal arrangement generally is chosen). Knitting is

another method in which woven mesh is used to embed metal conductors into or-

dinary fabric materials, as shown in Fig.2.2. In terms of conductivity, durability,

and mechanical strength, the percentage of metal conductors added to the pure

fabric materials defines the fiber’s potential [51]. The typical examples of the fre-

quently used e-fabric materials for the flexible wearable antennas are Flectron®,

Nora®, and Zelt®. Different fabric substrates used to develop flexible antennas for

multiple applications are listed in Table 2.2.

The fabric substrates can also be divided into natural or artificial (synthetic)

textile materials. The artificial textile substrates derive their properties from their

molecular structure, unlike the natural textile materials such as wool, silk and cot-

ton, which are sourced from nature. The textile substrates are preferred for spe-

cific wearable applications as they generally have a low dielectric constant value,

which reduces losses due to the surface waves and enhances the performance char-

acteristics of the antenna like efficiency and bandwidth. But different conformal

conditions of the flexible antennas might affect the overall radiation characteristics

of the antenna. The effect of bending and variation of the substrate height on the

resonant frequencies and other performance parameters is explained in detail in

chapter 4 [52,53].
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(a) (b)

Figure 2.2: Examples of Electro- textile materials (e-fabrics) (a)
AgCuNi- Plated Fabric, and (b) Ag- Plated Fabric [51]

Figure 2.3: Examples of Fabric Substrate based Flexible Antennas
[54–59]



Chapter 2. Flexible Antenna: An Overview 17

Table 2.2: Different fabric substrates for flexible antennas

Antenna

type/Structure used

Substrate

used

Advantages/ frequency band Ref.

Planar inverted F antenna

(PIFA)

Not specified First wearable antenna proposed for GSM

(900 MHz) and Bluetooth (2.4 GHz)

[60]

Microstrip patch antenna textile substrate WLAN and GPS systems [54], [61]

Rectangular ring-type

antenna

Fleece fabric Integrated well in garments and bending

characteristics well tested for 2.4 GHz

[62]

Dual-band coplanar patch

antenna

Zelt fabric 2.45 and 5.8 GHz [63]

Dual polarized patch

antenna, dual-band patch

antenna

Fire-retardant

foam, flexible

felt substrate

Easily interagable into fire fighter suits,

2.45 and 5.8 GHz

[64], [65]

Yagi–Uda antenna with an

end-fire radiation pattern

Commercial

fabric

Reflection and radiation characteristics

have been tested in free space and on a

skin-equivalent phantom for on-body

communications over the entire 57–64-GHz

range

[66]

Dual-band antenna using

the suspended plate

concept

Conductive

textiles

277 MHz (2.22–2.48 GHz) in the ISM and

850 MHz (4.95–5.80 GHz) in the Hiper

LAN band

[67]

LV shaped logo antenna Leather ISM frequency band, 2.4 and 4.5 GHz [68], [69]

T-shaped antenna Cordura®

Light, zelt

GSM900 and DCS1800 frequency bands

based Smart coat

[55]

E-shaped microstrip patch

antenna

Polyvinyl

butyral (PVB)

coated

polyester fabric

WiMAX applications [56]

Rectangular sleeve-badge

antenna

Fliselin fabric

and polyester

fabric.

2.45 GHz frequency band [57]

Square- slot antenna Silver-plated

cotton

UWB applications [58]

Defected ground plane

antenna

Jean WLAN, C band and X/Ku frequency

bands

[70]

Rectangular patch

antenna

Jute fiber 3.23 GHz [59]

Rectangular patch

antenna

Polyester 26 GHz, 5G-IoT Millimeter-wave

applications

[71]

B. Polymer Substrates

The electrical behavior of polymers was first reported in 1977. Since then, the

applications of polymers in the electronics sector have gained much popularity by

progressive refinement in their characteristics like flexibility, conductivity etc. [72].
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Polymers have become increasingly popular as a substrate for the design of flexi-

ble/wearable antennas in recent years due to their numerous advantages over the

fabric and rigid substrates like rigid substrates cannot be used for flexible antennas.

They fail to operate correctly under bending, stretching, and twisting processes,

which are the significant requirements of flexible antennas. However, fabric sub-

strates can be used for flexible antenna designs. Still, these substrates also have

some limitations, like such substrates are more prone to environmental effects like

moisture absorption, temperature variations, etc., which affect the antenna’s radia-

tion characteristics. On the other hand, the polymer substrates provide flexibility,

stretchability, and bending characteristics in addition to robustness, less dielectric

loss, high thermal conductivity, and high transition temperature to the antenna

designs.

A variety of polymer substrate materials for the design of flexible antennas

have been documented in the literature, including liquid crystal polymer (LCP)

[73], [74] , polypyrrole (PPY) [75], [76], thermoplastic semi-crystalline polymers

like polyethylene terephthalate (PET) [10, 77, 78] and polyethylene naphthalate

(PEN) [79–81] which provides very good conformal, mechanical, electrical and re-

sistant to moisture absorption properties, thermoplastic non-crystalline polymers

like polycarbonate (PC) [82] and polyethersulfone (PES) [83], high transition tem-

perature, Tg polymers like polyimide (PI) [30,84–86] which becomes very popular

in recent years. When the flexible antenna is designed for wearable applications like

in health monitoring systems etc. it should possess some essential characteristics

such as stable and high performance under different conformnal and environmental

conditions, robustness and high mechanical strength, transparent and last but not

the least it should not affect the health of the users (low SAR). Wearable antennas

built on fabric substrates may meet some of the requirements, but limiting their

visibility and shielding against changing external conditions is practically difficult.

That is why polymer-based antennas are becoming increasingly popular.

The polydimethylsiloxane (PDMS) used in this research (its development and

characterization are detailed in Chapters 3) is an emerging silicone polymer sub-

strate with all of the desirable properties such as transparency, flexibility (with
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Young’s modulus <3 MPa), water resistance, thermal stability, isotropy, and ho-

mogeneity that confirm its suitability as a potential substrate for flexible wearable

antennas [87–89]. The substrate selection is one of the critical steps in antenna

designing as antenna properties are directly affected by its substrate’s dielectric

characteristics. Therefore, the proper characterization of the dielectric properties

of the substrate is required. It has been observed from the literature (Table 2.3)

that the authors have applied quite different values of the dielectric parameters

(dielectric constants ϵr and loss tangent tan δϵr) of polymer substrates like PDMS.

Therefore, in Chapter 3, the various experimental characterization methods for the

characterization of PDMS and comparable polymer substrates are proposed. The

issues of polymers for their employment as a substrate in flexible antennas are also

highlighted.

Figure 2.4: Examples of Polymer Substrate based Flexible Anten-
nas [88], [90], [80], [91], [92]
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Table 2.3: Different Polymer substrates for Flexible Antennas

Substrate Dielectric

Properties

(ϵr/ tan δϵr )

Antenna type Frequency band/Applications Ref.

PDMS

2.8/0.002 Circular Patch

Antenna

2.45/5.8 GHz, ISM band [87]

2.8/0.002 Circular Patch

Antenna

2.45/5.8 GHz, ISM band [88]

3/0.001 Monopole

Slotted

Antenna

3.43-11.1 GHz [89]

2.67/0.001 Microstrip

Patch Antenna

3-4 GHz, Conformal Applications [93]

PET

3/0.008 Microstrip

Patch Antenna

2.35 GHz, BAN and IoT

Applications

[94]

2.8/0.003 Monopole

Antenna

1.8 GHz, Wearable Applications [90]

3.2/0.022 Bowtie shaped

slot antenna

2.1-4.5 GHz, WLAN and WiMAX

Applications

[95]

3.2/0.022 Slotted Disc

Monopole

Antenna

2.45 GHz, ISM Band [96]

PEN

2.9/0.005 Microstrip

Patch Antenna

Sub-6GHz, 5G Applications [97]

2.9/0.005 Meander

Antenna

800 MHz, UHF Applications [80]

2.9/0.005 PIFA Antenna 3.81/6.22 GHz, 5G Applications [79]

Polyamide

2.8/0.002 PIFA Antenna 5.18–5.32 GHz, WLAN

Applications

[98]

3.5/0.0027 MIMO Antenna 2.39- 5.86 GHz, WLAN and

applications

[99]

3.5/0.002 Planar

Monopole

1.2-3.4 GHz, Wearable

Applications

[91]

3.5/0.003 Monopole

Antenna

2.5/5.2 GHz, WLAN applications [100]

4.3/0.004 Monopole

Antenna

UWB and Body centric Wireless

Communication

[101]

4.3/0.004 Flower Shaped

Antenna

3.5 GHz, WiMAX Applications [102]

2.9/0.0025 Tapered Patch

Antenna

Ka-band (26.5-40 GHz), 5G

Applications

[92]

Crystal

Polymer

(LCP)

2.9/0.0025 Circularly

Polarized

Antenna

3.5/5.8/5.9 GHz,

WiMAX/WLAN/Vehicular

Comm. Band Applications

[103]

2.9/0.0025 Tuning Fork

Shaped Patch

Antenna

20.7-36 GHz, 5G Applications [104]
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C. Paper Substrates

In recent years, the utilization of paper as a substrate for the design of flexible an-

tennas has increased tremendously with the advancements in print technology. The

word ‘Paper’ is derived from the Latin word ‘papyrus’, which is a Cyeprus papyrus

plant; it is an organic material that, because of its mass manufacture, is readily

available at a low cost. Paper comes in various densities, coatings, thicknesses,

and textures. Instead of standard metal etching procedures, paper can be used

with quick printing processes. Because of the ongoing concern about environmen-

tal issues, using these paper-based antennas, which are environmentally benign, is

a significant step toward the development of ‘green’ electronic products. Paper is a

suitable candidate as substrates for different latest RF devices, such as microwave

filters, RFID tags, and wearable/flexible antennas, due to their lightweight, low

profile structures and minimal thickness.

The paper can be used for quick printing processes with the suitable coating like

calcium carbonate or Kaolin, which can be applied either on one side or both sides

to make the surface water resistant and increase its suitability for high-resolution

halftone screens. Both uncoated and coated paper’s surfaces can be polished by the

calendaring process. The coated papers are available in various finishes, including

matte, semi-matte and gloss. Glossy paper is often preferred for printing images

as it produces the highest optical density.

Instead of using the classic metal etching procedures, direct-write methodolo-

gies can be applied on paper substrates. Electronics circuits can be printed on

these paper substrates using different quick printing processes like inkjet print-

ing using specific printers like material printer by DimaticTM , nScrypt system by

nScryptTM , and the Maskless Mesoscale Material Deposition (M3D) system by

OptomecTM . The Flexible antennas, RFIDs, and sensors can all be easily incorpo-

rated in or on paper as a result of this [105]. Like any other substrate, the dielectric

characterization of paper before using it as a substrate for different RF applications

is important. It can be characterized by the proposed methods in chapter-3 (future

objectives), various other methods like parallel-plate resonators, cavity resonators

have also been applied by other researchers for its dielectric characterization [106].

The flexible antennas designed using paper substrates exhibit good efficiency
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(>80-85%) due to their low profile structure and thin width. The initial research

using paper as a substrate for the design of flexible antennas was related to RFIDs

like in [104] the authors have proposed a U-shaped dipole passive RFID antenna.

The same design is extended to design a paper-based wireless module, then this

U-shaped was converted to S-shaped in [107]. The first antenna using paper sub-

strate radiating above 1 GHz was proposed in [108–110] for Wi-Fi applications

having a PIFA (planar inverted F antenna) structure. The antenna was fabricated

using M3D technology for 2.4 GHz and it was observed that the antenna was

more than 82% efficient with good SAR characteristics. In [111], a double-slotted

Ultra-wideband antenna was proposed for Wi-Fi and WLAN applications at 5.2

and 5.7 GHz. This antenna was fabricated using nScrtptTM printing technology

using DupontTM ink. Since then, continuous progress in the fabrication of paper

substrate-based antennas is going on with the advancements in printing technology.

Some of these antennas with different printing methods are summarized in Table

2.4.

Table 2.4: Different Paper substrate-based Flexible Antennas

Substrate Dielectric

Properties

(ϵr/ tan δϵr )

Antenna

type

Frequency

band/Applications

Fabrication

Technology

Ref.

Organic

paper

3.4/0.065 Inverted F

Antenna

2.45 GHz, WLAN

applications

Direct write

(M3D) technology

[108]

Organic

Paper

3.28/0.061 RFID

antenna

0.71, 1.44 GHz,

UHF applications

Inkjet printing

technology

[105]

Organic

Paper

3.4/0.06 Planar

antenna

4.5 GHz, Ammonia

Gas Sensor

Inkjet printing

technology

[112]

Glossy

paper

4.01/0.07 Z-shaped

monopole

antenna

1.57 GHz, RFID

Applications

Inkjet printing

technology

[113]

Glossy

paper

4.01/0.05 Folded

Strip

monopole

antenna

2.48, 6.2 GHz, IoT

Applications

Inkjet printing

technology

[114]

Commercial

paper

3.3/0.06 Vivaldi

antenna

UWB applications Inkjet printing

technology

[115]

Organic

paper

3.4/0.06 Meandered

line dipole

antenna

1 GHz, RFID

applications

Screen printing

using grapheme

nanoflake ink

[116]
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2.3 Fabrication Methods for Flexible Antennas

The fabrication method utilized to develop the flexible antennas also governs its

performance, which varies depending on the substrate and antenna design. This

section presents the commonly used fabrication techniques available for flexible

antennas.

2.3.1 Chemical Etching

The method of corrosively etching away the undesirable area to obtain the desired

metallic patterns is the chemical etching process, which is often accompanied by

photolithography, as shown in Fig.2.5. This technology first arose in the 1960s with

the rise of the Printed Circuit Board (PCB) sector. It has since grown in popu-

larity because of its ability to make high-resolution patterns with fine details. The

etching process is carried out by applying certain chemicals known as photoresists.

Photoresists are the organic polymers that change their chemical properties when

exposed to ultra-violet light.

Figure 2.5: Chemical Etching Process
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Positive photoresists are preferred in this procedure over negative photoresists

due to the better resolution of the patterns. Although chemical etching is a stan-

dard process for producing flexible/wearable antennas, it has a limited through-

put and requires hazardous chemicals, which have significant environmental conse-

quences [117–119].

2.3.2 Inkjet Printing

Inkjet printing technology has emerged as an alternative to the conventional print-

ing method to develop flexible antennas [120–123]. This is a direct write method

in which the pattern is directly transferred on the substrate using conductive inks

like silver nanoparticle ink, graphene nano flake inks, other organic metal inks, etc.

The viscosity, surface tension, and particle size of the ink significantly impact print-

ing quality. In contrast to the chemical etching approach described above, which

involves removing the undesirable conductive component from the substrate sur-

face, inkjet printing involves depositing a controlled quantity of ink droplets from

the nozzle to a specific location. As a result, no waste is produced, and chemical

compounds are removed, resulting in a cost-effective, quick, and environmentally

friendly solution. The inkjet printing setup and method are shown in Fig.2.6.

(a)
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(b) (c)

Figure 2.6: Inkjet Printing process, (a) Printing steps, (b) Com-
mercial DMP 2800 Dimatrix printer, and (c) Inkjet printing setup

with sintering process [124].

The inkjet printing process is categorized as (i) Continuous printing and (ii)

Drop on Demand (DoD) printing. In DoD, the print heads use a piezo or ther-

moelement to impart pressure pulses to ink, pushing a drop from a nozzle when

needed. With Pico-litre volume cartridges, new generation printers provide precise

printing. The jetting waveform, the nozzle’s jetting voltage, the jetting frequency,

the cartridge temperature, the platen temperature for the substrate, and the pat-

tern resolution affect printing quality [125–127]. Sintering is required once the

antenna design has been printed to remove the solvent and capping agent and

achieve electrical conductivity.

2.3.3 Screen Printing

The screen printing process is another potential option for fabricating flexible an-

tennas [56,128–131]. This is a quick and straightforward process for manufacturing

a low cost antenna. The screen used in this method is woven with a mesh of fab-

ric threads having different thicknesses and densities. The non-printable regions

of the screen are blocked using a stencil or emulsion, but the print areas are left

open. A squeeze blade is driven down to create a printed pattern, forcing the screen

to contact the substrate. Ink ejects through the exposed screen portions on the
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substrate, forming the desired pattern. Like inkjet printing, this process of fabri-

cating the flexible antennas is an additive process rather than a subtractive one

like chemical etching, so it’s less expensive and better for the environment. Despite

its many advantages, it has significant drawbacks, such as resolution being depen-

dent on substrate surface quality, limited layer control, and no thickness control

for the conductive layer. Due to these considerations, the implementation of such

a technique has been limited, as the printing technology for flexible antennas needs

greater precision for better performance under different operating conditions.

Figure 2.7: Screen Printing Process

2.3.4 Embroidery and Sewing

This is one of the conventional methods employed to fabricate flexible antennas.

In this method, no adhesive material like copper tape or conductive ink is used

on the substrate for making conductive parts. A conductive textile yarn is woven

or stitched on the non-conductive textile substrate to make the flexible antenna’s

conducting sections [132], [133]. Additionally, using a computer-aided embroidery

machine, these antennas can be directly embroidered onto the non-conductive tex-

tile fabric [134]. The flexibility and strength of the conductive threads, high accu-

racy of the embroidery machine, as well as the direction and density of stitching on
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the fabric substrate are some of the critical factors to be considered while creating

an efficient antenna design using this method [135–137].

(a) (b)

Figure 2.8: (a) Embroidered Flexible Antennas [136], [138], [139],
(b) Entrepreneur Pro PR1000e Digital Embroidery Machine [134]

2.3.5 Substrate Integrated Waveguide (SIW)

Substrate Integrated Waveguide (SIW) is recent technology for fabricating a wear-

able system on a single platform. This technology allows future ‘System on Sub-

strate (SoS)’ systems to be realized, which are essential to building cost-effective

and easy-to-fabricate high-performance mm-wave systems [140], [141]. These struc-

tures, by employing shorting vias on the cavity’s sidewalls, backed by the entire

ground plane, ensure the containment of electric fields inside the cavity. This im-

proves the structure’s quality factor while also boosting the isolation between the

antenna and the human body for wearable applications [142–144].

The review of various fabrication methods for constructing flexible antennas is

presented in Table 2.5.
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Table 2.5: Review of different fabrication methods for flexi-
ble/wearable antennas

Methods Antenna type Substrate Applications Ref.

Chemical

Etching

Tapered Antenna Gold wire Optical communication applications [145]

RFID antenna FR4 UHF applications [118]

Half-wave dipole

antenna

PDMS 1.53 GHz RF applications [146]

Circularly polarized

antenna

LCP WiMAX (3.5 GHz), WLAN (5.8

GHz), and vehicular communication

band (5.9 GHz) applications

[103]

Inkjet

Printing

Patch antenna Polyester

cotton

2.45 GHz ISM band applications [120]

Z-shaped antenna PET 2.45 GHz ISM band applications [121]

Triangular antenna Kapton

Polyimide

1.2, 2.0, 2.6 and 3.4 GHz, wireless

communication applications

[91]

Microstrip antenna Kapton

Polyimide

UWB applications [123]

Patch antenna Polyester

cotton

2.4 GHz wearable applications [120]

Screen

E-shaped Microstrip

antenna

Polyester

cotton

3.3 GHz WiMAX applications [56]

Patch antenna PDMS 2.45 GHz, ISM band applications [128]

Printing Elliptical dipole

antenna

Kapton

Polyimide

2-5 GHz, wireless communication

applications

[129]

Microstrip antenna

(with parasitic array)

flexible

substrate from

PremixGroup

77 GHz, MM-wave applications [130]

Microstrip antenna Twill cotton 2.45 GHz, ISM band applications [131]

Embroidery

and

Sewing

Fractal antenna Nomex 868 MHz and 915 MHz ISM band

applications

[133]

Monopole antenna Jean 3.03-3.76 GHz,5.48-6.24

GHz,7.10-7.40 GHz, and 7.93-8.22

GHz bands WBAN applications

[135]

Patch antenna Felt UWB applications [136]

Patch antenna Nylon 2.40 GHz, Wearable applications [137]

Substrate

integrated

waveguide

(SIW)

Leaky wave antenna

with C-shaped slots

Carbon IoT applications [140]

Self-triplexing antenna Rogers 4003 3.5 GHz, 4.8 GHz, and 5.4 GHz,

5G, WiMAX, WLAN applications

[141]

Leaky wave antenna

with C-shaped slots

Rogers

RT/Duroid

5870

16.7 GHz and 19.8 GHz applications [142]

Planar antenna FR4 1.8 GHz, sub-6 GHz wireless [144]
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2.4 Metamaterial in Flexible Antennas

The word ‘Meta’ comes from Greek that means ‘beyond’. Metamaterial have elec-

tromagnetic properties beyond the naturally occurring materials [147]. They are

built up of periodically arranged components called unit cells of different shapes

like squares or circles, holding a fixed side length [148,149]. These unit cells are set

in a specific pattern, yielding resonant structures that govern their electromagnetic

behaviour. The components can be arranged in a single, two, or three-dimensional

configuration, and variations in metamaterial properties can be observed [150,151].

The researchers are always experimenting with new approaches and materi-

als to improve the performance of flexible and wearable antennas. The use of

metamaterial loading in flexible/wearable antennas is one of them. Different meta-

material structures, such as split-ring resonators (SRRs), can further improve the

performance of flexible antennas, by miniaturizing the size, increasing bandwidth,

efficiency, directivity, and improving radiation patterns [152–154]. Surface wave re-

duction, wave polarisation, and wave absorption are all aided by these structures.

Resonant metamaterial structures, on the other hand, sometimes suffer from losses

caused by conducting inclusions.

Metamaterial surfaces also become popular for reducing the specific absorp-

tion rate (SAR) of flexible/wearable antennas. These metamaterial structures

may hinder the propagation of surface currents/waves within a given frequency

range, so they are recommended as a ground plane to improve the antenna’s perfor-

mance [155–157]. Metamaterial are commonly used to shield the human body from

harmful radiations by lowering the amount of energy received by the body [158].

There’s no denying that they’re useful in antenna design. However, there’s still

a lot more work to be done in this area for various reasons, including a limited

selection of substrates for employing metamaterial structures in antennas. On

the other hand, conducting inclusions can lead to losses in resonant metamaterial

structures [159,160].

Different flexible antennas using metamaterial loading have been reported in

the literature for various applications, a short review of which is presented in Table

2.6.
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Table 2.6: Review of metamaterial loaded flexible antennas

Antenna

Type

Substrate Applications Metamaterial

Structure

Advantages of

using

Metamaterial

Ref.

Elliptical

patch

antenna

Denim

and Felt

UWB and

WBAN- Breast

Imaging

applications

Elliptical and grain

rice-shaped SRR

High BW, gain and

directivity

[152]

Microstrip

patch

antenna

Cotton 2.45 GHz,

wearable

applications

Mushroom-type

electromagnetic

bandgap (EBG)

Low SAR and high

efficiency

[153]

Planar

monopole

antenna

Viscose-

wool felt

UWB

applications

Rectangular- and

nonagon-shaped

High BW 2.55 to 15

GHz

[154]

Patch

antenna

Nickel

oxide

polymer-

ized palm

fiber

RF energy

harvesting

Hilbert-shaped High gain at 5.8

GHz- 4.56 dBi and 8

GHz- 7.38 dBi

[161]

Patch

antenna

Denim Sub-6 GHz IoT

and wearable

applications

Grain rice-shaped

SRR

Broad BW (6.5-35

GHz), High Gain

(8.85 dBi),

Directivity (10 dB)

and > 80%efficiency

[156]

Microstrip

antenna

Polymer BAN and ISM

band

applications

Minkowski fractal

geometry

Low SAR 0.25 W/kg

and 0.33 W/kg at

403 MHz and 2.45

GHz

[157]

Patch

antenna

Jean IEEE 802.11 a

and b/g/n

WLAN,

WiMAX 2.3

and 5.5 GHz

and GSM 1800

MHz bands

applications

Square SRR High BW- 1.6 to 2.56

GHz (46%) and 4.24

to 7 GHz (49.11%)

[158]

Patch

antenna

Polyamide WBAN

applications

Square SRR High gain- 9.3 dBi

and 5.37 dBi, and

the radiation

efficiency-48.4% and

35.7%, at 2.45 and

5.8 GHz, 70%

reduction in SAR

[159]

Continued on next page
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Table 2.6 – continued from previous page

Antenna

Type

Substrate Applications Metamaterial

Structure

Advantages of

using

Metamaterial

Ref.

Patch

antenna

Liquid

crystal

polymer

(LCP)

WiMAX (3.5

GHz), WLAN

(5.8 GHz),

Vehicular

communication

band (5.9 GHz)

applications

Circular SRR Compact size and

circular polarization

(axial ratio < 3 dB)

[103]

Patch

antenna

Semi-

flexible

Rogers

RT/duroid

5880

UWB

applications

Ring shaped High gain-8 dBi and

radiation efficiency-

85%

[160]

2.5 Conclusion

Flexible antenna research encompasses a wide range of engineering and scientific

disciplines. Material science, mechanical engineering, electrical and electronics en-

gineering are all involved in this intriguing and diverse field of research. Flexible

antennas are one of the critical components of modern, flexible electronic devices.

Flexible antennas are good contender for present and future wireless communi-

cation systems, sensing, biomedical, and other wearable applications due to their

multiple advantages such as lightweight, reduced form factor, low-cost manufac-

ture, and flexibility to suit non-planar surfaces. This chapter briefly introduces

flexible antennas, covering design procedures, substrate and conducting material

options, and manufacturing techniques with applications.
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Chapter 3

Development and Dielectric

Characterization of Polydimethylsiloxane

(PDMS) Substrate

3.1 Introduction

Modern electronics, particularly microwave devices, antennas, and sensors, rely

heavily on discovering and developing novel materials. Today, the outcomes of the

combined efforts of research groups of physicists, chemists, technologists, mechanics

and engineers are becoming more visible in their goals to create materials with new

desirable properties, to mix two or more materials to get new characteristics, to

provide dielectric matrices for the incorporation of diverse inclusions in order to de-

velop engineered materials and metamaterial with naturally unexpected properties,

or to develop unique materials which can replace others in specific applications.

Nowadays, many materials apart from their traditional applications can be used

for different untraditional applications like; for example, textile materials can be

used as flexible substrates for antennas, sensors and wearable devices [162], [163].

The use of polymer-based substrates is the most recent trend in the field. These

polymers with different conductive coatings [164], [165] can also be utilized as a

flexible substrate in antenna designing [166]. In this context, the present RF and

antenna design approach necessitate adequate characterization of such materials

in the microwave region [167], [168], which remains challenging. The proposed
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research in this chapter focuses on an in-depth analysis of the dielectric char-

acterization of Polydimethylsiloxane (PDMS) [169], a widely used silicon-based

elastomer that has been used as a flexible substrate for a variety of flexible and

wearable antenna applications [48, 87–89, 170]; as thin membranes [171] for mm-

wave applications, as sensors [172] and microchips [173], as a hydrophobic antenna

coating [174], as a dielectric matrix for the incorporation of a variety of inclusions

for control of the dielectric constant or as metamaterial [175], [176], with suitable

metallization [177], in microfluidic systems [178], etc. PDMS is a silicon-based or-

ganic polymer that belongs to the category of polymeric organo-silicon compounds

(silicones) (C2H6OSi)n [179,180].

The properties of PDMS like perfect flexibility, water resistivity, transparency,

chemically inert, thermally stable, permeable to gases, easy to handle, with rel-

atively isotropic and homogenous nature make it a very suitable candidate as a

substrate for the design of flexible antennas [169]. However, it has been observed

from the literature that researchers have used quite different values of the dielectric

loss tangent (from 0.01 up to 0.08; 8 times) and of the dielectric constant without

inclusions (from 2.32 up to 3.2; or ∼ 33% scatter) of this material. Some sources

claim that the dielectric characteristics of pure PDMS samples have an explicit

frequency dependence [181], which is a typical property for this type of polymer.

However, the results obtained may be influenced by the characterization approach

used.

The dielectric constant ϵr values given by different researchers can be divided

into three groups. For the frequency range 0.1-40 GHz [88], [170], most of the

authors have applied the values of ϵr in the interval ∼2.7-2.8 (typically 2.71). These

ϵr values are generally employed for the frequencies below 6 GHz [87], [48] and [176].

A prevalent case here is that the coaxial resonators [182] or open coaxial dielectric

probes [48] are used to measure the dielectric constant, which is parallel to the

sample surface. The authors who propose the application of PDMS in the mm-

wavelength range typically apply the ϵr values ∼ 2.64− 2.69 for example, 60 GHz,

77 GHz and beyond [171]; nevertheless, ϵr values ∼ 2.65 have also been used by

authors at lower frequencies [170], [172], and planar measurement (for example,

microstrip T-resonator) methods are used to obtain these values.
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(a) (b)

Figure 3.1: SEM images of pure PDMS membranes: (a) cross-
section view, (b) surface view.

Quite a few researchers have utilized extremely low values of ϵr ∼ 2.3 − 2.4

[175], these are obtained by Impedance (capacitance) measurement methods at

frequencies below 1 MHz and represent the perpendicular dielectric constant of

PDMS samples. Flexible substrates like PDMS and related polymers cannot be

characterized by the reference planar IPC TM -650 2.5.5.5 test procedures [183],

which are used for commercial microwave substrates due to the applied controlled

pressure during the testing.

The wide applicability of this organic material as a substrate, however, does

not correlate to the observed scattering of the utilized dielectric parameters by RF

engineers; this fact is undesirable and may reduce the design accuracy of wear-

able/flexible antennas on this material to some extent. This reasoned that the

PDMS might have small but measurable uniaxial anisotropy, which is different di-

electric characteristics in perpendicular and parallel directions to the sample surface

and weak frequency dependence, some clues of this behavior are also present in the

literature. SEM images of pure PDMS samples taken with scanning electron mi-

croscopes reveal an expressed micro-porous structure [179], [180] (Fig. 3.1), which

could be a source of the putative anisotropy. Similar weak uniaxial anisotropy has

been seen in woven and knitted textile fabrics used for wearable antennas [184],

and its genesis is linked to the oriented mixing of threads and air filling.

The proposed chapter mainly focuses on the individual investigation of the

perpendicular and parallel dielectric parameters of the developed PDMS samples

as described in section 3.2 by the different proposed methods within the frequency
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interval of 40 GHz and verifying their frequency dependencies and possible uniaxial

anisotropy. In section 3.3, two proposed experimental methods used to characterize

PDMS samples are described in detail. In section 3.4, all the obtained results

by proposed methods are discussed, and frequency dependencies of the dielectric

parameters and anisotropy are also investigated. The temperature dependences

of dielectric anisotropy and equivalent dielectric parameters of PDMS samples are

measured and described for the first time in the same section, in the temperature

range of –40◦C to +70◦C. Finally, the acquired results are summarized in the

conclusion section, and their usefulness in the wearable/flexible antennas using

PDMS substrates has been assessed.

3.2 Preparation of PDMS Samples for Characterization

As shown in Fig. 3.2, the following are the steps involved in the PDMS fabrication

process: initially, the silicone elastomer base and silicone elastomer curing agent are

mixed thoroughly in a 10:1 ratio. The PDMS solution is then stored in desiccators

to eliminate air bubbles which forms during the mixing of the solution. After that,

the solution is placed onto a silicon wafer and allowed to settle for 15 minutes

before being cured at 70◦C for around an hour. Finally, the transparent PDMS

layer on the silicon wafer is peeled away. The obtained PDMS sample is now ready

for characterization testing.

Different PDMS samples in the shape of disks having diameter ∼47 mm with

thickness ∼0.65-0.80 mm are fabricated using the above procedure in order to

perform the characterization of dielectric properties. Using specific cutters, smaller

discs of diameters 30, 18.1, 15, 10 and 8 mm with more consistent thicknesses are

Figure 3.2: Fabrication of PDMS (at BITS-Pilani, EEE Labora-
tory).
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prepared from big PDMS samples, as shown in Fig. 3.3(a). These samples are

utilized in tests spanning the frequency range of 0.01 to 40 GHz. Samples from the

other organic materials with isotropic and near-to-isotropic properties like Silicone

elastomers, Polytetrafluoroethylene (PTFE), Cyclo Olefin Polymer (COP) (Fig.

3.3 (b), (c), (d)) and Polycarbonate (PC) are also measured in order to perform a

comparison and verifying the measurement procedures.

(a) (b) (c) (d)

Figure 3.3: PDMS and other polymer samples: (a) PDMS disks of
diameters 30, 18.1, 15, 10 and 8 mm; (b) disks from commercial Sili-
cone elastomer; (c) disks from COP (Cyclo Olefin Polymer) delivered
as a trademark ZEONEX® RS420; (d) PTFE (Polytetrafluoroethy-

lene) disks

3.3 Characterization Methods

There is no universal method present in the literature for the accurate and reliable

evaluation of the dielectric properties of the polymers and reinforced substrates

in various directions to their surface [185]. In order to extract the dielectric pa-

rameters parallel to the surface of the substrate, a set of classical methods like

Courtney’s method, Kent’s evanescent-mode tester, free-space method, split-post

dielectric resonator, NIST’s mode-filtered resonator, coaxial- probe method can

be employed [186–191]. On the other hand, different methods like the reference

IPC TM -650 2.5.5.5 test methods [183], re-entrant cavities, TM -mode resonance

cavities, balanced TM -mode resonators, substrate-integrated waveguides (SIW),

etc. can be used to measure the dielectric parameters in perpendicular direc-

tion [182,192–194]. When these methods are applied to the anisotropic substrates,

they will give different results; moreover, not all of them are suitable for polymer

substrates.
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When anisotropic substrates are substituted with isotropic substrates, the third

set of methods based on planar transmission lines or resonators delivers the equiv-

alent parameters of the anisotropic substrates [195]. Only few approaches allow for

direct measurements of substrate uniaxial or biaxial anisotropy. To do this, reso-

nance or propagation modes with mutually perpendicular electric field directions

must be used to extract dielectric characteristics in different directions from a sin-

gle sample. Triple-mode waveguide perturbation method, suitable for characteriza-

tion of liquid-crystal substrates [196], determination of low-loss crystal anisotropy

by whispering-gallery resonators [197], anisotropy characterization of all-dielectric

metamaterials [198], coupled microstrip resonator method for characterization of

the uniaxial anisotropy of reinforced substrates [199], etc. are some of the selected

examples present in the literature.

In this chapter, two experimental methods are proposed to characterize the

selected polymer-based substrate PDMS. The first method involves the resonance

measurements by the two-resonator method, which utilizes two types of TE and

TM mode cylindrical resonators to measure the dielectric parameters of non-

metalized PDMS samples in both perpendicular (ϵperp and tan δϵperp) and parallel

(ϵpar and tan δϵpar) directions to the surface using the single sample. This method

can be successfully applied for the uniaxial anisotropy characterization of a variety

of artificial materials: reinforced and textile substrates, antenna radomes, nano-

and gradient absorbers, thin films, 3-D printed samples, plant tissues, all-dielectric

metamaterials, etc. [200].

The origin of the anisotropy of these materials could be different; however, the

determination of this property in each case gives valued information for the struc-

ture, content and applicability of the considered materials. The second method is

based on implementing the different planar structures like resonators and trans-

mission lines where the PDMS sample under test (SUT) has been integrated. This

method cannot separate the parallel and perpendicular dielectric parameters, but

it allows determination of the sample’s equivalent dielectric parameters (ϵeq and

tan δϵeq), considered an isotropic material.
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3.3.1 Resonance Measurements: Two Resonator Method

The notion of the presented method is illustrated in Fig. 3.4(a), where the PDMS

sample is sequentially placed in two resonators R1 and R2, for characterization.

Due to the exciting TE0mn modes in resonators of type R1 and TM0mn modes in

resonators of type R2, the pure parallel and perpendicular dielectric constant can be

measured. The perpendicular and parallel values could coincide to some degree for

this present case of pure isotropic or near-to-isotropic material. In the resonators of

type R1 and R2, the azimuthally symmetrical modes TE011 and TM010 are used,

respectively. Additionally, selected higher-order azimuthally symmetrical modes

have been used for the measurements (e.g., mode TE021 in resonators R11 and

R12, and mode TM020 in resonators R21 and R22), ensuring acceptable accuracy.

The resonance curves of certain high-order TE modes can sometimes coincide

with the resonance curves of other high-order TM modes and vice versa. Some

resonances become wide two-peak curves due to this effect, making determining

the dielectric loss tangent extremely difficult and erroneous (and even impossible).

Hence, only the resonance curves that can be measured are chosen. To ensure

the finest possible conditions for the excited TE or TM modes and maximum

separation between these modes, the sample is placed in the middle in resonator

R1 and at the bottom in R2 (for example, the height of the resonator R1 must be

equal to its diameter (H1 ∼ D1), and the height of the resonator R2 must be less

than its diameter (H2 < D2)) with the orientation of the coupling probes so that

only TE modes in R1 and TM modes in R2 are excited.

Fig. 3.5 shows a family of eight silver-plated resonators (4 each resonator of

type R1 and R2); these resonators ensure the reliable and accurate measurements

of PDMS anisotropy within the frequency range of 6-38 GHz by a vector network

analyzer of 0.01-40 GHz. The resonance measurement setup for evaluating the

dielectric characteristics of PDMS substrate samples is illustrated in Fig. 3.6.

The steps involved in the experiment are as follows: To obtain the equivalent

resonator parameters: equivalent diameter Deq (mm) and equivalent wall conduc-

tivity σeq(S/m), the empty resonators are measured initially (resonance frequency

and unloaded quality (Q) factors of the selected modes).
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Figure 3.4: Resonators for measurement of parallel (R1) and per-
pendicular (R2) dielectric parameters of disk samples: (a) cylindrical
TE- (R1) and TM - mode (R2) resonators; (b) cylindrical resonators
with coaxial rods: R1 (CylCoax; TE-mode resonator with pair of
tunable coaxial cylindrical flanges) and R2 (ReR; TM -mode tunable
re-entrant resonator); (c) cylindrical TE- and TM -mode resonators
with samples of smaller diameters (dS < D1,2 ); (d) re- entrant res-
onator with smaller samples (dS < D2); (e) quarter wave-length
resonator. Legend: D1,2, H1,2 – resonators diameters and heights;
D1,2C , H1,2C – coaxial rod (piston) diameters and heights; dC , hC –
coaxial core diameter and length; dS , hS – disk sample diameter and

height (thickness); D0 – coaxial outer diameter.

The resonators with samples are then measured again and the correspond-

ing new resonance frequencies and unloaded Q factors for the same modes (well-

identified) are calculated. The appropriate extraction procedure is applied to evalu-

ate parallel values, ϵpar and tan δϵpar in resonators R1 and perpendicular values,ϵper

and tan δϵperp in R2.

The sample diameter dS can be chosen in two ways: to match the resonator

diameters D1,2 (Fig. 3.4(a)) or to be smaller (dS < D1,2; Fig. 3.4(c)). Low-

permittivity foam support must be employed in the second scenario, whose di-

electric parameters must be measured and taken into account. If dS ∼ D1,2, the

analytical model proposed in [201,202] can accurately extract the dielectric param-

eters. Finally, the acquired data enable numerical determination of the dielectric

constant and loss tangent in parallel (ϵpar and tan δϵpar) and perpendicular (ϵperp
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and tan δϵperp) directions in resonators R1 and R2, respectively. In the Ku band,

the evaluated measurement uncertainty is relatively small: 3-5 % for ϵperp, 1-1.5%

for ϵpar, 5-7 % for tan δϵparand 10-15% for tan δϵperp in the case of 0.5-1.5 mm thick

substrates with dielectric constants ∼ 2-5.

The uncertainty in determining the sample thickness and the method chosen

contribute to measurement inaccuracy; in the wide range of substrate anisotropy

and thickness, the measuring resonators determine the corresponding “pure” param-

eters (perpendicular ones in R2 and parallel ones in R1) with selective uncertainty

less than ±3-0.4% for the dielectric constant and less than ±5-1.0% for the dielectric

loss tangent due to the E-fields orientation [202]. This analytical method cannot

be applied if the sample diameter is smaller than the resonator diameter. Instead,

appropriate 3-D simulations can be applied (as illustrated in Figs. 3.7-3.9; for this

present case, ANSYS® HFSS simulations are used), and the dielectric parameters

of the samples can be fine-tuned throughout the simulations until the simulated res-

onance frequency and unloaded Q factor match the measured values [203] (usually

1-2 % coincidence is enough).

Figure 3.5: Family of optimized silver-plated measuring res-
onators: (a) TE-mode resonators R1 (D1 = 30, 18.1, 15, 10 mm)
and (b) TM -mode resonators R2 (D2 = 30, 18.1,10, 8 mm) which

cover the frequency range of 6- 38 GHz (see Table 3.1).
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Figure 3.6: PDMS samples in measuring resonators: (a) sample
with dS < D1 in resonator R11 (Fig. 3.4(c)); (b) sample with dS ∼
D2 in resonator R22 (Fig. 3.4(a)); (c) ReR on the base of resonators
R21 (Fig. 3.4(d)); (d) quarter-wavelength coaxial resonator with

PDMS sample dS=10 mm (1⁄4CoaxR in Fig 3.4(e)).

Figure 3.7: E-field distributions in resonator R11 (modes TE011

and TE021) and resonator R21 (modes TM010 and TM020), in which
the sample diameter coincides with the resonator diameter (30 mm).

Figure 3.8: E-field distributions in resonator R11 (modes TE011

and TE021) and resonator R21 (modes TM010 and TM020), in which
the sample diameter is smaller than the resonator diameter (30 mm).
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Figure 3.9: E-field distributions in resonator R12 (modes TE011

and TE021) and resonator R22 (modes TM010 and TM020), in which
sample diameter is smaller than the resonator diameter (18.1 mm).

3.3.2 Planar Structure Measurements: Linear and Ring Mi-

crostrip Resonator Method

Planar resonance methods are very popular for the characterization of the dielectric

properties of commercial reinforced substrates because they provide appropriate

metallization that enables the use of various planar resonance structures, such as

the linear resonator (LR) or the ring resonator (RR). They make it possible to ex-

tract the equivalent dielectric parameters of anisotropic materials in microstrip-line

configurations (MSL) [195], often known as “design values,” which are typically pro-

vided by substrate manufacturers. The inescapable influence of the metallization

– its thickness and roughness – is an issue with these methods.

In order to characterize PDMS samples (or other similar substrates) without

metallization, these planar methods cannot be applied directly with reliable ac-

curacy. Therefore, two different strategies are followed in this chapter to use the

considered planar methods. Firstly, different hand-made LR and RR resonators are

made on the raw PDMS sample with a diameter of 46 mm, as shown in Fig. 3.10.

Coaxial probes with magnetic loops are used to elicit the resonances. To avoid par-

asitic resonances, the probes have been tuned for coupling below -40 dB, and the

resonator has been side-stepped with absorbers. Only 3-4 quasi-TEM resonances

in the frequency range 2-10 GHz have been measured, and the values of effective

dielectric constant ϵeff and equivalent dielectric constant ϵeq are calculated using

standard transmission line (TRL) calculator [185]. The other strategy for planar
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measurements is to cover raw PDMS samples of ring resonators photolithographi-

cally printed as a layout on commercial reinforced substrates having good resonance

performances over a wide frequency range. The E-field distribution in the sample

above the RR structure follows the E-field distribution into the substrate, following

the method for characterization of reinforced substrates as described in [204]. As

a result, this method enables the accurate estimation of the equivalent parame-

ters of the covering substrate. However, as there are no credible analytical models

for extracting the covering sample parameters, appropriate 3D simulations using

ANSYS® HFSS in both “driven solution” and “eigenmode solution” options are

applied.

Figure 3.10: Planar microstrip resonators: hand-made linear (LR)
(a) and ring (RR) (b) resonators on PDMS substrate; the metal lay-
out is made by a high-quality self-adhesive aluminium foil; (c) PDMS
sample covers a ring resonator on commercial Ro3003 substrate; (d)
measurement scheme by VNA in the frequency range 0.01-40 GHz.

3.4 Results and Discussion

3.4.1 Resonance Measurements by TE and TM mode cylin-

drical resonators

In this method, the resonance characteristics of empty resonators are measured,

and the crucial equivalent parameters: equivalent resonator diameter Deq1,2 (in

mm), and equivalent wall conductivity σeq1,2 (in S/m), are investigated. Then

these parameters are utilized for the extraction of the dielectric parameters of the

samples. Table 3.1 illustrates the typical parameters of the used measuring res-

onators– dimensions, measured resonance parameters, and determined equivalent

diameters and wall conductivity. The last two parameters have daily variations
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due to the actual room temperature, tuning screws’ position, technological holes,

surface roughness, eccentricity and excited mode. The resonators of type R1 en-

sure total frequency interval 11-39 GHz and unloaded Q factors 4700-17000 by the

exited dominant symmetrical TE011 modes, while the R2 resonators – frequency

interval 6-29 GHz and unloaded Q factors 4700-6500 by the exited dominant sym-

metrical TM010 modes. Because of these high Q factors, the dielectric loss tangent

of such low-loss materials like PTFE and similar dielectrics can be determined

with acceptable accuracy. Even the higher-order modes (TE021 and TE031 in R1

resonators and TM020 and TM030 in R2 resonators) could also be applied if they

are well identified and relatively far from other parasitic modes in the range. TE

modes with last index n = 3, 5, . . . , which are also exited in the specified range and

allow extraction of the parallel parameters, are not considered in the measurements

because of the increased influence of the sample positioning, which degrades the

acceptable accuracy. The foam support with height Hf ∼ (H1-hS)/2 used in the

R1 type resonators is also measured; the dielectric parameters are measured as

1.0218/0.00004 in the Ku band.

A full set of measurement results of PDMS samples with thickness 0.66-0.77

mm for the dielectric constant and dielectric loss tangent in the parallel (in R1

resonators) and perpendicular (in R2 resonators) directions are presented in Table

3.2. For the case when dS = D1,2, each reported value of these parameters is derived

by averaging results from 5 samples (including sample thickness); the presented

measurement uncertainty is linked to the standard deviation from this averaging.

The R11 and R21 resonators are only used for the measurements of samples with

dS < D1,2; in this case, the averaging of the dielectric parameters is performed

for five consecutive positioning of every single sample near to the resonator centre.

The dielectric constant is determined with adequate precision when the samples are

measured with dS < D1,2; however, the precision of the loss tangent determination

is reduced. It is essential during the measurements in the resonator R2 that the

samples should lie tightly on the resonator bottom (particularly when dS = D2).

It is noticed that the measured dielectric constant values in TE and TM mode

resonators are different, with mean values of ϵpar ∼ 2.71 (in R1 resonators) and

ϵperp ∼ 2.558 (in R2 resonators) (the similar difference is also observed for the
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dielectric loss tangent, tan δϵpar ∼ 0.027 and tan δϵperp ∼ .0197; as shown in Table

3.3). In order to calculate these mean values, samples with a thickness larger than

0.6 mm are only selected. These differences are more substantial than measurement

errors; for example, the relative errors for a single measurement are estimated as

±.5% for ϵpar; ±5% for ϵperp; ±5− 7% for tan δϵpar and ±25% for tan δϵperp [203].

Probably, the modest discrepancies between the ϵpar and ϵperp values for the

PDMS are most likely due to the porous structure of this polymer. However, over

the frequency range of 2-40 GHz it is reasonable to consider the PDMS samples as

isotropic with approximate isotropic parameters ϵr = ϵisotropic = 1/2(ϵrpar+ϵrperp) ∼

2.64±0.02 and tan δϵr = tan δϵrisotropic ∼ 0.023±0.0045 as shown in Fig. 3.11, which

shows the dependencies for ϵpar, ϵperp (by two-resonators method) and ϵeq (by the

planar methods; next section).

The analysis of the presented results definitely shows that the PDMS substrate

really has a measurable anisotropy. All data obtained by R1 and R2 resonators

differ; even expressed frequency dependences can be observed. Nevertheless, the

averaged values for the parallel and perpendicular parameters are presented in

Table 3.3 for the PDMS samples and several other organic materials, obtained by

the set of measuring resonators from Fig. 3.5 in one measurement campaign. As

measures of the uni-axial anisotropy the following parameters are used:

∆Aϵ =
2(ϵpar − ϵperp)

(ϵpar + ϵperp)
(3.1)

for the dielectric constant and

∆Atan δϵ =
2(tan δϵperp − tan δϵperp)

(tan δϵperp + tan δϵperp)
(3.2)

for the dielectric loss tangent, introduced in [198]. The obtained anisotropy of the

investigated PDMS samples is ∆Aϵ ∼6.3 % and ∆Atan δϵ ∼5 %. Regarding pa-

rameter ∆Aϵ, the PDMS samples are pretty similar to the textile fabrics, whose

anisotropy is typically ∆Aϵ ∼3-6 % [184] due to the mixture between the tex-

tile fibers and air. For comparison, the applied method accurately predicts the
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practical isotropy of materials like Polycarbonate (PC) (0.33 %) and Polytetrafluo-

roethylene (PTFE) (0.68 %), and same silicone-based materials (the last two rows

in Table 3.3), and the weak anisotropy of Cyclo Olefin Polymer (COP) (1.6 %)

(the parameter ∆Atan δϵ less informative for low-loss materials in the considered

comparison).

The other observable fact is that the measured dielectric parameters in

each measurement resonator have very substantial scattering (as per the results

in Table 3.2). The values for ϵpar from ∼ 2.54 up to 2.83 and for ϵperp from

∼ 2.32 to 2.69 are measured. These differences are far too significant to be

regarded as typical measurement errors for this method. Furthermore, it can

be observed that the smaller dielectric constant values have been measured

only for thinner samples, e.g., ϵpar ∼ 2.54-2.65 for samples with a thickness of

∼0.45-0.51 mm, while ϵpar ∼ 2.65-2.8 for samples with a thickness of ∼ 0.63-0.71

mm for measuring resonators R1. Other measuring resonators R2 show a similar

effect: ϵperp ∼ 2.34-2.45 for samples with thickness ∼ 0.45-0.51 mm, while

ϵperp ∼2.53-2.68 for samples with thickness ∼ 0.63 − 0.71 mm. These findings

show that the dielectric constant of PDMS samples is affected by material thickness.

Table 3.1: Typical parameters of eight silver-plated measuring res-
onators

No D,mm H,mm f0, GHz; mode Q0 Deq , mm σeq, S/m

13.1531; TE011 16800 30.0522 2.41× 107

R11 30.0 30.0 21.8338; TE021 5610 30.0477 1.55× 106

32.6824; TE031 4980 30.0581 8.53× 105

R12 18.10 18.0 21.7983; TE011 11445 18.1509 1.85× 107

37.8507; TE021 2200 18.1315 3.95× 105

R13 15.00 14.08 26.5477; TE011 11170 15.0351 2.15× 107

R14 10.00 10.0 39.3166; TE011 4720 10.0599 5.69× 106

7.6460; TM010 6280 30.0136 2.90× 107

R21 30.00 12.13 17.5401; TM020 8470 30.0320 2.30× 107

27.4956; TM030 7820 30.0338 1.25× 107

R22 18.10 12.12 12.6480; TM010 6544 18.1440 3.19× 107

29.0036; TM020 7250 18.1620 1.71× 107

R23 10.00 10.12 22.8782; TM010 6150 10.0307 3.72× 107

R24 8.00 8.08 28.5299; TM010 4750 8.0436 2.78× 107
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Table 3.2: Dielectric parameters of PDMS samples, obtained by
measurements with a set of resonators R1 and R2 and different ex-

cited modes

R1 dS , mm hS , mm ϵpar tan δϵpar fϵ, GHz/Qϵ, (mode)

2.718± 0.005 0.022± 0.0010 12.61/260 TE011

30 0.68± 0.08 2.712± 0.008 0.030± 0.0015 21.67/175 TE021

2.700± 0.010 - 30.49/- TE031

18.1 2.723± 0.005 0.021± 0.0012 12.72/500 TE011

0.74± 0.02 2.720± 0.007 0.023± 0.0015 22.10/390 TE021

15 2.719± 0.005 0.024± 0.0010 12.86/620 TE011

R11 0.74± 0.02 2.722± 0.007 0.026± 0.0015 22.11/430 TE021

10 2.717± 0.005 0.023± 0.0010 13.02/2180 TE011

0.75± 0.02 2.719± 0.008 0.025± 0.0015 22.33/500 TE021

8 2.733± 0.005 0.031± 0.0015 13.06/3700 TE011

2.702± 0.008 0.028± 0.0030 22.84/730 TE021

R12 18.1 0.74± 0.04
2.711± 0.004 0.031± 0.0015 20.17/120 TE011

2.702± 0.008 34.11/- TE021

R13 15 0.75± 0.02 2.718± 0.004 0.035± 0.0022 24.01/105 TE011

R14 10 0.73± 0.01 2.705± 0.004 0.045± 0.0030 34.24/67 TE011

R2 dS , mm hS , mm ϵperp tan δϵperp fϵ, GHz/Qϵ, (mode)

R21

30 0.68± 0.08 2.584± 0.005 0.017± 0.0005 7.508/1540TM010

2.540± 0.013 0.023± 0.0012 17.16/890 TM020

2.520± 0.015 0.035± 0.0020 26.64/385 TM030

18.1 0.74± 0.08
2.603± 0.005 0.020± 0.0005 7.52/1560 TM010

2.580± 0.010 0.026± 0.0009 17.32/1450 TM020

15 0.74± 0.08
2.595± 0.006 0.021± 0.0005 7.54/1740 TM010

2.575± 0.011 0.025± 0.0009 17.38/1900 TM020

10 0.75± 0.08 2.590± 0.006 0.019± 0.0004 7.58/2650 TM010

2.570± 0.012 0.026± 0.0009 17.33/2000 TM020

8 0.70±0.08 2.597±0.007 0.022±0.0010 7.61/2800 TM010

2.575±0.013 0.025±0.0012 17.43/2290 TM020

R22 18.1 0.74± 0.07 2.548± 0.008 0.021± 0.0008 12.35/1190 TM010

2.540± 0.013 0.027± 0.0012 27.84/330 TM020

R23 10 0.73± 0.03 2.546± 0.009 0.026± 0.0011 22.15/480 TM010

R24 8 0.66± 0.01 2.505± 0.008 0.032± .0013 27.45/340 TM010
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Table 3.3: Summarized results for the dielectric parameters of
several organic materials obtained by the Two-Resonator Method

Material ϵpar; tan δϵpar (12-35

GHz)

ϵperp; tan δϵperp(7-28

GHz)

∆Aϵ;∆A tan δϵ,%

PDMS
2.716± 0.009 2.55± 0.028 6.3

0.031± 0.008 0.024± 0.007 25.5

PTFE
2.054± 0.005 2.04± 0.020 0.68

0.00029± 0.00001 0.00026± 0.00003 -

COP
2.327± 0.006 2.29± 0.028 1.60

0.00051± 0.00006 0.00029± 0.00003 -

PC
2.767± 0.003 2.758± 0.009 0.33

0.0056± 0.0001 0.0055± 0.0002 1.8

Silicone
2.21± 0.04 2.19± 0.08 0.91

elastomer 0.0010± 0.0001 0.0008± 0.0003 1.8

Commercial
2.34± 0.02 2.33± 0.05 0.43

silicone glue 0.0096± 0.001 0.0077± 0.0008 22.0

Figure 3.11: Measured parallel and perpendicular dielectric con-
stants of PDMS substrate with thickness 0.71 mm by the two-
resonator method compared with the equivalent dielectric constant

from the planar measurements.

3.4.2 Frequency Dependence of PDMS Anisotropy

The fact that the PDMS anisotropy is frequency-dependent is also interesting.

Additional auxiliary methods are applied to expand the dependencies for ϵpar and

ϵperp to prove this fact (the loss tangents are not measured by some of these methods
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due to the lower accuracy). The so-called re-entrant resonator ReR (as shown in

Fig. 3.4 (b), Fig. 3.6 (c)) [193] based methods are one of the most accurate

methods for determining ϵperp at lower frequencies. A tunable version is applied on

the base of resonator R21; the parameters are extracted using 3D simulations in

the frequency range from 1.65 to 7.6 GHz. The obtained results reveal that ϵperp

increase from 2.59 to 2.69 (and a decreasing of tan δϵperp from 0.017 to 0.012) – see

the corresponding data in Fig. 3.12 for ϵperp. The parallel parameter ϵpar has been

determined by a cylinder-coaxial resonator (Fig. 3.4(b)), based on the resonator

R11 with coaxial pistons on the flanges [201]. The measured values ϵpar ∼ 2.73

and tan δϵpar ∼ 0.021 at a single frequency 6.53 GHz have also been confirmed by

a quarter wavelength coaxial resonator (Fig. 3.4 (e) and Fig. 3.6 (d)): ϵpar ∼ 2.75

and tan δϵpar ∼ 0.017 at 5.78 GHz (Fig. 3.12).

The classical waveguide method, which measures the phase delay in flat thin

PDMS samples placed between pairs of waveguide flanges as shown in Fig. 3.13 (a),

can provide valuable auxiliary information for ϵpar in wide frequency range but with

less accuracy. Simple numerical simulations can be easily used to determine the

parallel dielectric constant if the sample completely covers the waveguide aperture

with ∼ 10-15% margin. From S to Ka-band, seven pairs of waveguides are applied

to measure the additional phase delay in the middle of each waveguide operating

range (see the examples for the frequency range 3.5-14 GHz in Fig. 3.14 (a)).

Despite the lower accuracy, the extracted values of ϵpar ∼ 2.78 at 3.5 GHz to

2.68 at 34 GHz confirm the frequency behavior of the parallel dielectric constant

(Fig. 3.12). Simple perturbation resonance measurements with excited first three

dominant TM modes in the X band using a waveguide (WR90) resonator with

small PDMS prism (as shown in Fig. 3.13 (b)) also yield comparable results –

ϵpar ∼ 2.76 at 6.95 GHz, 2.75 at 9.53 GHz, and 2.73 at 13.3 GHz.

The last step is to extend the frequency dependence for ϵperp beyond 29 GHz.

There are a limited number of options. The corresponding dependencies in the

K and Ka bands are shown in Fig. 3.14 (b) obtained by applying the method

of comparison between the measured and simulated phase delays in waveguides

with a small PDMS prism placed in the middle of the waveguide in a horizontal

position for an approximate determination of ϵperp (the prism in a vertical position
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has also been measured for determination of ϵpar). Both dependencies, ϵperp and

ϵpar, indicate a weak saturation over 30 GHz, according to the measurements.

Figure 3.12: Summarized dependencies of the parallel and perpen-
dicular dielectric constants of PDMS samples by the two-resonator
method. Results from other methods have been also added. Leg-
end: CR1,2 – data obtained by all cylinder resonators R1 and R2,
taken from Table 3.2; ReR – data from a re-entrant resonator on
the base of R21 with dS = D2 ; D2C = 18.0; H2C = 0 − 11.4
(Fig. 3.4(b) and Fig. 3.6 (c)); CylCoaxR and 1⁄4CoaxR – data
from a cylinder- coaxial resonator (Fig. 3.4 (b); on the base of
R11; D1C = 18.0; H1C = 8.6 − 11.0) and quarter wave- length
resonator (Fig. 3.4 (e) and Fig. 3.6 (d); dC = 3.1, hC = 10.43,
D0 = 10.43); WG(f)–PDMS samples between flanges (Fig. 3.13
(a)) of waveguides WR229; WR137; WR112, WR90, WR75, WR42,
WR28; WG(ver/hor) – PDMS prism 0.78 x 3.0 x 6.0 in vertical or
horizontal positions (Fig. 3.13 (c)) in waveguides WR42 and WR28;
WG(pert) – small PDMS prism 0.78 × 0.8 × 10.16 in WR90 res-
onator of length LR = 64.85 (Fig. 3.13 (b)) with exited TM101,103,105

modes. Solid curves are polynomial fits of all presented data; dashed
lines – averaged values from the two-resonator method only in the

corresponding frequency ranges.
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(a) (b)

(c) (d)

Figure 3.13: Illustration of auxiliary waveguide methods for de-
termination of substrate anisotropy: (a) substrate between waveg-
uide flanges; (b) Perturbation method – waveguide resonators with
a small prism; (c) sample prism in a vertical, and (d) horizontal
position if waveguide with foam support. Legend: a, b – waveguide

width and height; LR – waveguide resonator length.

(a) (b)

Figure 3.14: Measured and simulated phase delays from PDMS
samples in rectangular waveguides: (a) flat sample between pairs
of waveguide flanges; (b) Prism samples in vertical and horizontal

positions in waveguides.
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3.4.3 Planar Structure Measurements

A. Linear (LR) and Ring Microstrip resonator (RR) method

Initially, the investigations of the frequency behavior of classical linear and ring

resonators on non-metalized PDMS substrates are carried out. Self-adhesive metal

(aluminum or copper) foil (50 µm thick) can be used to create the metal layout

carefully, as shown in Fig. 3.10 (a), (b). Several attempts have been made, utilizing

special coaxial punchers, for LR on PDMS substrate with lengths LLR ranging from

25 up to 44 mm and width wLR from 1 to 4 mm and for RR with diameters DRR

ranging from 18.1 to 33 mm. Despite the ensured accuracy, measurable 3-4 quasi-

TEM resonances without parasitic peaks are only detected in the frequency range

2-10 GHz; three cases are shown in Fig. 3.15 for references. Table 3.4 shows

the values of the estimated effective dielectric constant ϵeff and the recalculated

equivalent dielectric constant ϵeq (using conventional TRL calculators).

Figure 3.15: Measured resonance curves (2-10 GHz) of the first 3-
4 q-TEM modes in linear (LR) and ring (RR) microstrip resonators
on PDMS (0.75 mm thick) and PTFE (0.48 mm thick) substrates.

The calculated results for the mean equivalent value of the dielectric constant of

the PDMS sample (ϵeq ∼ 2.664±0.020) is extremely close to the predicted isotropic

value as presented in Table 3.3 (similar results are achieved for PTFE samples:

ϵeq ∼ 2.059± 0.007)). However, as the sizes of the manufactured resonators aren’t
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known with certainty so to rely on these results only is not acceptable. Furthermore,

with similar measurements, sufficient accuracy for the dielectric loss tangent cannot

be reached.

Table 3.4: Measured effective and equivalent dielectric constant of
PDMS and PTFE substrate by LR/RR method

Substrates Resonance

frequencies, GHz

Averaged ϵeff Extracted ϵeq

PDMS (0.71 mm)

2.60

2.156 ± 0.013

2.677 ± 0.014

5.21 2.667 ± 0.014

LR(LLR= 38.1mm) 7.82 2.651 ± 0.014

Averaged: 2.66 ± 0.014

PTFE (0.48 mm)

3.017

1.792 ± 0.007

2.677 ± 0.014

6.029 2.060 ± 0.008

LR(LLR = 37.2mm) 9.016 2.052 ± 0.008

Averaged: 2.059 ± 0.008

PDMS(0.71 mm)

2.34

2.071 ± 0.046

2.714 ± 0.020

4.73 2.688 ± 0.020

RR (DRR=29.9 mm) 7.14 2.641 ± 0.020

9.59 2.623 ± 0.020

Averaged: 2.67 ± 0.020

B. By Covered Ring Resonator (CovRR) Method:

For microstrip ring resonators (MSL-RR) of diameter DRR = 4cm covered by

PDMS disk sample, the resonance parameters (resonance frequencies and unloaded

Q factors) are determined as shown in Fig. 3.10 (c), (d). The RR conductor layout

is now accurately manufactured by photo-lithography on commercial substrates (in

this case, near-to-isotropic materials like 20-mils thick Isola Astra MT and Ro3003

with dielectric constant close to 3 and with relatively small losses are used). The

resonance curves of a microstrip ring resonator on substrate ISOLA Astra MT 3.0

without and with a covering PDMS sample are shown in Fig. 3.16. Fig. 3.17 (a)

illustrates the corresponding resonance frequencies of the TEM modes shifts owing

to the PDMS sample influence, whereas Fig. 3.17 (b) shows the corresponding

unloaded Q factors. The dielectric parameters of the PDMS sample are extracted

using this data. The sample should completely cover the RR substrate’s surface

with no air gaps, which is not an issue for such a flexible and self-adhesive sample

and is easy to control.
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(a) (b)

Figure 3.16: Resonance curves of microstrip RR of averaged di-
ameter 40 mm on substrate ISOLA Astra MT 3.0 without and with
covering PDMS sample and (b) image of the covered RR by PDMS

sample of diameter 46 mm.

(a) (b)

Figure 3.17: (a) Resonance curves of microstrip ring resonator on
substrate ISOLA Astra MT 3.0 without and with covering PDMS
sample according to the wavenumber and (b) corresponding un-

loaded Q factors.

The dependencies of the calculated effective dielectric constant ϵeff and atten-

uation α of a microstrip line (MSL) on the used substrate with and without PDMS
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sample is calculated by the simple expression,

ϵeff =

(
30p

2πDRR fp

)2

, (3.3)

where the resonance frequencies fp (p = 1, 2, 3. . . ) are in GHz and DRR is in cm;

α (dB/cm) =
27.3(ϵeff)

0.5

Qp.λ0

, (3.4)

where λ0 is the free-space wavelength in cm, Qp is the unloaded factor [205]. The

dependencies are presented in Fig. 3.18. Actually, three RRs with different PDMS

samples are measured; these RRs of diameter DRR = 40 mm are printed on different

commercial substrates with ϵr close to 3.0 (Ro3003, CLTE, Isola Astra MT). The

final results presented below (e.g., in Fig. 3.19) are averaged from these several

measurements. Thus, two pairs of dependencies are obtained for each RR without

and with covering sample, namely: ϵeffMSL
, αeqMSL

, and ϵeffcovMSL
, αeqcovMSL

. The

question now is how to extract the equivalent parameters ϵeqS , tan δϵeqs of the

covering (PDMS) samples from these dependencies. There are two approaches: to

use an appropriate analytical model (e.g., presented in [206]) or to perform relevant

3D simulations (as in [21]).

If the RR substrate has a dielectric constant ϵm > ϵeqs and thickness dm; if the

width of the RR conductors is wm (wm > 2dm) (see the inset in Fig. 3.19 (b)), the

following pairs of expressions can be used for the calculation of the effective dielec-

tric constant ϵeffcovMSL
of the MSL structure with covering sample (superstrate)

of thickness ds [206]:

ϵeffcovMSL
= 0.5(ϵm + ϵcov) + 0.52(ϵm − ϵcov)

(
1 +

12dm
wm

)−0.5

(3.5)

where

ϵcov = 1 +

(
2

π

)
(ϵeqs − 1) arctan

[
1.877

(
ds
dm

)0.904(
wm

dm

)0.367]
(3.6)

is an effective dielectric constant of the layers above the MSL, including the

covering sample and the air above. Thus, the equivalent superstrate dielectric
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constant ϵcalc = ϵeqs can be successfully extracted from Eq.(3.6) when the calcu-

lated ϵeffcovMSL
value by Eq.(3.5) coincides with the measured one from Fig. 3.18

(a). The ϵcalc dependence is presented on the same figure for RR on Isola Astra

substrate (with mean equivalent dielectric parameters 3.098/0.0029); it simply

follows the slope of ϵeffcovMSL
curve and does not represent the actual frequency

behavior. The approach based on applying 3D simulation models explained below

of MSL structures to assist the RR measurements is more effective and accurate.

(a) (b)

Figure 3.18: Measured effective dielectric constants (a) and atten-
uation (b) of MSL on substrate Isola Astra 3.0 without and with
0.72-mm thick PDMS sample (inset), ϵeffMSL

, αMS and ϵeffcovMSL
,

αcovMSL respectively. Legend: ϵeqs = ϵeqPDMS – extracted depen-
dence of the equivalent dielectric constant of PDMS sample by
3D simulations; ϵeqs = ϵeqcalc – calculated PDMS constant from
Eq.(3.6); tan δϵeq = tan δeqPDMS– extracted dependence of the equiv-
alent dielectric loss tangent of PDMS sample by 3D simulations;
∆α = αcovMSL-αMSL: additional attenuation; stars averaged values

used in the simulations.
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(a)

(b)

Figure 3.19: Final extracted frequency dependencies of the param-
eters ϵeqMSL (a) and tan δϵeqMSL

(b) of PDMS substrates for MSL
approach, compared with the corresponding parallel and perpendic-
ular dependencies, ϵpar, ϵperp from Fig. 3.12 and tan δϵpar , tan δϵperp

,ϵcalc(0) is calculated by Eq.(3.5,3.6) for f = 0.

As there are no accurate analytical models for reliably extracting the dielec-

tric parameters of the covering samples from this data, electromagnetic simula-

tions using a commercial 3D simulator are required necessarily (e.g., HFSS). The

Transmission-line regime (driven solution, shown in Fig.(3.20)) and Eigen-mode
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regime (shown in Fig.(3.22)) are the two options for 3D simulations of the ring

resonator.

Transmission-line regime : The S21 parameters of the whole structure are com-

puted without and with a PDMS sample in this first option to produce the sim-

ulated resonance curves for each TEM mode, which can be compared with the

corresponding measured curves. For mode p = 4, this possibility is illustrated by

Fig. 3.21. As the resonance frequency shift and unloaded Q factor changes for each

mode, this is a good option for computing both dielectric parameters of the cover-

ing sample (Fig. 3.17 and Table 3.5). The problem associated with this option is

that simulation takes a lot of computational time (appropriate meshing of a single

frequency and then discrete sweeping in a narrow interval around the resonance

frequency). As a result, as illustrated in Fig. 3.20(b) – Model 1 (only modes with

even wave number p can be simulated in this case), the proposed 3D model can be

split once with appropriate boundary conditions (H-field symmetry on the splitting

plane). For each mode, the simulation procedure is as follows:

(i) The ring resonator is simulated without a sample. Usually, the discrepancy

between the simulated and measured resonance curves appears; both curves could

be made equal by fine-tuning of ϵr and tan δϵr of the substrate under the resonator

(Fig. 3.21(a); p = 4). The applied procedure is no doubt time consuming, but

the close match between the two curves assures that the measuring structure is

self-calibrated without the need of a sample; then, the obtained parameters of the

substrate under the resonator must have been utilized in the 3D model of the

resonator with PDMS sample.

(ii) The next step is to simulate the ring resonator (Model 1) with PDMS samples

in a similar way. To begin, the PDMS sample could be presented in the 3D Model

1 in an anisotropic option with averaged parameters taken from the first row of

Table 3.3. The derived simulated resonance curve is very close to the measured

curve (see dependencies in Fig. 3.21 (b) for p = 4). The PDMS sample can now

be considered as an isotropic material with equivalent dielectric parameters; now,

by tuning only the dielectric parameters of the isotropic PDMS sample, a satisfac-

tory coincidence between the simulated and measured resonance curves of a ring

resonator with a sample can be achieved – see Fig. 3.21 (b) for the corresponding
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curves. The described procedure is beneficial since it enables for the determination

of the covering PDMS sample’s own parameters for each mode (typically for p in

the interval till 20). However, even for one pair of resonances, the computing time

is significant; that’s why Table 3.5 only shows the extracted equivalent parameters

of the isotropic PDMS sample for mode p = 4. The obtained values for, ϵr = 2.665

and tan δϵr = 0.02, as anticipated in Table 3.3, are extremely similar.

Eigenmode option : The second option of the ring resonator in the standard ra-

diation box, as shown in Fig. 3.22 (a), allows for faster simulations. The structure

can be again split once (Fig. 3.22 (b); Model 2) or twice (Fig. 3.22 (c)); however,

not all modes can be simulated in split structures. The procedural steps are quite

similar to the previous case:

(i) The ring resonator is simulated without a sample (Model 2), and equivalent

dielectric parameters of the substrate under the resonator are determined.

(ii) The ring resonator is simulated with a PDMS sample and equivalent dielec-

tric parameters of the sample are determined. For modes with p = 2, 4, 6, 8, and

10, as shown in Fig. 3.23, the simulations are carried out with acceptable results

(see the last column in Table 3.5). Now the problem is that in the radiation box

of Model 2, a lot of parasitic resonances might arise, which can imitate the right

TEM resonances or impact the proper E-field distribution at the high-order reso-

nances as illustrated in Fig. 3.23 for p = 10. That’s why due to decreased accuracy,

simulations for modes with p > 8 are not conducted.

The presented method by covered ring resonator is very promising for character-

ization of such soft polymers as the PDMS material, such research should continue,

including the development of other novel methods for extracting the equivalent pa-

rameters of the covering sample on microstrip line resonators.

(a) (b)
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(c) (d)

Figure 3.20: 3D models of ring resonators in transmission-line
option: (a) whole resonator; (b) Half-splitted resonator (Model 1);
(c) Half resonator with covering PDMS sample; (d) electric field

distribution in the ring resonator with sample (side view).

(a)

(b)

Figure 3.21: Measured and simulated resonance curves for TEM
mode with p = 4 of microstrip ring resonator on substrate ISOLA

Astra MT 3.0 without (a) and with (b) covering PDMS sample.
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(a) (b)

(c) (d)

Figure 3.22: 3D models of ring resonators in Eigenmode option:
(a) whole resonator; (b) half- split resonator (Model 2); (c) quarter-
split resonator; (d) 3D Model 2 with covering PDMS sample in stan-

dard radiation box in HFSS.

Table 3.5: Extracted Equivalent Dielectric Constant and Dielectric
Loss Tangent of PDMS Samples by RR Method

p f0, GHz Q0 fϵ, GHz Qϵ ϵr/ tan δϵr (Model 1) ϵr/ tan δϵr (Model 2)

1 1.5192 127.4 1.4157 108.3

2 3.0404 157.3 2.8346 112.8 2.645

3 4.5627 149.1 4.2562 116.8

4 6.0768 189.5 5.6801 123.2 2.665/0.020 2.640/0.02

5 7.5829 166.4 7.0896 121.1

6 9.0849 173.8 8.5036 107.0 2.635

7 10.5669 138.7 9.9169 107.0

8 12.0879 230.5 11.3463 93.0 2.640

9 13.5837 173.7 12.7424 124.3

10 15.0550 243.5 14.1390 112.2

11 16.5285 188.0 15.5628 113.2

12 18.0271 217.7 16.9606 94.7

13 19.4894 184.5 18.3627 99.8

14 20.9679 198.8 19.8058 92.2

15 22.4207 176.1 21.1916 107.3

16 23.8571 195.3 22.5477 105.3

17 25.3587 168.6 24.0296 96.0

18 26.7678 187.3 25.4075 93.3

19 28.1814 165.4 26.7175 99.1

20 29.7218 179.3 28.0576 90.1
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Figure 3.23: Electric field distribution of the first even modes
(p = 2, 4, 6, 8, 10) in the ring resonator without (at left) or with

PDMS sample (at right) (top view) using 3D Model 2.

In addition to the methods mentioned above, another simple proposed method

can also be applied, which can overcome the ineffectiveness of direct simulations

of the RR structure with superstrate in Driven mode or Eigenmode options (if

arises). In a classical radiation box (as it is shown in the insets of Fig. 3.18), a

short MSL segment of 10 mm can be simulated with selected parameters ϵeqMSL

and tan δϵeqMSL
of the covering sample (superstrate) until a satisfactory coincidence

between the numerical and measured parameters ϵeffcovMSL
and αeqcovMSL

has been

achieved. For determining the ϵeqMSL
the simulation procedure is performed twice;

first, for pure MSL to determine the actual RR substrate constant ϵm, and then, for

MSL with covering sample – to determine ϵeqMSL
. The preliminary determination

of the parameter αMSL is not required in the case for evaluating the dielectric

loss tangent; the advantage is that tan δϵeqMSL
can be directly computed from the

∆α–dependence of the additional attenuation (Fig. 3.18 (b)).

Both extracted curves for ϵeqMSL
and tan δeqMSL

lies between the measured curves

ϵpar, ϵperp and tan δϵpar , tan δϵperp . This is a typical fact for most of the anisotropic
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materials [195] and shows that the obtained results are fully compliant. The other

important point is the observed weak but measurable frequency dependence of the

dielectric constants: ϵpar ∼ 2.8 − 2.7; ϵperp ∼ 2.67-2.52 and ϵeqMSL
∼ 2.72-2.63 in

the frequency range 2-40 GHz. Only one reference [181] presents similar property

of the PDMS samples up to 110 GHz and beyond, established by transmission-

line measurements of coplanar waveguide (CPW) on this substrate. In fact, the

dielectric constant dependence as in [181] coincides with presented in Fig. 3.19

(a) ϵpar dependence. The reason behind this is in the CPW transmission line,

the parallel-to-perpendicular E-field ratio is ∼ 79 : 21, whereas, in MSL, it is

∼ 38 : 62 (for 0.5-0.7 mm thick samples) [204]. As a result, the extracted equivalent

dielectric constant from CPW measurements should be close to ϵpar, while the

measured ϵeqMSL
by MSL is a mixed value between ϵpar and ϵperp. However, at

lower frequencies, such as tan δϵ ∼ 0.07-0.045 in the frequency range 0.1- 40 GHz,

the frequency dependence of the dielectric loss tangent reported in [181] is rather

implausible; the saturation of 0.045 from 40 to 210 GHz appears to be more feasible.

One probable explanation is that the dominant mode of the CPW has a low-

frequency cut-off, and measurements below and around this cut-off are in some

ways erroneous. The results presented here are tan δϵeqMSL
∼ 0.017 − 0.047 in the

range 2-40 GHz and could be regarded as confirmed data from other PDMS sample

measurements [168].

3.4.4 Temperature Behavior of PDMS Dielectric Parame-

ters

The final phase of research presented in this chapter is devoted to temperature

measurements of the dielectric parameters of PDMS polymer. No such informa-

tion does exist in the literature. The temperature response of the PDMS dielectric

properties is of apparent importance from the standpoint of wearable/flexible an-

tenna substrates. There are three main circumstances to consider. The first is that

this polymer has a relatively high coefficient of thermal expansion (CTE) – typically

300-340 ppm/◦C [207] in the temperature interval from –55◦C to 150◦C. Recent re-

searches have revealed that this coefficient is dependent on the curing temperature;
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for example, CTE for the commercial PDMS product Sylgard 184 [208] decreases

linearly from 310 ppm/◦C at curing temperature 25◦C to 240 ppm/◦C at curing

temperature 135◦C [209] (∼ 23%). The observed dielectric anisotropy and the

frequency dependence of dielectric characteristics of PDMS samples at room tem-

perature are the other two conditions, and they could be affected by temperature

changes.

In this chapter, investigation of the variations of frequency dependencies of

parallel, perpendicular, equivalent dielectric parameters of PDMS samples in the

temperature range from –40◦C to +100◦C by two different experimental methods

is already applied at room temperature (in section 3.4.2).

With the two-resonator method, the sample anisotropy has been calculated once

more, but this time the measuring procedure is performed at each fixed tempera-

ture. The temperature measurements are carried out in a commercial Termotron®

chamber, which allows for temperature stability in the range of –70◦C to +110◦C

with a ±2◦C uncertainty. The chamber contains a temperature gradient, but the

working temperature is accepted as a constant in the entire setup (resonator, sam-

ple, and VNA adapters – Fig. 3.24 (c)) due to the small size of the resonators and

the applied time length of ∼10 min for thermal equalization.

Figure 3.24: Schematic view of measuring resonators and samples
at room temperature (solid lines) and high temperature (dashed
lines): (a) R11; (b) R21; c) resonator R11 in a thermal chamber

at –40◦ .
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Table 3.6: Parameters of the Silver-Plated Measuring Resonators
R11 And R21 and Planar RR in the temperature interval from –40◦C

to +70◦C

t,◦C Resonator R11 TE011 Resonator R22 TM010 RR (p = 7)

f01, GHz Deq1, mm f01, GHz Deq1, mm ϵm

Q01 σeq1, S/m Q01 σeq1, S/m (Isola Astra MT)

–40
13.1659 30.0182 7.6540 29.9822

3.092
16090 2.21× 107 7080 3.69× 107

–20
13.1638 30.0238 7.6503 29.9969

3.093
15555 2.06× 107 6890 3.49× 107

0
13.1587 30.0373 7.6492 30.0013

3.095
15490 2.05× 107 6800 3.41× 107

+20
13.1555 30.0457 7.6469 30.0104

3.098
14950 1.91× 107 6573 3.18× 107

+40
13.1503 30.0598 7.6448 30.0186

3.102
14730 1.85× 107 6540 3.15× 107

+70
13.1448 30.0743 7.6432 30.0257

3.104
14430 1.78× 107 6410 3.18× 107

The new measurement procedure is as follows (due to the time-consuming and

difficult measurements, only the resonators R11 and R21 are used at the lowest-

order symmetrical modes TE011 and TM010, respectively). To begin, each resonator

R11 or R21 must be placed in the thermal chamber without any sample, and the

resonance frequency f0 and unloaded Q0 factors determined for each temperature of

interest. The values of the parameters f01,2 and Q01,2 vary with the temperature due

to the linear thermal expansion of the resonator walls and their actual resistivity.

Therefore, the actual equivalent diameters Deq1,2 (Fig. 3.24 (a), (b)) and equivalent

conductivity σeq1,2 can be determined. The resonator height has very little influence

on the resonance parameters, as mentioned in [23] (see section 3.3.1). As a result,

the reliable and accurate determination of Deq1,2 and σeq1,2 allows to achieve high

enough overall accuracy for extraction of the dielectric parameters of the sample

at each temperature. The following expressions [203] can be used to determine the

equivalent parameters of the empty resonators at each temperature:

Deq1 = 356.648H1(f
2
01
H2

1 − 22468.9)1/2 (3.7)
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Deq2 =
229.48548

f02
(3.8)

σeq1,2 = 3947.842
f01,2
R2

s1,2

, (3.9)

where the surface resistances RS1,2 are expressed as

Rs1 = 1.879× 10−5H1R
2
eq1

f 3
01

(
1

Q01

)
×

[
0.5H1

Req1

− 1 + 2.9918× 10−5(Req1f01)
2

]−1

,

(3.10)

Rs2 = 0.5H2

(
2.40483

Req2

)2(
1

Q02

)
×
[
5.56313× 10−5f02

(
1 +

H2

Req2

)]−1

, (3.11)

All the geometrical dimensions Deq1,2 and H1,2 in the expressions Eq. (3.7)-

Eq. (3.11) are in mm, f01,2 – in GHz, RS1,2 – in Ohms, and ϵσ1,2– in S/m. The

actual measured resonance parameters for the used R11 and R21 resonators and

equivalent parameters Deq1,2 and σeq1,2 at different temperatures are presented in

Table 3.6. The obtained variations are 5.1× 10−4 and 4.0× 10−4 mm/◦C for Deq1,2

and −3.9× 104and −4.6× 104S/m/◦C for σeq1,2 .

The next step in the temperature characterization of PDMS substrate

anisotropy is the measurements of the resonance parameters with samples, fϵ1,2

and Qϵ1,2 , at the same temperatures at which the measurements of the empty res-

onators are performed. This set of new results allows the extraction of the pairs of

dielectric parameters (ϵpar/ϵperp and tan δϵpar/ tan δϵperp) of each PDMS substrate.

In this case, the actual sample thickness hst , must be calculated as shown in Fig.

3.24 (a), (b). In the extraction procedure for the dielectric parameters (the same as

in the case of room temperature), we take into account only the actual calculated

thickness hst due to thermal expansion along 0z (for PDMS sample CTE = 340

ppm/◦C is accepted; once cured, the PDMS material keeps its CTE value); any

changes in 0xy plane are not taken into account because they practically do not

influence the final obtained results. The obtained results are presented in Table

3.7; they are averaged for two PDMS samples (instead of for five samples in Table
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3.3 at room temperature). For that reason, the results for the room temperature

(including anisotropy parameters ∆Aϵ and ∆Atan δϵ slightly differ in both tables.

However, here to trace the temperature behavior of single sample and consider

only relative changes are expected, not the absolute values (however, the pointed

uncertainty at room temperature is related to the absolute values). The obtained

results are fascinating (for more convenience, the corresponding temperature de-

pendencies for the dielectric parameters are graphically presented in Fig. 3.25 for

the frequency range 7-15 GHz). The first important fact is that both pairs of

parameters (ϵpar/ϵperp and tan δϵpar/ tan δϵperp) decrease with increasing of t◦C.

(a)

(b)

Figure 3.25: Temperature variations of parameters ϵpar, ϵperp
and ϵeq(MSL) (a) and tan δϵpar , tan δϵperp and tan δϵeq(MSL) (b)

of PDMS substrates in the frequency range 7-15 GHz.
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Actually, both dielectric constants vary from ∼2.8 at low temperature to ∼2.55

at high temperature (δϵ/ϵ –850 ppm/ ◦C), the values at room temperature are

2.70/2.59. Precisely at these temperatures (below –30◦C and above +40◦C), the

anisotropy becomes negligible and this is a crucial circumstance to understand

the origin of the anisotropy of this material. Actually, the observed anisotropy

of the PDMS material occurs in the temperature range from –25◦C to +30◦C.

The temperature behavior of the dielectric loss tangents is also very specific –

at higher temperatures, it is observed that tan δϵpar > tan δϵperp ,while at lower

temperatures – tan δϵpar < tan δϵperp . This discussion will be continued after the

characterization of the temperature behavior of equivalent parameters. As at room

temperature, the method of covered ring resonators (covRR) is applied to trace the

temperature dependencies of the equivalent parameters of PDMS substrate in MSL

approximation. Two different setups for the temperature control are applied: in a

big thermal chamber –40◦C to +70◦C and by a small Peltier system (Fig. 3.18(b)),

which is powerful enough for the compact RR structure used in the experiments

to cover the temperature interval 0-105◦C with a single cooling/heating element.

The substrate for the RR has been specially selected to be Isola Astra MT (20

mills) [210]. This low-loss substrate has a relatively low dielectric constant (ϵr ∼ 3),

acceptable surface roughness, and little flexibility. Moreover, its CTE values are

relatively small in both directions, namely CTExy = 12 ppm/◦C and CTEz = 44.7

ppm/◦C below the glass transition temperature tg = 200◦C of this material.

Fig. 3.26 illustrates the temperature behavior of a resonance curve of selected

TEM mode (p = 18) excited in RR of diameter 40 mm on substrate Isola Astra MT

without and with PDMS sample in temperature range 0◦C to +100◦C, measured by

the setup in Fig. 3.18(c). The corresponding resonance shifts are +0.088 MHz/◦C

for pure RR and –0.634 MHz/◦C for covered RR, and these shifts allow accurate

extraction of the frequency dependencies of the corresponding effective dielectric

constants, ϵeffMSL
and ϵeffcovMSL

and attenuations, αMSL and αcovMSL, respectively

(the results are combined and averaged between the measurements applying both

considered methods for the temperature control – in the thermal chamber and by

Peltier cooling/heating system). The extraction procedure is absolutely the same as

described in detail for the room temperature in the previous section. The procedure
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has been again applied twice at each fixed temperature – for uncovered and covered

RR. By the measurement of pure RR, the procedure allows extraction of the actual

equivalent dielectric constant ϵm on the used RR substrate (in this case, Isola Astra

MT 3.0 – see the last column in Table 3.6 for TEM mode around 10.6 GHz; the

relative shift is small, δϵ/ϵ ∼ +35.2 ppm/◦C). The equivalent dielectric loss tangent

of this substrate has not been extracted; in fact, the procedure is based on directly

applying the results for the additional losses ∆α = αcovMSL − αMSL avoiding the

influence of substrate and metallization and this is the vital advantage of the used

method.

Fig. 3.28 presents the final results for the extracted frequency dependencies (5-

30 GHz) of the equivalent MSL parameters of investigated PDMS samples in a wide

temperature interval from –40◦C to +70◦C, namely ϵeqMSL
and tan δϵeqMSL

. The

obtained data are reasonably compliant with the temperature dependencies in Fig.

3.25 of the same material for the frequency range 7-15 GHz). Again, it is observed

a clearly expressed decrease of both equivalent parameters with the increasing

of temperature – relative shifts δϵ/ϵ -661 ppm/◦C for ϵeqMSL
and δ tan δ/δ –4060

ppm/◦C for tan δeqMSL
at 10 GHz. These temperature shifts (for the equivalent

dielectric parameters, as well as for the parallel and perpendicular parameters) are

probably related to the specific porous structure of the PDMS substrates.

We can argue that the higher dielectric constants and dielectric loss tangents at

low temperatures result from the more significant influence of the polymer volume

fraction of the material and decreased influence of the air gaps, while at higher

temperatures, the influence of the air volume fraction increases. A similar ap-

proach can satisfactorily explain the observed small dielectric anisotropy of pure

PDMS polymer samples and the possible influence of the substrate thickness on

the absolute values of the dielectric parameters, which we observed in [21].
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(a)

(b)

Figure 3.26: Resonance curves of a selected TEM mode (p = 18)
excited in RR of diameter 40 mm on substrate Isola Astra MT (20-
mills thick) without (a) and with PDMS sample (b) in temperature

range 0◦ C to +100◦C with step 10◦C.
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Figure 3.27: Measured effective dielectric constants (a) and at-
tenuation (b) of MSL on substrate Isola Astra 3.0 without and with
0.75-mm thick PDMS sample (inset), ϵeffMSL

, αMSL and ϵeffcovMSL
,

αcovMSL, in temperature range from –40◦ C to +70◦C. The legend
is the same as in the figure caption of Fig. 3.18

Table 3.7: Parallel, Perpendicular and equivalent parameters of
PDMS substrates in the temperature range from –40◦C to +70◦C

t◦C hst ,

mm

ϵpar

(12.5

GHz)

ϵperp

(7.5

GHz)

ϵeq (10

GHz)

tan δϵpar tan δϵperp tan δϵeq

(MSL)

Aϵ;Atan,%

–40 0.730 2.808 2.792 2.803 0.0233 0.0270 0.0252 0.6; –15

–20 0.736 2.781 2.697 2.740 0.0206 0.0243 0.0230 3.1; –17

0 0.743 2.739 2.640 2.686 0.0194 0.0223 0.0213 3.7; –14

+20
0.750±

0.02

2.713±

0.010

2.590±

0.03

2.662±

0.03

0.0215±

0.008

0.0184±

0.007

0.0190±

0.005

4.6; 16

+40 0.760 2.623 2.613 2.589 0.0207 0.0160 0.0175 0.4; 26

+70 0.767 2.545 2.571 2.550 0.0190 0.0161 0.0160 1.0; 17
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(a)

(b)

Figure 3.28: Extracted frequency dependencies of the parameters
ϵeqMSL (a) and tan δϵeqMSL

(b) of PDMS substrate for MSL approach
in the temperature interval from –40◦C to +70◦C. The new depen-
dencies are compared with the corresponding averaged dependencies

at room temperature (from Fig. 3.19.)

3.5 Conclusion

In this chapter, two experimental methods are applied to characterize the dielec-

tric properties of flexible PDMS substrate. A weak uniaxial anisotropy has been

observed for the first time; the parallel dielectric constant is ∼ 5.8% larger than

the perpendicular dielectric constant ϵpar > ϵperp mean values ϵpar ∼ 2.71 and
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ϵperp ∼ 2.558 in the frequency range 6-38 GHz; the corresponding averaged dielec-

tric loss tangents are tan δϵpar ∼ 0.027 and tan δϵperp ∼ 0.0197 in the same frequency

interval. For this popular PDMS polymer which can be considered as a flexible

substrate for wearable/flexible antenna and sensor applications, the expressed fre-

quency dependence of the corresponding dielectric parameters (ϵpar ∼ 2.82 − 2.7;

ϵperp ∼ 0.73 − 2.52) in the frequency range 1-40 GHz have been obtained. The

results obtained by the first proposed two-resonator method lie in the range of

6-38 GHz. A set of auxiliary resonance and waveguide methods have been used

to extend this interval below 1.6 GHz and over 40 GHz, confirming the obtained

results for the measured anisotropy. This is an unusual property for such types

of polymers, but comparisons with other organic materials with isotropic behavior

support the veracity of the results obtained (the measured “anisotropy” of PTFE is

∼ 1.03%, while the near-isotropic Cyclo Olefin polymer has anisotropy of ∼ 1.47%).

According to obtained results, the measured anisotropy could be partially related

to the porous internal structure of the PDMS samples. The first time obtained

temperature dependencies on the dielectric constant of PDMS polymer in the tem-

perature interval –40/+70◦C validate this notion. They show that measurable

uniaxial anisotropy of this material with a large linear temperature coefficient for

expansion occurs mainly in the temperature range –30/+40◦C and the parameter

ϵeq in Ku band vary from 2.81 at –40◦C (where the polymer fraction dominates) to

2.52 at +70◦C (where the air-gap effects are stronger).

The second applied method using microstrip ring resonators covered by the

sample is well suited for flexible and non-metalized samples. It allows the deter-

mination of the equivalent dielectric parameters of the anisotropic sample when it

can be considered as an isotropic one. The measured equivalent isotropic dielec-

tric constant for PDMS polymer is ϵeq ∼ 2.656 (ϵpar > ϵeq > ϵperp) and equivalent

dielectric loss tangent tan δeq ∼ 0.023 in the frequency interval 2-36 GHz. Both of

the acquired results are in good compliance with the considered PDMS material.

The complete analysis and investigations performed in this chapter demonstrate

that PDMS could be a viable choice as a substrate material for flexible/wearable

antenna and sensor applications having required dielectric characteristics. The pre-

sented methods can also be utilized for the characterization of other similar flexible
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substrate materials. Because of the importance of the problem for such widely used

polymers, further research in these fields should be pursued in order to apply this

effective characterization approach to other polymers and polymer-based materials.
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Chapter 4

Bending Effects of Flexible Antenna

Substrates

4.1 Introduction

In order to design an efficient flexible antenna, it is important to check the factors

that might affect the performance of an antenna when it is used for wearable

application. Two important factors, the dielectric parameters and anisotropy of

flexible substrates were already discussed in chapter 3. The next crucial factor to

be considered is the bending effect (or conformal geometry) of the substrates [211].

Some of the research papers dealing with the design of such antennas using

textile or polymer substrates generally consider bending effect at typical radii,

compliant with the human body [212–215]. The degree of bending is measured us-

ing the curvature radius (Rb), which represents the radius of an imaginary cylinder

used to represent the antenna bending [216]. The majority of the research publica-

tions just recorded the bending effect on the working frequency and/or frequency

bandwidth (typically a decrease of the resonant frequency), and rarely its influence

on the gain and radiation pattern is quoted. Many times, unexpected discrepancies

are detected between the simulated and measured results because of bending [214]

explained by imperfect measurements. Only a few researchers have explained the

nature of the bending effect.

To understand the bending effect, it is crucial that the measurements are well

performed. For example, in [212] the authors explained that the thickness of the
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substrate material is crucial for the degree of the bending influence. The opti-

mal thickness for minimizing the bending effect over the frequency shift is about

6 mm for the flexible substrate as felt with ϵr = 1.3 and thickness 0.5–12 mm.

In [217], the authors have provided beneficial results to understand the bending

effects using a rectangular patch antenna on denim substrate. At 2.4 GHz, the

considered parameters of this material with thickness 2 mm are tan δϵDenim
= 0.01

and ϵrDenim
= 1.6. The authors had shown using simulations that in the rectangular

patch antenna, the lowest-order TM10 mode’s resonance frequency should contin-

uously increase with increasing the bending radius Rb, with a relatively low degree

for the width-bent patches and with a higher degree for the length-bent patches.

However, the measured results are slightly different from the simulations, as rela-

tively big ripples appeared as the experimental frequency shifts around ±2.5 MHz

for width-bent and ±85 MHz for length-bent patches (in comparison to the flat

patches resonance frequency ∼2.4 GHz). Moreover, the tendency of increment in

the resonance frequency is noticeable. The authors attributed this discrepancy to

other physical properties of the conductive textile material that were not accurately

replicated in simulations when it was bent.

In [53], the authors have considered both, bending of the flexible substrate and

its anisotropy and proposed that they can simultaneously affect the resonant prop-

erties of the flexible antennas. They have used rectangular resonators on isotropic

substrates to present their result, but the influence of the substrate anisotropy was

not separately investigated. Also, except some estimations of the mutual coupling,

input impedance, and return losses S11 [218, 219] in anisotropic substrate-based

cylindrically conformal patch antennas, anisotropy and bending effects are not in-

vestigated in parallel in any other research. In this chapter, more deeper investiga-

tions of the opposite impacts of the dielectric anisotropy and bending of the flexible

substrates on the resonance characteristics of planar radiators are performed.

In this research, in order to avoid any parasitic influence of the feeding lines,

patches and antennas with feeds are not considered, but pure resonant structures

are examined. The novel results for the frequency shift of the modes in planar

rectangular resonators and their modifications are from the performed simulations

and measurements, allowing for the separation of the effects of anisotropy and
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bending as well as the independent characterization of the degree of these effects.

A methodology has been proposed in this chapter for the accurate measurements

of the bending effects on the resonance characteristics of the planar resonator.

Then, for separate numerical investigations of the bending and anisotropy as well

as both effects together, an effective procedure is introduced for creating suitable

3D models of planar resonators. Data for the measured anisotropy of selected

flexible anisotropic and isotropic materials used in this research is calculated using

the methods described in chapter 3. The obtained results for the separate and

simultaneous influence of the anisotropy and bending for materials with different

anisotropy and bent at different radii are described in the results and discussions

part of this chapter. Finally, the origins of the considered competing effects on

the resonance planar structures are discussed and practically useful conclusions are

offered.

4.2 Bending Measurement Procedures for Planar Res-
onators using Flexible Substrates

To perform the accurate measurements of the bending in the flexible/wearable

structures is a challenging task due to the strong mechanical changes during bend-

ing, like deformations in the substrates, metal layout and the feeding line, which

can affect the resonance behavior of the structure. In order to investigate only

pure resonant structures, in this research, coaxial probes are applied in the pla-

nar structures to excite the lowest-order resonances. In flat and bent microstrip

resonators, the simulated E-field pattern for the first two planar modes is shown

in Fig. 4.1. The coaxial probes with a short coaxial pin orientated along the

E field (electric type) should be put close to the E-maximums. In this research,

more stable coaxial magnetic loops are applied in close vicinity to the magnetic

field’s H-maximums of the corresponding mode, as shown in Figs. 4.2 (a), (b),

and (c) for TM10 mode, TM01 mode and for both modes, respectively. The vector

network analyzer (KEYSIGHT N9928A VNA) performs the measurements in the

L and S bands in the transmission regime. During the measurements, the loops’

orientation and placement are fine-tuned until the transmission losses S21 increase
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more than -40 dB. At these conditions, the measured resonance frequencies achieve

a satisfactory level of accuracy and practically become independent of the loop

proximity.

In the presented research, self-adhesive 0.05-mm thick metal (Al or Cu) folio

is applied to form the resonator layout. At first, the measurements are performed

in the flat position of the resonator and then measuring the bent resonator with

a continuous decrement of the bending radius. The resonator substrates are bent

over a set of smooth metallic cylinders with radii Rb from 80 to 12.5 mm. As

illustrated in Fig. 4.2, three types of bending are applied: length-(L), width-(W)

and diagonal-bent (D) resonators. While bending, special care is taken to ensure

that the metallization remains well adhered to the substrate with no detachment.

As a result, measurements are performed only for decreasing bending radius and

not in reverse order. A new fresh resonator folio is used for the realization of each

of these pointed bending types. The results for the ratio between the resonance

frequencies for the bent and flat resonators are presented in this research.

(a) (b)

(c) (d)

Figure 4.1: E-field simulation pattern: (a,b) TM10 and TM01 in a
flat microstrip resonator; (c,d) TM10 and TM01 in a bent microstrip

resonator. Legend: L—length; W—width.
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Figure 4.2: Planar resonator with a (a–c) pair of magnetic coaxial
loops placed on the length (L), width (W), and diagonal (D); (d–f)
L-bent, W-bent, and D-bent microstrip resonators (Legend: 1 –res-

onator; 2—substrate; 3—pair of magnetic coaxial probes).

4.3 Numerical Models for Investigations of Bent Planar Res-
onators on Anisotropic Substrates

The anisotropic materials can be introduced with the help of available options in

most of the modern electromagnetic simulators, but this cannot be easily performed

directly for the case of conformal planar structures when the substrate is introduced

as a single object and accurate determination of the anisotropy. Therefore, in this

research a geometrical approach is preferred.

Several slices in the form of prisms are used to equally divide the anisotropic sub-

strate (having a trapezoidal cross-section view for the bent resonators and rectan-

gular cross-section view for the flat resonators). These slices as the whole substrate

have equal anisotropic properties, but the parallel and perpendicular directions are

used to determine the uniaxial anisotropic dielectric parameters that can be con-

trolled now for each slice with the change of the bending radius as shown in Fig. 4.3

for the half of structures. The chosen concrete width ws of the slices is equal to 2

mm in the presented research, however this might be reduced for thicker substrates

or smaller bending radii for better fitting of the bent substrate cross-section. The

other chosen sizes are height hs and length ls = Ws. Fig. 4.4 illustrates the 3D
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views of flat and bent microstrip resonators on sliced anisotropic substrates. Dur-

ing the bending, the rule to keep the resonator dimensions L and W is satisfied.

The ground and slices, on the other hand may undergo some deformations.

Figure 4.3: Microstrip resonators: Flat and bent on substrate
constructed by sliced prisms, each with its own anisotropic char-
acteristics. In flat and bent substrates, arrows denote the normal

direction in each slice.

Figure 4.4: Flat and bent microstrip resonators (3D view) with
width W = 26 mm and length L = 30 mm on sliced substrates
having length Ls = 42 and width Ws = 34 mm (bending radius

Rb = 14.3 and 9.6 mm in the last two cases).

4.4 Materials Used in the Research

Different isotropic and anisotropic flexible substrate materials as per the require-

ments of the presented research are selected as shown in table 4.1.
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Table 4.1: Measured values of dielectric parameters and anisotropy
of selected materials for this research (averaged values for the fre-

quency interval 6–13 GHz).

Material hs, mm ϵpar/ tan δϵpar ϵperp/ tan δϵperp ∆Aϵ/∆Atan δϵ ;%

Group 1: Textile and polymer samples

Denim 0.90 1.74/0.048 1.61/0.030 7.8/38

Linen 0.65 1.65/0.043 1.58/0.044 4.3/-2.3

Waterproof fabric with

breathability GORE-TEX®

0.20 1.53/0.0057 1.38/0.0043 10.3/28

Polydimethylsiloxane

(PDMS)

0.70 2.73/0.022 2.57/0.019 6.00/15

Group 2: Flexible isotropic and near-to-isotropic samples

Polytetrafluoroethylene

(PTFE)

0.45 2.05/0.00027 2.04/0.00026 0.49/3.8

Polycarbonate (PC) 0.50 2.77/0.0056 2.76/0.0055 0.36/1.8

Silicone elastomer 0.90 2.21/0.0010 2.19/0.0008 0.91/22

Ro3003 0.51 3.00/0.0012 2.97/0.0013 1.0/-8

Group 3: Relatively flexible anisotropic reinforces substrates

Ro4003 0.21 3.67/0.0037 3.38/0.0028 8.2/28

NT9338 0.52 4.02/0.005 3.14/0.0025 24.6/67

Group 4: Relatively flexible anisotropic soft ceramics

Ro3010 0.645 11.74/0.0025 10.13/0.0038 14.7/-41

These selected materials are divided into four groups, the first group consists of

several textile and polymer samples with different degrees of anisotropy (∆Aϵ from

4.3 to 10.3), the two-resonator method (described in chapter 3) is applied for the

measurements. In Table 4.1 (upper section), the measured values for the pairs of

parameters ϵperp/ tan δϵperp and ϵpar/ tan δϵpar , as well as for the uniaxial anisotropy

∆Aϵ/∆Atan δϵ are presented. The second group consists of different flexible isotropic

substrates chosen for measuring the pure bending effect. These materials have very

small anisotropy, ∆Aϵ < 1%. The representatives of relatively flexible reinforced

substrates and soft artificial ceramics are included in the last two groups. Their

anisotropy ∆Aϵ varies in a large interval- 8.2–24.5%.

4.5 Results and Discussion

In this section, the obtained results are discussed in the corresponding subsections.

The first subsection presents the numerical and experimental results for the pure
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bending effect in planar resonators on flexible isotropic and near-to-isotropic sub-

strates (4.5.1). In the next subsection, the obtained results are verified using the

assumption that the bending effect and substrate anisotropy have opposite effects

on the flexible/wearable radiators and sensors (4.5.2).

4.5.1 Bending Effect

The investigated bending effect for different flexible/wearable planar patches and

devices, usually masked by certain phenomena (as mentioned in the Introduction

section) are usually not considered and addressed in the simulations [214, 215].

Here, in this research, pure resonance structures are used (to minimize the effects of

the feeding lines) to address and solve all these issues on the experimentally proven

pure flexible isotropic substrates. The accurate measurement procedure described

in detail in section 4.2 is followed. In this research a new measurement parameter

curvature angle αC (Fig.4.5), which is the angle between the neighbor slices used to

construct the substrate is used to measure the degree of bending. The dependencies

of the ratio of resonance frequencies for bent and flat rectangular resonators on pure

isotropic substrate fbent/fflat for the lowest-order TM10 mode versus the curvature

angle αC , are shown in Fig. 4.6 (a). Fig.4.5 shows the structural geometry and

relationship between bending radius Rb and curvature angle αC (for example, αC =

4◦ that corresponds to Rb = 28.7 mm; αC = 8◦ corresponds to Rb = 14.3 mm;

αC = 12◦ corresponds to Rb = 9.6 mm, etc.). The obtained results show the

known fact [217] that the resonance frequency of the length (L)-bent resonator

increases in comparison to the flat resonator for pure isotropic substrates, but

this dependency is not linear exactly. At the same time, the effect of bending is

relatively small for width (W)-bent resonators, which is also an expected result.

The obtained dependencies correspond to the classical “positive” bending (αC > 0).

When the material bends, mechanical deformations occur, for example shrinking

at the bottom area (to the ground) and stretching at the top (to the resonator).

In the proposed model, this effect is taken into account by changing the cross-

section shape of the separate slices from rectangular to trapezoidal, as shown in

Figs. 4.3 and 4.5 (a). The narrow side of the trapezoid is oriented to the ground of
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the resonance structure. The proposed model thus confirms the assumption that

as compared to the geometrical length L (shown by the dashed line in Fig. 4.5

(a)), the electrical length LE of the L-bent resonator decreases. The increase of

the resonance frequency with the increase of curvature angle αC is explained well

by the localization of the standing wave of the lowest order TM10 mode exactly

along the curvature in the L-bent structures as shown in Fig. 4.1 (a) and (c). The

standing wave, on the contrary is located in a perpendicular direction during the

W-bending and the bending influence is negligible, especially for thin substrates.

Fig. 4.6 (a) also illustrates the “negative” bending (αC < 0) effect. This effect

is just the opposite and it confirms the origin of the bending effect for the flexible

and wearable structures. For this case, the narrow side of each slice’s trapezoid is

orientated to the resonator layout of the resonance structure and in comparison,

to the geometrical length L, the effective electrical length LE of the L-bent res-

onator increases and the corresponding resonance frequency decreases. This type

of bending is very rare so, it is not discussed in detail here.

(a) (b)

Figure 4.5: (a) Relationship between bending radius Rb and curva-
ture angle αC ; dashed middle line in the resonator substrate repre-
sents the formation of the effective electrical length of the resonator;
(b) positive (+αC) and negative (−αC) bent substrate resonance
structures (the bending radius Rb is always determined to the side

of the resonator layout).
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(a) (b)

Figure 4.6: Numerical dependencies between (a) the curvature
angle αC between the substrate slices and (b) substrate thickness
hs and the ratio between the bent and flat rectangular resonator on
isotropic substrate resonance frequencies fbent/fflat of the lowest-
order TM10 mode. The isotropic dielectric constant is set to 3.0,
but its concrete value has negligible influence. Positive and negative

curvature angles are employed.

At last, the variations of the bending effect in substrates with different thick-

nesses are presented additionally in Fig. 4.6 (b). For a thickness range of 0.5–2.5

mm, the bending effect now increases significantly, and eventually saturation occurs

for L-bent structures (a relatively substantial increase is also observed for W-bent

structures at more significant thicknesses). However, as shown in [212], the exis-

tence of an optimal thickness where the bending effects are minimized cannot be

observed.

These tendencies are proved experimentally in this next step. Fig. 4.7 illustrates

a set of measurement results for the ratio of resonance frequencies fbent/fflat in bent

and flat rectangular resonators of the lowest-order TM10 mode on several isotropic

substrates versus the bending radius Rb having three types of dependencies- for

L, W, and D-bent resonators. All these obtained results resemble closely with the
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results obtained from the numerical simulations shown in Fig. 4.6 (a) (D-bent res-

onators are not simulated). They depend on substrate flexibility and deformations.

The best results are obtained for the flexible silicone elastomer (hs = 0.9 mm), as

shown in Fig. 4.7 (c). The results obtained by Ro3003 substrate (hs = 0.52 mm)

are also good, as shown in Fig. 4.7 (a); on the other hand, for small bending radii,

this soft substrate went to technological stretching with a slight decrement in fbent.

Better stability is presented by the harder substrate PC (hs = 0.5 mm) at low Rb.

The obtained results for the flexible PTFE substrate (hs = 1.0 mm) varies from

the theoretical dependencies due to their poor adhesion properties to the metal

folio. However, a similar material to PTFE with the commercial mark Polyguide®

Polyflon (hs = 1.5 mm) shows a better behavior. For all these presented cases,

the curves obtained for D-bent substrate materials (moderate influence) lie in be-

tween the curves obtained for L-bent (upper curves; stronger influence) and W-bent

substrates (lower curves; smaller influence). It can be deduced from these measure-

ments that the experimental results fully confirm the numerical simulations for the

pure bending effect on the isotropic substrate-based planar resonators, taking into

account the substrate deformation during the bending at very small radii Rb.

(a)
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(b)

(c)

(d)

Figure 4.7: Experimental dependencies between ratio of the
lowest-order TM10 mode’s resonance frequencies fbent/fflat and the
bending radius Rb for bent and flat rectangular resonators on sev-
eral isotropic substrates: (a) Rogers (Ro3003); (b) Polycarbonate
(PC); (c) commercial silicone elastomer; (d) Polytetrafluoroethylene
(PTFE) and Polyguide® Polyflon (ref: http://www.polyflon.com;

dielectric parameters 2.05/0.00045).
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4.5.2 Investigation of the Simultaneous Effects of

Anisotropy and Bending of Planar Resonators

This section presents the analysis of simultaneous effects of anisotropy and bending

of planar resonators. It is important to assess the influence of anisotropy in the

flat resonators initially. The simulated dependence of the ratio of the resonance

frequencies fflataniso
/fflatiso of TM10 and TM01 modes for flat rectangular resonators

on anisotropic (∆Aϵ ∼ 25%) and isotropic substrates versus the substrate thickness

hs are shown in Fig. 4.8 (a). The result is noticeably ineffective. The resonance

frequency shift by 1–1.5% due to anisotropy influence only for reasonably thick

substrates, which is why this feature is not widely used in patch antenna design.

The reason is simple: parallel E fields (which have a noticeable influence of the

ϵpar component) emerge only near the edge of such a wide planar structure and in

comparison to the microstrip line, the relative effect is essentially non-existent [195].

(a)
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(b)

Figure 4.8: (a) Numerical dependencies between the ratio of res-
onance frequencies fflataniso

/fflatiso of TM10 and TM01 modes for
flat rectangular resonators on anisotropic and isotropic substrate
and the substrate thickness hs . (b) Numerical dependencies be-
tween the ratio of resonance frequencies fbentaniso

/fflataniso
of TM10

mode for bent (L/W) and flat rectangular resonators on anisotropic
substrates and the substrate thickness hs .

However, when the resonators are bent, a stronger effect is expected. In order

to perform the more profound research, the 3D models as shown in Figs. 4.3

and 4.4 are used to simulate a set of bent resonators. Fig. 4.9(a) (firstly) shows

numerical dependencies between the ratio of resonance frequencies fbentaniso
/fbentiso

of TM10 mode for L-/W-bent rectangular resonators and the curvature angle αC .

The anisotropy ∆Aϵ of the substrate is chosen to be small (∼3.5%), moderate

(∼ 11%), and large (∼ 25%). This ratio is not quantifiable, but it depicts the

effect of anisotropy in bent resonators in its purest form. The obtained results

reveal, for the first time, that this influence is significantly more than in the flat

case (up to -5% moves downward). The effect of substrate anisotropy reduces

the resonance frequency compared to the hypothetical case of an isotropic bent

substrate, as shown by the provided dependencies. As a result, it can be deduced

that the influence of the substrate’s anisotropy is the polar opposite of the effect

of bending (as is shown in Fig. 4.6(a)). This was the initial hypothesis used in
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the presented research, and it can be deemed mathematically validated. Therefore,

it can be expected that both effects can strongly change the behavior of these

dependencies.

(a)

(b)

Figure 4.9: (a) Numerical dependencies between the ratio of res-
onance frequencies fbentaniso

/fbentiso of TM10 mode in bent (L/W)
resonators on anisotropic and isotropic substrates with hs = 0.52
and the curvature angle αC ; (b) Numerical dependencies between
the ratio of resonance frequencies fbentaniso

/fbentiso of TM10 mode
in bent (L/W) and flat rectangular resonators on anisotropic sub-

strates and the curvature angle αC .
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For length (L)/width (W) bent rectangular resonators on anisotropic substrates,

the ratio of resonance frequencies fbentaniso
/fflataniso

of TM10 mode and the curva-

ture angle αC is shown in Fig. 4.9 (b). This ratio is now quantifiable and can

be verified experimentally. The new dependencies reveal that, depending on the

actual parameter ∆Aϵ, the resonance frequency shift in a resonator on realistic

(anisotropic) substrates can have both positive and negative values, which is im-

possible for pure isotropic substrates. The impact of the substrate thickness hs on

the corresponding ratio fbentaniso
/fflataniso

is also investigated. The curves for L-

and W-bent resonators at curvature angle αC = 12◦ are presented in Fig. 4.8 (b).

The obtained results show that for thicker substrates, the bending effect can par-

tially compensate for the anisotropy impact. It’s worth noting that, like in [212],

the influence of anisotropy reduces the bending effect for intermediary thicknesses

(named “optimal thickness” in [212]); this trait is likely dependent on the curvature

angle αC and hasn’t been well examined.

Now it’s time to present some experimental dependencies for bent resonators

on anisotropic substrates, which were chosen in section 4.4. Fig. 4.10 shows the

measurement findings for the TM10 mode ratio of fbent/fflat in the flat and bent

rectangular resonators versus the bending radius Rb. They differ from the isotropic

substrate dependencies seen in Fig. 4.7. Below the resonance frequencies of the

equivalent flat resonators, both L- and W-bent resonators show more or less pro-

nounced ripples in the resonance shifts in the anisotropic case (as in [217]), which

is practically impossible in the isotropic case when an accurate measurement pro-

cedure is used.

Therefore, all of these cases confirm the simultaneous influence of the anisotropy

and bending of the used substrates. The curves for denim, linen, and commercial

multilayer GORE-TEX® textile fabrics, as well as for the silicon-based flexible

polymer PDMS with a small degree of stretching, are very typical. Three reason-

ably flexible commercial reinforced substrates, Ro4003, NT9338, and soft ceramic

Ro3010, show similar behavior. However, the non-plastic deformation in these sub-

strates, which prevents bending at extremely small radii, also impacts the course

of dependences. Of course, due to the difficulties in achieving perfect measurement

conditions, especially at small bending radii, all of the presented experimental
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curves cannot be directly compared to the theoretical ones in Fig. 4.9 (b), but the

trends that reveal the impact of anisotropy combined with the bending effect in

wearable structures are apparent.

(a) (b)

(c) (d)

(e) (f)

Figure 4.10: Experimental dependencies between the ratio of res-
onance frequencies fbent/fflat of the lowest-order mode TM10 for
bent and flat rectangular resonators on different anisotropic sub-
strates and the bending radius Rb : (a) Denim substrate; (b) Linen
substrate; (c) commercial textile fabrics GORE-TEX ® ; (d) Poly-

dimethylsiloxane (PDMS); (e) NT9338, Ro4003; (f) Ro3010.
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4.6 Conclusion

The primary goal of the research presented in this chapter to prove the opposite

influence of bending and anisotropy on the resonance characteristics of flexible

and wearable structures has been successfully accomplished. The advantage of

this research is that these effects have been separated in numerical simulations,

allowing the evaluation of the degree and sign of resonance frequency shifts of

simple rectangular planar resonators on both anisotropic and isotropic substrates

in flat and bent states. All simulations and experimental results reveal that the pure

bending effect, which can only be achieved with experimentally validated isotropic

substrates, enhances the resonance frequency of bent rectangular resonators in

contrast to flat ones, proving the effect’s origin in its purest form. In contrast,

the numerical analysis shows that anisotropy (the presence of direction-dependent

dielectric constants ϵpar and ϵperp) has the exact opposite effect: the resonance

frequency of flat or bent rectangular resonators on anisotropic substrates always

decreases (when ϵpar > ϵperp) as compared to pure isotropic substrates using same

structures. The final effect is not directly quantifiable, but it provides the expected

pure effect of substrate anisotropy, depending on the degree of anisotropy ∆Aϵ and

the actual bending radius Rb.

When bent and flat rectangular resonators are considered- as positive as well as

negative resonance frequency shifts, the combined effects of anisotropy and bend-

ing lead to a more complex behavior of the analyzed resonance structures. These

combined effects are now completely measurable. In the L and S bands, the reso-

nance shifts in bent and flat resonance structures are measured using well-selected

flexible anisotropic substrates (including textile materials). The obtained depen-

dencies for bending radii Rb ranging from 80 to 10 mm show that the resonance

frequencies increase (as for the pure bending effect) and dropping (the last phe-

nomenon is theoretically impossible for pure bending effect). The derived results

explain well the observed dependencies by other authors, including the existence

of optimal substrate thicknesses where the bending effect (but also anisotropy too)

may be minimized. The proposed methods for simultaneous investigation of the

effects of bending and anisotropy can also be applied to metasurfaces.
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Chapter 5

Comparative Analysis of

Polydimethylsiloxane (PDMS) and Denim

(Jean) Substrate based Flexible Antenna

5.1 Introduction

With the advent of flexible electronics devices in recent years, flexible antennas have

sparked a lot of attention. The implementation of flexible antennas for different

applications like In-body, On-body, and Off-body communication is the latest trend

in antenna design. A complete review of flexible antennas using various substrates

and fabrication technologies is already discussed in Chapter 2. Polymer substrates

have surpassed fabric and rigid substrates in popularity for the construction of

flexible and wearable antennas, and their merits and downsides have been explored

in previous chapters.

Flexible antenna proposed in this chapter is used to compare fabric and poly-

mer substrate-based flexible antennas in order to determine whether the predicted

benefits of polymer substrates over fabric substrates are realistic. Denim (Jean)

is employed as the fabric substrate and Polydimethylsiloxane (PDMS) is used as

polymer substrate in the antenna design.

The proposed antenna is evaluated under various operating situations such as

bending, wet condition analysis, and to observe the effect on human body specific

absorption rate (SAR) analysis is also performed here.
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5.2 Antenna Design

The primary goal of this proposed flexible antenna is to compare the performance

of flexible antennas with fabric and polymer substrates under conventional and

variable operating circumstances. According to the literature review presented

in Chapter 2, polymer-based substrates have certain advantages over rigid and

fabric substrates when used to design flexible antennas, like performing better

under various operating conditions such as bending and stretching and being less

susceptible to environmental variations such as moisture absorption. Therefore,

the same antenna is fabricated using both substrates, as shown in Fig. 5.1, to

examine all of these theoretical studies in action.

(a) (b)

Figure 5.1: Substrates: (a) PDMS developed at BITS- Pilani Lab,
and (b) Denim (Jean)

5.2.1 Antenna Geometry

The physical design aspects of this flexible, slotted patch antenna with a defective

ground plane for various wireless applications are presented in this section. The

proposed antenna’s geometry is shown in Fig. 5.2, and its dimensions are listed

in Table 5.1. In this proposed design, PDMS is used as a substrate and for the

comparison, the same antenna is designed using Jean substrate. The chosen PDMS

and Jean substrates have a thickness of 1 mm, and their dielectric properties (di-

electric constant, ϵr, loss tangent, tan δϵr values are of 2.65 and 0.02 (PDMS), 1.78

and 0.085 (Jean)) are obtained as described in [21–23, 220] and [221] respectively.
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The dimension of the defected ground plane (Lg ×Wg) is 8.5 mm × 30.1 mm. Two

rectangular slots of 2 mm × 4 mm are cut in the ground plane to give the antenna

wideband characteristics. Two staircase steps of size 2 mm × 2 mm are introduced

on the lower side of the patch to increase the gain and bandwidth of the proposed

antenna. The microstrip feed of size 12 mm × 1.9 mm is used in the proposed

design for impedance matching of 50 Ω. The simulation analysis of the proposed

antenna is performed using ANSYS® HFSS.

Figure 5.2: Antenna Geometry

Table 5.1: Antenna Design Parameters with Dimensions

Design Parameters Dimensions (mm)

Substrate Length, Ls 30.1

Substrate Width, Ws 30.1

Substrate Height, h 1

Patch Length, Lp 18.5

Patch Width, Wp 18

Ground Length, Lg 8.5

Ground Width, Wg 30.1

Feed Length, Lf 12

Feed Length, Wf 1.9

Slot Length, ls 2

Slot Width, ws 4

Step Length, l 2

Step Width, w 2

5.2.2 Development of Prototype

Fig. 5.3 (a), (b), and Fig. 5.4 (a), (b) shows the fabricated prototypes of the pro-

posed antenna using PDMS and Jean substrates, respectively. In order to develop
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the prototypes using PDMS and Jean substrates, first of all, the substrates are cut

in the required dimensions of 30.1 mm × 30.1 mm. The radiating patch, ground,

and microstrip feed line are made up of copper, constructed using the adhesive

copper tape of thickness 0.06 mm. While fabricating the antenna, it is observed

that the PDMS substrate, due to its excellent adhesive properties, allowed the use

of copper tape more easily than Jean substrate. While attaching the SMA con-

nectors, the soldering was easily performed on PDMS substrate compared to Jean,

as it can withstand higher temperatures. The antenna fabricated using the PDMS

substrate is highly flexible, stable, adhesive to the material used for constructing

the radiating parts, and transparent compared to the antenna fabricated using Jean

substrate. A detailed comparison of performance parameters, bending, SAR and

wet condition analysis is presented in the later sections of this chapter. To vali-

date the simulated results, the measurements are performed using the KEYSIGHT

N9928A vector network analyzer (VNA), as shown in Fig. 5.3 (c) and Fig. 5.4 (c).

(a)

(b) (c)

Figure 5.3: Fabricated antenna using PDMS substrate, (a) Front
view, (b) Back view, and (c) Measurement set-up
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(a) (b)

Figure 5.4: Fabricated antenna using Jean substrate, (a) Front
view, (b) Back view, and (c) Measurement set-up

5.3 Performance Analysis

This section presents the comparative analysis of simulated and measured results

for the proposed antenna design using PDMS and Jean substrate. From Fig. 5.5, it

can be observed that the simulated antenna using PDMS substrate shows a broad

impedance bandwidth from 2.7 GHz to 13.4 GHz (10.7 GHz), which is 132.9 %,

and the simulated antenna using Jean substrate also reveals a wide bandwidth

of 2.4 GHz to 12 GHz (9.6 GHz) which is 133.3%. The measured results show

that the impedance bandwidth using PDMS and Jean substrate is 2.5-12.2 GHz

(9.7 GHz, 131.9%) and 1.9-9.7 GHz (7.7 GHz, 132%), respectively. The difference

between simulated and measured bandwidth for PDMS substrate antenna is 1%,

and for Jean substrate antenna is 1.3%. The difference between the measured

and simulated results can be ascribed to the fabrication, soldering exactness, and

measurement conditions.

The proposed antenna design using the PDMS substrate shows the maximum

resonance in simulation at 5.7 GHz, having a S11 value of -46.32 dB, and at 7.3

GHz, the S11 value is -43.29 dB with a VSWR value of 0.08 and 0.11, respectively.

In the measured results, the maximum resonance is obtained at 5.4 GHz having the

S11 value of -30.04 dB, and at 7.1 GHz, the S11 value is -27.9 dB with a VSWR value

of 1.01 and 1.20, respectively, as shown in Fig. 5.5 and Fig. 5.6. The simulated
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results with the exact antenna dimensions using Jean substrate show the maximum

resonance at 9.2 GHz with a S11 value of -26.21 dB and a VSWR value of 0.85 dB.

At all other frequencies, the VSWR values are greater than 2; that’s why they are

not considered here. The measured results show the maximum resonance at 9.3

GHz with a S11 value of -21.32 dB and VSWR of 2.2 dB. The total gain of the

proposed antenna when simulated at 6.5 GHz using PDMS substrate is 3.53 dBi,

and using Jean substrate is 3.13 dBi, as shown in Fig. 5.7 (a) and (b), respectively.

Fig. 5.8 shows the gain vs. frequency plot of the presented design using PDMS

and Jean substrate. It is observed that a peak gain of 6.4 dBi at 3.7 GHz and 7.8

dBi at 9.8 GHz is obtained when the antenna is simulated using PDMS and Jean

substrate respectively. The peak gain of the antenna using Jean substrate is higher

than the PDMS substrate due to low surface waves as the dielectric constant of the

Jean is less than PDMS.

Fig. 5.9 and 5.10 shows the good agreement between simulated and measured

radiation patterns at E and H planes at different resonance frequencies of the pre-

sented antenna using PDMS and Jean substrate, respectively. The radiation pat-

terns of the proposed design using PDMS substrate at different resonating frequen-

cies, i.e., 5.7 GHz, 6.5 GHz is omnidirectional, and it is taking quasi-omnidirectional

shape as moving towards the higher frequency at 7.3 GHz. For the same antenna

design using the Jean substrate, the radiation patterns at resonating frequencies

of 2.9 GHz and 5.8 GHz are also omnidirectional. It is quasi-omnidirectional as

moving towards the higher frequencies of 6.5 GHz and 9.2 GHz. The antenna’s

radiation patterns using the PDMS substrate are also omnidirectional as Jean sub-

strate, which signifies the better transmission and reception of signals from all

directions in both the presented antennas.
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Figure 5.5: Simulated and Measured S11 vs. frequency curve for
proposed antenna using PDMS and Jean substrate

Figure 5.6: Simulated and Measured VSWR vs. frequency curve
for proposed antenna using PDMS and Jean substrate
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(a)

(b)

Figure 5.7: Total Gain for the proposed antenna using PDMS
substrate (a), and Jean substrate (b) at 6.5 GHz.
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Figure 5.8: Simulated Gain vs. frequency curve for proposed an-
tenna, using PDMS, and Jean substrate

(a) 5.7 GHz (b) 6.5 GHz

(c) 7.3 GHz

Figure 5.9: E and H plane curves for various resonance frequencies
for the proposed antenna using PDMS substrate
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(a) 2.9 GHZ (b) 5.8 GHz

(c) 6.5 GHz (d) 9.2 GHz

Figure 5.10: E and H plane curves for various resonance frequen-
cies for the proposed antenna using Jean substrate

A comparative analysis of both simulated and measured performance parame-

ters for the proposed antenna design using PDMS and Jean substrate is summarized

in Table 5.2.
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Table 5.2: Comparison of performance parameters of the proposed
antenna using PDMS and Jean substrate

Performance

Parameters

PDMS Substrate Jean Substrate

Impedance

Bandwidth

Simulated: 10.7 GHz, 132.9% Measured:

9.7 GHz, 131.9 % Difference: 1%

Simulated: 9.6 GHz, 133.3% Measured:

7.7 GHz, 132% Difference: 1.3%

Maximum Resonance Simulated: 5.7 GHz, 7.3 GHz Measured:

5.4 GHz, 7.1 GHz

Simulated: 9.2 GHz Measured: 9.3 GHz

S11 Values Simulated: -46.32 dB, -43.29 dB

Measured: -30.04 dB, -27.9 dB

Simulated: -26.21dB Measured: -21.32

dB

VSWR Simulated: 0.08 dB, 0.11 dB Measured:

1.01 dB, 1.20 dB

Simulated: 0.85 dB Measured: 2.2 dB

Peak Gain 6.4 dBi at 3.7 GHz 7.8 dBi at 9.8 GHz

5.4 Testing Under Bending

In order to analyze the effect of bending on the radiation characteristics of the

antenna, the developed antenna is tested under bending conditions. To observe

its effect, two different conditions are selected; in the first case, the antenna’s

performance is measured on the human hand at 10◦ bend, and in the second case,

two different cylinders of the radius 3 cm and 4 cm are used for the measurements.

The above two conditions are applied to the presented antenna design using both

Jean and PDMS substrates. Fig. 5.11 shows the measurement set-up on the human

hand and two different cylinders for these antennas.

(a) (b)
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(c) (d)

Figure 5.11: Measurement Set-up for antenna test under bending,
(a) On human hand (using Jean substrate), (b) On human hand
(using PDMS substrate), (c) Using 3 cm and 4 cm cylinders (using
Jean substrate), and (d) Using 3 cm and 4 cm cylinders (using PDMS

substrate)

Case-I : One of the major requirements of a flexible/wearable antenna is to perform

well when placed on the human body, which is the limitation of rigid substrate-

based antennas. When the antenna is placed on the human hand for measurements,

as shown in Fig. 5.11 (a) and (b), it acts as a lossy medium due to the presence of

human tissues, which may absorb some amount of energy. This leads to the change

in the proposed antenna’s S-parameter values in both PDMS and Jean substrate

based antennas as shown in Fig. 5.12 (a).

Due to the low value of dielectric constants for both flexible substrates, the sur-

face waves’ effect is suppressed, and proper impedance matching can be achieved.

Case-II : In order to further analyze the bending effect on the performance

parameters of the antenna, the proposed fabricated antennas are placed on the two

cylinders of radius 3 cm and 4 cm, as shown in Fig. 5.11 (c) and (d), respectively.

As illustrated in Fig. 5.12, the measured result shows that the bandwidth of the

proposed antenna using PDMS substrate on 4 cm radius cylinder is 2.7-11.9 GHz

(9.2 GHz, 126.0 %) and on 3 cm radius cylinder is 2.9-11.5 GHz (8.6 GHz, 119.4

%) as compared to the measured bandwidth of 2.5-12.2 GHz (9.7 GHz, 131.9%)

under no bend condition (as shown in Fig. 5.12 (b)). Similarly, Fig. 5.12 (c) shows

that the measured bandwidth using Jean substrate on 4 cm cylinder is 2.2-9.8
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GHz (7.6 GHz, 126.6%) and on 3 cm cylinder is 2.7-10.1 GHz (7.4 GHz, 115.6%)

as compared to 1.9-9.7 GHz (7.7 GHz, 132%) under no bend condition. Hence,

decreasing the bending surface radius from 4 cm to 3 cm, an increment in the S11

value and decrement in the bandwidth are observed. Overall comparison between

the antennas fabricated on PDMS and Jean substrate shows that the antenna

designed using PDMS substrate shows better results in terms of S11 values and

bandwidth under bending conditions.

(a)

(b)
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(c)

Figure 5.12: Measured S11 values under different bending condi-
tions, (a) At 10◦ (on human hand), and (b) Bend at 3 cm and 4
cm cylinder using PDMS substrate and (c) Bend at 3 cm and 4 cm

cylinder using Jean substrate

5.5 SAR Analysis

The specific absorption rate (SAR) analysis is also performed for the presented

antenna design for Jean and PDMS substrates using the simulation model to ob-

serve the antenna’s effect on the human body. The SAR simulation model is a

three-layered structure where the top layer is the skin layer, the middle layer is

the fat layer, and the lower layer is the muscle layer [222]. The properties of the

human tissues are taken from [223–225].

The mathematical expression to evaluate the value of the SAR is as follows:

SAR =
σ|E|2

ρ
(5.1)

where σ is conductivity (S/m) of the sample under test, E represents the electric

field (V/m), and ρ is the human tissue’s mass density (kg/m3). Fig. 5.13 (a) and

(b) show that the SAR values (by simulation model using HFSS at 6.5 GHz) of the

proposed antenna using PDMS and Jean substrate are 1.60 and 1.89, respectively.

As per the European standard, SAR should be lower than 2 W/kg for 10 grams
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(a)

(b)

Figure 5.13: Simulation model of SAR analysis of proposed an-
tenna using (a) PDMS substrate, and (b) Jean substrate

of an average mass of human tissue. The obtained SAR values for the proposed

antenna using both substrates satisfy these criteria.

5.6 Testing under Wet Conditions

The fabric substrate-based (like Jean) antennas are more prone to environmental

conditions because they absorb moisture, which badly impacts the antenna’s

radiation characteristics. While the polymer substrate (like PDMS) based anten-

nas overcome this limitation due to their physical and chemical properties. To

prove this, the proposed (fabricated) antenna is also tested under wet conditions
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by inserting it in water and letting it dry for 10 minutes. Fig. 5.14 shows the

measurement setup to test both the antennas under wet conditions. Fig. 5.15

shows the S11 values and impedance bandwidth for these antennas under wet

conditions. A very slight change in the frequencies and the corresponding S11

values with the measured bandwidth is observed for the PDMS-based antenna as

compared to the Jean-based antenna, where this shift is colossal.

(a) (b)

Figure 5.14: Measurement Set-up for wet condition, (a) Pro-
posed antenna using Jean substrate, and (b) Proposed antenna using

PDMS substrate

(a)
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(b)

Figure 5.15: Measured S11 values of proposed antenna under wet
condition, (a) Using Jean substrate, and (b) Using PDMS substrate

The comparison of the proposed antenna using Jean and PDMS substrate with

the previous works is presented in Table 5.3. From this table it can be observed

that the presented antenna design performs better in terms of gain and bandwidth

as compared to previous research.
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Table 5.3: Comparison of Proposed Flexible Antenna (PA) with
Previous Works

Substrate

Used

Antenna

Size (mm3)

Gain

(dBi)

Impedance

Bandwidth (GHz)

Test for Bending

and Wet conditions

Ref.

No.

Polyamide 40×30×0.15 2 3.1-4.8 Not Performed [226]

Liquid

Crystalline

Polymer

(LCP)

26×16×0.05 2- 3 3.1-4.5 & 6-11 Bending Test:

Performed, Wet

condition Test: Not

Performed

[74]

Cotton Cloth 40×30×0.75 2- 4 3-10.6 Bending Test:

Performed, Wet

condition Test: Not

Performed

[227]

Liquid

Crystalline

Polymer

(LCP)

40×22×0.1 4.2 2.5-11 Bending Test:

Performed, Wet

condition Test: Not

Performed

[228]

Cotton 70×60×1.6 6.17 1.6-11.2 Bending Test:

Performed, Wet

condition Test: Not

Performed

[229]

Composite

Laminate

40.5×40.0×0.3 3.1 3.3-12 Bending Test:

Performed, Wet

condition Test: Not

Performed

[230]

RT/Duroid

5880

30×25×0.8 5.15 2.9-3.95 GHz,

10.5-12.9 GHz

Bending Test:

Performed, Wet

condition Test: Not

Performed

[231]

Jean 30.1×30.1×1 7.8 2.4-12 Bending and Wet

condition Test:

Performed

PA

PDMS 30.×30.1×1 6.4 2.7-13.4 Bending and Wet

condition Test:

Performed

PA

5.7 Conclusion

A comparative analysis of the flexible antenna designed using PDMS and Jean

substrate is presented in this chapter. This antenna can be used for various wire-

less applications like ultra-wideband (UWB), WLAN and WBAN. The antenna

designed using the PDMS substrate shows a better performance in terms of S-

parameters and VSWR as compared to the Jean substrate. The peak gain of the

Jean substrate-based proposed antenna is higher than the PDMS antenna due to its
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low dielectric constant value. The difference between the simulated and measured

results of the presented antenna using the PDMS substrate is also significantly less

than the Jean substrate. The proposed antenna’s radiation patterns using PDMS

substrate are more omnidirectional than the Jean substrate. Under the bending

conditions, the PDMS based antenna shows stable results compared to the Jean

substrate-based antenna. Under wet conditions, the PDMS substrate-based an-

tenna shows a negligible difference in the measured results compared to the Jean

substrate-based antenna. Therefore, it can be concluded that the PDMS is a better

substrate for the design of the flexible antennas as compared to the Jean substrate.
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Chapter 6

Metamaterial Inspired Flexible Antenna

6.1 Introduction

As it was presented in chapter 2 that the use of metamaterial in antenna design

improves its performance, so the concept of metamaterial is introduced in the pro-

posed flexible antenna using PDMS substrate. A single circular split-ring resonator

(SRR) structure is used on the same side of the patch. It provides the required

frequency notched characteristics for the targeted frequency bands, compactness,

minimize losses, and backward radiation when used in close proximity to the human

body.

This proposed flexible antenna is designed for WLAN (Wireless Local area net-

works) and WBAN (Wireless body area networks) applications [232–235]. The

WBAN has a wide range of applications in today’s wireless communication envi-

ronment, including medical sector like health monitoring systems, industrial, sci-

entific, and medical (ISM) band applications [236] for body-centric wireless appli-

cations [237,238].

The proposed antenna is also tested in a variety of operating conditions. Bend-

ing analysis, wet condition analysis, and specific absorption rate (SAR) analysis is

also done to study the performance of flexible antenna.

6.2 Antenna Design

This section presents a 50 × 40 mm2 CPW-fed triple-band flexible antenna operat-

ing at 5 GHz, 5.8 GHz, and 6.6 GHz for WLAN and WBAN applications. In this
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proposed design, Polydimethylsiloxane (PDMS) is employed as a substrate with a

dielectric constant ϵr of 2.65 and a loss tangent tan δϵr of 0.02. To improve the

performance of the proposed antenna, a single split ring resonator structure with

a slotted ground plane is loaded on the same side of the patch.

6.2.1 Metamaterial Cell Analysis

A single circular split-ring resonator structure (SRR) is used in this proposed de-

sign to enhance the antenna radiation properties, reduce overall size, and provide

multiband notched frequencies. These properties are required to overcome the is-

sues of frequency overlapping for narrowband applications like WLAN and WBAN

with the neighboring frequency bands. These significant issues are highlighted in

our previous research [239], in which a flexible antenna was proposed for wireless

applications without SRR loading. The circular SRR position and dimensions are

optimized and offset to give the presented antenna triple-band notch characteris-

tics.

The loaded SRR consists of two concentric rings with an opening at opposite

ends, which act as capacitive reactance and help in regulating the resonant charac-

teristics of this structure. The structure and dimensions of circular SRR are shown

in Fig. 6.1 (a). The equivalent circuit of the proposed SRR is an LC-tank circuit,

as shown in Fig. 6.1 (b). The total inductance due to both the rings is LTotal,

distributed capacitances of both the rings are Cd1 and Cd2, which divide the whole

structure of the unit cell into two parts above and below the split gaps. Due to

these split gaps between inner and outer rings, two-gap capacitances, as Cgap1 and

Cgap2, are also considered in the equivalent circuit.

(a)
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(b)

Figure 6.1: Circular SRR structure: (a) Dimensions, and (b)
Equivalent Circuit

The resonant frequency of the circular SRR is given as:

frCircular−SRR =
1

2π

√
1

LTotalCTotal

(6.1)

where CTotal is the total equivalent capacitance of the unit cell structure and is

calculated as:

CTotal =
(Cd1 + Cgap1)(Cd2 + Cgap2)

(Cd1 + Cgap1) + (Cd2 + Cgap2)
(6.2)

As the split gaps are of identical dimensions, ggap1 = ggap2 = g, so Cgap1 = Cgap2 =

Cgap and the distributed capacitances, Cd1 = Cd2 = Cd. As a result, the Eq. (6.2)

may be written as:

CTotal =
(Cd + Cgap)

2
(6.3)

The gap capacitances Cgap1 = Cgap2 = C gap can be expressed as:

Cgap =
ϵ0wt

g
(6.4)

where w and t are the width and thickness of the circular SRR rings, respectively,

and ϵ0 is the free space permittivity.

The distributed capacitances Cd1 and Cd2 are also dependent on the split gap

dimensions ggap1 = ggap2 = g and is expressed as:

Cd = (πra − g)Cpl (6.5)
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where ra is the average ring radius and Cpl is the capacitance per unit length, and

are expressed as:

ra = r2 − w − d

2
(6.6)

where radius of the outer ring is r2 , and d is the inner and outer ring separation.

Cpl =

√
ϵeff

cZo

(6.7)

where ϵeff is the effective permittivity of the medium, Zo is the characteristics

impedance of the line, and c is the velocity of the light (3× 108m/sec).

Therefore, by putting all the values from the above equations in Eq. (6.1), the

resonant frequency of the circular SRR can be calculated as:

frCircular−SRR =
1

2π
√
LTotalCTotal

=
1

2π
√
Ltotal

[
(πra−g)Cpl

2
+ ϵ0wt

2g

] (6.8)

where total equivalent inductance LTotal can be expressed as [240]:

LTotal = 0.0002l

(
2.303 log10

4l

t
− γ

)
µH (6.9)

where l is the length of finite rectangular cross-section wire and can be calculated by

considering a single loop with r2 as radius, γ is constant of wire loop geometry and

is equal to 2.451. All of the parameters in the equations above are in millimetres.

The analysis of SRR structure is performed using the HFSS software by placing

it in a waveguide medium. It’s required S-parameters; reflection coefficient (S11)

and transmission coefficient (S21) values are extracted as illustrated in Fig. 6.2.

The perfect electric conductor ( PEC) is allocated to the top and bottom walls of

the medium, and perfect magnetic conductor (PMC) is assigned to the front and

rear walls and two wave ports, port 1 and port 2, are utilized for the excitation

at opposite faces of the medium. Using the values of the extracted S- parameters,

the required parameters like permittivity (ϵ) and permeability (µ) are evaluated.

Fig. 6.3 shows the variation of the ϵ and µ as a function of frequency. It has been
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observed that the negative permeability and permittivity values exist over most of

the desired band of operation, which confirms its property as a SRR.

Figure 6.2: Circular SRR Analysis for the extraction of the S-
parameters

Figure 6.3: Variation of permittivity and permeability as a func-
tion of frequency for Circular SRR
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6.2.2 Antenna Geometry

This chapter presents a flexible circular SRR loaded CPW fed antenna of 50 mm ×

40 mm size. The proposed antenna geometry is shown in Fig. 6.4, and its dimen-

sions are listed in Table 6.1. In this proposed design, PDMS having a thickness of

1 mm is used as a substrate. A 50 Ω co-planar waveguide (CPW) feed is preferred

here to minimize losses and backward radiation. This antenna has a two-layered

structure; another ground plane is also used at the backside of the patch, having

a rectangular slot to give the antenna a multiple band characteristic so that the

presented antenna resonates at the required frequencies. As described in the pre-

vious section, a single SRR ring is inserted in the circular patch to improve its

performance parameters and give antenna multi-notched frequency band behavior.

All the dimensions of the presented design are carefully optimized to obtain the

required characteristics using the HFSS.

Figure 6.4: Antenna Geometery
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Table 6.1: Antenna Design Parameters with Dimensions

Parameters Dimensions (in mm)

Substrate Length (L) 50

Substrate Width (W ) 40

Patch Radius (R) 15

Feed Length (Fl) 17

Feed Width (Fw) 18

Ground-1 Length (Gl) 19

Ground-1 Width (Gw) 3

Ground-2 Length (Lg) 50

Ground- 2 Width (Wg) 40

Slot Length (Ls) 12

Slot Width (Ws) 0.5

6.2.3 Development of Prototype

In order to validate the obtained simulation results, the presented antenna is fab-

ricated, and measurements are performed using the KEYSIGHT N9928A vector

network analyzer (VNA), as shown in Fig. 6.5 (c). PDMS substrate is cut in the

required dimensions of 50 mm × 40 mm for fabricating the antenna. The radiating

patch, ground, and feed are made up of copper constructed using the adhesive cop-

per tape of thickness 0.06 mm. As PDMS substrate possesses excellent adhesive

properties, the copper tape sticks more easily on the substrate. The antenna fabri-

cated using the PDMS substrate is highly flexible, stable, adhesive to the material

used for constructing the radiating parts, and transparent. A detailed analysis of

performance parameters, bending, SAR, and wet condition analysis are presented

in the next section.
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(a) (b)

(c) (d)

Figure 6.5: Fabricated Antenna: (a) Front-view, (b) Rear-view,
(c) Measurement set-up, and (d) Developed Flexible antenna

6.3 Performance Analysis

This section presents the comparative analysis of simulated and measured results

for the proposed antenna. The proposed antenna has triple band-notched charac-

teristics, as shown in Fig. 6.6 and it is operating at 5 GHz (as per the IEEE 802.11ac

requirements) for WLAN applications, introduced in recent years to overcome the

traffic-related issues for the 2.4 GHz band; 5.8 GHz (as per the IEEE 802.16d re-

quirements) for high-speed WiMAX and WBAN applications and 6.6 GHz (as per

the IEEE 802.11ax requirements) which is the new 6 GHz band introduced only in

2020 for high speed and data rates for WLAN applications.

The impedance bandwidth (-10 dB) of 820 MHz (4.42 GHz- 5.24 GHz) at 5

GHz, 640 MHz (5.53 GHz- 6.17 GHz) at 5.8 GHz and 520 MHz (6.23 GHz- 6.75

GHz) at 6.6 GHz is observed in the simulated results and 780 MHz (4.70 GHz- 5.48

GHz) at 5.2 GHz, 560 MHz (5.61 GHz- 6.17 GHz) at 5.9 GHz and 510 MHz (6.42

GHz- 6.93 GHz) at 6.8 GHz is observed in the measured results. The corresponding

reflection coefficient (S11) and VSWR values (Fig. 6.7, <2 dB VSWR is observed)
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across these resonating frequencies are listed in Table 6.2. The discrepancy in

measured and simulated results may be due to the fabrication, soldering exactness,

and measurement conditions.

The peak gain observed in the simulation at 5.0 GHz is 6.2 dBi, 5.8 GHz is

4.2 dBi, and at 6.6 GHz is 2.3 dBi which is quite comparable with the measured

peak gains of 6.0 dBi at 5.2 GHz, 4.1 dBi at 5.9 GHz, and 2.1 dBi at 6.8 GHz, as

illustrated in Fig. 6.8. Fig. 6.9 shows the good agreement between simulated and

measured radiation patterns at E and H planes at different resonant frequencies of

the presented antenna. The proposed antenna exhibits a typical monopole behav-

ior having an omnidirectional radiation pattern at lower frequencies. It is nearly

omnidirectional at higher frequencies of 6.6 GHz and 6.8 GHz in simulated and

measured results, respectively.

Figure 6.6: Simulated and Measured S11 vs. frequency curve for
proposed flexible antenna
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Figure 6.7: Simulated and Measured VSWR vs. frequency curve
for proposed flexible antenna

Figure 6.8: Simulated and Measured Gain vs. frequency curve for
proposed flexible antenna
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(a) 5 GHz (b) 5.8 GHz

(c) 6.6 GHz

Figure 6.9: E and H plane curves for various resonance frequencies
for the proposed flexible antenna
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Table 6.2: Comparison of Simulated and Measured Results

Performance

Parameters

Simulated Measured

Impedance

5.0 GHz: 4.42-5.24 GHz = 820 MHz 5.2 GHz: 4.70-5.48 GHz = 780 MHz

5.8 GHz: 5.53-6.17 GHz = 640 MHz 5.9 GHz: 5.61-6.17 GHz = 560 MHz

Bandwidth 6.6 GHz: 6.23-6.75 GHz = 520 MHz 6.8 GHz: 6.42-6.93 GHz = 510 MHz

S11

5 GHz: -24.9 dB 5.2 GHz: -23.5 dB

5.8 GHz: -20.2 dB 5.9 GHz: -18.3 dB

6.6 GHz: -19.4 dB 6.8 GHz: - 17.8 dB

VSWR

5 GHz: 1.03dB 5.2 GHz: 1.3 dB

5.8 GHz: 1.6dB 5.9 GHz: 1.9 dB

6.6 GHz: 1.2dB 6.8 GHz: 1.9 dB

Gain

5 GHz: 6.2 dBi 5.2 GHz: 6.0 dBi

5.8 GHz: 4.2 dBi 5.9 GHz: 4.1 dBi

6.6 GHz: 2.3 dBi 6.8 GHz: 2.1 dBi

6.4 Bending Analysis

In order to analyze the effect of bending on the radiation characteristics of the

antenna, the developed antenna is tested under bending conditions. To observe

its effect, two different conditions are selected; in the first case, the antenna’s

performance is measured on the human hand at 10◦ bend, and in the second case,

two different cylinders of the radius 3 cm and 4 cm are used for the measurements.

Fig. 6.10 shows the measurement set-up on the human hand and two different

cylinders for the presented antenna.

Case-I : When the antenna is placed on the human hand for measurements, as

shown in Fig. 6.10 (a), it acts as a lossy medium due to the presence of human

tissues, which may absorb some amount of energy. This leads to the change in the

proposed antenna’s S-parameters values, and shifting in the resonating frequencies

can also be observed, as illustrated in Fig. 6.11 (a). However, it is observed that

the presented antenna continues to operate in the required frequency bands and has

triple-band characteristics. The dielectric properties of substrate play an important

role here, as the dielectric constant of PDMS is relatively low. Hence, it helps in

suppressing the surface waves for the proper impedance matching.

Case-II : To further analyze the bending effect on the antenna’s performance, the

proposed fabricated antenna is mounted on the two cylinders of radius 3 cm and

4 cm, as shown in Fig. 6.10 (b). A slight shift in the resonant frequencies and
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corresponding S11 values are noticed. However, the antenna continues to operate

in the required triple frequency bands delivering the notched features, as illustrated

in Fig. 6.11 (b). In a recent study [52], we examined the influence of substrate

anisotropy and bending on the performance characteristics of the flexible antenna.

So, based on our previous research and the results of the current experimental

analysis, it can be deduced that with the increase in the bending (decreasing the

bending surface radius from 4 cm to 3 cm), the resonating frequencies increases

and bandwidth decreases. However, because this difference isn’t considerable here

(compared to no-bend conditions), the proposed antenna still performs effectively

in the bending environment.

(a)

(b)

Figure 6.10: Measurement Set-up for bending, (a) On human hand
(10◦ bend), and (b) Using 3 cm and 4 cm cylinders
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(a)

(b)

Figure 6.11: Measured S11 values under different bending condi-
tions, (a) At 10◦ (on human hand), and (b) Bend at 3 cm and 4 cm

cylinder

6.5 SAR Analysis

In order to check the effect of the antenna on human body, the specific absorption

rate (SAR) analysis is performed using the three-layered simulation model as shown
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in Fig. 6.12 (a). Fig. 6.12 (b), (c), and (d) show that the SAR values obtained

by applying simulation model using HFSS at 5, 5.8 GHz, and 6.6 GHz are 1.601

W/kg, 1.607 W/kg, and 1.9 W/kg, respectively. As per the European standard,

SAR should be lower than 2 W/kg for 10 grams of an average mass of human

tissue. The obtained SAR values for the proposed antenna at all the resonating

frequencies satisfy these criteria.

(a) (b)

(c) (d)

Figure 6.12: SAR analysis: (a) Simulation model, (b) At 5.0 GHz
and, (c) At 5.8 GHz, and (d) At 6.6 GHz

6.6 Testing under Wet Conditions

Various fabric substrate-based flexible antennas reported in previous studies are

more susceptible to environmental conditions due to moisture absorption (as shown

in the previous design) and temperature variations, which negatively affect the

antenna’s radiating characteristics. Because of physical and chemical properties,
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polymer substrates like PDMS-based antennas transcend this barrier. To demon-

strate this, the developed antenna is further tested under wet settings by immersing

it in water, after that dried for ten minutes and analysis is done for its performance.

(a)

(b)

Figure 6.13: Wet condition analysis: (a) Measurement Set-up,
(b) Measured S11 values of the proposed flexible antenna under wet

condition

Fig. 6.13 (a) and (b) shows the measurement set-up of wet condition analysis

and variation of S11 parameters. A very slight change in the resonating frequencies



Chapter 6. Metamaterial Inspired Flexible Antenna 128

and their S11 values is observed for PDMS-based antenna compared to the fabric

substrate-based antenna [239], having a gigantic shift in these parameters.

Table 6.3: Comparison of Proposed Flexible Antenna (PA) with
Previous Works

Substrate

Used

Antenna

Size

(mm2)

Gain

(dBi)

Frequency

Bands/

Applications

Metamaterial

loading

Test in different

operating conditions

Ref.

Liquid

Crys-

talline

Polymer

(LCP)

40×22 4.2 7.5 GHz, UWB

band

Not used Bending Test:

Performed; Wet

condition Test: Not

Performed SAR

Analysis: Not

Performed

[228]

Cotton 70x60 6.1 UWB band

applications

Not used Bending Test:

Performed; Wet

condition Test: Not

Performed SAR

Analysis: Not

Performed

[229]

Cotton 94.4 ×

113

5.72 2.4 GHz,

wearable

applications

Mushroom,

slotted, and

spiral EBG

structures

Bending Test:

Performed, Wet

condition Test: Not

Performed SAR

Analysis: Performed

[153]

Viscose-

wool felt

33 × 30 4.8 UWB band

applications

CSRR Bending Test: Not

Performed; Wet

condition Test: Not

Performed SAR

Analysis: Not

Performed

[154]

Jean 60 × 60 1.6,

5

2.3/5.5 GHz,

WLAN and

WiMAX

applications

Square SRR Bending Test:

Performed; Wet

condition Test: Not

Performed SAR

Analysis: Performed

[158]

Liquid

crystal

polymer

(LCP)

38 × 32 2 3.5/5.8 GHz,

WLAN and

WiMAX

applications

Circular SRR Bending Test:

Performed; Wet

condition Test: Not

Performed SAR

Analysis: Not

Performed

[103]

Continued on next page
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Table 6.3– Continued from previous page

Substrate

Used

Antenna

Size

(mm2)

Gain

(dBi)

Frequency

Bands/

Applications

Metamaterial

loading

Test in different

operating conditions

Ref.

PDMS 70 (Di-

ameter)

4.16 2.45/5.8 GHz,

ISM band

not used Bending Test:

Performed, Wet

condition Test: Not

Performed SAR

Analysis: Performed

[87]

PDMS 22 x 22 2.25 2.4/3.1 GHz,

wearable

applications

Not used Bending Test:

Performed, Wet

condition Test: Not

Performed SAR

Analysis: Not

Performed

[241]

PDMS 50×40 6.2 5.0/5.8/6.6

GHz

WLAN/WBAN

applications

Single

circular SRR

Bending Test:

Performed, Wet

condition Test:

Performed SAR

Analysis: Performed

PA

A comparison of the presented antenna with the previous works is illustrated

in Table 6.3. The presented table shows that the proposed flexible antenna is

advantageous in terms of gain, multiple frequency bands, and design complexity

with reduced size.

6.7 Conclusion

A triple-band CPW-fed flexible antenna using PDMS substrate is presented in this

chapter. The proposed antenna resonates at 5 GHz, 5.8 GHz, and 6.6 GHz for

WLAN and WBAN applications. To impart the desired notched characteristics,

reduce losses and overall size, a single circular SRR ring structure is employed on

the same side of the patch with a rectangular slot at the back side. The performance

of the presented antennas is also assessed in a variety of operating conditions, such

as open space, bending, and wet conditions. The SAR analysis conducted in this

research investigates the influence of antenna on the human body. The SAR values

obtained using a three-layered simulation model for both proposed designs are

less than 2, which are in compliance with the European criteria. The simulated

and measured results are found to be in good agreement. The developed flexible

antenna is well suited for the intended applications due to its compact structure,
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simple and cost-effective fabrication process, flexibility, and consistent performance

under diverse operating situations.
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Chapter 7

Conclusion and Future Scope

Microwave antennas have been a focus of study, research, and development for a

long time. The field of flexible and wearable antennas has also taken a leap into the

futuristic vision of achieving high-speed and efficient communication systems, espe-

cially with the development of flexible electronics. Rigid substrate-based antennas

were not only extensively researched, but they were also widely used in commercial

applications. However, as the working environments of antennas for various appli-

cation requirements, such as body-centric wireless communication, changed, these

antennas were unable to meet the requisite performance. Flexible antennas, on the

other hand, meet these criteria and operate well in a variety of operational environ-

ments. There is a variety of conducting and substrate material choices available in

the literature, however in most cases, dielectric characterization of these substrates

is either not done, or the values of the dielectric parameters vary, and some of them

fail to perform in a variety of operating conditions. Since the substrate’s dielectric

characteristics affect the antenna’s performance, a proper characterization of the

substrate is also necessary with the parametric analysis of the antenna.

Thus, the objective of this thesis was to design, characterize, and analyze poly-

dimethylsiloxane (PDMS) based flexible antenna. In order to achieve this research

goal, some specific objectives were made, which include development and dielectric

characterization of the flexible antenna substrate, investigation of the dielectric

anisotropy and bending effect of the flexible substrates, design, simulation and

analysis of the antenna on the developed flexible substrate and fabrication and

testing of the developed antenna under various operating conditions.
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Two prototypes of flexible antennas were designed and their performance was

experimentally validated in this research. The initial prototype was developed to

experimentally verify the benefits of using polymer substrate (PDMS) over fabric

substrate (Denim). The metamaterial-inspired prototype, which was loaded with a

single SRR flexible antenna on a PDMS substrate, was the second proposed proto-

type. This prototype was intended to facilitate the most recent WLAN and WBAN

applications. According to IEEE 802.11ac, 802.16d, and 802.11ax specifications,

the given antenna has triple band-notched characteristics and operates at 5 GHz,

5.8 GHz, and 6.6 GHz. Both fabricated prototypes were put through their paces in

a variety of operating scenarios, with the simulated data demonstrating reasonable

agreement.

7.1 Thesis Highlights

The main highlights of the research work presented in this thesis are mentioned

below:

The research started with a comprehensive review of the flexible antennas from

their inception to the current state of the art. This forms chapters 1 and 2 of this

thesis. The first chapter provides a brief introduction of flexible antennas and also

addresses the critical problems in developing and deploying flexible antennas for

diverse applications in the current context. The research motivation and objectives

were also presented in this chapter. In Chapter 2, a detailed study of flexible an-

tennas was conducted to explain their adaptability for various wireless applications

as well as their capacity to operate exceptionally well in a typical operating situa-

tions. Fundamental concepts, theory, and a detailed review of the different types

of conducting and substrate materials, fabrication techniques, and also the usage

of metamaterial to enhance the performance of flexible antennas were presented in

this chapter.

Polymer substrates were favored over other types of substrates for the flexible

antenna design in this research after analyzing different substrate choices avail-

able for the development of flexible antennas from the literature review presented
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in chapter 2. Because of its numerous advantages for diverse applications, Poly-

dimethylsiloxane (PDMS) was chosen as a substrate. However, researchers have

employed different dielectric parameter values, and this material has small but mea-

surable anisotropy, so this laid the groundwork for chapter 3. The development

process used at the BITS-Pilani lab for PDMS, primarily as a flexible antenna sub-

strate, was described in Chapter 3. In this chapter, two experimental methods for

PDMS dielectric characterization were described. The first method presented was

based on resonance measurements, whereas the second method proposed was based

on the use of planar structures. These approaches have been used to determine the

dielectric properties of PDMS in both parallel and perpendicular directions. The

temperature and frequency dependencies of dielectric parameters have also been

investigated in this chapter. It is the necessity of a flexible antenna that it should

operate well under different conformal conditions, so in chapter 4, the effect of

bending and anisotropy have been experimentally and numerically investigated for

flexible substrates. Both of these phenomena have been found to have opposing

impacts on the resonance characteristics of flexible antennas.

The two prototypes were finally presented in Chapters 5 and 6, after a thor-

ough investigation of all of the PDMS properties. The first prototype was designed

to accomplish a comparison investigation of fabric (Denim) and polymer (PDMS)

substrates in order to experimentally verify the advantages of polymer substrates

over fabric-based substrates based on theoretical observations. The second proto-

type, which uses PDMS as a substrate, was created for the most recent WLAN

and WBAN applications. The proposed design also included a single split-ring res-

onator (SRR) structure to improve its performance. Both the presented antenna

designs were tested for different operating conditions, including bending and damp

situations. SAR analysis was carried out on both prototypes to check the effect of

the antenna on the human body. The SAR was found to be within the European

standard’s limits. All of the simulated and experimental results for both prototypes

were in good agreement with one another, indicating that the planned applications

were met. Despite the fact that all of the research objectives were met, there are

still areas that need further investigation.
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7.2 Future Scope of Work

In order to continue and improve the work presented in the thesis, the following

improvements as future scope of the work are recommended:

• Different experimental methods proposed to characterize the dielectric prop-

erties of Polydimethylsiloxane (PDMS) in chapter 3 can be applied to evaluate

the dielectric properties of other polymer and paper substrates.

• The dielectric properties of Polydimethylsiloxane (PDMS) can be further

modified by adding different dopants like graphene.

• The proposed experimental and numerical methods in chapter 4 for investi-

gating the bending and anisotropy influence can be extended to more complex

structures such as metasurfaces.

• To make PDMS more flexible, ultra-thin metallic nanowires can be inserted

on the surface as a micro-crack prevention technique.

• In the proposed metamaterial inspired flexible antenna, only a single split ring

resonator structure (SRR) is used, but further improvement in the radiation

properties of the antenna can be possible by using an array of SRRs.

• Future work could involve investigating novel flexible antenna designs with

other flexible substrates using different fabrication techniques.
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