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ABSTRACT

With the advancements in wireless communications, there is a constant need to

develop novel antennas and components to support modern communication sys-

tems. These systems are targeted for applications in medical, defence, healthcare,

public security, communications. The antenna is a vital front end component in

any wireless system. Although many narrow- and wide-band antennas have been

designed over past decades, still there are several challenges when designing such

antennas for modern systems. These challenges include compactness, space con-

straints, desired radiation characteristics, low cost, light weight, multi-band op-

eration, interference mitigation, reconfigurability, and stable performance under

varying conditions. Motivated by the increasing demand for modern telecom-

munication systems including wireless body area networks (WBAN), this thesis

addresses such challenges and presents several solutions.

In this thesis, in addition to characterization of carbon nanotube yarns, sev-

eral antennas are designed and investigated. The designed antennas are broadly

classified into narrow-band antennas, wide-band antennas, embroidered antennas

on polymer composites, wide-band antennas with notching, antennas with Fre-

quency Selective Surface (FSS) and High Impedance Surface (HIS) reflectors, and

reconfigurable antennas.

The narrow-band antennas provide single- and dual-band operation for the

2.45GHz industrial, scientific and medical (ISM) band and for 4.9GHz public

safety wireless local area network (WLAN)/5GHz IEEE 802.11 WLAN. These an-





tennas have significant advantages of compactness (only 14mm wide), full ground

plane to minimize radiation towards the body, a wide radiation pattern over the

body surface to provide maximum coverage, and less sensitivity to the variation

of the gap between the antenna and the human body. These advantages make

them suitable for on-body communications and wearable applications.

The wide-band antennas target ultra-wideband (UWB) systems. One such

antenna is fabricated using conductive fibres on polymer composite substrate

(PDMS) that is flexible and semi-transparent. A UWB antenna with a notch band

provides design flexibility to reject a desired frequency band. A mathematical

expression is presented to predict initial design parameters of these antennas and

to avoid excessive numerical computations required otherwise. These antennas

are compact, have stable wide radiation patterns and provide band rejection with

a high VSWR.

FSSs are employed with UWB antennas to achieve a uni-directional pattern

by reflecting the radiation from the lower hemisphere to the upper hemisphere.

The presented design has a stable radiation pattern over a wide bandwidth and

is suitable for applications using uni-directional beam. It also helps to save and

use the power that otherwise could propagate into the human body, thus are

suitable for off-body communications. Periodic and quasi-periodic sequences of

modulated line based HIS are also investigated and is used to achieve controlled

radiation patterns.

Reconfigurable antennas are designed for the 2.45GHz ISM band and 5GHz

WLAN to operate in close proximity of the human body. They have same ad-

vantages as narrow-band antennas mentioned above. A reconfigurable antenna

to provide UWB operation in one mode and a narrow-band operation in another

mode is presented. It is designed using a low cost substrate, has planer configu-





xi

ration, avoids the need of vias and has a fully printed bias circuit.

Theoretical and experimental characterization of Carbon Nanotubes (CNT)

yarns is a valuable contribution that opens new paths of research related to CNT.

Electrical properties of CNT yarns were known for Direct Current (DC), however

they were not available at RF and microwave frequencies. In this thesis, CNT

yarns are modelled as transmission lines and are characterized for a frequency

range from 500MHz to 20GHz. Results show that the yarns exhibit a frequency

independent resistive behaviour and are suitable for wide-band applications in-

cluding wireless body area networks.
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Chapter 1

Introduction

Wireless communication has revolutionized the world with its traits and developments

over the past decades. Technology has transformed the way we communicate with our

sorroundings. Distances are not an issue anymore and the world has become a global vil-

lage. This requires increased mobility, better and expanded coverage, ease of use and cost

effective solutions at high speed connectivity. With the advancements in wireless commu-

nications, there is a constant need to develop novel antennas and components to support

modern communication systems. These systems are targeted for applications in medical,

defence, healthcare, and public security. Antennas serve as a vital front end component

in any wireless system. Although many antennas have been designed over past decades,

still there are several challenges when designing such antennas for modern systems. These

challenges include compactness, space constraints, desired radiation characteristics, low

cost, light weight, multi-band operation, interference mitigation, reconfigurability, and

stable performance under varying conditions. This thesis presents novel antennas and

components by addressing these challenges for applications in modern telecommunication

systems including wireless body area networks.

1
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1.1 Challenges and Objectives

Motivated by the increasing demand for modern telecommunication systems including

wireless body area networks (WBAN), this thesis addresses such challenges and presents

several solutions. The main challenges considered during this research are;

• For the narrow-band antennas presented in chapter 3, the challenge is to achieve wide

coverage over the body and around it, and to achieve stable antenna performance

when placed closed to human body. Furthermore, with the changing gap between

the antenna and the body, the performance of antenna should have minimum vari-

ations (i.e. should be less sensitive to the gap variations). The other challenges are

compactness and narrow slit in design to achieve electromagnetically-coupled feed.

Stable performance and less sensitivity to gap variation under conformal bending

conditions are additional challenges.

• Accurate fabrication of embroidered antenna having an ultra-wide bandwidth, fabri-

cated on polydimethylsiloxane (PDMS) composite substrate using conductive fibers.

• High band rejection, wide radiation patterns and compactness for UWB printed

monopole antenna were difficult to obtain in one design. Also achieving tunability

over a broad range of frequencies from 3.55GHz to 6.8GHz, is challenging. Further-

more, obtaining the piece-wise analytical expressions that give sufficiently accurate

first estimate of the required stub length, avoiding excessive trail-and-error full-wave

simulations is also a significant contribution.

• Use of wideband FSS to obtain stable uni-directional radiations with higher gain.

• Control of dispersion characteristics mainly in the band-gap region for novel printed

microstrip HIS. Moreover, using HIS to obtain omni-directional or controlled radi-

ations.
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• Reconfigurable antenna with narrow band operations focusing on ISM band at

2.45GHz and WLAN band at 5GHz in a single design when it need to operate

in close proximity of human body. wide beam radiations along with compactness

are also challenging to achieve.

• To design an antenna that operates in ISM band at 2.45GHz in one mode and in

another mode it provides UWB operation. The antenna is required to have simple

design with single side printed geometry and provide low-cost solution.

• Obtaining Carbon Nanotube (CNT) yarns and their fixturing on test structures.

Their modeling and comparison of data to make a conclusion due to this research’s

significance.

1.2 Organization of Thesis

Chapter 2 presents literature review focusing on wireless body centric communication and

its different types. Narrow- and ultra wide-band antennas are discussed. Research work

carried on embroidered and wearable antennas, sensors and transmission line structures

for potential usage in wireless body area networks is highlighted. Discussion on ultra

wideband antennas is focused on their use to reject interference by band notching, and

increase in gain and radiation pattern controlling using reflectors such as frequency se-

lective surfaces and high impedance surfaces. Research work on reconfigurable antennas

is also presented. Carbon nanotubes and carbon nanotube yarns are discussed in detail

along with their potential applications and usage to highlight the significance to this new

research dimensions.

Chapter 3 presents novel narrow band antennas. Single- and dual-band antennas are

presented for wireless body area network devices operating in the industrial, scientific,

and medical (ISM) band at 2.45GHz and 4.9GHz public safety Wireless Local Area Net-
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works (WLAN) band. Performance of the designed antennas has been analyzed for near

body scenarios and in close proximity to the human arm models. These antennas have

significant advantages of compactness (only 14mm wide), full ground plane to minimize

radiation towards the body, a wide radiation pattern over the body surface to provide

maximum coverage, and less sensitivity to the variation of the gap between the antenna

and the human body. These advantages make them suitable for on-body communications

and wearable applications. Furthermore, performance of these antennas has been analyzed

in close proximity of different body models. To assess their real-time performance, they

have been evaluated with gel based tissue equivalent layer models and over a female body

phantom. They show good performance and are suitable for on-body communications.

In Chapter 4, a flexible embroidered antenna having an ultra-wide bandwidth, fab-

ricated on polydimethylsiloxane (PDMS) composite substrate using conductive fibers, is

presented. Another antenna was fabricated using Rogers material and copper, and is

compared with embroidered version of the same design fabricated using conductive fibers

on PDMS composite. Measured results show the similarity between the two prototypes.

The embroidered antenna fabricated using conductive fibers on PDMS composite sub-

strate also provides ultra-wide band operation. It is water resistant, flexible, compact,

semi-transparent and is easy to integrate in clothing without being prominent. These

traits make it suitable for wearable systems.

In chapter 5, a compact UWB printed monopole antenna with high band rejection (up

to VSWR > 25), tunable over a broad range of frequencies from 3.55GHz to 6.8GHz, is

presented. The piece-wise analytical expressions give sufficiently accurate first estimate

of the required stub length, avoiding excessive trail-and-error full-wave simulations. The

new antenna has additional advantages of smaller size and wide radiation patterns. To

demonstrate its practical usage, as examples, design parameters are presented to reject

two different interfering frequency bands.
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In Chapter 6, the use of wideband FSS to obtain uni-directional radiations is presented.

By use of in-phase reflection over a wideband, the backward radiation are reduced and a

stable radiation pattern with higher gain is obtained. Moreover, investigation focusing on

control of dispersion characteristics mainly in the band-gap region are presented for novel

printed microstrip HIS. By placing these HIS in a cylindrical shape and feeding it using

a dipole from inside, omni-directional or controlled radiations can be obtained depending

upon selected modulated width for the HIS.

In Chapter 7, reconfigurable antenna with narrow band operations focusing on ISM

band at 2.45GHz and WLAN band at 5GHz is presented. The design has narrow width

which makes it feasible for integration in wearable applications. Another design that

operates in ISM band at 2.45GHz in one mode and in another mode it provides UWB

operation has been presented. This antenna has simple design with single side printed

geometry and provides low-cost solution.

Chapter 8 presents a novel work on Carbon Nanotube (CNT) yarns. Theoretical and

experimental characterization of CNT yarns is a valuable contribution that opens new

paths of research related to CNT. Electrical properties on CNT yarns were known for

Direct Current (DC), however they were not available at RF and microwave frequen-

cies. CNT yarns are modelled as transmission lines and are characterized. They were

measured at RF/microwave frequencies in a microstrip configuration to ascertain their

material properties for UWB WBAN system components as EM surfaces, dielectrics, and

conductors. In this first such test for CNT yarns, the data suggests that the CNT yarn

performs very much like the underlying multi-walled CNT bundles. Contact resistance is

relatively high, but good conduction is found within the yarn itself. After accounting for

the contact and an effective sheet resistance, the yarn presents a characteristic impedance

that is well approximated through measurement and modeling by a copper wire of sim-

ilar diameter and attachment method. These models for the CNT yarn give very good
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agreement to both the transmitted and reflected S-parameters. The observed frequency-

independent resistive behavior of the CNT yarn is a very promising indicator that when

the conductivity is improved as a result of ongoing research, this material, with its added

values of mechanical resilience and thermal conductivity, could be invaluable for a range

of applications such as body area network (BAN). These results suggest that the CNT

yarn can be used in microwave applications in a manner similar to resistive materials,

such as NiCr or doped polysilicon. In this configuration, the CNT yarn could act as a

probe or conductive structure that is acceptable to biological tissue.

Finally, Chapter 9 presents the conclusion with future work. This chapter discusses

the overall achievements and contributions made towards the research carried out in the

thesis. It also highlights the signicance of my research and its impacts. At the end of this

chapter, the new research directions are indicated as future work.

1.3 List of Publications

1.3.1 Journal Papers

Published

[J1 ] S. M. Abbas, Y. Ranga, A. K. Verma, and K. P. Esselle, “A Simple Ultra Wideband

Printed Monopole Antenna With High Band Rejection and Wide Radiation Pat-

terns,” IEEE Transactions on Antennas and Propagation, vol. 62, pp. 4816-4820,

2014.

[J2 ] S. M. Abbas, O. Sevimli, M. C. Heimlich, K. P. Esselle, B. Kimiaghalam, J. For-

oughi, and F. Safaei, “Microwave Characterization of Carbon Nanotube Yarns For

UWB Medical Wireless Body Area Networks,” IEEE Transactions on Microwave

Theory and Techniques, vol. 61, pp. 3625-3631, 2013.
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tive Fibers for Wideband Applications,”.
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Chapter 2

Background and Related Work

In this chapter we present an overview and related work for the topics covered in this

thesis. This will enable the reader to quickly refresh on the relevant topics. These top-

ics include wireless body centric communication and its different communication types.

Reported work carried out in studies on narrow band antennas for wireless body area

networks include embroidered and wearable antennas. Discussion on ultra wideband an-

tennas addresses their being used to reject interference through band notching, and in-

crease in gain and radiation pattern controlling using reflectors such as frequency selective

surfaces and high impedance surfaces. Research work on reconfigurable antennas is high-

lighted. Carbon nanotubes and carbon nanotube yarns are discussed in detail along with

their potential applications and usage to highlight the significance to this new research

dimensions.

2.1 Wireless Body Centric Communication

Wireless body centric communication is an emerging technology of fourth and fifth gener-

ation mobile technology. One of the research topics in antennas for this type of communi-

cation is body worn antennas. In recent years, textile and polymer composite have been

11
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used as antenna substrates. In future complete body worn antennas will be developed that

might be integrated into clothing called smart clothes. These smart clothes will be used

in sports outfits, military, medical, space applications, etc. The research conducted on

wearable antenna designs in the previous years used conventional antenna design methods

such as monopoles, dipoles and planar printed shapes. Microstrip patch antennas can be

constructed using printed circuit fabrication techniques. Due to their advantages such as

light weight, low profile and ease of fabrication they have become popular and are now

mostly used for wearable antennas. Employing carbon nanotubes (CNTs) in place of con-

ventional metals is expected to improve antenna performance along with size reduction

and weight reduction.

Body centric communication includes Personal Area Network (PAN) and Body Area

Network (BAN). A typical Body Area Network (BAN) consists of several communica-

tion/sensing nodes placed over the body. They constitute the first level of BAN. These

nodes communicate with each other and transfer the data to a main personal server (cell

phones or PDAs). The last level is the main remote server, in which the remote appli-

cation is working and to which the data is transferred. Fig. 2.1 shows a typical Body

Area Network connected to the internet. Body Area Networks can be classified into three

categories on the basis of placement of devices [14].

2.1.1 Off-body Communication

Off-body communication is defined as communication from off-body (i.e. from point away

from the body) to an on-body device or system. For example, a device placed over the

body is communicating with some access point or base station that is at a distance from

the body.

1http://www.jneuroengrehab.com/content/2/1/6/figure/F1?highres=y
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Figure 2.1: Typical Body Area Network.1

2.1.2 On-body Communication

Communication between on-body networks and wearable systems is termed as on-body

communication. In this category the channel is the surface of the body and both antennas

in the link are placed on the body. On-body communication is influenced by dielectric

properties of the body which vary with change of frequency [15]. Fig. 2.2 describes a

simple human body model along with antenna placement over the body.

2.1.3 In-body Communication

Communication to medical implants and sensors (i.e. system that is planted inside the

body) is known as in-body communication. Since we are communicating through the

body we have to take SAR into consideration because exposure to and absorption of

electromagnetic radiation is harmful for human body. It is used for communication at

a very short distance since the signal is highly degraded due to greater lossy nature of
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Figure 2.2: Antenna placement over a simplified body model with three tissue layers.

human body.

2.2 Narrow Band Antennas

Body Centric Wireless Communication (BCWC) is a rapidly growing research area tar-

geted for applications in healthcare, public safety and defense [14]. In medical and health-

care systems, wireless communication is used for monitoring patients, telemedicine and

elderly healthcare. Sensors can collect data on respiratory rate, ECG (electrocardio-

gram), EEG (Electroencephalography), blood pressure and flow, nerve potentials, EMG

(Electromyogram), SGR (Galvanic Skin Reflex), temperature, etc. This data needs to be

communicated from one location to another location, either over the body or away from

the body. Antennas play a vital role in BCWC (i.e. on-body, in-body and off-body).

Significant changes in antennas’ properties have been reported when placed close to a hu-

man body. The challenge here is to achieve a wide coverage over the body and around it,

and to make the return loss less sensitive to the gap between the antenna and the human

body [16]. Compact antennas with full ground planes and electromagnetically coupled

feeds, designed for body area network devices operating in the ISM band at 2.45 GHz,
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have been reported previously [17,18]. An electromagnetically coupled feed was employed

to partially fill a null that was otherwise present in the direction opposite to the feed.

In [18] stub loading has been used to achieve better impedance matching. A dual-band an-

tenna with a full ground plane and an electromagnetically coupled feed, operating in both

the ISM band at 2.45 GHz and the public safety Wireless Local Area Network (WLAN)

band at 4.9 GHz (4.9404.990 GHz) has also been reported [19]. A printed antenna de-

scribed in [20] has a flexible substrate. With a full ground plane and electromagnetically

coupled feed, it is suitable for arm-band wearable applications in the 2.45 GHz ISM band.

These antennas exhibit wide radiation patterns along the body’s surface to provide wider

coverage. The narrow gap between metal strips in these antennas, required for electro-

magnetically coupled feeding, is difficult to fabricate. A reconfigurable antenna with a

full ground plane for 2.45/5 GHz has been presented in [21]. This design does not require

such a small gap and is easy to fabricate. It also exhibits a wide radiation pattern along

the body’s surface to provide wide coverage. By introducing switching to the design, the

operating band can be reconfigured between 2.45 GHz and 5 GHz bands. [22] presents a

comparison between reconfigurable antenna with a partial ground and a full ground plane.

This analysis helps a biomedical device designer to choose an appropriate antenna design

for a given application, considering trade-offs between bandwidth, impedance matching,

radiation characteristics and sensitivity of antenna to the gap between the antenna and

the human body.

2.3 Embroidered and Wearable Antennas

Wireless body area networks (WBAN) have attracted the attention of antenna researchers

in the recent decades, as they find promising applications in healthcare, monitoring, de-

fence, sports, rescue and public safety [14]. Wearable systems for these applications are
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expected to use antennas that are light weight, integratable in clothing, conformal and

flexible for ease of mobility. Traditionally, antennas are made using copper wires or

by etching metal patterns on rigid substrates [1]. These rigid antennas become perma-

nently deformed or break when stretched, folded or twisted. Furthermore, when they are

large they are not convenient for mobility. Rigid antennas are not a suitable choice for

wearable applications as they may require antennas to be bendable and flexible. In the

literature, several flexible antennas have been reported using copper tape [6] and conduc-

tive ink [23, 24] on flexible substrates. Copper tape and conductive inks have durability

issues for operating over longer periods of time as the tape peels off the substrate eas-

ily and the inks erase off. In the past, reliable fabrication and excellent performance of

antennas [8], RFID tags [2] and transmission line samples [25] with conductive E-fibers

on flexible substrates using embroidery technique [1] have been reported. Fig. 2.3 shows

some of the selected designs for antennas, sensors and transmission lines reported using

embroidery, copper fabric and copper tape.

Several embroidered antennas and wearable sensors have been reported in the liter-

ature using conductive fibers on textiles and polymer composite substrates [1, 3–5, 7, 8].

Embroidered wearable, flexible and stretchable antennas on textile and polymer com-

posites have been reported earlier [1, 2, 26]. The performance of these antennas has been

investigated and results are comparable to the standard flexible copper antennas. Though

significant research has been carried out on embroidered antennas which are designed for

lower frequencies or to provide narrow band operation, more investigation is needed to

analyze their behavior when designed for broad band or ultra-wide band operation.
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(a) (b) (c)

(d) (e)

(f) (g) (h)

(i) (j)

Figure 2.3: Selected designs of wearable antennas, sensors and transmission lines using

embroidery, copper fabric and copper tape (a) [1] (b) [2] (c) [3] (d) [4] (e) [4] (f) [5] (g) [6]

(h) [7] (i) [4] (j) [8].
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2.4 Ultra Wideband Antennas

Ultra wideband (UWB) systems attract the attention of researchers due to their potential

of handling communications at high data rates, accurate positioning and short pulse

transmission [27,28]. UWB systems have been considered for a range of applications such

as ground penetrating radars initially targeted for detection of land-mines in military

[29–31], rescue operation by detection of trapped persons [32], evaluation of concrete,

pavements and walls [33], short range communications at higher data rates [34], medical

and through-wall imaging [35–37], security [38,39], and wearable devices in wireless body

area network [40–43]. FCC has specified an unlicensed spectrum from 3.1 to 10.6 GHz

for UWB technology, leading to more focused research in this area. Given the demand

for compact and light weight UWB systems, antenna designers often face challenges such

as meeting space constraints, controlled stable radiation patterns and achieving wide

impedance bandwidth. Printed UWB antennas are suitable candidates in meeting these

challenges due to their planar structure, size, low profile, light weight, easy fabrication

and low cost.

2.4.1 Ultra Wideband Antennas with Band Notching

UWB printed antenna designers often face challenges such as meeting space constraints,

achieving a wide impedance bandwidth and wide radiation patterns. In addition, the an-

tenna may need to effectively reject potential interference from the existing narrowband

systems operating at higher power levels. This particular requirement becomes more

stringent as many wireless systems including 3.6GHz IEEE 802.11y Wireless Local Area

Networks (WLAN) (3.6575−3.69GHz), 4.9GHz public safety WLAN (4.94−4.99GHz)

and 5GHz IEEE 802.11a/h/j/n WLAN (5.15−5.35GHz, 5.25−5.35GHz, 5.47−5.725GHz,

5.725−5.825GHz) are operating within the FCC UWB band of 3.1−10.6GHz.
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Several designs of planar printed UWB antennas incorporating a notch-band have been

proposed to minimize this interference. The most commonly used method is inserting

various shapes of slots in the radiating elements or in the ground plane [44–50]. Parasitic

elements, electromagnetic-band gap (EBG) structures [51], integrated stopband filters

[52], defected ground structures (DGS) [53, 54] and frequency selective surfaces (FSS)

positioned above the antennas [55] have also been used to achieve band rejection.

Another popular method is to use a resonator on the other side of the substrate, such

as a split ring resonator (SRR), square ring resonator [56], CPW resonator [48], composite

right/left-handed (CRLH) resonator [57], capacitive loaded loop (CLL) resonator, open-

loop resonator [58, 59] or a dual-gap open-loop resonator. However, only a few of these

antennas have strong band rejections with VSWR above 15 [48, 51, 56, 60]. We still need

more compact antennas with high band rejections and wide radiation patterns across the

UWB band.

2.4.2 Ultra Wideband Antennas with Reflectors

Several designs of printed UWB antennas have been reported in literature utilizing monopole

radiating structures with partial ground plane [61,62] or with co-planer waveguide (CPW)

[63–65]. Slots have also been incorporated in monopole radiators [62] or used indepen-

dently as radiators [13] to achieve ultra-wide bandwidth. Typically slot antennas are

printed on one side of the substrate and radiators bi-directionally [63], however, due to

their planar and printed structure they constitute a suitable choice in meeting space con-

straints. In some UWB applications, such as point-to-point communication, imaging or

body area network, a uni-directional radiation beam is desired. For slot antennas, uni-

directional beam can be achieved by reflecting radiations from one hemisphere to another

hemisphere using ground plane or reflector. To achieve a uni-directional pattern, an elec-

tric conducting surface has to be added at a distance of a quarter-wavelength below the
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slot as a reflector. This works only for narrow-band systems, as when metallic reflectors

are placed at a distance of λ/4; the electrical length of the forward and backward paths

compensates the out-of-phase reflection from the metallic plate, and the entire energy is

radiated in one direction due to constructive interference between the two rays. Due to

wide bandwidth and size constraints this solution is not feasible in UWB systems. To ob-

tain a uni-directional radiation pattern from the slot over a broad range of frequency, two

different approaches are available in literature. The first approach involves cavity-backed

slot antennas whereas the second approach uses artificial magnetic conductor (AMC) in

the ground plane.

2.5 Reconfigurable Antennas

With the recent advances in modern communications, Medical Body Area Networks

(MBAN) [40] and Body Centric Wireless Communication (BCWC) [14] are rapidly grow-

ing areas of research that demonstrate significant potential in healthcare, public safety,

sports and defence applications. Devices used for these applications are expected to be less

expensive, light weight, and supportive to long- and short-range communications. Gen-

erally, two separate antennas are required, namely a narrow-band antenna for long-range

communications and a wide-band antenna for short-range communications at a higher

data rate. That consumes a lot of space and restricts the compactness of the device. Also

it is very challenging to design multiple antennas to fit-in and operate in a limited space.

Single antenna supporting multiple frequency bands can significantly contribute towards

size reduction in wireless communication systems.

In the last decade, the development of printed reconfigurable antennas helped in solv-

ing some of these challenges [66, 67]. These printed antennas have the advantages of

low cost, low profile, and providing frequency, polarization and pattern reconfigurabil-
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ity [68, 69]. The narrowband reconfigurable antennas exploit the potential of microstrip

patches. Since the introduction of the first varactor-tuned microstrip patch [70], mi-

crostrip antennas have evolved with emerging switching technologies of PIN diodes [68,71],

varactors [72], RF microelectromechanical systems (MEMS) [73], field-effect transistors

(FETs) [74] and optical switches [75]. While there have been substantial advances in the

design of frequency reconfigurable antennas, most of the reported microstrip-fed antennas

require vias and double-sided printing, which complicate fabrication. In addition most of

the designed antennas cover sensing applications within a certain band. However, some-

times the transmission of data over a long range and the generation of remote sleep and

wake signals of wearable instruments require operation in the ISM band, which needs a

separate antenna [40].

Recently, a selective frequency-reconfigurable antenna [76] for cognitive radio applica-

tions demonstrated switching between a wide operating band of 2.63−3.7GHz and four

different sub-bands, which enables it to be used for sensing the entire band and then

adjusting its bandwidth to select the suitable sub-band and pre-filter out the other ones.

To further widen the use of bandwidth a reconfigurable slot antenna for the upper ultra-

wideband frequency range is presented in [77]. The antenna can operate at any of eight ad-

jacent sub-bands in the 6.0−10.6GHz frequency range, and is configured by means of seven

PIN diode switches. A more versatile reconfigurable antenna with frequency, pattern and

polarization reconfiguration option is presented in [78]. The antenna has planar geometry

and is designed for frequency, pattern and polarization reconfigurability over ultra-wide

bandwidth. When the antenna is frequency reconfigured, the antenna can switch opera-

tion from Ultra-wideband mode (2.6−11GHz) to Narrowband mode (4.39−5.85GHz).

While there have been substantial advances in the design of frequency reconfigurable

antennas, most of the reported microstrip-fed antennas require vias and double-sided

printing, which complicate fabrication. In addition most of the designed antennas cover
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the sensing application within a certain band. However, sometimes the transmission of

data over a long range and the generations of remote sleep and wake signals of wearable

instruments require operation in the ISM band, which need a separate antenna [40].

In chapter 7, a simple coplanar-strip-fed bandwidth reconfigurable antenna capable of

switching between an ultra-wide bandwidth (3.1−10.6GHz) in first mode and the 2.45GHz

ISM band in second state is proposed. The complete feed network and antenna is printed

on a single low-cost substrate. To the best of the authors’ knowledge, no such coplanar-

strip-based antennas have been reported in the literature.

2.6 Carbon Nanotubes and Carbon Nanotube Yarns

Metals are commonly used as conductors to carry charge. In antenna theory, they are

used as radiating elements, ground planes and feed lines [79]. Some recent studies have

used various composite materials as replacement for metals like conductive inks (silver

nanoparticle ink [23,80,81] and metallo-organic conductive ink), conducting polymer [82],

metalized foam and advanced carbon-fiber composite (CFC) materials. There are various

types of CFCs: short carbon fibers (SCF), reinforced continuous carbon fibers (RCCF),

carbon black (CB) and carbon nanotube (CNT) [10, 11]. Carbon nanotubes (CNTs) are

drawing great attention of researchers due to their significant mechanical, electrical and

thermal properties. CNT composites can be made using single-wall carbon nanotubes

(SWCNTs) or multi-wall carbon nanotubes (MWCNTs). CNT yarns comprised of woven

individual nanotubes can be made in greater lengths and are suitable for nanoelectronics

and nanoantenna applications. Researchers have investigated electrical properties (i.e.

conductivity and resistivity) for direct current (DC) but these properties need to be

explored at RF/microwave frequencies.

Carbon nanotube (CNT) has emerge as a potential candidate for the replacement of
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conventional metals due to their significant mechanical (high strength and load bearing),

electrical (conductivity and resistivity), thermal properties (sustain at high temperatures)

and non-oxidizing abilities. CNTs have been of interest in nanoelectronics and nanoan-

tenna applications since the density of CNT composites is about five times lower than

copper and around half that of aluminium. Also their thermal conductivity is about ten

times that of copper. Electrical conductivity of CNT composites depends on the prop-

erties and loading of CNTs, the aspect ratio of the CNTs and the characteristics of the

conductive network.

Researchers have explored use of CNTs as replacement of metals in antenna designing

for multiband, wideband millimetre wave and load bearing antenna applications. In 2010,

Mehdipour et al. [10] have proposed sierpinski fractal composite antenna using CNTs for

multiband wireless applications covering UHF-RFID (900MHz), Bluetooth (2.4GHz) and

WLAN (5.5GHz).

In 2011, CNT composites were investigated for wideband millimetre wave antenna

applications [11]. By observing housing effects on the copper and CNT antennas per-

formance, it has been proposed that at higher frequencies (i.e. above 30GHz) housing

effect is significantly less, resulting in stable gain and less distortion in radiation pat-

tern. At low frequencies both copper and CNT antennas have almost similar performance

characteristics.

Yijun et al. [9] proposed polymer CNT sheets having high structural density vertically

aligned carbon nanotubes within polymer composites. They also presented a circuit model

to calculate CNT sheet conductivity. They achieved resistivity of 0.9 ohms/square as

compared to earlier reported (i.e. 20 ohms/square) in the literature. By conducting

mechanical tests for stress, strain and bending they proposed it as a suitable candidate

for conformal load bearing antennas and RF circuits.

CNT yarns (fibers) and films are composed of individual CNTs. Various methods
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(a) (b)

Figure 2.4: Atomic structure of (a) Diamond (b) Graphite.2

have been reported for obtaining CNT yarns. CNT yarns can be spun from CNT forest

by spinning as we obtain cotton yarn from cotton. CNT films can be converted to CNT

fibers by passing CNT films through a drop of volatile liquid such as ethanol or methanol.

As the volatile liquid evaporates, the surface tension shrinks the CNT films into densely

packed CNT fibers. Diameter of CNT can be controlled by the CNT film width [12].

CNT films and CNT yarns are potential candidates for many RF applications such as air-

craft and spacecraft antennas, mobile radio, satellite communications, wireless body area

network (WBAN), body centric communication and biomedical. They are also becoming

increasingly importance in nanoelectronics. Electrical properties such as conductivity and

resistivity, and their behaviour at RF frequencies are important features that determine

their use in these application. Since these properties depend on their manufacturing and

various methods have been reported to obtain CNT and CNT yarn. Moreover, their

electrical properties have also been explored and further improvement is desired. Their

behavior at direct current (DC) has been investigated but at RF frequencies are yet to

be explored.

2http://chem-guide.blogspot.com.au/2010/04/covalent-solid.html
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2.6.1 Carbon Nanotubes

Diamond and graphite are two well known allotropes of carbon, and their atomic struc-

tures are shown in Fig. 2.4 (a) and (b) respectively. A layer of graphite (i.e. a single

atom thick) is called graphene and is used to make carbon nanotubes. Carbon nanotubes

(CNT) are allotropes of carbon and consist of nano scale tubular structures. A nanometer

is one-billionth of a meter, or about one ten-thousandth of the thickness of a human hair.

Depending on their structures carbon nanotubes can be categorized as:

Single-Walled Carbon Nanotubes

Single-walled carbon nanotubes (SWCNT) are tubes of graphite having a single cylindrical

wall and are normally capped at the ends. The structure of a SWCNT can be visualized

as a layer of graphite, a single atom thick, called graphene, which is rolled into a seamless

cylinder as shown in Fig. 2.5. SWCNT typically have a diameter close to 1 nm while

their length can be thousand times longer than their diameter. SWNT are expected to

play a major role in the next generation of miniaturized electronics due to their unique

electrical, mechanical and thermal properties.

Multi-Walled Carbon Nanotubes

Multi-walled nanotubes (MWCNT) consist of concentric tubes (i.e. multiple rolled layers)

of graphene or a single sheet of graphite rolled into the shape of a scroll as shown in Fig.

2.6. The interlayer distance in MWCNT is close to the distance between the graphene

layers in graphite. The diameters of MWNT are typically in the range of 5 nm to 50 nm.

A multi-wall carbon nanotube is illustrated shown in Fig. 2.7.

These cylindrical carbon molecules have unusual properties, which are valuable for

nanotechnology, electronics, optics and other fields of materials science and technology. In

particular, they exhibit extraordinary thermal conductivity and mechanical and electrical
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Figure 2.5: Carbon nanotube structure.3

properties. Fig. 2.8 presents a close-up look of carbon nanotubes and obtained CNT film.

Figure 2.6: MWCNT using graphene.4

3http://staff.aist.go.jp/h-kataura/Kogaku-kiji-forweb.htm
4http://www.nanowerk.com/spotlight/spotid=11723.php



2.6 Carbon Nanotubes and Carbon Nanotube Yarns 27

Figure 2.7: Multi-wall carbon nanotube.5

Figure 2.8: Carbon nanotube.6 7

5http://staff.aist.go.jp/h-kataura/Kogaku-kiji-forweb.htm
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(a) (b)

Figure 2.9: (a) Printed polymer-CNT patch antenna (b) model of vertically aligned CNTs

[9].

2.6.2 Applications of Carbon Nanotubes

Carbon nanotubes have great promise for a number of applications due to their mechan-

ical, electrical, thermal properties and non-oxidizing abilities. Their density is about five

times lower than copper and around half that of aluminium. Also their thermal con-

ductivity is about ten times that of copper. They can be flexible as well as five times

stronger than steel. Electrical conductivity of CNT composites depends on the properties,

loading and aspect ratio of the CNTs, and the characteristics of the conductive network.

SWCNT can be used in numerous applications, such as field-emission displays, nanocom-

posite materials, nanosensors, and logic elements. These materials are on the leading-edge

of electronic fabrication. Particularly in the domain of antenna design, they have been

used for planar antennas, antenna arrays and load bearing antennas. They have also been

used to design antennas for multiband wireless and wideband millimetre-wave antenna

applications.

7http://explow.com/buckypaper
7http://www.phy.mtu.edu/yap/frontiercarbon.html
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Figure 2.10: Ohm’s law for a single CNT [9].

Load Bearing Antenna Applications

Yijun et al. [9] proposed polymer CNT sheets having high structural density vertically

aligned carbon nanotubes within polymer composites. Fig. 2.9 shows the fabricated

antenna prototype and model design.

Practically achieved resistivity for CNTs is very high and researchers are currently

working to improve it. In this context, the authors have also presented a circuit model to

calculate CNT sheet conductivity. On the basis of ohms law for single CNT as illustrated

in Fig. 2.10, they investigated resistance for array of CNTs and proposed a circuit model

which is explained in Fig. 2.11. They achieved resistivity of 0.9 ohms/square which is

comparable to what has been reported in earlier studies, i.e. 20 ohms/square.

By conducting mechanical tests for stress, strain and bending as illustrated in Fig.

2.12, they proposed it as a suitable candidate for conformal load bearing antennas and

RF circuits.
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Figure 2.11: Model of the CNT array for sheet resistance calculation [9].

Multiband Wireless Applications

In 2010, Mehdipour et al. [10] proposed sierpinski fractal composite antenna (as shown in

Fig. 2.13) using CNTs for multiband wireless applications covering UHF-RFID (900MHz),

Bluetooth (2.4GHz) and WLAN (5.5GHz). Measured and simulated results show that

the CNT composite antennas has good performance over the desired frequency bands.

Based on their investigations, the authors found that antenna gain and read range can

be controlled by changing the conductivity of the composite, which is not possible for

materials with fixed conductivity such as copper.

Wideband Millimeter-Wave Antenna Applications

In 2011, Mehdipour et al. [11] investigated CNT composites for wideband millimetre

wave antenna applications (presented in Fig. 2.14) over a frequency range of 24−34GHz.

By observing housing effects (i.e. how much the antenna is affected by the surrounding

metallic objects) on the copper and CNT antenna performance, it has been proposed that

at higher frequencies (i.e. above 30GHz) housing effect is significantly less, resulting in

stable gain and less distortion in the radiation pattern. At low frequencies both copper

and CNT antennas have almost similar performance characteristics.
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Figure 2.12: Mechanical test of proposed antenna for (a) Stress (b) Strain and (c) Bending

[9].

2.6.3 Carbon Nanotube Yarns

CNT yarns (fibers) are composed of individual CNTs. They can be spun from the CNT

forest using the spinning process in a similar way as we obtain cotton yarn from raw

cotton. Several methods have been described in the literature to obtain CNT yarns. The

yarns were drawn from the forest by pulling and twisting [83]. Fig. 2.15 describes how

CNT yarn can be obtained form the CNT forest. CNT yarns can also be produced by

passing CNT films through a drop of volatile liquid such as ethanol or methanol [12]. As

the liquid evaporates, the surface tension of the liquid shrinks the CNT film into densely

packed CNT fibers (yarns) as shown in Fig. 2.16. CNT yarn can also be produced by

employing the dry spinning process [84].

8http://www.csiro.au/Outcomes/Materials-and-Manufacturing/Innovation/Carbon-Nanotubes-

2.aspx
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Figure 2.13: Full-composite fractal antenna using carbon nanotubes for multiband wireless

applications [10].

2.6.4 Applications of CNT Yarns

CNT yarns can be used in medical applications, such as artificial muscle due to their in-

credible strength-to-weight ratio and can also be utilized for in-body integrated circuits.

CNT yarns can also be modelled as potential data transmission lines. Due to their sig-

nificant advantages they are suitable for RF/microwave dielectrics, conductors, sensors,

transistors, MEMs, VLSI, EMI/EMC and electronics applications.

2.6.5 Properties of Carbon Nanotubes Yarns

Researchers have explored electrical properties of CNT yarns at DC but they have not

been characterized for RF/Microwave frequencies. The properties of CNTs and CNT

yarns depends on that how they are obtained. Researchers are investigating ways to

determine and improve their properties because the currently achieved properties are

not good and require further improvements. Determining electrical properties such as

conductivity and resistivity will open new dimensions for their use in nanoantenna and

nanoelectronics applications.
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(a) (b)

Figure 2.14: (a) Proposed antenna design (b) Antenna Array [11].

Figure 2.15: CNT yarns produced by CSIRO.8
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Figure 2.16: (a) Spinning CNT film (b) A SEM image of the CNT film (c) A CNT film

shrinks into a fiber when passing through a drop of ethanol (d) A SEM image of the CNT

fiber [12].
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2.7 Conclusion

In this chapter we have discussed wireless body centric communication and its different

types. Moreover, narrow- and ultra wide-band antennas are discussed. Research work

carried out on embroidered and wearable antennas, sensors and transmission line struc-

tures for potential usage in wireless body area networks is highlighted. Discussion on ultra

wideband antennas is focused on employing them to reject interference by band notching,

and increase in gain and radiation pattern controlling using reflectors such as frequency

selective surfaces and high impedance surfaces. Furthermore this chapter presents re-

search on reconfigurable antennas. Finally, carbon nanotubes and carbon nanotube yarns

are discussed in detail along with their potential applications and usage to highlight the

significance towards new research dimensions.
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Chapter 3

Narrow Band Antennas

Body Centric Wireless Communication (BCWC) is a rapidly growing research area tar-

geted for application in healthcare, public safety and defence [14]. Ambitious projects

like Google smart watch and curve phones promise endless possibilities for future. Their

design needs to address the body transceiver specifications, the curvature of the body

and the effects of body tissues on antenna performance. Significant changes in antenna

performance characteristics have been reported when placed close to human body [42].

The challenge here is to achieve a wide beamwidth over the body and around, and to

make the antenna return loss less sensitive to the distance between the antenna and the

body [16].

In this chapter, we present novel narrow-band antennas to provide single- and dual-

band operation for the 2.45GHz industrial, scientific and medical (ISM) band and for

4.9GHz public safety wireless local area network (WLAN)/5GHz IEEE 802.11 WLAN.

These antennas have significant advantages of compactness (only 14mm wide), full ground

plane to minimize radiation towards the body, a wide radiation pattern over the body

surface to provide maximum coverage, and less sensitivity to the variation of the gap

between the antenna and the human body. These advantages make them suitable for

37
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on-body communications and wearable applications. This chapter also presents their

sensitivity when placed in close proximity to the human arm.

Printed antennas are selected to achieve the desired objectives due to their significant

advantages of low profile, compactness, low cost, light weight and ease of integration

with communication systems. The proposed designs look like a printed dipole on one

side of substrate with a full ground plane on the other side of the substrate. To achieve

the desired radiation characteristics for maximum coverage, the radiating elements are

fed with in-phase currents instead of out-of-phase currents. For this purpose, a printed

transmission line feed is used to provide in-phase currents to both radiating elements

through electromagnetic coupling. The challenge here is to tune the gap between the feed

line and the radiating elements to achieve the desired capacitance to make the structure

resonating at the required operating frequency. Moreover, the full ground used underneath

the substrate acts as reflecting surface and helps to protect the radiations that could go

into the body and can potentially be harmful.

3.1 Single Band Antennas

In this section, we present a printed antenna with a full ground plane and electromagnet-

ically coupled feed for body area network devices operating in industrial, scientific, and

medical (ISM) band at 2.45GHz. Performance characteristics along with parametric anal-

ysis are presented. Specific absorption rate (SAR) analysis is carried out to investigate its

performance for body centric wireless communication. The electromagnetically-coupled

feed used is tuned to fill a null in the radiation pattern and to achieve impedance match-

ing. The proposed antenna exhibits wide radiation pattern along the body surface to

provide maximum coverage and its small width (14mm) makes it suitable for on-body

applications.
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Figure 3.1: Geometry of the proposed antenna.

Figure 3.2: Prototype of the proposed antenna.

3.1.1 Antenna Design

Fig. 3.1 shows the geometry of the proposed antenna with dimensions. It is fabricated

on 14 x 80 mm2 FR-4 substrate with dielectric constant 4.4 and height of 1.6mm. Fig.

3.2 shows the antenna prototype. This Antenna consists of two radiating elements and a

full ground plane. Full ground plane is considered to reduce radiation toward the body

that can harm human tissues. Radiating elements consist of two rectangular strips each

having length 30mm and width 5mm. They are electromagnetically coupled to a mi-

crostrip transmission line feed with dimensions 9.5mm x 2.8mm. The gap (g) between

the transmission line and rectangular radiating elements is 0.1mm. The dielectric con-

stants, conductivity and loss tangent of different body tissues have been considered while

modeling the antenna operation near the human body [15].
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Figure 3.3: Simplified body model with three tissue layers.

Table 3.1: ELECTRICAL PROPERTIES OF TISSUES AT 2.45 GHz.

Tissues εr σ (S/m) tan δ

Skin 38 1.464 0.2826

Fat 5.28 0.1045 0.1452

Muscle 52.73 1.7388 0.2419

3.1.2 Results and Analysis

Simulations of the proposed antenna are carried out using HFSS. After designing the

antenna in free space, its performance is investigated in near-body environment. The

average thicknesses of skin, muscle and fat tissues is considered while modeling a sample

phantom for near body simulation [6, 85]. The tissue layers are shown in Fig. 3.3. The

properties of the three tissue are given in Table 3.1. The properties of the tissues normally

changes with frequency and thickness of the tissues [85].



3.1 Single Band Antennas 41

Figure 3.4: Predicted |S11| in free space (i.e. without body) and with body model at

various values of the gap between the feed and radiating elements.

Figure 3.5: Predicted |S11| corresponding to distances between the antenna and the human

body.



42 Chapter 3. Narrow Band Antennas

Figure 3.6: Measured |S11| in free space (i.e. without body) and with body.

Figure 3.7: Measured |S11| over gel based three layer human body tissue model.
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Figure 3.8: Current distribution over the antenna radiating elements in (a) free space (b)

in close proximity to human tissue model.

A. Return Loss

Fig. 3.4 shows the simulated S-parameters of the proposed antenna along with a gap

parametric analysis for free space and near-body scenarios. The antenna covers the

ISM band at 2.45GHz which is suitable for body centric wireless communication. The

antenna has been simulated in free space and for different distances from the human

body (i.e. from 0mm to 10mm) and the return loss is as shown in Fig. 3.5. It shows

that the antenna can be placed as close as 2mm from the body. This distance could

not be reduced before 2mm in the simulation setup due to the space taken by the

connector in the simulation model. The fabricated antenna has been measured in free

space and over a male human arm and the corresponding results are shown in Fig. 3.6.

It is also measured over a gel based three layer human body tissue model (described

in section 3.5) and the result is presented in Fig. 3.7.

Usually, detuning occurs when an antenna is placed closed to a human body. This

detuning is avoided in the proposed design by using a full ground plane but due to

the small size of ground plane slight detuning is noted. In free space, this antenna
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provides 10dB return loss bandwidth of 58MHz (2.420−2.478GHz) with a peak return

loss of 16.7dB while near the body at 2mm bandwidth is 60MHz (2.442−2.502GHz)

and the peak return loss is 48.5dB.

(a) (b)

Figure 3.9: Predicted radiation patterns (a) in free space i.e. without body (b) with body.

Figure 3.10: Measured radiation pattern in free space for the xy plane.
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(a) (b)

Figure 3.11: (a) local SAR (b) average SAR in the three-layer human body model.

B. Radiation Characteristics

Fig. 3.9 presents the predicted radiation patterns of the proposed antenna at 2.45GHz

for free space and near-body scenarios. It can be depicted from current distribution

presented in Fig. 3.8 that current in both radiating elements is in-phase that results

in nulls along the feed and radiations from the sides. It is also noted that current

becomes stronger due to full ground plane when antenna is places closer to human

body. Measured radiation pattern (in the plane parallel to the human body) is pre-

sented in Fig. 3.10. Results show that near the body the antenna beam becomes

wider especially in the plane of the body (xy plane) and the null along the negative

x-axis is partially filled to provide maximum coverage.

C. Specific Absorbtion Rate

Local and average SAR has been computed considering the three-layer human body

model. Fig. 3.11 presents the SAR distribution for both.

To summarize this section, a printed antenna with a wide beam radiation pattern

by partially filling a null to provide maximum coverage along the body surface has been

proposed. Impedance matching by tuning the gap parameters has been investigated. Vari-
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ation in the distance between the antenna and the human body slightly affects the return

loss but there is no significant change in bandwidth that makes it a suitable candidate

for wearable devices.

3.2 Dual Band Antennas

This section presents a printed dual band antenna with a full ground plane and elec-

tromagnetically coupled feed for body area network devices operating in the industrial,

scientific, and medical (ISM) band at 2.45GHz and 4.9GHz public safety Wireless Lo-

cal Area Networks (WLAN) band (4.94−4.99GHz). Performance along with parametric

analyses are presented. Investigations have been carried out to assess its performance for

body centric wireless communication. The electromagnetically-coupled feed is tuned to

fill a null in the radiation pattern and to achieve impedance matching. The proposed

antenna exhibits a wide radiation pattern along the body surface to provide maximum

coverage and its small width (14mm) makes it suitable for on-body applications.

In section 3.1, we have discussed a compact single band antenna with a full ground

plane and electromagnetically-coupled feed designed for body area network devices op-

erating in industrial, scientific, and medical (ISM) band at 2.45GHz [17]. It exhibit a

radiation pattern that is along the body surface. An electromagnetically coupled feed

was used to partially fill a null that is otherwise present towards the direction opposite to

the feed. The antenna proposed in this section is dual band operating in both industrial,

scientific, and medical (ISM) band at 2.45GHz and 4.9GHz public safety Wireless Local

Area Networks (WLAN) band (4.940−4.990GHz). It exhibits a wide radiation pattern

along the body surface to provide maximum coverage.



3.2 Dual Band Antennas 47

Figure 3.12: Geometry of the proposed dual band antenna.

3.2.1 Antenna Design

Fig. 3.12 shows the geometry of the proposed antenna with dimensions. It is to be

fabricated on a 14mm x 80mm FR-4 substrate with a dielectric constant of 4.4 and height

of 1.6mm. The fabricated antenna is shown in Fig. 3.13. This antenna consists of two

radiating elements and a full ground plane. Full ground plane is considered to reduce

radiation towards the body, which can harm human tissues. Radiating elements consist

of a rectangular strip and a U-shaped strip, each having a length of 30mm and a width of

5mm. The U-shaped strip is implemented by removing a slit of width 3mm and length (Ls)

from the far-end of one rectangular strip. Both radiating elements are electromagnetically

coupled to a microstrip transmission line feed with dimensions 9.5mm x 2.8mm. The gap

(g) between the transmission line and rectangular radiating elements is 0.1mm [17]. The

dielectric constants, conductivity and loss tangent of different body tissues have been

considered when modeling the antenna operation near a human body [15].

3.2.2 Results and Analysis

Simulations of the proposed antenna have been carried out using HFSS. After designing

the antenna in free space, its performance was investigated in near-body environment.
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Figure 3.13: Prototype of the proposed antenna.

Table 3.2: ELECTRICAL PROPERTIES OF TISSUES AT 5.2 GHz.

Tissues εr σ (S/m) tan δ

Skin 35.61 3.2185 0.3124

Fat 5.01 0.2547 0.1757

Muscle 49.28 4.2669 0.2993

The average thicknesses of skin, muscle and fat tissues were considered while modeling a

sample phantom for near body simulation [6, 15, 17, 85]. The tissue layers are shown in

Fig. 3.1. The properties of the three tissues at 2.45GHz and 4.9GHz are given in Table 3.1

and Table 3.2, respectively. The properties of the tissues normally change with frequency

and thickness of the tissues [15, 85].

A. Return Loss

Fig. 3.14 shows the predicted |S11| of the proposed dual band antenna for free space

and near-body scenarios. The antenna covers the ISM band at 2.45GHz, which is suit-

able for body centric wireless communication, and 4.9GHz public safety WLAN band

(4.940−4.990GHz). Fig. 3.15 presents the measured |S11| of the proposed antenna in

free space and over gel based three layer human body tissue model. The antenna has

been simulated in free space as well as for different distances from the human body

(i.e. from 2mm to 10mm) and the return loss is shown in Fig. 3.16 and Fig. 3.17,

for 2.45GHz and 4.9GHz body models, respectively. It shows that the antenna can
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Figure 3.14: Predicted |S11| in free space (i.e. without body) and near the human body

(i.e. 2.45GHz body model and 4.9GHz body model).

be placed as close as 2mm from the body. This distance could not be reduced below

2mm in the simulation setup due to the space taken by the connector in the simulation

model.

Usually, detuning occurs when an antenna is placed closed to a human body. This

detuning is reduced in the proposed design by using a full ground plane but due to

the small size of ground plane slight detuning is still noted. In free space, this antenna

shows resonance, without good impedance matching, around 2.4GHz and 4.9GHz.

when antenna is placed near 2.45GHz body model at a distance of 2mm, it provides

a 10dB return loss bandwidth of 60MHz (2.44−2.50GHz) with a peak return loss of

32dB in the ISM band and a 10MHz bandwidth (4.94−5.04GHz) with a peak return

loss of 25dB in the WLAN band. When it is placed near 4.9GHz body model at

distance of 2mm, it provides a bandwidth of 53MHz (2.445−2.498GHz) with a peak

return loss of 20dB in the ISM band and a 10MHz (4.94−5.04GHz) with a peak return

loss of 25dB in the WLAN band.
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Figure 3.15: Measured |S11| in free space (i.e. without body) and over gel based three

layer human body tissue model.

To achieve dual band operation, a slit of length Ls=26.5mm is inserted from far-end

of one radiating element to obtain a U-shaped strip. Length of the slit has been varied

to investigate its effects. Fig. 3.18 shows the predicted |S11| corresponding to various

values of slit length.

B. Radiation Characteristics

Fig. 3.19 presents the simulated radiation patterns of the proposed antenna at 2.45GHz

and 4.96GHz for free space. Radiation patterns for near-body scenarios, with 2.45GHz

and 4.9GHz body models, are presented in Fig. 3.20 and Fig. 3.21, respectively, for

both operating bands. They show that near the body the antenna beam becomes

wider especially in the plane of the body (x-y plane) and the null along the negative

x-axis is partially filled to provide maximum coverage.
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Figure 3.16: Predicted |S11| corresponding to distances between the antenna and the

human body (i.e. 2.45GHz body model).

Figure 3.18: Predicted |S11| with 2.45GHz body model corresponding to various values of

slit length (Ls).
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Figure 3.17: Predicted |S11| corresponding to distances between the antenna and the

human body (i.e. 4.9GHz body model).

(a) (b)

Figure 3.19: Predicted radiation patterns in free space i.e. without body at (a) 2.45GHz

(b) 4.96GHz.
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(a) (b)

Figure 3.20: Predicted radiation patterns near 2.45GHz body model at (a) 2.45GHz (b)

4.96GHz.

(a) (b)

Figure 3.21: Predicted radiation patterns near 4.9GHz body model at (a) 2.45GHz (b)

4.96GHz.
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To summarize this section, a printed dual band antenna with a wide beam radiation

pattern, to provide maximum coverage along the body surface, has been proposed. An-

tenna performance characteristics near the human body models at 2.45GHz and 4.9GHz

has been investigated. Variation in the distance between the antenna and the human

body slightly affects the return loss but there is no significant change in bandwidth that

makes it a suitable candidate for wearable devices.

3.3 Conformal Antennas

Earlier, in Section 3.2 and Section 3.2, compact antennas with a full ground plane and

electromagnetically-coupled feed for body area network devices operating in industrial,

scientific, and medical (ISM) band at 2.45GHz are presented. They exhibit a radiation

pattern that is along the body surface. The proposed design in this section is an improved

version and is suitable for wearable armbands and other such body area network devices

operating in the 2.45GHz ISM band. The electromagnetically-coupled feed is tuned to

partially fill a null in the radiation pattern and to achieve impedance matching, which is

further fine tuned by stub loading. Initially, it is designed on FR-4 Substrate for com-

parison and then using flexible substrate. Performance and characteristics are presented

along with parametric analyses. Antenna performance is investigated under conformal

bending over human arm to assess its suitability for armband-type body centric wireless

communication devices. The full ground plane makes the antenna performance highly

insensitive to the gap between the antenna and the arm. It also reduces electromagnetic

radiation absorption in the arm. The proposed antenna exhibits a wide radiation pattern

along the body surface to provide better coverage and its small width (14mm) makes it

suitable for wearable on-body applications.



3.3 Conformal Antennas 55

Figure 3.22: Geometry of the proposed antenna with stub loading on FR-4 substrate.

3.3.1 Antenna Design with FR-4 Substrate

Fig. 3.22 shows the geometry of the proposed antenna with dimensions. Initially, the

antenna is designed on 14 x 80 mm2 FR-4 substrate with a dielectric constant of 4.4 and

a height of 1.6mm to have a better comparison with previously reported designs and then

designed using flexible substrate. Fig. 3.23 shows the antenna fabricated antenna using

flexible substrate. It is analyzed in close proximity to flat three layer tissue model that

is shown in Fig. 3.3. This antenna also consists of two radiating elements and a full

ground plane. Full ground plane is considered to reduce radiation toward the body that

can potentially harm human tissues. Radiating elements consist of two rectangular strips

each having a length of 30mm and a width of 6mm. They are electromagnetically coupled

to a microstrip transmission line feed with dimensions of 13mm x 2.8mm. A pair of stubs

with a stub width of 1mm and a length (L) is tuned to achieve impedance matching.

This combination of feed and stub also help to improve null filling as compared to earlier

designs discussed in earlier sections. Each gap (g) between the feed line and rectangular

radiating elements is 0.1mm [17].
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Figure 3.23: Prototype of the proposed antenna.

Figure 3.24: Predicted |S11| without bending in free space and near the human body.

Stub length (L) is 18.6mm.

3.3.2 Results with Planar Three Layer Tissue Model

Simulations of the proposed antenna have been carried out using CST Microwave Studio.

After designing the antenna in free space, its performance is investigated in the near-body

environment. It has also been investigated under bending conditions in free space as well

as near the human body model. The average thicknesses of skin, muscle and fat tissues

were included while modeling a sample planar phantom. The tissue layers are shown in

Fig. 3.3 and the properties of the three tissues are given in Table 3.1.
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Figure 3.25: Measured |S11| without bending in free space and over gel based three layer

human body tissue model.

A. Return Loss

Fig. 3.24 shows the predicted S-parameters of the proposed antenna in free space

and near-body scenarios. The distance between antenna and the human body model

is considered as 5mm. The antenna covers the ISM band at 2.45GHz and hence is

suitable for body centric wireless communication. In free space, this antenna provides

a 10dB return loss bandwidth of 62MHz (2.419−2.481GHz) while near the body (at a

distance of 5mm) bandwidth is 57MHz (2.437−2.494GHz). Usually, detuning occurs

when an antenna is placed closed to a human body. This detuning is reduced in the

proposed design by using a full ground plane but due to the small size of the ground

plane slight detuning is noted. Fig. 3.25 shows measured results for antenna without

bending in free space and when place over the gel based human body tissue model.

Simulations are carried out to investigate antenna performance under bending con-

ditions in free space and near the human body. Proposed antenna is bent over a
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Figure 3.26: Predicted |S11| with bending on a cylindrical surface with a radius of 40mm,

in free space and with the human body. Stub length (L) is 18.6mm.

cylindrical surface with different radius and corresponding return loss is illustrated in

Fig. 3.26. Shifting in frequency band is observed with the change in bend radius. Fig.

3.27 presents antenna performance under bending (i.e. on a cylindrical surface with

r=40mm) in free space and near the human body model. The human body model

considered is flat (i.e. without bending). In free space, this antenna provides 10dB

return loss bandwidth of 27MHz (2.438−2.465GHz) with a peak return loss of about

38dB while near the body bandwidth is 27MHz (2.456−2.483GHz) with a peak return

loss of about 20dB.

B. Radiation Characteristics

Fig. 3.28 presents the simulated radiation patterns of the proposed antenna without

bending in the plane parallel to the human body at 2.45GHz for free space and near-

body scenarios. Fig. 3.29 presents the radiation patterns in the planes that are
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Figure 3.27: Predicted |S11| corresponding to different bending radii.

perpendicular to the human body surface. Proposed antenna is bend over a cylindrical

surface with radius of 40mm and radiation pattern in the plane tangential to the

human body are shown in Fig. 3.30 for free space and near-body scenarios. Results

show that under bending the antenna beam becomes omni-directional in the plane

tangential to the body and the nulls that exists in flat condition are filled to provide

maximum coverage that were only partially filled in the design discussed in Section

3.1. Furthermore, Fig. 3.31 demonstrates that the antenna radiates more out of the

body (as opposed to into the body) to provide better coverage. Omni-directional

pattern over the body provides maximum coverage while a partial null in direction

perpendicular to body surface is useful as it prevents off-body transmissions that

are undesirable when antennas is to be used for on-body communication. It is also

beneficial to minimize interference caused off-body communication devices.
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Figure 3.28: Predicted radiation pattern of proposed antenna without bending in the

plane parallel to the human body.

(a) (b)

Figure 3.29: Predicted radiation patterns of proposed antenna without bending in the

planes perpendicular to the human body (a) in free space (b) near the human body.
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Figure 3.30: Predicted radiation pattern of proposed antenna bent over a cylindrical

surface with radius (r=40 mm) in the plane tangential to the human body.

(a) (b)

Figure 3.31: Predicted radiation pattern of proposed antenna bent over a cylindrical

surface with radius (r=40mm) in the plane perpendicular to the human body (a) in free

space (b) near the human body.
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Now we will extend this design to a flexible substrate as we have analyzed that this

design with modified feed provide an omni-directional radiation pattern under bending

condition to provide maximum coverage along the body surface. Impedance matching by

tuning stub, feed and the gap parameters has been investigated. Variation in bending

curvature of the antenna and presence of the human body slightly affects the return

loss and the bandwidth. Omni-directional radiation pattern along the body surface and

compact width of antennas makes it a suitable candidate for on-body wearable devices.

Figure 3.32: Geometry of the proposed antenna with stub loading on flexible substrate.

3.3.3 Antenna Design with Flexible Substrate

Fig. 3.32 shows the geometry of the proposed antenna with dimensions. The antenna

is designed for a 14mm x 100mm flexible substrate (Arlon IsoClad 933) with a dielectric

constant of 2.33 and a thickness of 1.6 mm. This antenna consists of two electromagnet-

ically coupled radiating elements and a full ground plane. Ground plane size is 14mm

x 100mm. This full ground plane helps in reducing the radiation toward the body that

can be potentially harmful. Each radiating rectangular strip has a length of 46.5mm and

a width of 6mm. Using two gaps each 0.1mm wide, these strips are electromagnetically

coupled to a 50 ω microstrip transmission line feed with dimensions of 13mm x 2.8mm.
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Table 3.3: PROPERTIES OF THE FOUR-LAYER HUMAN ARM TISSUE MODEL AT

2.45GHz.

Tissues εr σ (S/m) tan δ

Skin 38 1.46 0.283

Fat 5.28 0.105 0.145

Muscle 52.73 1.739 0.242

Bone 11.38 1.394 0.254

A pair of stubs each 1mm wide and 25mm long (L = 25mm) is incorporated to achieve

impedance matching. This combination of feed and stub also helps to improve null filling

as compared to the design presented in Section 3.1.

Figure 3.33: Simplified elliptical human arm model (radius=46 mm) with four tissue

layers and the conformally bent antenna above the arm.

3.3.4 Results with Human Arm Model

Simulations of the proposed antenna have been carried out using CST Microwave Studio.

After designing the antenna for free space, its performance was assessed in the near-body

environment and also under bending conditions in close proximity to the human arm



64 Chapter 3. Narrow Band Antennas

Figure 3.34: Predicted |S11| without bending in free space and near the human body.

Stub length (L) is 18.6mm.

model. The simplified elliptical human arm model with four tissue layers 3.33 is used in

simulation. The average thicknesses of skin (2mm), fat (4mm), muscle (min. 10mm, max.

35mm) and bone (35mm) tissues were included while modeling a human arm model [42].

The properties of the four tissues are given in Table 3.3 [15].

A. Return Loss

Fig. 3.34 shows the computed reflection coefficients of the proposed antenna in free

space and near-body scenarios. In free space, this Antenna I provides a 10dB return

loss bandwidth of 50MHz (2.43−2.48GHz). Usually, detuning occurs when an antenna

is placed closed to a human arm. This detuning is reduced in the proposed design

by using a full ground plane but due to the small size of the ground plane slight

detuning is noted. Simulations are carried out to investigate antenna performance

under conformal bending conditions near the human arm model. When Antenna I

is bent over human arm leaving a gap of 2mm between them, and the corresponding

return loss is illustrated in Fig. 3.34. Some shifting of the resonance frequency is
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observed due to this bending over human arm. To achieve good impedance matching

at 2.45 GHz under bending around the human arm, antenna parameters were retuned

(stub length changed to 23mm and antenna arms‘ length to 47.5mm). The retuned

Antenna II provides a 10dB return loss bandwidth of 30MHz (2.44−2.47 GHz) with

a peak return loss of about 34dB at 2.45GHz as shown in Fig. 3.34. The change of

resonance frequency due to practical variations in the conformal gap (d) between the

arm and Antenna II is very small (0.85% at d=5mm)..

B. Radiation Characteristics

Fig. 3 presents the computed radiation patterns of the proposed antenna at 2.45GHz

for free space and near-body scenarios. They show that near the body the antenna

beam becomes wider especially in the plane tangential to the body (xy-plane) and the

nulls along the x-axis are partially filled to provide a better coverage.

A wearable printed antenna, which has a wide beam under conformal bending around

a human arm, is proposed to provide better coverage along the body surface. Antenna

performance under different bending scenarios has been investigated. Due to the full

ground plane, this antenna performance is very insensitive to the conformal separation

between the antenna and the human arm. For example, an increase of this gap from

2mm to 5mm changes the antenna resonance frequency only by 0.85% and its effect on

the radiation pattern is not noticeable. Small width of the antenna makes it a suitable

candidate for on-body wearable devices.
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(a)

(b) (c)

Figure 3.35: Predicted radiation patterns (gain) of proposed antenna in (a) xy-plane (b)

xz-plane (c) yz-plane.
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3.4 Antenna Sensitivity in Close Proximity to Hu-

man Arm

This section presents sensitivity analysis of printed antenna discussed in section 3.3. An-

tenna input impedance and radiation characteristics are presented along with the para-

metric analyses. Antenna performance is investigated in free space and in close proximity

to various human arm models (i.e. flat, rectangular and elliptical). The full ground plane

makes the antenna highly insensitive to the gap between the antenna and the arm in ad-

dition to reducing electromagnetic radiation absorption in the arm. Small width (14mm)

of the antenna makes it feasible to position along the length of a human arm without

bending, which causes shift in resonant frequency. Parametric analyses are carried out to

observe the affect of gap variation considering different arm models (i.e. flat, rectangular

and elliptical) and antenna placement configurations (i.e. across and along the length of

human arm).

Figure 3.36: Antenna placed over simplified models of human arm section with four tissue

layers (a) flat (b) rectangular and (c) elliptical human arm model (radius=46 mm).
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Figure 3.37: |S11| of the proposed antenna in free space and near human arm scenarios.

(gap between the arm and the antenna is 5 mm).

3.4.1 Antenna and Near-body Scenarios

Simplified models of human arm section with four tissue layers considered for this research

are shown in Fig. 3.36. These are simplified flat, rectangular and elliptical human arm

models. The average thicknesses of skin (2mm), fat (4mm), muscle (min. 10mm, max.

35mm) and bone (35mm) tissues are included while modeling a human arm model [2].

The properties of the four tissues are given in Table 3.3.

3.4.2 Results and Analysis

Simulations of the proposed antenna are carried out using CST Microwave Studio. Af-

ter designing the antenna for free space, its performance was assessed in the near-body

environment in close proximity to the human arm models.

A. Return Loss

Fig. 3.37 shows the computed reflection coefficients of the proposed antenna in free

space and near-body scenarios. In free space, it provides a 10dB return loss bandwidth



3.4 Antenna Sensitivity in Close Proximity to Human Arm 69

Figure 3.38: Sensitivity of gap (d) between the antenna and the flat human arm model.

of 50MHz (2.43−2.48 GHz). Usually, detuning occurs when an antenna is placed

closed to a human arm. This detuning is reduced in the proposed design by using a

full ground plane but due to the small size of the ground plane slight detuning is noted.

A shift of about 10MHz is noted when antenna is placed near the human arm models.

Simulations have been carried out to investigate antenna performance under the gap

variation between the antenna and human arm model. When antenna is placed in close

proximity to flat human arm negligible variation in resonance frequency is observed,

and the corresponding return loss is illustrated in Fig. 3.38.

Antenna is also place over rectangular human arm model considering two scenarios; i)

when antenna is placed across the length of rectangular arm model, ii) when antenna

is place along the length of human arm model. Negligible shifting of the resonance

frequency is observed when gap between the antenna and the rectangular human arm

mode is varied for both scenarios (i.e. across and along the length of human arm),

and the corresponding return loss is shown in Fig. 3.39 and Fig. 3.40.
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Figure 3.39: Sensitivity of gap (d) between the antenna and the rectangular human arm

model when antenna is place across the arm length.

Figure 3.40: Sensitivity of gap (d) between the antenna and the rectangular human arm

model when antenna is place along the arm length.

Similarly, antenna performance is also investigated near the elliptical human arm

model, when antenna is placed, i) across and ii) along, the length of human arm and
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corresponding results are shown in Fig. 3.42 and Fig. ??. No significant shifting of

resonance frequency by varying the gap between the antenna and the elliptical human

arm is observed for both scenarios.

Figure 3.41: Sensitivity of gap (d) between the antenna and the elliptical human arm

model when antenna is place across the arm length.

Figure 3.42: Sensitivity of gap (d) between the antenna and the elliptical human arm

model when antenna is place along the arm length.
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B. Radiation Characteristics

Fig. 3.43 - 3.45 presents the computed directivity patterns of the proposed antenna

at 2.465GHz for the near-body scenarios. They show that near the body the antenna

beam becomes wider especially in the plane tangential to the body (xy-plane) and

the nulls along the feed axis are partially filled to provide a better coverage. Slight

variation in peak values is observed. The antenna radiation efficiency is about 10%

when it is placed closer to the body.

Figure 3.43: Computed radiation patterns (directivity) of proposed antenna in close prox-

imity to flat human arm model.
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(a)

(b)

Figure 3.44: Computed radiation patterns (directivity) of proposed antenna in close prox-

imity to human arm models (a) rectangular (across the arm length) (b) rectangular (along

the arm length).
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(a)

(b)

Figure 3.45: Computed radiation patterns (directivity) of proposed antenna in close prox-

imity to human arm models (a) elliptical (across the arm length) (b) elliptical (along the

arm length).
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In this section we have discussed sensitivity of wearable printed antenna presented

in section 3.3, which has a wide beam and is highly insensitive to the gap between the

human arm and provide better coverage along the body surface. Antenna performance

under different scenarios has been investigated. Due to the full ground plane, this antenna

performance is very insensitive to the separation between the antenna and the human arm.

For example, an increase of this gap from 0mm to 10mm has negligible effect on antenna

resonance frequency and its effect on the radiation pattern is also not noticeable. Small

width of the antenna makes it a suitable candidate for on-body wearable devices and its

placement along the arm length can avoid bending and hence possible detuning.

3.5 Performance over Human Body Phantom

To analyze the performance of designed antennas, three layer human tissue body model is

considered for simulations. For measurements, gels equivalent to human body tissues are

used. The gels were prepared at Electro Science Lab at Ohio State University, USA, and

measurements were also performed there. Table 3.4 presents the theoretical and measured

properties of skin, fat and muscle tissues. These gels consist of gelatin A, polyethylene

glycol mono phenyl ether (Triton X-100), sodium chloride, de-ionizing water, vegetable

oil, soap and food colouring. Four different cases were considered and the communication

between the antennas shown in Fig. 3.46 is observed. Fig. 3.47 illustrates the female

phantom filled with muscle equivalent gel, and layers of skin and fat equivalent gels.
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(a)

(b)

(c)

Figure 3.46: Antennas considered for measurement over phantom (a) Antenna-I (b)

Antenna-II (c) Antenna-III.

CASE-I:

When Antenna-I and Antenna-III are placed over abdomen as shown in Fig. 3.48. The

corresponding reflection and transmission behaviors are shown in Fig. 3.49. In this case

both antennas are having partially filled nulls facing each other (i.e. partially filled nulls

are present in direction opposite to feed).
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Table 3.4: MEASURED PROPERTIES OF GEL EQUIVALENT TISSUE MODEL AT

2.45GHz.

Skin εr Fat εr Muscle εr

(2mm) (10mm) (Phantom)

Theoretical 38.01 + i ∗ 10.74 5.28 + i ∗ 0.77 52.73 + i ∗ 12.76

Measured 38.09 + i ∗ 2.65 7.95− i ∗ 1.88 69.88 + i ∗ 15.80

Measured using Measured using Measured using

Agilent 85070b Agilent E4991A Agilent 85070b

Dielectric Probe Kit Kit Dielectric Probe Kit

Figure 3.47: Female body phantom (muscle) with skin and fat layers.
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Figure 3.48: Placement of antennas over phantom for Case-I.

Figure 3.49: Measured S-parameters corresponding to Case-I.
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Figure 3.50: Placement of antennas over phantom for Case-II.

Figure 3.51: Measured S-parameters corresponding to Case-II.
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Figure 3.52: Placement of antennas over phantom for Case-III.

Figure 3.53: Measured S-parameters corresponding to Case-III.
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Figure 3.54: Placement of antennas over phantom for Case-IV.

CASE-II:

When Antenna-I and Antenna-III are placed over chest and abdomen, respectively, as

shown in Fig. 3.50. The corresponding reflection and transmission behaviors are shown

in Fig. 3.51. In this case both antennas are having lobes facing each other ((i.e. lobes

are present along the antenna’s length)).

CASE-III:

When Antenna-I and Antenna-III are placed over chest and abdomen, respectively, as

shown in Fig. 3.52. The corresponding reflection and transmission behaviors are shown

in Fig. 3.53. In this case, Antennas-I has radiation beam facing Antenna-III which is

placed over chest and has partially filled null towards Antenna-I.

CASE-IV:

When Antenna-I and Antenna-II are placed over shoulders as shown in Fig. 3.54. The

corresponding reflection and transmission behaviors are shown in Fig. 3.55. In this case,

both antennas have radiation beams facing each other from sides.
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Figure 3.55: Measured S-parameters corresponding to Case-IV.

Figure 3.56: Antenna size comparison with a wrist watch.

3.6 Applications

The antennas presented in this chapter has signification advantage of narrow width in

addition to wide-beam for coverage, less sensitivity to gap variation, placement and con-
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formal bending. In applications involving body motion/movements, the gap between the

antenna and body is continuously changing. The stable performance of proposed de-

signs with the changing gap between the antenna and the body will be highly beneficial.

Fig. 3.56 show a size comparison of designed antenna with a wrist watch. Due to these

advantages they are suitable for arm- and wrist-band application as shown in Fig. 3.57.
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(a)

(b)

Figure 3.57: Wrist band type applications.1

1http://www.fitbit.com
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3.7 Conclusion

In this chapter we have discussed novel narrow band antennas. Single- and dual-band

antennas are presented for wireless body area network devices operating in the industrial,

scientific, and medical (ISM) band at 2.45GHz and 4.9GHz public safety Wireless Local

Area Networks (WLAN) band. Performance of the designed antennas has been analyzed

for near body scenarios and in close proximity to the human arm models. These an-

tennas have significant advantages of compactness (only 14mm wide), full ground plane

to minimize radiation towards the body, a wide radiation pattern over the body surface

to provide maximum coverage, and less sensitivity to the variation of the gap between

the antenna and the human body. These advantages make them suitable for on-body

communications and wearable applications.
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Chapter 4

Wide Band Antennas

In this chapter, a flexible embroidered antenna on Polydimethylsiloxane (PDMS) com-

posite is presented. The radiating parts of antenna are embroidered using conductive

fibers. The proposed flexible antenna exhibits an ultra-wide return-loss bandwidth and

gain bandwidth. A comparison between embroidered antenna on PDMS substrate and an

antenna fabricated using copper on Rogers substrate has been carried out to investigate

their behavior. The embroidered antenna on PDMS is compact, flexible, easy to integrate

with clothing, semi-transparent and is suitable for wearable applications.

4.1 Ultra Wideband Antenna

Wireless body area networks (WBAN) have attracted the attention of antenna researchers

over the past years, as they find promising applications in healthcare, monitoring, defence,

sports, rescue and public safety [14]. Wearable systems for these applications are expected

to use antennas that are light weight, integratable in clothing, conformal and flexible for

ease of mobility. Traditionally, antennas are made using copper wires or by etching metal

patterns on rigid substrates [1]. These rigid antennas become permanently deformed

or break when stretched, folded or twisted. Additionally, when are large they are not

87
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convenient for mobility. Rigid antennas are not a suitable choice for wearable applications

as they may require antennas to be bendable and flexible. In literature, several flexible

antennas have been reported using copper tape [6] and conductive ink [23,24] on flexible

substrates. Copper tape and conductive inks have durability issues for operating over

longer period of time as the tape peels off the substrate easily and the inks erase off. In

past, we have demonstrated reliable fabrication and excellent performance of antennas [8],

RFID tags [2] and transmission line samples [25] with conductive E-fibers on flexible

substrates using embroidery technique [1].

Several embroidered antennas and wearable sensors have been reported in literature

using conductive fibers on textiles and polymer composite substrates [1, 3–5, 7, 8]. Em-

broidered wearable, flexible and stretchable antennas on textile and polymer composites

have been reported earlier [1,2,26]. The performance of these antennas has been investi-

gated which shows comparable results to the standard flexible copper antennas. Though

significant research has been carried out on embroidered antennas which are designed for

lower frequencies or to provide narrow band operation, more investigation is needed to

analyze their behavior when designed for broad band or ultra-wide band operation.

Here, we present two UWB antennas. One antenna is fabricated on Rogers substrate

with copper (i.e. Antenna-I) and the other is embroidered on PDMS composite substrate

using conductive fibers (i.e. Antenna-II). Measured results are compared with the aim

to analyze behavior of embroidered polymer composite antenna when designed for wide-

band applications. Antenna configuration and the fabrication of embroidered antenna

using conductive fibers on PDMS composite substrate is demonstrated. Results are also

discussed.
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Figure 4.1: Geometry of the antenna.

4.2 Antenna Design

Fig. 4.1 shows the geometry of the printed UWB antenna. It was designed using ANSYS

High Frequency Structural Simulator (HFSS). Initially, it was fabricated on a 24×28mm2

RO3003 substrate coated with copper and later embroidered using conductive fibers on

a PDMS composite. The RO3003 substrate has a dielectric constant of 3, loss tangent

of 0.001 and thickness of 1.524mm. The PDMS composite substrate also has a dielectric

constant of 3 and thickness of 1.524mm, but its loss tangent is 0.01 that differs by a factor

of 10. Motivated from [60], the antenna consists of a monopole radiator and a partial

ground plane. The monopole radiator, that is a patch chamfered at its lower corners and

having a rectangular slot of 11×13.7mm2, is fed by a 50Ω microstrip line, which is 12mm

long and 3.5mm wide. The partial ground plane has dimensions of 11.5 × 24mm2 and

has a slit beneath the feed line, that helps in impedance matching [60,62]. The proposed

antenna has overall dimensions of 24× 28mm2 and covers the UWB frequency range.
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Figure 4.2: PDMS composite substrate making process.

4.3 Fabrication

This section presents the process of making PDMS composite substrate and the proposed

flexible antenna using embroidery technique.

4.3.1 Process for Making PDMS Composite Substrate

We have used Sylgard 184 (Dow Corning Corp.) PDMS to make the flexible substrate

using the procedure described in [86]. It is chosen as substrate due to its mechanical

flexibility, water resistance and inherent chemical stability [87]. It is made manually

by thoroughly mixing the monomer and the curing agent in 10:1. The air bubbles are

removed before curing and the desired substrate thickness (i.e. 1.524mm) is set. Then

the mixture is heated and dried using a hot plate. During substrate making, we tried our

best to achieve a uniform thickness of substrate, however due to manual process there is

a possibility that thickness may vary slightly.
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Figure 4.3: Embroidered antenna fabrication process.
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Figure 4.4: Measured and predicted reflection coefficients of the two antennas fabricated

using Rogers and PDMS substrates.

4.3.2 Embroidered Antenna Fabrication

The radiating parts of the proposed design are embroidered using LiberatorTM 20 conduc-

tive fibers. This conductive fiber has a DC resistance of 2 Ω/ft. It consists of 20 filaments

and is coated with silver. The 2-layer embroidery method [8] is used with a stitching

density of 7 lines/mm. This 2-layer embroidery model helps to provide better conduc-

tivity [25]. Fig. 4.3 shows the antenna fabrication process from the simulated computer

design model to embroidered antenna integrated with PDMS composite substrate. The

computer design model is digitized for stitching purpose and computerized embroidery

procedure is used. A non-stretchable support fabric is used during embroidery process to

have better stitching accuracy. This support fabric is later removed from the embroidered

parts as it gets dissolved when dipped into the warm water. The embroidered parts are

aligned and integrated with PDMS composite substrate to get the embroidered antenna

prototype.
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Figure 4.5: Measured gain of the two antennas fabricated using Rogers and PDMS sub-

strates.

4.4 Results and Discussion

Simulations of proposed design shown in Fig. 4.1 were carried out using HFSS. Both

prototypes were measured and the corresponding results for the reflection coefficient are

presented in Fig. 4.4. It is noted the Antenna-I provides measured 10dB return-loss

bandwidth covering the entire FCC ultra-wide band (3.1−10.6GHz). Antenna-II offers

a measured 10dB bandwidth of 102% covering the frequency range of 3.43−11.1GHz.

The embroidered antenna observes an impedance mismatch at lower frequencies. This

can be due to the multiple layer embroidery process. As the multiple layers are stitched

perpendicular to each other, the corners cannot be precisely defined as compared to the

Rogers board. Another reason for frequency mismatch could be the integration of the

antenna with its ground plane. Care has to be taken to align the slit in the ground plane.

Since the antenna and the ground plane were integrated manually, a misalignment of

slit in the ground plane with the antenna is possible which causes impedance mismatch.
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Moreover, the two substrates, Rogers and PDMS, have different dielectric loss tangents.

The resistance of conductive fiber can also contribute towards slight variation of results.

Fig. 4.5 presents the measured gain of both antennas. It is noted that Antenna-I

has a gain variation in the rage of 1−7dBi whereas Antenna-II has less variation (i.e.

1−4dBi) in the frequency range corresponding to 10dB return-loss bandwidth. Measured

radiation patterns of both antennas at different frequencies (i.e. 3.5, 5, 7 and 10GHz) are

shown in Fig. 4.6 and are found to be in reasonable agreement. Although some variations

in the radiation patterns are noted, it can be possibly due to the fabrication inaccuracy

explained earlier.

4.5 Conclusion

A flexible embroidered antenna having an ultra-wide bandwidth, fabricated on poly-

dimethylsiloxane (PDMS) composite substrate using conductive fibers, is presented. An-

other antenna was fabricated using Rogers material and copper, and is compared with em-

broidered version of the same design fabricated using conductive fibers on PDMS compos-

ite. Measured results show the similarity between the two prototypes. The embroidered

antenna fabricated using conductive fibers on PDMS composite substrate also provides

ultra-wide band operation. It is water resistant, flexible, compact, semi-transparent and

is easy to integrate in clothing without being prominent. These traits make it suitable

for wearable systems.
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(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 4.6: Measured radiation patterns (a) ϕ = 0◦ (b) ϕ = 90◦ at 3.5GHz, (c) ϕ = 0◦ (d)

ϕ = 90◦ at 5GHz, (e) ϕ = 0◦ (f) ϕ = 90◦ at 7GHz, and (g) ϕ = 0◦ (h) ϕ = 90◦ at 10GHz

of the two antennas fabricated using Rogers and PDMS substrates.
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Chapter 5

Ultra Wideband Antenna with Band

Notching

In this chapter, a simple ultra wideband printed monopole antenna with high band rejec-

tion and wide radiation patterns is discussed. The designed antenna has strong notch-band

rejections (measured VSWR up to 26), and the notch band can be moved over a wide

frequency range from 3.55GHz to 6.8GHz. It has wide radiation patterns and yields a

measured 10dB return-loss bandwidth from 3GHz to 10.5GHz. This chapter also presents

an analytical expression to predict initial design parameters of these antennas and to

avoid excessive numerical computations required otherwise.

5.1 Introduction

UWB printed antenna designers often face challenges such as meeting space constraints,

achieving a wide impedance bandwidth and wide radiation patterns. In addition, the an-

tenna may need to reject effectively potential interference from the existing narrowband

systems operating at higher power levels. This particular requirement becomes more

stringent as many wireless systems including 3.6GHz IEEE 802.11y Wireless Local Area

97
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Networks (WLAN) (3.6575−3.69GHz), 4.9GHz public safety WLAN (4.94−4.99GHz)

and 5GHz IEEE 802.11a/h/j/n WLAN (5.15−5.35GHz, 5.25−5.35GHz, 5.47−5.725GHz,

5.725−5.825GHz) are operating within the FCC UWB band of 3.1−10.6GHz.

Several designs of planar printed UWB antennas incorporating a notch-band have been

proposed to minimize this interference. The most commonly used method is inserting

various shapes of slots in the radiating elements or in the ground plane [44–50]. Parasitic

elements, electromagnetic-band gap (EBG) structures [51], integrated stopband filters

[52], defected ground structures (DGS) [53, 54] and frequency selective surfaces (FSS)

positioned above the antennas [55] have also been used to achieve band rejection.

Another popular method is to use a resonator on the other side of the substrate, such

as a split ring resonator (SRR), square ring resonator [56], CPW resonator [48], composite

right/left-handed (CRLH) resonator [57], capacitive loaded loop (CLL) resonator, open-

loop resonator [58, 59] or a dual-gap open-loop resonator. However, only a few of these

antennas have strong band rejections with VSWR above 15 [48, 51, 56, 60]. We still need

more compact antennas with high band rejections and wide radiation patterns across the

UWB band.

In this chapter, we propose a simple and more compact printed monopole antenna with

high rejection (VSWR> 25) and wide radiation patterns up to 10GHz. The rejection band

could be tuned between 3.55GHz and 6.8GHz to suppress inference. We present the design

and a parametric study of the proposed antenna. The experimental results are given to

validate the design, along with the design parameters set to mitigate interference caused

by specific narrowband systems, as examples, to highlight its practical applications. The

performance of the proposed antenna is compared with several previous designs.
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Figure 5.1: Geometry of the proposed UWB antenna with a notch band (a) Front view

(b) Back view.

5.2 Antenna Design

Fig. 5.1 shows the geometry of the proposed printed UWB antenna. The antenna was

designed using ANSYS High Frequency Structural Simulator (HFSS) and CST microwave

studio. It was fabricated on a 28× 24mm2 RO4003TM substrate with dielectric constant

of 3.38 and a thickness of 1.524mm. The design started with a rectangular monopole

(16× 24mm2) fed by a 50 microstrip line, which is 3.5mm wide and 12mm long. Next the

patch was chamfered at the bottom edges and a slit 1.5×3.5mm2 was created in the ground

plane to improve matching [60]. The ground plane has dimensions of 11.5 × 24mm2. A

T-shaped slot in the radiating patch further helps in achieving better impedance match

over UWB. Fig. 5.2 shows the impedance matching evolution of the proposed UWB

antenna without notch-band. The T-shaped slot shown in Fig. 5.2 is beneficial in achiev-

ing antenna compactness as it increases the current path length in the radiating patch.

Fig. 5.3(a) shows the matching behavior on a Smith chart at three stages of antenna

development.
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Figure 5.2: VSWR corresponding to three initial design stages of the reference UWB

antenna without notch band. Inserts are photographs of the band-notched UWB antenna

prototype.

Finally a stub within the T-shaped slot, shown in Fig. 5.1(a), was added to create

a rejection notch within the bandwidth of the antenna. Its careful tuning provided high

rejection over a narrow range of frequencies. Fig. 5.3(b) compares antenna S11 with

and without the notch band. Un-normalized radiation patterns shown in Fig. 5.4(a) are

consistently wide and stable at lower frequencies. They become more directional around

7GHz but are still reasonably wide. Efficiency of the proposed antenna, shown in Fig.

5.4(b), highlights the dramatic drop in antenna efficiency (by more than 80%) at the

notch frequency. A complete parametric study of this notch feature is given in the next

section.
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Figure 5.3: (a) Input reflection coefficient (S11) at the three design stages mentioned

in Fig. 5.2 (b) S11 of the antenna with and without the notch function (notch band is

3.8GHz−4.148GHz).

5.3 Parametric Study of Band Rejection

The centre frequency of the notch band, along with peak VSWR, is controlled by the

length, width and position of the stub, as described below.

5.3.1 Effects of Stub Length Variation

By varying the length (L) of the stub from 8 to 14mm, rejection band is tuned. Fig.

5.5 shows the variation in the notch frequency from 3.59GHz to 6.25GHz when the stub

length (L) is changed in this range. The stub width is 0.5mm. The 14mm stub provides a

maximum VSWR of about 30. It comes down to 5 at 6.25GHz when the stub is shortened

to 8mm. In brief, 0.5mm−wide and similar narrow, long stubs are suitable to create strong
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(a)

(b)

Figure 5.4: (a) Computed radiation patterns of the notched antenna on xz-plane and

yz-plane at 3, 5, 7, 10 GHz (b) Antenna efficiency with and without notch.
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notches at lower frequencies. When the stub length is 15mm, it touches the transmission

line section. This is discussed later as a special case.

Figure 5.5: The effect of stub length variation on VSWR and notch band (stub width =

0.5mm).

5.3.2 Effects of Stub Width Variation

Fig. 5.6 shows the variation of the notch frequency from 3.55GHz to 4.07GHz, when the

width of the stub is changed from 0.1mm to 4mm. The stub length is maintained at

14mm. The increase in the width increases the notch frequency. It is important to note

that even at a higher frequency above 4GHz, peak VSWR value as high as 34 can be

obtained with thick stub. Such a high VSWR is not possible above 4GHz using narrow

(0.5mm) stubs considered in section 5.3.1; thick stubs are suitable for such applications.

Thus a judicious choice of length and width is essential to get a notch band with high

rejection. At 4mm width, the stub touches the side of T-shape slot. This is also discussed

later as a special case.
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Figure 5.6: VSWR corresponding to stub widths from 0.1mm to 3.9mm (stub length =

14mm). Peak VSWR variation is between 22 to 42.

5.3.3 Effects of Stub Position Variation

The notch frequency can also be fine tuned by changing the position of the stub, making

the antenna non-symmetrical. Let p be the offset between the centre line of the stub

and the centre line of the patch. Fig. 5.7 illustrates the effect of stub offset on VSWR.

For w=0.5mm, when p=1.75mm, the stub touches the patch. When p=2mm, the stub

overlaps with the patch. Results illustrate that when moving the stub closer to a slot edge,

the rejection band shifts towards higher frequencies and rejection also becomes weaker

with a decrease in the peak VSWR. In brief, symmetrical antennas with p=0 have the

best rejection.

5.3.4 Special Cases

When the stub is 15mm long, it touches the metal at the other end, completely separating

the slot into two parts. Fig. 5.8 shows that a 15mm long and 0.5mm wide stub provides
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Figure 5.7: VSWR corresponding to several stub positions (stub length = 14mm, stub

width = 0.5mm).

a rejection band from 6.46GHz to 7.15GHz at VSWR > 2 with a peak VSWR > 12

at 6.71GHz. For 15mm long and 0.1mm wide stub, rejection band is from 6.52GHz to

7.16GHz with a peak VSWR > 12 at 6.8GHz. Likewise, the maximum stub width is 4mm

when it touches sides of the T-shaped slot. A 12mm long and 4mm wide stub provides

a rejection band from 6.06GHz to 7.24GHz with a peak VSWR > 11 at 6.56GHz. These

three special cases are useful to create notches with VSWR > 10 at higher frequencies

(>6.5GHz), which is otherwise very difficult. For 14mm long and 4mm wide stub, rejection

band is from 4.09GHz to 6.47GHz with a peak VSWR > 29 at 4.68GHz. This special

case is practically not useful due to extremely wide notch.

Based on the parametric studies presented in this section, the following parameters

have been selected for prototyping using available fabrication facilities, with the intention

of demonstrating a peak VSWR > 20: L=12.75mm, w=0.5mm and p=0.
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Table 5.1: COMPARISON OF THE PROPOSED ANTENNA WITH SEVERAL EX-

ISTING DESIGNS.

# Dimensions Rejection Peak

(mm2) Band VSWR

[44] 32× 26.8 WLAN 5.8GHz 9

[45] 30× 35 WALN around 5.5GHz 14

[46] 28× 32 5.0 − 5.6GHz 14

[47] 28× 30 5.15 − 5.825GHz 9

[48] 32× 35 3.26 − 3.75 & 5.02 − 5.9GHz 19

[49] 30× 39.3 5.15 − 5.825GHz 10

[50] 20.4× 64 WLAN 5GHz 19.3

[51] 38× 40 3.57 − 6.71GHz 26

[56] 30× 29 5.2 − 5.95GHz 17

[58] 35× 30 WLAN 9

[59] 40× 31 At 5.15GHz 15

[60] 24× 36 5.09 − 5.84GHz 16

[88] 34× 27 3.23 − 5.93GHz 14

[89] 40× 31 4.13 & 5.244GHz 15

[90] 24× 35 4.5 − 6.5GHz –

[91] 30× 30 4.72 − 6.56GHz 8

[92] 25× 28 4.9 − 5.9GHz 9

[93] 34× 34 WLAN 5GHz 9

[94] 49× 53 5.05− 6.17GHz > 10

Proposed 28× 24 Tunable between up to 26

3.55 − 6.8GHz (measured)∗

∗For the fabricated antennas used in Fig. 5.9
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Figure 5.8: VSWR corresponding to two special cases of maximum possible stub length

and stub width.

5.4 Experimental Results

The antenna prototype, fabricated and tested to validate the design method, is shown in

the inset of Fig. 5.2. Fig. 5.9 compares its measured and predicted VSWR with good

agreement. The measured rejection peak has a VSWR > 25. Fig. 5.10 illustrates the

variation of the measured peak gain with frequency. Peak gain direction can change with

frequency. A 10 dB drop in peak gain is noted in the notch-band. Antenna efficiency

without notch is greater than 80 % for all frequencies up to 9.5GHz in the passband and it

drops to 10 % at 4.06GHz when a notch is introduced at this frequency. The antenna gain

varies from 2 dBi to 6 dBi. Fig. 5.11 shows that the proposed antenna with high notch-

band rejection also provides wide radiation patterns in pass bands between 3−10GHz.

Some discrepancies can be observed between measured and computed radiation patterns

due to connector cables and misalignments. Table 5.1 compares the new antenna against

the other reported antennas with notch-band characteristics. We note that only a few
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Figure 5.9: Measured and predicted VSWR of the fabricated antenna (notch band is

3.8GHz−4.148GHz).

reported antennas have peak VSWR values greater than 15 and they have lesser control

of the notch frequency. With the proposed method, VSWR values as high as 26 can be

obtained at the lower notch bands. For higher notch bands close to 6.8GHz, the special

cases provide VSWR as high as 12.

5.5 Stub Design and Band Rejection

In this section, stub parameters are changed to demonstrate practical value of the pre-

sented antenna concept when it is required to reject signals from 3.6GHz IEEE 802.11y,

4.9GHz IEEE 802.11y and 5GHz IEEE 802.11a/h/j/n systems. To estimate the stub

length for a given application, we first derived the following piece-wise analytical expres-

sions for the normalized stub length (LN), which are independent of substrate dielectric

constant, by curve fitting to full-wave simulation results:
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Figure 5.10: Measured and predicted gain for the fabricated antenna (notch frequency is

4.06GHz).

LN =



−1.593× 10−30f 3
o + 2.028× 10−20f 2

o

−8.522× 10−11fo + 4.268× 10−1; fo ≤ 4.6GHz

−1.909× 10−31f 3
o + 1.027× 10−20f 2

o

−9.574× 10−11fo + 6.201× 10−1; fo > 4.6GHz

(5.1)

where

LN is normalized stub length w.r.t. λg = λo

/√
εr

fo is the central notch frequency

The stub length (L) can be obtained for given substrate from

L = LNλg =
LN × c

fo ×
√
εr

(5.2)
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Figure 5.11: Measured overall radiation patterns at 3, 5, 7, 10 GHz in (a) H-Plane (i.e.

yz-plane) (b) E-Plane (i.e. xz-plane).

To reject interference caused by IEEE 802.11y (3.6575−3.69GHz) systems, the initial

stub dimensions were estimated to be LN =0.3084 and L=13.7mm using (5.1) and (5.2),

at the centre frequency of 3.67375GHz. The antenna is to be fabricated on a 28× 24mm2

RO4003TM substrate with dielectric constant of 3.38. Then stub dimensions (length and

width) were fine tuned using HFSS full-wave simulations to maximize the peak VSWR at

the centre frequency. Thus results in final stub dimensions of L=13.75mm and w=0.5mm.

Similarly, to mitigate interference caused by 4.9GHz IEEE 802.11y and 5GHz IEEE

802.11a/h/j/n, the initial stub lengths on the same substrate, from (5.1) and (5.2), were

LN =0.3727 and L=11.3mm. The parameters were further fine-tuned to L=11.3mm

and w=3.8mm. Fig. 5.12 illustrates the band rejections obtained from HFSS full-wave

simulations for these two cases.
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Figure 5.12: Band rejections after ne tuning the stub dimensions. Notch bands are

3.474−3.84GHz and 4.9−5.8GHz.

5.6 Conclusion

A compact UWB printed monopole antenna with high band rejection (up to VSWR >

25), tunable over a broad range of frequencies from 3.55GHz to 6.8GHz, is presented. The

piece-wise analytical expressions give sufficiently accurate first estimate of the required

stub length, avoiding excessive trail-and-error full-wave simulations. The new antenna

has additional advantages of smaller size and wide radiation patterns.
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Chapter 6

Antennas with Reflectors

In this chapter, a present use of frequency selective surfaces (FSSs) and high impedance

surfaces (HISs) with antennas to achieve desired radiation patterns. To achieve a uni-

directional radiation pattern, an ultra-wideband FSS is utilized as reflector with a UWB

antenna which has bi-directional radiation pattern. Similarly, to achieve omni-directional

and steerable patterns, printed microstrip HIS is used. In this chapter, we also present

control of the dispersion characteristic, mainly in the position of the band-gap, for printed

microstrip HIS that operate at lower frequencies.

6.1 Ultra Wideband Antenna with Wideband FSS

Reflector

In this section, a low profile coplanar waveguide (CPW) fed printed semicircular slot an-

tenna (PSSA) loaded with multilayer frequency selective surface (FSS) is presented. The

slot antenna is placed over a closely spaced FSS reflector, which helps in achieving a sta-

ble uni-directional pattern over a broad bandwidth. The FSS reflector consists up of two

layers; each layer contains a combination of slots and dipoles and yields a ultra-wide stop

113
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bandwidth (UWSB) of 133%. Theoretical and measured analysis of the FSS is presented

before proceeding toward the incorporation of FSS screen as a reflector underneath a slot

antenna. The dual-layer FSS provides an appropriate reflection phase to act as a reflec-

tor and is able to provide uni-directional patterns. Measurement shows a linear phase

response from 3.5GHz to 12GHz that is sufficient for an ultra wideband operation. The

composite antenna has a theoretical average gain of 8.5dBi and a very small maximum

gain variation of ±1.5dB over the 3.5 to 10GHz frequency range. Experimental results

for the final antenna design (with a size of 30 × 60 × .0787mm3), mounted on a back

plate (with a size of 330 × 480 × 1.6mm3), exhibit a 115% impedance bandwidth, the

peak gain reach up to a maximum of 9.8dBi, low cross-polarization, and a front-to-back

ratio with FSS reflector (no electric conductor backing) reached up to 27dB at 6.5GHz

and better that 15dB over the whole impedance bandwidth. The results are improved in

terms of radiation pattern i.e. uni-directional with stable beam over a wide bandwidth as

compared to our earlier reported slot structure [95]. Its compact configuration provides

flexibility for mounting the reflector close to the slot antenna and makes it more suitable

for modern communication systems.

6.1.1 Unidirectional Slot Radiators

A printed slot antenna with cavity-back for wireless local area network (WLAN) access

points (base stations) was presented in [96]. The antenna is wideband with frequency-

stable unidirectional radiation pattern, low cross polarization, and high front-to-back ratio

and which allows very close packing to form a compact array with low mutual coupling.

Measured front-to-back ratio (f/b) ranges between 11 and 20dB within the operating

bandwidth from 2.5 up to 5.5GHz with gain increases with frequency from 5.5 to 8dBi. The

dimensions are 57×57×27mm3 (0.48λ×0.48λ×0.18λ) at the lower operating frequency of

2.5GHz. A circular polarized cavity-backed antenna excited by crossed triangular bowtie
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(a)

(b)

Figure 6.1: (a) SSA over the dual-layer FSS reflector. The unit cell geometry is shown in

the inset. First layer of FSS unit cell: x=y=15, b=12, g=0.9, t=1.6; Second layer of FSS

unit cell that has dual band behavior and has all dimensions same as in layer 1 except

d=1.0 mm; Gray areas have metal coating. (b) CPW fed semicircular slot antenna [13].
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dipoles was presented in [97]. Antenna achieved an impedance bandwidth of over 57.6%

with broadside gain of 8 to 10.7dBi; this large gain is because of increasing aperture of

tapered cavity (1.028λ) while the overall height if the cavity is 0.257λ. A CPW-fed log-

periodic slot antenna with unidirectional back cavity has been proposed and investigated

in [98]. The use of multiple cavities makes this structure more complicated but compact,

the cavity resonating at lowest frequency is placed at λ/8 however the log periodic nature

of the feed make this antenna less favorable for several pulse applications. Most of these

cavities structures are made of hard metal and produce added mechanical fabrication

and mounting needs with added bulk to the structure. AMC/EBG or FSS provide a low

mounting of slot radiators close to the metallic structure and inherent phase property

and easy fabrication over substrate make them more favorable candidates. The reflection

phase of the AMC reflectorat the centre frequency it should ideally be 0◦ and minimum

variation as function of frequency will ensure optimum bandwidth of the antenna. Back

in 1999, Shumpert et al. [99] published results of a conductor-backed folded slot (fed

with a coaxial transmission line) with an EBG structure. The gain of the antenna was

found to be approximately 3.7 ± 0.2dB, yielding an estimated efficiency of between 80%

90%. Elek et al. [100] present a slot antenna with use of modified mushroom EBG with

a front-to-back ratio of 21 ± 3dB at broadside. The gain improvement at broadside in

both the E and H planes was experimentally measured to be between 2.5 and 2.9dB over

the frequency range spanning from 3.8 to 4.0GHz, indicating radiation efficiency between

89% and 98%. Park et al. [101] presented a compact cavity-backed (with open sides) slot

antenna (offset-fed with a microstrip line) with an etched or so-called “uni-planar compact

photonic band-gap” (UC-PBG) reflector. The gain of this antenna and the reference

antenna are 3.47dB and 2.47dB, respectively, which is 1dB improvement over reference

antenna. The front-to-back ratio is 8.83dB for the E-plane and 12.67dB for the H-plane.

The cross-polarization level is lower than 11dB for the E-plane and 12.5dB for the H-
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plane. In another reported design, FSS has been used as a backing reflector for extending

the frequency range of usability [102]. FSSs have been sandwiched between the antenna

and the ground plane, providing an additional reflecting plane for the most critical higher

frequency band. In most of these designs, the operation of the FSS has been limited to a

narrow frequency band [103], although dual- and wide-band operation has been considered

in a recent publication [104], exploiting the potential offered by the association of two

different elements over a single unit cell, namely a square loop and a crossed dipole. The

demonstrated structures show a bandwidth of 52%. We recently come with an idea of a

stacked two-layer FSS that can be used as a reflector for a UWB antenna placed above

the FSS. The antenna composite has a theoretical impedance bandwidth of 132%, and

the FSS provides reflection-phase coherence (at the antenna plane) over an ultra-wide

bandwidth, however the results only limited to theoretical validations of a small 6 × 6

array of unit cells embedded with a asymmetrical feed line [105] and conductor backing.

In this work, we extend our study with experimental verification of theoretical results

obtained from FSS used in [13] and further demonstrate experimentally with effectiveness

of reflector a compact CPW fed symmetrical feed slot antenna backed by metal ground

plane.

6.1.2 Antenna Design with Dual Layer Reflector

We choose one of our previous designs [13] of a compact CPW-fed SSA with a simple

CPW-to-CPW transition as the reference antenna. A detailed investigation on improving

gain of SSA while maintaining impedance bandwidth is carried out in our current research.

In this antenna, better matching to the resonant modes of the semicircular slot is

obtained by integrating step and taper transitions to the CPW feed line. The impedance

bandwidth of the designed antenna, defined by the 10dB return loss, extends from 3.0GHz

to 11.6GHz (i.e. a percentage bandwidth of 118%). Fig. 1 shows the design of CPW-fed
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(a)

(b)

Figure 6.2: (a) Comparison of transmission through Layer 1, Layer 2 and combined dual-

layer FSS (Layer 1 and 2) (b) Predicted reflection phase and transmission coefficient of

the dual-layer FSS.
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(a)

(b)

Figure 6.3: (a) Schematic of the setup for reflection phase measurement (b) Stacked layer

of FSS prototypes and measurement setup for reflection phase.
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Figure 6.4: Predicted and measured reflection phase of the dual-layer FSS screen.

SSA and the geometry of FSS reflector unit cell. The FSS unit cells play a critical role

in the design of the reflector. The first layer of the FSS combines cross dipole and square

loop elements and the second layer consist of similar unit cell with an additional slot in

the square loop. Simultaneous optimization of both layers yielded a stop band from 3.5

to 11.5GHz. Moreover, the reflection phase is almost linear across the whole band. A

complete parametric study of this FSS is available in [13]. Fig. 2 shows the transmission

coefficients of individual and combined layers, and the reflection phase of the dual-layer

FSS reflector.

6.1.3 Measured Results of Frequency Selective Surface

A FSS prototype consisting of 32×22 unit cells has been fabricated on 1.6mm thick FR-4

dielectric substrate with εr = 4.4. To find magnitude and the reflection phase of the FSS,

two dual-ridge H-1498 horns from BAE Systems were used in the measurement setup as
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Figure 6.5: Predicted and measured transmission coefficient magnitude (|S21|) of the

dual-layer FSS Screen.

shown in Fig. 3. They have an operating bandwidth from 2GHz to 18GHz. The entire

setup was measured in an anechoic chamber. To minimize reflections from the support

structure a wooden frame was used and additional grooves for mounting provided good

support for the dual-layer structure. To analyse the reflection coefficient at a distance of

9.5mm in front of the FSS, the electrical delay for the FSS measurement was set to -19mm

(i.e. 2 × 9.5mm). Phase has been unwrapped from the measured data for comparison

with the simulation. The FSS screen is 300mm away from the horn antennas. To ensure

the exact spacing between the two layers, Nylon spacers of fixed thickness were specially

manufactured. A comparison of predicted and measured reflection phase is shown in Fig.

4.

Transmission magnitude measurements were carried out with a setup similar to that
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Figure 6.6: Theoretical gain trends at various frequencies with respect to the height of

antenna over FSS reflector.

used for reflection phase measurements, apart for the location of horns. The measured

and predicted transmission coefficients are compared in Fig. 5. The measured -10dB

transmission bandwidth of 122% (3.85GHz to 11.23GHz) agrees well with the predicted

bandwidth of 133% (3.5GHz to 11.45GHz). The performance of a UWB slot antenna

integrated to a 6× 6 version of the same FSS has been presented in [105].

6.1.4 Placement of Antenna over FSS and Measured Results

with Discussion

The predicted results were obtained using waveguide simulation technique in CST Mi-

crowave Studio. The layer-1 reflects higher frequencies while layer-2 resonates at lower

frequencies in addition to a stop band produced by layer-1. The combined effects of layer-
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Figure 6.7: Measured input reflection coefficient of the SSA with and without the reflector

and perfect electric conductor at 2mm spacing.

1 and layer-2 yields an ultra-wide stop band and also fulfill the linear phase requirement

explained in [95]. Once the transmission magnitude and reflection phase of the FSS were

optimized, an array of unit cells combined together with the SSA was considered. The

placement of the antenna over the reflector is critical. Fig. 6 shows the optimization of

the height of the antenna over the reflector screen. The gap between the reflector and

the antenna has been varied from 0mm to 16mm. Following the parametric study, the

optimum height of 10mm has been chosen, which yields a comfortable response in the

entire FCC UWB bandwidth and even beyond. With the use of a dual-layer FSS reflector

the gain increases over the entire frequency band. The performance enhancement due to

the FSS-based reflector is evaluated with the UWB semicircular slot antenna shown in

Fig. 1. The predicted input reflection coefficient and gain are shown in Fig. 7 and Fig.
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Figure 6.8: Measured input reflection coefficient of the SSA with and without the reflector.

8, respectively. The reflector does not affect the antenna return loss significantly. More

importantly, the antenna with the reflector maintains a good impedance match (return

loss > 9 dB) over the entire FCC UWB band from 3.1 to 10.6GHz. The gain enhancement

due to the reflector is observed across the entire band. The minimum gain enhancement

is about 2.5dB, at the lower end of the UWB band, and the maximum gain enhancement

is about 4dB at 4.2GHz.
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(a) (b)

Figure 6.9: Theoretical 2D radiation patterns of the SSA and the SSA with the reflector.

(a) SSA radiation pattern (without the reflector) at 3GHz; (b) SSA pattern with the FSS

reflector at 3GHz.

The maximum gain is 9.5dBi at 4.2GHz. The gain variation is ±1.5dB from 3GHz to

10GHz. Antenna radiation patterns with and without the reflector screen are plotted in

Fig. 9. The predicted 2D radiation pattern shown in Fig. 9(a) corresponds to the CPW-

fed SSA without FSS reflector at 3GHz. The antenna has typical radiation patterns of

a slot antenna with bidirectional radiation and beams are towards the ±900 directions.

With the addition of the reflector the patterns become uni-directional as illustrated in

Fig. 9(b). At lower frequencies the beam is strongly directional but with the increase of

frequency the beam starts splitting. This beam splitting is not due to the reflector but

an inherent property of this slot antenna at higher frequencies. One can use an antenna

with a more stable radiation, with this reflector, to get a more directive beam at higher
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frequencies.

Figure 6.10: Theoretical and measured gain of the SSA with and without the reflector.

Fig. 10 presents the gain, directivity and efficiency of SSA with and without reflector

under various conditions. The effect of introducing a PEC with FSS is also analyzed.

Measured radiation patterns of SSA antenna with reflector at different frequencies

(i.e. at 3, 4, 5, 6, 7 and 10GHz) are shown in Fig. 11. It is noted that the antenna with

reflector provides a stable directional pattern over a broad bandwidth.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.11: Measured radiation patterns of SSA with reflector at (a) 3GHz (b) 4GHz (c)

5GHz (d) 6GHz (e) 7GHz (d) 10GHz.
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6.2 Antennas with High Impedance Surfaces

In this section, we present a novel type of printed microstrip High Impedance Surface (HIS)

focusing on control of the dispersion characteristic, mainly in the position of the band-gap.

Later, in this chapter we will use it to achieve desired radiation pattern. The HIS consists

of a periodic arrangement of macro unit cells, which in turn are formed by sequential

arrangement of similar elementary unit cells, each of them exhibiting analytically known

dispersion diagram. The band-gap of the macro unit cell is positioned at lower frequencies

that of the different unit cells that have their own band-gap at higher frequency range.

Analyses of different sequences are presented, and it is demonstrated that the order of

the arrangement allows controlling of the position of the band-gap while for different

combinations of same order band-gap shift is negligible. The macro unit cell, a quasi-

periodic arrangement of similar unit cells, consisting of three width modulated microstrip

lines will be considered. The structure is completely printable on the substrates and no

vias are required. The geometry of the unit cell with a width modulated microstrip line

structure has been introduced in [106], and the idea of quasi periodic arrangement has

been discussed in [107]. First we present the shifting the band gap of single unit cells (i.e.

combination of different width modulated microstrip lines) to lower frequency range.

6.2.1 Width Modulated Line Based HIS

The geometry of unit cells [106] used in this paper is shown in Fig. 1. The variation of the

line-width along the unit cell guarantees a sinusoidal variation of the effective dielectric

constant around the average value εavg according to (6.1):

εeff (u) = εavg

[
1 +Mu sin

(
2π

u

Du

)]
(6.1)

here Du indicates the length of the unit cell along the longitudinal direction u, and
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(a) (b)

Figure 6.12: Geometry of unit cell with single width modulated microstrip line (a) side

view (b) top view.

Mu is the modulation constant (∈ (0, 1)).

In order to avoid discontinuities at the cell-to-cell transitions, the minimum width in

each unit cell has been maintained constant, and only the maximum widths have been

varied. The DD for transverse electric (TE) polarisation can be analytically computed by

the method described in [106,107]. The limits of the band-gaps depend on the modulation

parameter Mu of the microstrip line. In the first band-gap, below the light-line (LL), the

incident field will be completely reflected making the structure suitable for reflectarray

type of applications. As frequency goes higher and the dispersion curves cross the light

line, fields are no more bounded and radiation of surface wave occurs.

6.2.2 Band-Gap Shifting using Combination of Different Width

Modulated Microstrip Lines Mu with-in the Unit Cell

Unit cell is considered using Rogers RO3210 substrate having dielectric constant of 10.2

and height of 1.58mm. Size of unit cell with single width modulated transmission line,

shown in Fig. 1 is 4.5mm × 4mm. where Du is along x-axis and Dv is along y-axis.
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(a)

(b)

Figure 6.13: Geometry of unit cell with three different width modulated microstrip lines

(a) side view (b) top view.
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Figure 6.14: Band-gap comparison of unit cell with single width modulated microstrip line

and band-gap of geometry of macro unit cell shown in Fig. 6.13(b) with three different

width modulated microstrip lines.

Geometry of the proposed unit cell with three width modulated microstrip lines is shown

in Fig. 2 and it has dimension as 13.5mm× 4mm.

The DD for unit cells with single width modulated microstrip line having modulation

parameter Mu equal to 0.186, 0.12 and 0.08 respectively are shown in Fig. 3. It illustrates

that the band-gaps are in the range of 8-14GHz. Fig. 3 also report the band-gap of

the proposed macro unit cell that has a combination of three different width modulated

microstrip lines. It is clearly observed from the figure that the band-gap of the proposed

unit cell is at lower frequency range of 3GHz to 4GHz.

Further investigations were carried out to check the effect of rearranging the width

modulated lines in the proposed design framework, where Mu=0.08 will be called as 8,

Mu=0.12 as 12 andMu=0.186 as max. Three combinations of these unit cells are proposed

as follows: 8-12-max, 8-max-12 and max-8-12 and shown in Fig. 4. The corresponding
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Figure 6.15: Combinations of proposed unit cell with three different width modulated

microstrip lines (a) 8-12-max, (b) 8-max-12, (c) max-8-12.

results are presented in Table 1 and presented in Fig. 5.

As expected, the 8-12-max and max-8-12 sequences present identical responses, which

is slightly different with respect to the response of the 8-max-12 sequence. This allows

to (i) rearrange the sequence based on other requirements, and also to (ii) realize a fine

tuning of the band-limits. From the results in the last two rows in the table, it can also

be noticed, that as expected, the reduction in frequency of the position of the band-gap

is mainly determined by the number of the unit cells within the macro cell, but it also
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Figure 6.16: Comparison of dispersion diagram of macro unit cells with three different

sequences of the same width modulated microstrip lines.

depends on the characteristics of the single unit cells.

6.2.3 Periodic HIS Based Antenna

Sequences of periodic modulated line HIS is placed in a cylindrical shape and is fed using

a dipole from inside the cylinder. An omni-directional pattern is observed in the plane

that is perpendicular to the height of the cylinder, when modulated lines with higher

width are used. Fig. 6.17 shows the width modulated line cells with equal width in a

cylindrical shape. Return loss and the radiation pattern from the top view to highlight

its omni-directional pattern are shown in Fig. 6.18 and Fig. 6.19 respectively.
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Figure 6.17: Periodic HIS based cylindrical antenna.

Figure 6.18: Predicted |S11| corresponding to periodic HIS with equal width.
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Figure 6.19: Radiation pattern of periodic HIS based cylindrical antenna at 13.8GHz.

6.2.4 Quasi-Periodic HIS based cylindrical antenna.

Similarly, when modulated lines with different modulation widths are used in cylindrical

shape (as shown in Fig. 6.20) and are fed using a dipole. It is observed that modulated

lines with higher modulation width acts as pass-band while modulated lines with small

modulation width behaves as stop-band.are used. By appropriate selection of widths for

the modulation lines, the radiation pattern can be controlled as the beam can be steered

as well. Fig. 6.21 and Fig. 6.22 shows the corresponding return loss and the radiation

pattern, respectively. Here, we present selected preliminary results for both periodic and

quasi-periodic cylindrical configuration. Investigation on impedance has been carried out

for the considered unit cells as well.
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Figure 6.20: Quasi-periodic HIS based cylindrical antenna.

Figure 6.21: Predicted |S11| corresponding to quasi-periodic HIS with different widths.
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Figure 6.22: Radiation pattern of quasi-periodic HIS based cylindrical antenna at

13.8GHz.

6.3 Conclusion

The use of wideband FSS to obtain uni-directional radiations is presented. By use of

in-phase reflection over a wideband, the backward radiation are reduced and a stable radi-

ation pattern with higher gain is obtained. Investigation focusing on control of dispersion

characteristics mainly in the band-gap region are presented for novel printed microstrip

HIS. By placing these HIS in a cylindrical shape and feeding it using a dipole from in-

side, omni-directional or controled radiations can be obtained depending upon selected

modulated width for the HIS.
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Chapter 7

Reconfigurable Antennas

With the increasing demand of communication at higher data rates, the compactness

of devices is also desired. Most of the communication devices support multi-frequency

operation. In common practice, separate antennas are used for different frequency bands.

That consumes a lot of space and restricts the compactness of device. Single antenna

supporting multiple frequency bands can significantly contribute towards size reduction in

wireless communication systems. Reconfigurable and switchable antennas can offer multi-

frequency operation through electronic tunability by means of switches. These antenna

can be precisely tuned to desired frequency by changing the switch configuration. Several

techniques have been reported to make the antennas reconfigurable by using electrical or

electromechanical switches. Considerable development has been reported by incorporating

switches like PIN diodes, RF microelectromechanical systems (MEMS) , varactors, field-

effect transistors (FETs) and optical switches. RF MEMS have the advantages of low loss

and high linearity but need complex fabrication process. On the other hand antennas with

simple choices of switches are more cost effective. PIN diodes offer the advantage of very

low driving voltage, reasonable linearity, comparatively high power-handling capability,

and are relatively low cost. In this chapter, we will focus on reconfigurable antennas to

139



140 Chapter 7. Reconfigurable Antennas

Figure 7.1: Geometry of the proposed antenna and location of switches.

provide narrow band operation for the 2.45GHz ISM and 5GHz WLAN band. We will also

present a reconfigurable antenna, providing narrow band operation in one mode for long-

range communications and in another mode providing UWB operation for short-range

communications.

7.1 Narrow Band Reconfigurable Antennas

In this section, a narrow band reconfigurable antenna is presented for WBAN applications

in healthcare, public safety and defense [14]. In earlier chapters we have discussed narrow

band antennas with full ground planes and electromagnetically coupled feeds, designed

for body area network devices operating in the ISM band at 2.45GHz, have been reported

previously [17, 18]. An electromagnetically coupled feed was used to partially fill a null

that was otherwise present towards the direction opposite to the feed. In [18] stub loading

has been used to achieve better impedance matching. A dual-band antenna with a full

ground plane and an electromagnetically coupled feed, operating in both the ISM band at

2.45GHz and 4.9GHz public safety Wireless Local Area Networks (WLAN) band (4.940

− 4.990 GHz) has also been reported [19]. A printed antenna described in [20] is suitable

for a flexible substrate. With full ground plane and electromagnetically feed, it is suitable

for arm-band wearable applications in the 2.45GHz ISM band. These antennas exhibit

wide radiation patterns along the body surface to provide wider coverage. The narrow
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Table 7.1: ELECTRICAL PROPERTIES OF THREE-LAYER HUMAN TISSUES

MODEL AT 2.45GHz.

Tissues εr σ (S/m) tan δ

Skin 38 1.464 0.2826

Fat 5.28 0.1045 0.1452

Muscle 52.73 1.7388 0.2419

gap required in these antennas to achieve electromagnetically coupled feed is difficult to

fabricate. The proposed antenna design does not require such a small gap and is easy to

fabricate. It also exhibits a wide radiation pattern along the body surface to provide wide

coverage. By introducing switching in the design the operating band can be selected as

2.45GHz or 5GHz. Here we will describe the antenna design along with the results and

analysis.

7.1.1 Antenna Design

Fig. 7.1 shows the geometry of the proposed antenna with dimensions. It is to be

fabricated on a 14mm x 104mm Arlon Iso clad 933 substrate with a dielectric constant

of 2.33 and a thickness of 1.6mm. Its full ground plane is considered to reduce radiation

towards the body, which can possibly harm the human tissues. Radiating element consists

of rectangular strips fed using a 50 ohm microstrip transmission line. Four switches,

shown in Fig. 7.1, are used to shift the operating frequency between 2.45GHz or 5GHz

depending upon the ON/OFF state of the switches. The dielectric constants, conductivity

and loss tangent of different body tissues have been considered when modeling the antenna

operation near a human body [15].



142 Chapter 7. Reconfigurable Antennas

Table 7.2: ELECTRICAL PROPERTIES OF THREE-LAYER HUMAN TISSUE

MODEL AT 5.2GHz.

Tissues εr σ (S/m) tan δ

Skin 35.61 3.2185 0.3124

Fat 5.01 0.2547 0.1757

Muscle 49.28 4.2669 0.2993

7.1.2 Results and Analysis

Simulations of the proposed antenna have been carried out using CST Microwave Studio.

After designing the antenna in free space, its performance was investigated in near-body

environment. The average thicknesses of skin, muscle and fat tissues were considered

while modeling a sample phantom for near-body simulation [6, 15, 17–19, 85]. The tissue

layers are shown in Fig. 7.2. The properties of the three tissues at 2.45GHz and 5.2GHz

are given in Table 7.1 and Table 7.2, respectively. The properties of the tissues normally

change with frequency and thickness of the tissues [85].

Figure 7.2: Simplified body model with three tissue layers.
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Figure 7.3: Predicted |S11| in free space (i.e. without body) when all switches are ON

and when all switches are OFF.

Figure 7.4: Predicted |S11| corresponding to switches configuration when antenna is placed

near 2.45GHz human body model.
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Figure 7.5: Predicted |S11| corresponding to switches configuration when antenna is placed

near 5.2GHz human body model.

A. Return Loss

Fig. 7.3 shows the predicted |S11|of the proposed antenna in free space. When all

switches are in ON state, the antenna operates in the ISM band at 2.45GHz, which is

suitable for body centric wireless communication and provides a bandwidth of 44MHz

(2.444 − 2.488 GHz). When all switches are in OFF state it provides a bandwidth

of 235MHz (5.144 − 5.379 GHz) that is suitable for devices operating in 5GHz IEEE

802.11 WLAN band (5.15 − 5.35 GHz, 5.25 − 5.35 GHz). To investigate its perfor-

mance for WBAN applications, the same antenna has been simulated in close prox-

imity to the human body (i.e. at distance of 5mm) and the corresponding return loss

is shown in Fig. 7.4 and Fig. 7.5, respectively, for 2.45GHz and 5.2GHz body models.

Results show that there is negligible variation in resonance frequency and bandwidth

as compared to free space when antenna is placed in close proximity to human body.

A variation of about 8MHz is noted in resonance frequency when the antenna is placed

near the human body models.
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Figure 7.6: Predicted radiation pattern at 2.476GHz when all switches are in ON state.

Figure 7.7: Predicted radiation pattern at 5.272GHz when all switches are in OFF state.
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B. Radiation Characteristics

Fig. 7.6 and Fig. 7.7 presents the simulated 3D radiation patterns of the proposed an-

tenna at 2.476GHz and 5.272GHz for near-body scenarios, with 2.45GHz and 5.2GHz

body models, respectively. They show that near the body the antenna beam becomes

wider especially in the plane of the body (x-y plane) and the null along the negative

x-axis is partially filled to provide a better coverage.

A switchable printed antenna with a wide-beam radiation pattern, to provide a wide

coverage along the body surface, has been proposed. The operating bands can be switched

between 2.45GHz and 5GHz by turning the switches ON or OFF. Antenna performance

characteristics near the human body models has been investigated. When the antenna is

placed near a human body (5mm away from the body), the resulting shift in its resonance

frequencies is negligible (less than 10MHz). This antenna also has a narrow width that

makes it a suitable candidate for wearable devices.

7.2 Narrow Band andWide Band Reconfigurable An-

tennas

In this section, a simple printed coplanar strip-fed frequency reconfigurable antenna is

presented for wireless medical body area applications. It has several key advantages over

the other recently designed reconfigurable antenna, for example; it has a 10.6GHz ultra-

wide bandwidth in one state and another state of operation covers narrow ISM band. In

addition its complete printed single layer geometry allows simplification of bias networks

and eliminations of any vias to the ground. The connecting pads helps to provide ease

of integration. Moreover, this multifunctional operation with the compact configuration

ultimately saves a must needed comprehensive amount of space for wearable electronic
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Figure 7.8: Antenna configuration. X=40, Y=50, R=12, L=10, L1=15, L2=23. S=0.5,

g=0.2, each pad is 2× 2mm2. (All dimensions are in mm)

devices. The Narrowband mode shows a 1.5GHz to 2.98GHz -10dB impedance bandwidth,

while the Ultra-wideband mode yields a 121% impedance bandwidth.

(a) (b)

Figure 7.10: (a) Equivalent circuit models of diodes in OFF and ON state (b) Configura-

tion of diodes and bias circuit.
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Figure 7.9: Input reflection coefficients under various operation states ((dashed line) both

diodes OFF, (dot-dashed line) diode connected to L-arm is ON and the other diode is

OFF, and (solid line) diode connected to circular patch is ON and the other diode is OFF.

7.2.1 Antenna Configuration and Bias Network

Fig. 7.8 shows the antenna configuration, which consists of a circular metal patch pattern

etched on the top surface of a standard 1.6mm FR4 substrate. An L-shaped arm operating

as a monopole is also printed on the same substrate along with a ground plane. The overall

dimensions of the antenna is 40 × 50mm2. The simulations of the proposed antenna are

carried out using CST Microwave Studio.

The two radiating elements (circular patch and L-arm) are connected to strip feed

through MACOM (MA4FCP300) PIN diodes. Following the PIN diode datasheet [108],

each diode is modeled as a 4 resistor for the ON state and a parallel circuit consisting

of a 0.04pF capacitor and a 20K resistor for the OFF state in CST Microwave Studio

simulations. The diodes shown in Fig. 7.8 are mounted in opposite polarities, which

enables the use of only one DC biasing voltage to control both diodes. Voltage is applied

to the diodes and through the metallization of the strip feed. This DC biasing voltage

and the RF signal are simultaneously fed through the coaxial probe by using a bias tee.
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Figure 7.11: Predicted E-plane radiation patterns at 2.45GHz for Narrowband Mode

(dotted line) and at 3GHz for ultra-wideband (solid line).

Two inductors (68nH) are used to create a DC closed circuit for diodes while blocking

the RF signal.

Due to the orientation of the PIN diodes, when the bias voltage is negative, the diode

connected to the L-arm is switched ON and the diode connected to circular patch is

switched OFF, and vice versa for opposite polarity. In order to mitigate the effects of the

bias line and simplify the antenna design, two small pads are created as the DC grounds

next to the radiating elements. Initial performance of antenna is evaluated without the

effect of any parasitic of lumped components and bias networks.

Fig. 7.9 shows the predicted performance for three operation states. In State I when

both diodes are OFF the antenna is not matched in the frequency range from 1 to 15GHz.

In State II, the diode connected to L-shaped arm is ON and the other diode is OFF. In this

mode, the antenna has a narrow bandwidth and operates in the 2.45GHz ISM band. State

III represents the ultra-wideband mode of the antenna. In this state, diode connected

to circular patch is ON and the other diode is OFF. The final antenna was optimized

using a more accurate spice model. Fig. 7.10(a) shows the equivalent circuit models of
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Figure 7.12: A comparison of electric-field distributions (a) Narrowband mode at 2.45GHz

(b) UWB mode at 3GHz (c) UWB mode at 6GHz.

diodes in ON and OFF state while Fig. 7.10(b) shows the complete configuration of bias

arrangements.

Fig. 7.11 shows the initial predicted radiation patterns at 2.45GHz and 3GHz, which

correspond to the resonance frequency of the Narrowband mode and lower cut-off fre-

quency of the UWB mode. In the Narrowband mode, beam is tilted at -300 due to the

asymmetrical nature of the antenna geometry. However in case of the UWB mode, beam

at 3GHz is tilted toward +300 because of the dominant nature of the ground which makes

effective contribution in radiated fields. Initial predicted results in Fig. 7.9 and Fig. 7.11

show some variation compare to the actual results that will be shown later in the next

section because of the ideal component used in simulation with no biasing network.

To gain more insights in the operation mechanism, field distributions in the two modes
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(a) (b)

Figure 7.13: (a) Antenna prototype (b) Bias tee outside the anechoic chamber for sup-

plying RF and DC bias.

are plotted in Fig. 7.12. Fig. 7.12(a) represents the Narrowband mode in which the

L-arm resonates at 2.45GHz and some of the energy is coupled to the circular patch.

However, when only the diode connected to circular patch is turned ON, most of the

energy is coupled through to the circular patch and a much wider impedance is achieved.

Figs. 7.11(b) and 7.11(c) show the field distributions of the UWB mode at 3 and 6GHz,

respectively.

7.2.2 Results And Discussion

Fig. 7.13(a) shows a prototype of the antenna, tested in a NSI-2000 Near-Field Range

with a bias tee and an RF feed through the mini circuit shown in Fig. 7.13(b). The PIN

diodes are attached to the antenna using electrically conductive silver epoxy.

Figs. 7.14(a) and (b) show the predicted and measured input reflection coefficients

versus frequency for the Narrowband and UWB modes of the antenna, respectively. The

predicted results have taken the lumped elements and the entire biasing network into

account. The predicted 10dB return loss bandwidth for Narrowband mode is as shown in
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Fig. 7.14(a) is from 1.56GHz to 2.56GHz, while the measured bandwidth is from 1.5GHz

to 2.98GHz. It can be noted that there is another resonant around 7GHz. In practice, this

will be filtered out to avoid the out-of-band radiation. In the UWB mode, the predicted

response shows a 119% impedance bandwidth (2.79−11.1GHz) while the measured results

show a bandwidth of 121% from 3.0GHz to 12.2GHz. Most of the discrepancies can be

attributed to the inaccuracies in the fabrication process and the uncertainties in the

discrete component parameters given in the manufacturers datasheet.

Far-field radiation patterns of the proposed antenna were measured for both Narrow-

band and UWB modes using a spherical near-field (SNF) antenna measurement system

NSI-700S-50 at Australian Antenna Measurement Facility (AusAMF). A NSI-RF-WR340

open-ended rectangular waveguide probe was used as the transmitting antenna for Nar-

rowband mode; NSI-RF-WR229, 159 and 112 probes were used for the UWB mode. As

seen from Fig. 7.15, the measured main beam for Narrowband mode is pointing at -300

at around 2.45GHz. Radiation patterns shown in Fig. 7.16 were measured over a broad

range of frequencies from 3 to 10 GHz for the UWB mode. It can be seen that a broad

beam coverage is realized, however, as frequency goes higher more null predominately

appears in the patterns because of typical natures of dipole antennas.

The predicted and measured realized gains are compared in Fig. 7.17 for the Narrow-

band and UWB modes of the antenna. The measured realized gain for the Narrowband

mode varies between 2 to 2.8dBi between 2.4 and 2.6GHz. In the UWB mode, gain varies

between 3.5 and 5.5dBi. It is noticed that the gain variation is 1dB from 3 to 12GHz band.

This may be an important feature for some UWB applications. Some slight variations

in the measured gains is observed compare to the simulated ones. This can be mainly

attributed to the inaccuracy of the modelling of the loss of the PIN diodes due to a lack

of available data for the PIN diode operating above 5 GHz and uncertainties in the losses

of other discrete elements.
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(a)

(b)

Figure 7.14: Predicted and measured input reflection coefficients for two modes (a) Nar-

rowband mode and (b) Ultra-wideband mode.
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Figure 7.15: Measured radiation patterns in Narrowband mode (a) H-Plane (b) E-Plane.

Figure 7.16: Measured radiation patterns in UWB mode (a) H-Plane (b) E-Plane.
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Figure 7.17: Predicted and measured gain in Narrowband and UWB modes.

A co-planar-strip-fed printed antenna for frequency reconfigurable application was

presented. It has several key features including; a wide 120% bandwidth for short range on

body applications or 2.45GHz ISM band operation for trans-receiver communication over

longer ranges of wearable devices across WiFi range. The design shows good agreement

between theoretical and measured performance.

7.3 Conclusion

Reconfigurable antenna with narrow band operations focusing on ISM band at 2.45GHz

and WLAN band at 5GHz is presented. The design has narrow width which makes it

feasible for integration in wearable applications. Detailed discussion about such narrow

band antennas has been carried out in chapter 3. Another design that operates in ISM

band at 2.45GHz in one mode and in another mode it provides UWB operation has been
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presented. This antenna has simple design with single side printed geometry and provides

low-cost solution.



Chapter 8

Carbon NanoTubes Yarns

Carbon Nanotube (CNT) yarns are novel CNT-based materials that extend the advan-

tages of CNT from the nano-scale to macro-scale applications. In this chapter, we model

CNT yarns as potential data transmission lines. Test structures have been designed to

measure electrical properties of CNT yarns, which are attached to these test structures

using gold paste. DC testing and microwave S-parameter measurements have been con-

ducted for characterization. The observed frequency independent resistive behavior of

the CNT yarn is a very promising indicator that this material, with its added values of

mechanical resilience and thermal conductivity, could be invaluable for a range of applica-

tions such as Body Area Networks (BAN). A model is developed for a CNT yarn, which

fits the measured data collected and agrees in general with similar data for non-yarn

CNTs. Electrical characterization of CNT yarns is available for DC, whereas it was not

investigated at RF/microwave frequencies particularly for the range of 0.5−20GHz. This

work is a highly significant contribution to fill this gap and reports the RF/microwave

electrical characterization of CNT yarns from 50MHz to 20GHz with the goal of incorpo-

rating them in several roles in UWB WBAN. In this chapter, an overview on CNT yarn

fabrication and their fixturing on developed test structures is also provided. Measurement

157
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procedure, circuit modeling and results are presented.

8.1 Introduction

Carbon Nanotubes (CNTs) have emerged as potential candidates for replacement of con-

ventional metals due to their significant mechanical, electrical and thermal properties

and non-oxidizing abilities [9–11,109]. CNTs have been of interest in nanoelectronics and

nanoantenna applications [110–114] since the density of CNT composites is about one fifth

of that of copper and around half of that of aluminium. Also their thermal conductivity

is about ten times that of copper. Electrical conductivity of CNT composites depends on

the properties and loading of CNTs, the aspect ratio of the CNTs and the characteristics

of the conductive network.

CNTs hold great promises in a number of related medical applications because of

their remarkable physical properties. CNT has been used, for example, as the basic

underlying material for an artificial muscle [115] due to their incredible strength-to-weight

ratio. Electrically, as they are more conductive than copper in nano scales [116, 117],

their potential use in in-body integrated-circuit-based ultra-wideband (UWB) wireless

body area networks (WBAN) would go beyond the artificial muscle to RF/microwave

dielectrics, conductors and sensors [118], suitable for EMI/EMC applications [119] to

transistors [120].

Underlying any attempt to integrate CNT into such applications is establishing its

properties in suitable fabrication technologies using compound semiconductor or CMOS.

Recently, the investigation of the RF/microwave material properties of CNT bundles

(on the order of tens of microns long) in single- and multi-walled configurations have

been the subject of many studies with somewhat conflicting results [121]. While CNT

bundles are the underlying building block for many applications, CNT yarns comprised
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of woven, individual nanotubes, can be made to be tens of millimeters in length and

as such are suitable for MEMs, tunable dielectrics, and related electrical structures at

UWB frequencies. Establishing the RF/microwave material properties of CNT yarns is

an essential first step to their use in hybrid manufacturing technologies.

8.2 CNT Yarn Fabrication

The Multi Walled Carbon Nanotube (MWCNT) forest was synthesized by Catalytic

Chemical Vapor Deposition (CCVD) using acetylene gas as the carbon source [122]. Car-

bon nanotubes, in the 300-µm-tall forest, typically had diameters of about 10nm. The

yarns were drawn from the forest by pulling and twisting as described in [83, 123]. CNT

composite yarns can be obtained using dry spinning process [84]. Processing them using

volatile liquids (like ethanol and methanol) will reduce the manufacturing irregularities

and make them smooth [12,124].

A Leica Stereoscan 440 Scanning Electron Microscope (SEM) was used for morpho-

logical studies of the fibers. SEM micrographs of the pristine CNT yarns (Fig. 8.1) show

that the nanotubes are uniform, and predominantly oriented with a helix angle (α) ∼ 25◦.

The CNT yarns in our experiments were drawn into 12- and 100-µm diameters. The twist

is characterized by the helix angle (α), which depends directly upon the degree of twist

and inversely on the yarn diameter. The number of twists is typically 20000 turns per

meter. Earlier, Miao [125] has investigated electrical conductivity of CNT yarns, specif-

ically relationships between number of CNT-to-CNT contact points, yarn surface twist

angle and porosity, effects of yarn porosity on electrical conductivity and resistivity of

pure CNT yarns.
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(a) (b)

Figure 8.1: SEM micrographs of pristine CNT yarn at (a) low and (b) higher magnifica-

tion.

8.3 CNT Yarn Fixturing

Prepared yarns of diameter 12- and 100-µm were attached using a two-step procedure.

First, the ends were prepared so as to have a planar face by carefully cleaving them

perpendicularly to the major axis of the yarn. Secondly, each yarn was electrically and

mechanically connected to two launches of a test structure (described in Section 8.4) using

gold paste. Since CNTs, as the building blocks of CNT yarn, are quasi-one dimensional

conductors, special care was taken to insure that the ends of each yarn had a continuous

coating of gold from the end to the test structure launch. Confirmation of the repeatable

of the coating was evidenced by consistency in DC resistance (described in Section 8.5).

A second test structure was prepared as a control for the attachment method and as

a potential modeling guide. An enamel-coated wire, approximately 100µm in diameter,

was prepared in the same manner as the CNT yarns and fixed to this test structure.
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(a) (b)

Figure 8.2: (a) Photo of the test structure with calibration structures; (b) Close up of a

sample attached to golden pads using gold paste.

8.4 Test Structures and Measurement Procedure

In order to get an indication of the distributed behavior of the CNT yarns, a test struc-

ture is needed that is a substantial fraction of a wavelength. To this end, test structures

supporting yarn lengths of 3500µm and 4500µm were fabricated on 10-mil-thick Rogers

4350 (εr = 3.66 and δ = 0.0037) substrates, patterned with various metal structures,

which were previously fabricated and used to characterize the Rogers-based material sys-

tem. A nominal 50Ω line in this system is more than one-tenth of a wavelength long for

frequencies above 5GHz for the 3500-µm-long test structure.

In addition to the test structure to support yarn attachment, calibration structures

were included on each test vehicle for short, open, and thru calibration in both microstrip

and coplanar waveguide configurations. The entire test coupon is shown in Fig. 8.2(a).

Yarn samples were attached as shown in Fig. 8.2(b). Electrical connection was made to

the test structure through ground-signal-ground pads at the end. While both coplanar

and microstrip structures are available on the test coupon, its reuse for this application

was limited to the microstrip structures only.
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Table 8.1: YARNS MEASURED DATA FOR DC

Diameter
Samples’ Resistance

Average Resistance
(µm) I II III (Ω)

100 186 167 158 170

12 2599 2570 2465 2545

Measurements were performed from 50MHz to 20GHz using an HP 8510C. Prior to

measurements, a TRL calibration was performed using the calibration structures on the

test coupon.

8.5 Measurement Results

Testing was done in two phases. First, DC testing was done to characterize the quality and

repeatability of the attachment and to get a measure of contact resistance. Second, the

actual microwave measurements were performed. So as to eliminate any potential effects

of gold paste diffusion into the CNT yarns, testing was done right after the preparation

of the samples and both tests were performed consecutively.

Three samples of 12- and three samples of 100-µm yarns were tested. Three samples

of the enamel-coated wire were also tested.

8.5.1 DC Measurements and Analysis

Test results are shown in Table 8.1. The DC resistance of the thru line of the calibration

structure was approximately 2Ω, which compared to the samples’ resistances is negligible.

The average measured resistance of the 12- and 100-µm yarns are 2.55KΩ and 170Ω,

respectively. Taking the ratio of the length (l) to diameter (d) as proportional to an

equivalent sheet carrying current along the yarn, the 12-µm sample is approximately 375-
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units long and the 100-µm sample is 35 units. The sheet resistance then for the 12-µm

yarn is 6.8 Ω/square and the 100-µm sample is 4.9 Ω/square.

It would be expected that equivalent CNT densities in the yarns would yield equivalent

sheet resistivities (Rs). However, contact resistance (Rc) in CNTs is known to be high [126]

and should scale approximately with the contact area. If the total resistance is taken

as the sum of a contact resistance (Rc) that is inversely proportional to the contact

area (or to the square of the yarn diameter so that thicker yarns have lower a contact

resistance) and a sheet resistance that is directly proportional to the length of the yarn

and inversely proportional to the sheet width (or yarn diameter so that thicker yarns give

lower resistance and longer yarns give higher resistance), then an approximate contact

resistance and sheet resistivity can be calculated using (8.1) and (8.2):

R ≈ Rc +Rs (8.1)

R ≈ 4rc
πd2

+
lrs
d

(8.2)

The substitution of the DC resistance values gives 855 and 12.3 Ω · m2 as rc of the

12-µm and 100-µm yarns, respectively. The rs is a constant 4.5 Ω/square for both yarn

lengths.

8.5.2 Microwave Measurements

Scattering parameters of all samples were measured from 50MHz to 20GHz. Measured

S21 is shown on the Smith chart in Figs. 8.3 - 8.5 for the 12-µm yarn, 100-µm yarn and

enamel-coated wire, respectively.
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Figure 8.3: Measured S21 of the three 12µm yarn samples on 4500µm substrates showing

very high absorption in transmission and resistance at DC.

8.6 Modeling

Distributed circuit modeling was performed to ascertain an understanding of the material

characteristics from the test structure configuration. Previous models have been devel-

oped from first principles for single or bundled CNTs [127, 128], which are not directly

applicable to CNT yarns as they are complex structures made out of CNTs. Therefore,

phenomenological models are used here for CNT yarns here to identify their functional

performance suitable for circuit design.

Several factors need to be addressed in the model to represent non-idealities in the test
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Figure 8.4: Measured S21 for the three 100µm yarn samples on 3500µm substrates showing

moderate absorption in transmission and resistance at DC.

structure in the electrical model. First, the planar nature of the test structure launch does

not provide any facility for repeatable positioning of the yarn or wire in the longitudinal

dimension. As such, there is a potential error induced in the effective length of the

line which can be corrected by introducing a series inductance or by lengthening the

transmission line. Second, while the transmission structure is clearly a conductor over a

ground plane, it is not truly microstrip since the conductor is circular and no physical

means of adhesion between the conductor and the dielectric substrate is provided directly

by the attachment technique beyond yarn/wire tension and gravity. This causes variability
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Figure 8.5: Measured S21 for the three 100µm enamel-coated wires samples on 3500µm

substrates showing low absorption in transmission and negligible DC resistance.

in the characteristic impedance. Third, the high contact resistance of the CNT must be

accounted for with a fixed resistance, Rc. Finally, the gold paste on the narrow launch

potentially adds a parasitic series inductance, Lp, and a shunt capacitance, Cp, or makes

at least one of the ports appear to be complex relative to the calibration.

As a method of extracting reasonable material and circuit parameters from these mea-

surements, two circuit-based models using lumped and distributed elements, representing

the effects mentioned above, were developed using AWR Microwave Office [129]. The

model topologies are shown in Fig. 8.6. The RLGC distributed model assumes that

dielectric losses in the Rogers material are negligible and so a shunt conductance per me-
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(a)

(b)

Figure 8.6: Yarn and wire models of a transmission line with parasitic resistors, capacitor,

and inductor for non-ideal attachment (a) RLGC transmission line (b) TLINP transmis-

sion line.

ter, G, is not included in the RLGC modeling of the transmission line. In comparison,

the TLINP distributed model [129] extracts the characteristic impedance Zo, electrical

length and attenuation.

The measured data was extracted also using the distributed model parameters for the

enamel-coated wire. Its agreement with the measured data is shown in Fig. 8.7, showing

excellent agreement up to approximately 15GHz. This model of the wire (Table 8.2)

represents a characteristic impedance of approximately 128Ω which correlates well to the

expected value, not taking into account the enamel, as shown in Fig. 8.7 when compared

to an electromagnetic (EM)-based WIRES models [129] using the finite-elements method

(FEM). The enamel-coated wire provides a control for the fixturing procedure and the

use of quasi-TEM modeling for a cylinder-over-ground-plane configuration rather than

the traditional microstrip line-over-ground-plane.

Using the same models shown in Fig. 8.6(b), the 100-µm yarn was modeled. The
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Figure 8.7: Enamel-coated wires S21: measured (blue triangle) vs. modeled (pink square)

vs. ideal FEM analysis (red circle).

results for this are shown in Fig. 8.8 comparing the measured S21 data to the two models

from 0.05GHz to 20.5GHz. A least squares fit of the complete set of S-parameters for

both reflection and transmission corresponding to this model as compared to the measured

data was calculated and the worst case error between the measured and the Fig. 8.6(b)

model results is better than 0.25 %.

As the 12-µm yarn is exceedingly lossy for WBAN applications, the analysis focuses

on 100-µm model. The value of the each inductor in the models (in Fig. 8.6) is 0.025

nH. This inductor models the extra line length from the calibration reference plane to

the CNT yarn (modeled as the transmission line). The value of each Rc is 15 Ω plus a
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Figure 8.8: 100 m yarns S21: measured (blue triangle) vs. distributed model (brown

diamond) vs. lumped model (pink square).

small frequency-dependent portion that is proportional to
√
f to model the skin depth of

the conductive paste connecting the CNT yarn to the reference plane. The value of each

shunt capacitor that takes into account the extra parasitic capacitance from the paste to

ground and fringing capacitance of the discontinuity at the start/termination of the CNT

yarn has a value of 0.1 fF. We also added a small frequency-dependent series reactive part

(Zp) to the 50Ω termination at port 2 to model any asymmetry in the paste and CNT

yarn placement. However, the (Zp) is only about 0.5 and contributes only 2 % at 10GHz

to the magnitude of the load impedance 50Ω; it only improves the fit to the measured data

marginally. De-embedding these from the measured data leaves the TLINP transmission
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Table 8.2: CNT YARN AND COPPER WIRE COMPARISON AT 5GHz USING TLINP

TRANSMISSION LINE MODEL

Diameter & Type

Transmission Properties Parasitic

(Z0 Phase Attenuation Rc Lp Cp

(Ω) (Deg) α (dB/m) (Ω) (nH) (pF )

100µm copper wire
128 38 4.8 0.001 0.025 0.001

3500µm long (measured)

100µm yarn
124 29 22 15 0.025 0.001

3500µm long (measured)

12µm ideal copper wire
206 45 8.0 0.001 0.025 0.001

4500µm long (simulated)

12µm yarn
206 35 28 855 0.025 0.001

4500µm long (measured)

line to have a characteristic impedance of 124 Ω and an electrical length of 29◦ at 5GHz.

Next, using the RLGC transmission-line model in Fig. 8.6(a) for the transmission

line and taking the calculated contact resistance from the DC values used in TLINP

transmission line model extractions, parameters were fit for the measured data. The per

unit length values for the 100-µm-diameter and 3500-µm-long yarn are given in Table 8.3.

The model extracted for the CNT yarn, after taking into account the non-idealities

mentioned above, shows transmission line characteristic impedance to be nearly identical

to the wires of similar diameter (Table 8.2) at 5GHz. The difference in phase is partially

due to the systematic error in this sensitive measurement and in the attachment procedure

but this alone cannot account for the difference. The longer electrical length for the

yarns as compared to the copper wire is consistent with CNT yarn conduction theories,

which show that the longitudinal conduction mechanism includes hopping from one CNT
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Table 8.3: CNT YARN AND COPPER WIRE COMPARISON AT 5GHz USING RLGC

TRANSMISSION LINE MODEL

Diameter & Type

Lumped Properties Parasitic

R/m L/m C/m Rc Lp Cp

(Ω/m) (nH/m) (pF/m) (Ω) (nH) (pF )

100µm copper wire
29 720 38 0.001 0.025 0.001

3500µm long (measured)

100µm yarn
45K 390 27 12.3 0.025 0.001

3500µm long (measured)

12µm yarn
200K 900 24 855 0.025 0.001

4500µm long (measured)

filament to another along the yarn axis [9]. Accurate extraction of this phase becomes

problematic for the thinner yarns where the resistance is very high. The yarn models (both

RLGC and TLINP ) differ significantly from the wire model with a very high loss for each

of the models. The combined effect of the Rc and transmission line (RLGC or TLINP )

losses account for the entire measured DC resistance and it is fixed, with no significant

frequency-dependent contribution over the measured frequencies. The lack of a strong

frequency dependent resistance in the yarn is consistent with that found elsewhere [121].

8.7 Performance Limitations

Higher resistivity of CNT limits it performance in some applications, while it is beneficial

in others. Similarly, conductivity also plays a significant role in consideration of their

usage. Electrical conductivity of CNT composites depends on the properties and loading

of CNTs, the aspect ratio of the CNTs and the characteristics of the conductive network.



172 Chapter 8. Carbon NanoTubes Yarns

New CNT preparation techniques which include a dopant have been shown to further

reduce the resistivity which may open up additional applications [130].

8.8 Conclusions

CNT yarns were measured at RF/microwave frequencies in a microstrip configuration to

ascertain their material properties for UWB WBAN system components as EM surfaces,

dielectrics, and conductors. In this first such test for CNT yarns, the data suggests

that the CNT yarn performs very much like the underlying multi-walled CNT bundles.

Contact resistance is relatively high, but good conduction is found within the yarn itself.

After accounting for the contact and an effective sheet resistance, the yarn presents a

characteristic impedance that is well approximated through measurement and modeling

by a copper wire of similar diameter and attachment method. These models for the CNT

yarn give very good agreement to both the transmitted and reflected S-parameters. The

observed frequency-independent resistive behavior of the CNT yarn is a very promising

indicator that when the conductivity is improved as a result of ongoing research, this

material, with its added values of mechanical resilience and thermal conductivity, could

be invaluable for a range of applications such as body area network (BAN).

These results suggest that the CNT yarn can be used in microwave applications in a

manner similar to resistive materials, such as NiCr or doped polysilicon. In this config-

uration, the CNT yarn could act as a probe or conductive structure that is acceptable

to biological tissue. New CNT preparation techniques which include a dopant have been

shown to further reduce the resistivity which may open up additional applications [130].

Work continues in this area and is focusing on more accurate measurements and vary-

ing yarn construction factors. To remove variability in the attachment method, the test

structure launch is being redesigned to cradle the yarn in the transverse and longitudi-
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nal dimensions. This will have the additional benefit of better fixing the yarn lengths.

Different length yarns will be tested as well to get better understanding of phase char-

acteristics. Finally, denser and looser yarns will be tested along with doped yarns which

have improved DC conductivity.
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Chapter 9

Conclusions and Future Work

9.1 Conclusions

This thesis presents the research work carried out to develop novel antennas and compo-

nents for modern communication systems, including wireless body area networks.

We have discussed novel narrow band antennas. Single- and dual-band antennas are

presented for wireless body area network devices operating in the industrial, scientific,

and medical (ISM) band at 2.45GHz and 4.9GHz public safety Wireless Local Area Net-

works (WLAN) band. Performance of the designed antennas has been analyzed for near

body scenarios and in close proximity to the human arm models. These antennas have

significant advantages of compactness (only 14mm wide), full ground plane to minimize

radiation towards the body, a wide radiation pattern over the body surface to provide

maximum coverage, and less sensitivity to the variation of the gap between the antenna

and the human body. These advantages make them suitable for on-body communications

and wearable applications. Furthermore, performance of these antennas has been analyzed

in close proximity of different body models. To assess their real-time performance, they

have been evaluated with gel based tissue equivalent layer models and over a female body

175
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phantom. They show good performance and are suitable for on-body communications.

A flexible embroidered antenna having an ultra-wide bandwidth, fabricated on poly-

dimethylsiloxane (PDMS) composite substrate using conductive fibers, is presented. An-

other antenna was fabricated using Rogers material and copper, and is compared with em-

broidered version of the same design fabricated using conductive fibers on PDMS compos-

ite. Measured results show the similarity between the two prototypes. The embroidered

antenna fabricated using conductive fibers on PDMS composite substrate also provides

ultra-wide band operation. It is water resistant, flexible, compact, semi-transparent and

is easy to integrate in clothing without being prominent. These traits make it suitable

for wearable systems.

A compact UWB printed monopole antenna with high band rejection (up to VSWR >

25), tunable over a broad range of frequencies from 3.55GHz to 6.8GHz, is presented. The

piece-wise analytical expressions give sufficiently accurate first estimate of the required

stub length, avoiding excessive trail-and-error full-wave simulations. The new antenna

has additional advantages of smaller size and wide radiation patterns. To demonstrate

its practical usage, as examples, design parameters are presented to reject two different

interfering frequency bands.

The use of wideband FSS to obtain uni-directional radiations is presented. By use

of in-phase reflection over a wideband, the backward radiation are reduced and a stable

radiation pattern with higher gain is obtained. Moreover, investigation focusing on control

of dispersion characteristics mainly in the band-gap region are presented for novel printed

microstrip HIS. By placing these HIS in a cylindrical shape and feeding it using a dipole

from inside, omni-directional or controlled radiations can be obtained depending upon

selected modulated width for the HIS.

Reconfigurable antenna with narrow band operations focusing on ISM band at 2.45GHz

and WLAN band at 5GHz is presented. The design has narrow width which makes it
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feasible for integration in wearable applications. Another design that operates in ISM

band at 2.45GHz in one mode and in another mode it provides UWB operation has been

presented. This antenna has simple design with single side printed geometry and provides

low-cost solution.

Theoretical and experimental characterization of Carbon Nanotubes (CNT) yarns is a

valuable contribution that opens new paths of research related to CNT. Electrical proper-

ties on CNT yarns were known for Direct Current (DC), however they were not available

at RF and microwave frequencies. CNT yarns are modelled as transmission lines and are

characterized. They were measured at RF/microwave frequencies in a microstrip con-

figuration to ascertain their material properties for UWB WBAN system components as

EM surfaces, dielectrics, and conductors. In this first such test for CNT yarns, the data

suggests that the CNT yarn performs very much like the underlying multi-walled CNT

bundles. Contact resistance is relatively high, but good conduction is found within the

yarn itself. After accounting for the contact and an effective sheet resistance, the yarn

presents a characteristic impedance that is well approximated through measurement and

modeling by a copper wire of similar diameter and attachment method. These models

for the CNT yarn give very good agreement to both the transmitted and reflected S-

parameters. The observed frequency-independent resistive behavior of the CNT yarn is

a very promising indicator that when the conductivity is improved as a result of ongo-

ing research, this material, with its added values of mechanical resilience and thermal

conductivity, could be invaluable for a range of applications such as body area network

(BAN). These results suggest that the CNT yarn can be used in microwave applications

in a manner similar to resistive materials, such as NiCr or doped polysilicon. In this con-

figuration, the CNT yarn could act as a probe or conductive structure that is acceptable

to biological tissue.
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9.2 Future Work

• For the narrow band antennas presented in chapter 3, bandwidth enhancement can

be explored and radiation efficiency can be improved.

• Using better and more fine embroidery techniques antennas with better performance

can be achieved. Antenna pulse performance can be investigated for the design

presented in chapter 4.

• For the design presented in chapter 5, additional band rejections can be added to the

current design. In addition to making it reconfigurable, size reduction and better

controlled radiation can also be explored.

• Investigation for better phase control of FSS can lead to more stable directive pat-

terns. Similarly, further investigations can be carried out to obtain controlled radi-

ations by using high impedance surfaces.

• Reconfigurable antennas presented in chapter 7 can further to investigated to obtain

deigns with better performance.

• CNT yarns can be used in microwave and antenna applications that need radiating

elements by be flexible, highly conductive, and resistive to temperature and rusting

problems.
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