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ABSTRACT

This research is devoted to the potential properties of metamaterial (MTM) inspired
structures in the design of novel circularly polarized (CP) antennas. Metamaterials(MTMs)
are the artificially designed structures that have generated significant research interest
through their unusual properties to achieve the demands of the modern era. Modern
wireless communication like satellite, radar and mobile communication demands sin-
gle feed, low profile, compact and low-cost antennas with multiple functionalities. To
achieve these requirements, different metamaterial inspired structures are analyzed and
utilized to design CP antennas with wideband, multi-band, high gain and RCS reduc-
tion properties. In addition, characteristic mode analysis technique is utilized to prop-
erly analyze the modes of an antenna, which contributes to radiation performance of the

antenna.

This thesis focuses on metasurface(MTS) based antenna design, which gives multi-
ple functions with CP characteristics. MTS is designed and analyzed using the theory
of characteristic modes to achieve CP. Parameters like eigenvalues, modal significance,
and characteristic angle help to analyze modes, which contribute to produce CP waves.
Later, the absorptivity property of MTS is investigated to obtain its RCS reduction
capability. The other design presents a slot antenna with the concept of an artificial
magnetic conductor (AMC). The proposed AMC acts as a polarization-dependent fre-
quency selective surface(FSS), which produces a zero degree reflection phase at the
required resonance frequency. This reflective property helps to design wideband CP

antenna with good gain.

Also, the concept of zero refractive index is introduced, which is used to enhance the
gain of a primary antenna with simultaneous polarization conversion capability. MTS
cover atop of LP patch antenna increases gain and converts LP into CP waves. Trans-

mission and reflection property of the designed unit-cell is studied and its constitutive

v



parameters are extracted to justify its functionality. Zero-refractive index based MTS
has no phase variation at its interface, which helps to focus energy towards the intended

direction, thus enhancing the gain.

Multiband CP antennas with independent control of resonance frequency bands are
much needed for wireless technologies to operate in a mobile environment. A dual-
band CP antenna with wideband characteristics is designed using a slot and a pair of
copper strips. Triband CP antenna is designed using the MTM structure called split-
ring resonator(SRR) to obtain triple bands and control each resonance frequency bands
independently. Also, polarization sense in each band is controlled trough structural

modification of the antenna design.

Proposed designs are fabricated using LPKF protomat machine S103 and experi-
mentally verified using radiation pattern measurement set-up. Impedance bandwidth,
peak gain, axial ratio bandwidth, radiation efficiency, radar cross-section and cross-
polarization level are various metrics considered for the performance measures of the

proposed designs with earlier work presented in the literature.

Keywords: Slot antenna, Patch antenna, Circular Polarization, Metamaterials, Meta-

surface, Zero index metamaterial, Split ring resonator.
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CHAPTER 1

INTRODUCTION

Antenna is an essential part of the wireless communication system. The IEEE defi-
nition of an antenna is “a means of radiating or receiving electromagnetic waves”. In the
communication system, an antenna is the first device at the receiving side and terminal
device at the transmitter side (Balanis, 2005). Therefore, a careful design of an antenna
is needed to maintain the required performance in the communication system. This
chapter briefly describes the various wireless communication systems and their antenna
systems. Many antennas are developed based on the requirement in communication
systems; still, research gaps need to be filled in modern wireless communication that
requires antenna systems with multiple functionalities. The work motivation, problem
definition, formulation of objectives, work methodology and organization of the thesis

are also discussed in this chapter.

1.1 Introduction to Wireless Communication Systems

and Antennas

Wireless communication has grown very fast due to technological advancement with the
better transmission, reception, and signal processing. Wireless communication begins
with the theoretical studies of EM wave by Maxwell and experimental demonstration by
Hertz. Since then, advancement in the wireless domain becomes numerous, and a lot of
experiments were conducted on EM waves to carry the information. This section briefly
discusses the evolution of different wireless technologies and their antenna systems,
which simplifies the overall architecture of the communication system. It describes
mobile technology from the first generation to the current generation, which led to the

antenna design from a larger profile to compact and low profile with multiple functions.



Also, it discusses space communications, such as satellite and radar communications,

which find numerous applications in the modern era.

1.1.1 Mobile and Space Communication

Wireless communication has become a new frontier for numerous applications like mo-
bile, satellite, radar, military and biomedical, sensing, etc. It begins in the year 1946
with the first mobile phone service introduced by the united states with half-duplex
mode. Later, improved mobile phone services (IMPS) are presented in the year 1960
with a full-duplex method. After the introduction of IMPS, demand increases due to
more number of users. Cellular radio-telephony was developed by AT&T Bell lab-
oratories and other companies to increase spectrum range and cover more area. In
general, generation (G) in mobile technology refers to change in the fundamental ser-
vice aspects like wide bandwidth, transmission technique, higher data rates and new
frequency band allocation. Mobile communication started with first-generation (1G)
cellular network, which uses analog transmission in the year 1980, followed by the

second generation(2G) digital cellular technology.

In 1988, Europe introduced digital cellular communication called Global System
for Mobile(GSM) communication. The 2G network provides digitally encrypted voice
calls and efficient utilization of the frequency spectrum to accommodate the increased
number of mobile users. Separate channels allocated to voice and data (text messages)
with a transfer speed of 40 kbits/s. The third-generation (3G) network is introduced in
1998, which provides a minimum data rate of 144 kbits/s. 3G replaces 2G and 2.5G
GPRS technology. 3G technology contributed many improved services like voice tele-
phony, video calls, mobile internet access and mobile TV. In 2008, the fourth generation
(4G) started and provided better services and applications like voice over IP(Internet
Protocol), HDTV and high data rate up to 1 Gbps. The evolution of mobile genera-
tion is shown in Fig.1.1. Fifth-generation (5G) wireless technology expected to provide
advanced features like cloud and pervasive computing that makes the enormous num-

ber of network connections. 5G is also capable of delivering higher bit rates using
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Figure 1.1: Evolution of cellular technology(Viswanathan and Weldon (2014)).

macro-diversity techniques and new trends like the internet of things(IoT) in which
many devices are connected to mobile through the internet. To successfully carry out
the massive number of connections with less interference and better signal reception,
multi-functional antennas play an essential role and they required improvement to meet

the specifications of current generation wireless standards.

In the research era of space communication, radars and satellites were grown signif-
icantly due to their potential applications. World’s first communication satellite Telstar
1 was launched in the year 1962 by AT & T Bell labs. Telstar fascinated the world
with its services like live images, entertainment, sports and news. It was a low earth
orbit (LEO) satellite and set a basic model for all other communication satellites fur-
ther. During the 1970s, the global industry has grown up and advancement in satellite
communication began to develop. In 1973, the Canadian group successfully distributed
video broadcasting over satellite internationally and in 1975, video programming is dis-
tributed by HBO to US customers. Commercial and technological use of satellites led
to the development of new broadcasting satellites for the mobile environment, video
programming, TV programs and launch vehicles. In the year 1990s, satellites became
a primary means of distributing TV programs around the world. Due to advancements
in satellite communication, the design of innovative antennas has begun to fulfill its

requirements, which operate with multiple functions.



In stealth technology, radars are the essential devices to track the targets. The first
radar was developed at the time of second world-war used to find large objects like
aircraft and ships. In 1933, the first continuous-wave interference radar was developed
by Taylor, Young, and Hyland at the Naval research laboratory. Later in 1936, the first
pulse radar for antiaircraft fire control is designed by the US army and named as SCR-
268. Further, they modified it to SCR-584 microwave radar. In 1939, SCR-270 was
developed for the long-range early warning application and later, it is changed to detect
echoes from the moon. The existence of pulsed radar made all countries to build their
own detectors for different platforms. In the year 1990s, radar system development
focuses on military applications, aircraft detection, weather control, air traffic control,
remote sensing, and ship safety. Due to these applications of the radar system, novel

antenna designs began, which perform multiple functions.

Radar and satellite communications are essential in the modern era due to their
plenty of applications, as discussed earlier. In this aspect, an antenna is a critical de-
vice in developing multi-functional radars and satellites, so that there is a demand in

designing a low profile compact antennas with multiple functionalities.

1.1.2 Antenna systems for mobile and space communications

Beginning of 2G technology in mobile communication, broadcasting satellites, and
multi-functional radars in space communication in the year 1990 led to the develop-
ment of new antenna systems that meets the required specification. Heinrich Hertz ex-
perimentally tested the first antenna after the EM wave predicted by Maxwell through
theoretical equations. Since then, the requirement in new generation wireless commu-
nication grown fast and leads to the design and experimentation of innovative antenna

systems.

In the early stage, the large profile antennas like dish antennas, horn antennas, yagi-
uda antennas, array antennas, etc., were developed to improve critical parameters like
gain, efficiency, axial ratio and bandwidth. The disadvantages of these antennas are;

bulky, large size, and more cost to design based on the application requirement. Modern
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communication requires antennas to be low profile, compact, easy fabrication, low cost
and ease of integration to other devices with multiple functions. Due to these demands,
low profile antenna designs such as a microstrip antenna, dipole antenna, microstrip
array antenna, dipole array antenna, etc. are developed. Many antenna designs are in-
vestigated in the literature with improved performances like wideband, ultra-wideband,
circular and dual-polarization, beam steering and scanning, miniaturization and effi-
ciency in new materials(Peixeiro (2012)). Transmitarray, reflectarray, and Leakey wave
antennas(LWAs) were also developed based on the application requirement. The new
technology era demands the design of innovative antennas, which capable of control-
ling multiple functionalities like wide bandwidth, polarization control, beam scanning,
pattern diversity and radar cross-section (RCS) reduction, sidelobe suppression, low

cross-polarization, multiband operation, high gain and better efficiency values.

Diversity in the mobile network and multiple functions in space communication
demands novel antenna designs to a specific application. Antenna designer has to put
more effort into the design of an antenna due to more constraints and requirements to
obtain multiple characteristics. Mobile cell phone requires a low profile antenna with
various bands needed to operate for voice and data. The base station requires antennas
with wide bandwidth, wide beam-width, and low side-lobes to cover the large area. To
set-up a connection to devices like Bluetooth, WiFi, Zigbee, WiMAX and NFC, there
is a need for compact antennas with less cost, high performance and easy integration
with other circuits. Advancement in MMIC and MEMS technology brings miniaturized
antennas to become practically realizable. Low power capability and compactness of
these antennas fit in the area of RFID tags, IoT, implantable and on-body wearable
communication. Short-range communication requires ultra-wideband antennas because
they spread information over a wide range of frequencies with less power. Also, they
are used in radar imaging, ground-penetrating radar, and through-wall radar. Navigation
system and global positioning system (GPS) nowadays require CP antennas with other

functions to find exact locations.

Hence, mobile and space communication provided significant growth in innovative

antenna designs that can achieve better performance with multiple functions suitable to



a specific application. Various communication aspects demand particular requirements
with ease of integration augment the development of novel antenna systems that meets

the need for fast-growing wireless communication.

1.2 Motivation

As we discussed in the earlier section, the requirement of CP antennas depends on the
specific application. Due to the increasing demand for high data rates in broadband
communication, stealth technology and satellite links, it is required to design CP an-
tennas with various characteristics. The antenna needs to be deployed on high-speed
cars, airplanes, trains, etc. Such applications need a compact, low profile, wideband
and high gain antennas, which can be easily integrated into the systems. In the future,
millimeter-wave communication and small satellite communication(microsat, nanosat,
CubeSat) require wideband, multi-band and high gain CP antennas with excellent beam
scanning capabilities. In 5G mobile and terahertz communication, there is a require-
ment of low cost miniaturized CP antennas that can be integrated into small devices.
Conventional methods are failed to maintain CP over wide bandwidth or in multiple
bands. Many CP techniques are available in the literature, such as slit and stub load-
ing methods, introducing multiple slots, modifying feed and designing of the feeding
mechanism. Since two orthogonal modes are required with equal magnitude and 90°
phase to produce CP wave, it is strenuous to maintain phase over wide bandwidth or
multiple bands. Even single feed CP antennas are challenging to design with various
functionalities. These requirements of CP antennas motivated us to further research on

CP antennas with RCS reduction, high gain, wideband, and multi-band operation.

To achieve the required functionalities of antennas such as CP with wideband prop-
erty, multi-band characteristics, high gain, RCS reduction, better radiation efficiency,
and cross-polarization level, Metamaterials (MTMs) are the best candidate to attain
these multiple characteristics. The integration of MTMs to antenna structure led to the

design of new CP antennas with desirable functionalities and tuning capabilities.
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In general, MTMs are defined as artificial and effectively homogeneous electro-
magnetic structures with anomalous properties not readily found in nature. An effective
homogeneous subwavelength periodic structure has guided wavelength much higher
than its average cell size. MTMs are a new research area that can found from literature
to design special functions like negative refractive index, Zero refractive index, MTM
cloaking, imaging and lenses. All of these are difficult to achieve by naturally occurring
materials. By suitably designing structures and carefully controlling surface waves and
current distribution, many functionalities can be achieved. In the recent era, keen inter-
est has been developed on 2D planar structures of MTMs called metasurfaces(MTSs).
These MTSs produce similar functionalities like MTMs, except that they are more com-
fortable to fabricate, thin, and negligible losses. Many CP antennas are designed using
MTSs that are found in the literature, which uses phase modification to engineer the
wavefront of EM waves. Also, split-ring resonators are potential candidates to use with
antenna designs to achieve multi-band characteristics with tuning effect due to their

permeability effect.

1.3 Problem Definition

Linearly polarized (LP) antennas fail to meet the challenges of mobile and space com-
munication due to their disadvantages. Circularly polarized (CP) antennas have more
advantages than LP antennas in-terms of device orientation, immune to Faraday’s ro-
tation effect, fading channels, environmental effects, polarization losses, multi-path in-
terference, etc. It is challenging to achieve circular polarization with multiple func-
tionalities without affecting other requirements. Stealth technology requires low RCS
antennas with CP property. Mobile communication requires wideband CP antennas to
accommodate the maximum number of users. Also, CP antennas are needed to operate
in multiple bands at a time. Small satellite communication needs high gain CP antennas
to design CubeSats, nanosats, and navigation systems. Although previous literature has
these types of antennas, there is a gap that needs to be filled in developing a low pro-

file, RCS reduction, Gain improvement and wideband operation along with polarization
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conversion. Literature survey fulfills some of these demands satisfactorily by various

designs and optimization techniques using the current state of the art technology.

1.4 Objectives

Formulated objectives are:

* To design a compact and low profile circularly polarized antenna with RCS re-
duction capability over the impedance bandwidth.

* To develop an antenna that provides circular polarization over a wide bandwidth
with stable gain for wireless applications.

* To design an antenna which offers high gain and linear to circular polarization
conversion capability useful for satellite applications.

* To design a multiband circularly polarized antenna with independent control of
each resonance frequency and their polarization states as required at each band.

1.5 Methodology

Extensive properties of MTMs and MTSs are used to achieve the proposed objectives.
Method adopted to obtain the desired characteristic of each design is described below.

Proposed models are simulated, fabricated and measured using facilities available at the

lab.

* A CP antenna is designed using a compact and low profile rectangular patch-
based MTS. A source free characteristic mode analysis is used to analyze the pro-
posed MTS, which produces CP. It describes the exact modes which are contribut-
ing to CP. Modal significance and characteristic angle give information about or-
thogonal modes that are required to achieve CP. A slot antenna is utilized as an
essential source to excite the orthogonal modes generated by MTS. Absorptivity

property of MTS is analyzed to achieve RCS reduction in the entire impedance
bandwidth.

* Backside radiation produced by the primary sources like slot antennas is reduced
by utilizing zero phase reflective property of an artificial magnetic conductor
(AMC). A CPW fed truncated slot is designed, which produces two orthogo-
nal modes which are degenerative to achieve wide CP bandwidth. Further, gain
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and CP bandwidth enhancement of truncated slot antenna is done by using an ar-
ray of frequency selective surface (FSS), which is placed below the slot antenna.
FSS structures improve the radiation in broadside direction, thus enhancing the
gain when they put below primary sources. FSS array has a reflection phase such
that it increases slot antenna CP bandwidth when the reflected wave from FSS
combines with the forward wave of the slot.

* In general, the gain of any primary sources are less and they produce linearly
polarized wave. An effort is made to increase the gain of LP antenna with the
conversion of a linearly polarized wave into a circularly polarized wave using the
zero-index property of MTS. The Zero-refractive index property focuses energy
towards the intended direction, thus enhancing the gain. Polarization conversion
is analyzed using transmission coefficients of MTS unit-cell. The constitutive
parameters are extracted to justify unit-cell and MTS characteristics. MTS is
placed at an optimum height above the LP antenna to achieve good gain and axial
ratio.

* To design a multi-band CP antenna, a slot antenna is loaded with MTM elements,
such as a split-ring resonator(SRR). CP resonance band of the slot antenna is not
altered due to the loading of these structures. The additional CP frequency bands
are achieved due to the excitation of SRRs placed on the slot. The triple CP bands
are obtained with its compact size. The resonances of each frequency band can
be controlled independently by selecting the optimum slot and SRR dimensions.
Proper placement of SRRs on the slot antenna provides better coupling and reso-
nance characteristics.

1.6 Organization of the Thesis

The goal of thesis is to design and implement wideband, multiband and high gain CP
antennas using the extensive properties of MTMs. This thesis is organized into several
chapters based on the various designs proposed and obtained results. Introduction sec-
tion of the thesis describes various communication systems, their evolution and antenna
systems. Motivation to design innovative antennas is presented, followed by problem
formulation. The objectives, work methodology and thesis organization are provided in

the separate sections.

The second chapter discusses the basic concepts of circular polarization, advantages
and disadvantages. Also, a brief explanation of MTMs, MTSs and split-ring resonators

are discussed, which are used to develop wideband, multi-band, and high gain CP an-
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tennas. Also, it provides a brief explanation of the modal analysis, which helps us to
understand the mode concept to obtain CP characteristics. A brief literature survey is in-
cluded in the next section. The first section of the literature survey gives modal analysis
and its contribution to design various types of antennas. Also, it gives an existing work
on radar cross-section(RCS) reduction in antennas. The upcoming sections describe the

literature works on wideband, high gain and multi-band CP based designs.

In the third chapter, a modal analysis of metasurface design to achieve CP charac-
teristics is discussed. It gives a basic understanding of mode concepts to identify and
excite orthogonal modes to produce CP wave. Also, the RCS reduction capability of
MTS is estimated by utilizing the absorptive property of MTS. A plane wave is incident
on the MTS to calculate its absorptivity. A compact antenna structure is designed and
experimentally verified in-terms of impedance and axial ratio bandwidth with good gain

and efficiency values.

The fourth chapter provides the design and investigation of two wideband CP anten-
nas. In the first design, a truncated slot antenna is presented to achieve two orthogonal
modes to obtain CP wave. Further to improve axial ratio bandwidth and gain of the
truncated slot antenna, the reflective property of frequency selective surface (FSS) is
utilized. The reflection phase of the FSS unit-cell has been analyzed for TE and TM
polarization. The second design achieves wide axial ratio bandwidth using combined
resonances of truncated slot and rotated split-ring resonator(SRR). The corner trun-
cated slot antenna provides lower CP resonance and SRR gives higher CP resonance.
The proposed structure is fed by CPW technique. Since it is a single layer design, it is

used for soil moisture sensing applications.

In the fifth chapter, two high gain CP antennas are designed and validated. In the
first design, the gain of a CP patch antenna is enhanced using the zero-index property of
MTS. Reflection and transmission coefficient of designed unit-cell is analyzed. Consti-
tutive parameters are extracted through an algorithm using scattering parameters of the
unit-cell. According to snell’s-descartis law, zero-index based MTS focuses the energy

normal to its interface without any phase variations, thus enhancing the gain. In the
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second design, a unit-cell is designed to enhance the gain as well as polarization con-
version. An optimum height is selected to place the MTS atop of the LP patch antenna

to improve the gain and convert the LP wave into CP wave.

The sixth chapter discusses multi-band CP antennas. A dual-band and a triband
CP antennas are designed and validated. In the first design, a slot antenna loaded with
asymmetric cross strips is presented to obtain dual-band CP characteristics. The corner
truncated slot produces two orthogonal degenerate modes, which gives lower band CP
resonance, and asymmetric strips produce upper band CP resonance. The second design
provides triple CP bands with independent control of each resonance frequencies. The
corner truncated slot antenna achieves CP in the first resonance band. The second CP
resonance band is due to a rotated SRR loaded on the slot antenna. The inner ring of
SRR is rotated 90° with respect to outer ring generate orthogonal electric field produces
CP. The SRR, which has multiple split gaps, is placed on the other diagonal corner of the
slot antenna produces third band CP resonance. All bands are independently controlled

by their dimensions and split gaps.

The seventh chapter gives conclusions about the contributions provided through dif-
ferent designs in the thesis. Also, it discusses future scope to develop antennas with

improved performances for future 5SG applications.
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CHAPTER 2

BACKGROUND AND LITERATURE SURVEY

2.1 Circular polarization

In electromagnetic theory, polarization is defined as the direction of the electric field
with respect to the wave propagation direction. Polarization types are elliptical, linear
and circular polarization. An LP time-harmonic wave possesses electric field vector
always oriented in a straight line in space. A CP wave at a given point in space traces a
circle by its electric field vector. To produce CP wave, two electric field components are
required with equal magnitude and quadrature-phase between them. If the electric field
vector of a time-harmonic wave traces an ellipse at a given point in space is said to be
elliptically polarized. Fig. 2.1 shows polarization ellipse (Steven Gao and Zhu (2014)).
LP and CP are two extreme cases of elliptical polarization. Axial ratio (AR) is used as
a parameter to measure polarization. If we consider polarization ellipse, the axial ratio
is the ratio of the major axis to the minor axis. AR is between 1 to oo, and it is also
expressed in dB scale. A pure circularly polarized wave possesses a 0 dB axial ratio.
Since it is impractical to achieve absolute circular polarization, a range of frequencies
over which the AR <3 dB is considered.

_ Major axis a

= 2.1

AR =
Minor axis b

Consider the plane wave propagating in +z direction, its time harmonic electric field

vector at z=0 is given by,
E = E, cos(wt)a, + E, cos(wt + d)ay, (2.2)

Polarization can be easily understood by equation (2.2). Electric field components F,

and F, are directed along x and y direction and phase difference between £, and F,



a: major axis
b: minor axis

b

a

(a)

Figure 2.1: Polarization ellipse plotted as a function of time and traced at a position in
space.

component is ¢. If =0, then wave exhibit linearly polarization. If the component £, ~0,
then it is vertically polarized and if F,~0, then it is horizontally polarized. When £,
and E, are not equal and =45, then wave is linearly polarized at an angle and it is
given by,
E
= tan~'=¢ 2.3
v =tan™! 2.3)

x
Circular polarization (CP) is obtained when £, and FE, are equal and their phase dif-
ference is 90°. If wave propagation is in +z-direction and rotation of the electric field
vector is in a clockwise direction, then the wave exhibit a left-hand circular polariza-
tion(LHCP). If the electric field vector rotates in an anti-clockwise direction, then the

wave produces right-hand circular polarization(RHCP).

2.1.1 Advantages of CP antennas

Multipath interference mitigation: A CP wave changes its polarization due to mul-

tiple reflections caused by the environment like raindrops, buildings, trees, etc. LHCP
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wave is changed to the RHCP wave and vice-versa. The reflected wave 1is filtered out,
and the directed wave is received. This mitigation in multipath interference is helpful
in space communication and mobile environment, which requires higher data rates.
Faraday’s Rotation effect: Plane of polarization is changed due to the interaction of
light and magnetic field in space. This effect is called Faraday’s rotation effect. Cir-
cularly polarized antennas are immune to these effects due to the rotation of the field
vector. This effect is predominantly low in higher frequencies than lower frequencies.
LP antennas are more affected by this effect and are undesirable due to the misalign-
ment of polarization.

Polarization misalignment: The LP antennas suffer from Faraday’s rotation effect,
so to receive signal efficiently, LP transmitting and receiving antennas must align in the
line of sight. This alignment is not required in CP antennas. An LP antenna experiences
3dB loss if it receives an ideal CP wave irrespective of the orientation. This property
is useful in mobile applications and RFID systems, as it gets signals regardless of its

orientation

It is worth designing CP antennas due to their advantages, which operate with multi-
ple functionalities. To design an antenna that produces CP wave, two modes with equal
magnitude are excited with a 90" phase difference. Many CP antennas are designed
using power divider, multiple feeding techniques and also modified antenna geome-
try. The CP antennas with single feed are essential in modern communication due to
their easy integration with other circuits. It is most challenging to design a wideband
and multi-band CP antennas with a single feeding technique. Conventional methods
of designing antennas are failed to meet these challenges of space and modern wireless
communication. To achieve these requirements in the recent era, metamaterials(MTMs)
attracted more interest in antenna design with multiple characteristics. Hence, there is a
demand for circularly polarized antennas that meets the requirement of present mobile
and space communication. These designs substantially reduce environmental effects
and can be easily integrated into satellite and radar communication that has more im-
pact on the outside environment. The focus of this thesis is to design CP antennas that

fill some of the research gaps required by present mobile and wireless communication.
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2.2 Introduction to Metamaterials

MTMs are periodic arrangements of sub-wavelength engineered materials, which ex-
hibit electromagnetic properties that are not found in natural substances. J.C Bose
first explored the concept of artificial materials in 1898 on twisted structures(J.C.Bose
(1898)), which are mostly called chiral media in the present scenario. Later in 1905,
backward wave propagation is suggested by Lamb(Lamb (1904)). Then in 1967, a
Russian physicist Viktor Veselago(Veselago (1968)) shown the existence of left-handed
substances. These substances exhibit simultaneous negative permeability and permit-
tivity properties. The material medium plays a key role in the propagation of the EM
wave. The materials are classified based on their effective parameters called effective
permeability and permittivity, as shown in Fig.2.2(Caloz and Itoh (2005)). In the figure,
the first quadrant represents right-handed (RH) materials, which support froward wave
propagation and the third quadrant represents left-handed (LH) materials, which exhibit
backward wave propagation. In the second and fourth quadrant, wave decays exponen-
tially with time as it propagates through a medium. Here the exciting fact is that LH
materials exhibit unusual properties like negative refraction, MTM cloaking, a reversal
of Doppler effect, the reversal of Vavilov-Cerenkov radiation, etc. Negative refraction
is llustrated in Fig.2.3. Such materials can be incorporated into antennas with suitable

structural modifications to obtain multiple characteristics.

As suggested by Veselago, LH materials are not natural substances, but they are
an artificial homogeneous structure(Pendry (2000)), which was experimentally demon-
strated by J.B.Pendry and Shelby et al. (Shelby et al. (2001)) at University of San Diego.
Pendry introduced a plasmonic type positive-u/negative-e and negative-u/positive-e struc-
ture shown in Fig.2.4. These structures have guided wavelength A\, much greater than
the average cell size. This condition should be satisfied when propagation in MTMs
dominates over scattering/diffraction. Thin metal wires are shown in Fig.2.4(a) exhibits
negative-e/positivepr. When an electric field (E) is incident parallel to the metal wire

axis, it induces current and generates equivalent dipole moments. This MTM exhibits
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Figure 2.4: First experimented LH materials consists of Thin wires and split ring res-
onators (a) LH structure with single dimension (b)LH structure with two
dimension(Caloz and Itoh (2005)).

the plasmonic type permittivity function vary with frequency and it is in the form

w?

(W) =1—- 2L — 24
where, w§e= % (cis speed of light and a is wire radius) is the electric plasma fre-
PwWpe 2

quency and ¢ :eo( <« (¢:conductivity of metal) is damping factor due to metal losses.

™o

Re(€,)<0, for a12<wf,e — 2 (2.5)

which reduces if (=0 to

<0, for w<wpe (2.6)

Since the magnetic dipole moment is not generated, permeability becomes p=p. The
assumption is that metal wires are not greater than the wavelength, meaning that the

first resonance of wires is far away from the frequency of the exciting wire.

The metal planar split-ring resonator(SRR) gives negative p/positive €, as shown
in Fig.2.4(b). The metal rings are excited by the magnetic field (H), which is incident

orthogonally to its plane of rings. The incident magnetic field produces an equivalent
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magnetic dipole moment due to current flow in the loop of SRR. The plasmonic type of

permeability frequency function exists in this structure, and it is given by,

Fuw?
w? — wom? + jw(

p(w) =1- 2.7

where, F' = 7(a/p)? is a magnetic resonance and its frequency tunable to GHz range.

(a: smaller ring inner radius), wg,, = ¢ wln(gfwTa‘* ) (w: width of the rings; d:radial sep-
aration between the two rings), (=2pR’/aj is damping factor due to metal losses (R’:
metal resistance per unit length). It is worth to note that SRR does not include the
magnetic conducting material but resonance occurs due to artificially generated mag-

netic dipole moments. From equation(2.4) it reveals that the frequency range exists for

Re(u,) <0, in general ((# 0).

Wom
<0, forw0m<w<L = Wpm (2.8)

Nie=a

where, w,,,,, 1s called as magnetic plasma frequency.

2.2.1 Split Ring Resonator

In 1999, Pendry et.al (Pendry (2000)) developed micro-structured artificial materials
exhibiting strong magnetic properties. When fields and currents are oriented along the
wire axis, they obtained the expressions in which wires resemble the magnetic property
of artificial material. For this work, they concluded that materials such as wires are
diamagnetic and their permeability value approaches to the value of free space when
wire radius is decreased. The response obtained is resembled like artificial dielectrics.
Different behavior is observed in cylinders, which are structured like a parallel plate
capacitor. Then the same is reduced to a planar form and termed as a split ring res-
onator(SRR), as shown in Fig.2.5(Eleftheriades and Balmain (2005)). This structure
exhibits a strong electric field and large capacitance between the rings. Magnetic field
(H) orthogonal to the plane (conventional axis) of rings induces currents on the rings.

The capacitance between rings and inductance due to currents on cylindrical structure
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(a)

Figure 2.5: The structure of split ring resonator (SRR) in cylindrical form and planar
form discoverd by Pendry. The magnetic field is induced orthogonal to the
plane (conventional axis) of rings

i

(a) (b)

Figure 2.6: Equivalent circuits of SRRs. (a) Double loop SRR configuration (b) Single
loop SRR configuration(Caloz and Itoh (2005))

results in a resonant behavior of SRR. Later this discovery of SRR was experimentally
demonstrated by Shelby et al. in (2001) where L is the inductance provided by the rings
and C is the capacitance between rings. Fig.2.6 shows the SRR’s equivalent circuit.
The single ring configuration is a simple RLC resonator. In double ring configuration,
the inductive and capacitive coupling between smaller and larger rings is modeled as a
transformer ratio n and coupling capacitance(C), ), respectively. The double ring config-

uration essentially becomes equal to a single ring configuration when the weak coupling
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Figure 2.7: Experimental set-up to realize SRR behavior in a hallow metallic waveg-

uide.(a)Simulation set-up (b) Transmission coefficient magnitude(Marqués
et al. (2002))

exists between the rings. The resonant frequency is given by,

1
w = J0) (2.9)

Fig.2.7 shows the experimental set-up of SRR. An SRR is etched on the substrate
material and the dispersive nature of waveguide can be used to characterize the LH
materials. It is the fact that a hollow metallic waveguide supports TE and TM mode

propagation with its dispersion relation given by,

k= w\/recss (2.10)

where k is the propagation constant, w is the angular frequency, p, is the magnetic

permeability of substrate, and €. sy is the effective dielectric constant given by
€eff =6 (1— =) 2.11)

with wy being the cut-off frequency for the considered mode and e, the dielectric per-

mittivity of the substrate.
An SRR is embedded inside waveguide and EM wave is impinging parallel to the
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direction of the x-axis is shown in Fig.2.7(a). SRR introduces the negative permeability
effect to obtain LH behavior. To enhance the interaction of SRR with the EM field, SRR
should be placed inside waveguide in the y-direction with a spacing between the SRRs
equal to the waveguide lateral side walls dimension. The fundamental mode resonance
frequency of the waveguide should be greater than the operating frequency of SRR, to
ensure the resonance occurs due to SRR when the negative permeability effect co-exists
with negative dielectric permittivity. Fig.2.7(b) shows the transmission property of SRR
embedded in a waveguide, which has a cut-off frequency of 25 GHz. The resonance at
6.2 GHz shows the existence of the LH nature of SRR due to its negative permeability

effect.

In the earlier section, it is mentioned that SRR is a resonating structure with its
equivalent parameters L. and C. By varying the value of L and C, the negative perme-
ability effect can be varied, and resonance can be tuned. In work by Saha and Siddiqui

(2012), the SRRs are rotated by an angle and the effect of resonance is studied. The

S,,(dB)

L s 1. P

=16 i i i i i i i

7.0 7.5 8.0 8.5 9.0
f(GHz)
(@)

Figure 2.8: Transmission coefficient of circular SRR as a function of rotation angle 6 of
inner ring(Saha and Siddiqui (2012))
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SRR which has a conventional axis, the gaps lie in the same axis so that the capacitance
between lower and upper half rings are equal. When the angle 6 between two split gaps
of the rings is changed, then the resonance changes due to change in the capacitances
on the lower and upper half rings of SRR. The resonance effect due to the change in
capacitances by rotating the inner ring of SRR is shown in Fig.2.8. This effect can be
utilized to control the SRR resonance to the desired frequency. The rotation effect of
SRR can be used to achieve CP and polarization sense. Also, the multiple gaps can
be created in the SRR to control SRR resonance to the required frequency. The multi-
ple splits in the SRR produce additional capacitive effects which change the effective
negative permeability region and shifts the resonance to a higher value. The work pro-
posed by Evren Ekmekci et al. (Ekmekcei et al., 2009) investigated the conventional
SRR with multiple slit SRR(MSSRR) configuration. The different unit cells are ana-
lyzed with single and multiple slit configuration with their transmission characteristics.
Fig. 2.9 shows the conventional SRR and multi-slit SRR configurations. The measured
and simulated transmission characteristics of conventional SRR and MSSRR is shown

from Fig.2.10-2.12.

®

7 AN
(a) (b) (©)

Figure 2.9: Structure of different SRRs (a)Unit cell A (b) Unit cell B (c) Unit cell
C(Ekmekci et al. (2009))
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Figure 2.11: (a)Transmission coefficient of unit cell B (b) its photograph

Transmission (dB)
[

4 | — Unitcell € fexp.)
—— Unit cell € {sim.}
5
8 g
Frequency (GHz)
(a) (b)

Figure 2.12: (a)Transmission coefficient of unit cell C (b) its photograph
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2.2.2 Metasurfaces

Metasurface(MTS) is the particular class of MTM, which consists of planar arrays of
densely packed sub-wavelength elements, which are optically thin and nearly resonant
structures. MTSs possess useful and unusual properties of their constitutive elements
with resonant behavior. The resonant elements have periodicity to control EM transmit-
ted and reflected waves(Chen et al. (2016a)). MTSs are promising solutions to develop
the devices in the Microwave and optical domain. Some of the potential Functionalities

of the MTSs are Frequency Selective Surfaces(FSS), Electromagnetic Band Gap(EBG)

a b
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Figure 2.13: Metasurface functionalities: (a) bandpass frequency selective surface
(b)bandstop frequency selective surface (c) high-impedance surface (d)
narrowband perfect absorber(e) twist polarizer (f) right-handed circular-
polarization frequency selective surface (g) linear to circular polarization
converter (h) two-dimensional leaky-wave antenna with a conical-beam
pattern (i) focusing transmitarray; (j) focusing reflectarray (k) flat Luneb-
urg lens (1) hologram.(Glybovski et al. (2016)).

24



Floquet Bloch Modes

Dispersive effective

. Resonances are
media . .
associated with

Resonances are lattice periodicity

associated with
Effective Media individual scatterers

Classical Mixing
Theory

Frequency (or length) scale

Figure 2.14: Three regions of a composite material characteristics (Holloway et al.
(2012)).

structures, Absorbing surfaces, High Impedance Surfaces(HIS), Polarization twister,
optical lenses, linear to circular Polarization Converter, etc. Some of the applications of
MTSs are shown in Fig.2.13. When the wavelength becomes comparable to the period
of the scatterer, then the fields are no longer see the composite as an effective medium
due to its resonance behavior. Fig.2.14 shows the EM behavior of periodic structures
with respect to the frequency region. In the figure, region 1 corresponds to quasi-static
behavior. It implies that the period of the scatterer is comparable to the wavelength at
low frequencies so that it induces the permanent dipole moments. These structures are
similar to traditional materials used to achieve some specified behavior. In this region,
the effective parameters are obtained using conventional mixing formulas. The region 2
corresponds to the effective dispersive medium where the scatterer is small compared to
the wavelength. These small scatterers in this region behave as an individual resonant
structure so that the array of scatterers can be realized as MTMs, and their character-
istics give multiple EM behavior that is not found in nature. In this region, the array
of scatterers becomes dispersive in nature, but it is possible to characterize the EM
behavior by extracting the effective parameters of the single scatterer. Region 3 corre-
sponds to the same array of scatterers called MTSs, where the scatterers are subjected

to higher-order floquet Bloch mode analysis to study its EM behavior. In this region,
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the structure is no more a composite material behaving as an effective medium. Since
the wavelength is approaching the period of the scatterer, the higher-order modes must

be considered in the EM analysis.

2.2.3 Frequency Selective Surface(FSS)

The FSS is a particular class of MTM, and it is periodic to obtain specific reflection and
transmission property. The FSS finds applications in stealth and aerospace technology
as an absorbing medium or reflecting surface(Munk (2000)). Also, FSS is used in low
observable platforms to enhance the characteristics of an antenna like gain, bandwidth
and radar cross-section(RCS) reduction. The FSS structures are categorized into two
types based on the periodic structure of the geometry. The periodic patches are etched
on the substrate called capacitive FSS and the substrate with metallic ground comprises
of apertures called inductive FSS. The specific spectrum is selected by the careful de-
sign of these periodic structures. Fig.2.15 shows some of the FSS structures. Reflection
and transmission properties of FSS are analyzed using lumped elements L and C ap-
proach. The analysis is carried out for different configurations like freestanding FSS
with normal incidence and fixed periodicity. In general, the study is carried out for
FSS with thin and thick dielectric slabs. The oblique incidence and variable periodicity

are considered for FSS with dielectrics. For freestanding FSS, the analysis is valid
till the frequency of interest, in which grating lobes occur(d=\, for normal incidence
and d=\,/2 for grazing incidence). This is because the reflected or transmitted energy in
other directions is also considered rather than the direction stated in snell’s law resulting
in a non-linear behavior of periodic structures. Under some assumption, a capacitive
FSS is analyzed and its simple LC network can give its frequency response. Similarly,
for an inductive FSS, a series LC network can provide the frequency response. A more
straightforward approach can determine the impedance of FSS by finding the complex
reflection coefficient by full-wave simulations and it is given by,

Zo*(1+1)

2.12
27,0 (2.12)

Zpss =
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Figure 2.16: The transmission line model of frequency selective surface embedded in
two dielectrics(Costa et al. (2012)).

Here, FSS is used along with a dielectric substrate and it is required to analyze the be-
havior of FSS with the dielectric substrate. Also, if an FSS is embedded within two
dielectrics, an additional transmission line is considered while retrieving LC parame-

ters. Fig.2.16 shows the model of an FSS embedded in two dielectrics.

The reflection coefficient I" used in equation (2.12) is to compute the impedance of

FSS and it is determined as,

Zo(1 +Ta) = Z1(1 = Ta) inpq
Zo(1+Ty) + Z:(1—-T)

I = (2.13)

where I'; is the input reflection coefficient computed by method of moment (MOM)
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analysis. All other parameters are depicted in Fig.2.16. After finding the load impedance
by transmission formulas, the impedance of FSS can be calculated by using equation
(2.12). The transmission and reflection properties of FSS are calculated for TE and TM

polarization by using the impedance and reflection coefficient equations.

2.2.4 Zero-index based Metasurfaces

The MTSs have a refractive index near zero or less than unity, gives the potential ap-
plication in the field of Electromagnetics. The intersection in the plane of e-u space
diagram is the zero-index point, as shown in Fig.2.17. Several investigations are pre-
sented theoretically and experimentally that MTSs exhibits zero-index property within
the specific frequency range. Phase constant 3 as a function of frequency pass through
the zero-index point from the DNG region to the DPS region. For instance, the in-
vestigations provided in (Enoch et al. (2002),Enoch et al. (2003),Tayeb et al. (2003))
gives a zero-index EBG, which is realized and placed on a source that lies within the
EBG passband to obtain a highly directive beam. The work by Alu et al. (2003) shown
experimentally that the power can be increased by a flat conducting screen that has
tiny apertures and a slab of materials with <. This is due to the screen supports
the conversion of an incident wave into a directed leaky wave. The transmitted power
is increased in such a structure and a sharp beam can be generated by covering the
tiny structure on both sides. The study by Ziolkowski(Ziolkowski (2004)) gives the
details about dispersive and passive materials having propagation and scattering prop-
erties that are matched approximately to free space and having a refractive index equal
to zero with zero phase variations at the interface. The EM behavior of zero-index
medium(e(wy) = 0),u(wo = 0) implies that Z(wg)=Zy, n(wy) = 0 gives the static
characteristics in spacial and dynamic variation in time. To demonstrate this behavior,

consider Maxwell’s equations given by,

V x E, =—jwuH V.(eE,) = pw (2.14)

V x H, = jweE + J, V.(uH,) =0 (2.15)
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when (€(wp) & 0),u(wp = 0), the time harmonic divergence equations then yield p,,=0

and the time-harmonic curl equations reduce to

VxE,=0 (2.16)

V x H, =J, (2.17)

Since this means V.J, = 0, then the charge conservation equation jwp, + V.J, = 0
is also satisfied. Thus the spatial components of the total electromagnetic field behave
like a combination of a constant electric field and a magnetostatic magnetic field. Their
specific values depend on the source and zero-index medium configuration. Thus the
right side of the equations 2.16 and 2.17 is satisfied automatically in the medium, which
has zero refractive index, if the fields are finite. Fig.2.18 shows the comparison between
simple source antenna and zero-index based MTS antenna. In the figure, observation
shows that the patch source distributes the fields spatially, but the zero-index based MTS

directs the fields and focus the energy into a direction normal to its interface.
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(1]

Figure 2.18: The spatial field distribution of (a)simple patch source and (b) zero-index
based MTS

2.3 Theory of Characteristic Modes

The rapid growth of the wireless communication industry, EM simulation and modeling
play an essential role in designing the antenna. This is due to the difficulty faced in
understanding the physical insight of the antenna design and its excitation techniques.
Many commercial softwares are available to solve the problem that exists in the antenna
design, but these EM numerical modeling still give little information about the physical
aspects of the antenna. From the practical aspect of the antenna design problem, the
optimization becomes a tedious process due to the lack of physical concepts in antenna
design to achieve enhanced radiation characteristics. The accuracy can be obtained by
EM numerical modeling, which has an optimization algorithm. These algorithms give
the optimized values to achieve the best performance of an antenna, but it’s not true in
all cases. As the structure of the antenna increases, the algorithms take more space and
more computational time. After optimization, it is difficult to understand the radiation
mechanism pertaining to that antenna. To follow clearly, the synthesis procedure of the
antenna and to get optimized radiation performance, characteristic mode (CM) theory is
a promising solution(Chen and Wang (2015b)). This CM theory is based on the modal

analysis of a particular antenna problem.

Garbacz first formulated the theory of characteristic modes(CM) in 1965(Garbacz

(1965)) and later, Garbacz and Turpin gave complete CM theory(Garbacz and Turpin
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Figure 2.19: Characteristic modal currents of an arbitrary shaped conducting body (a)
model (b)mode 2

(1971)). Garbacz formulated the generalization of classical eigenfunctions termed as
characteristic modes. He proposes the CMs have orthogonal property over both source
region and sphere at infinity. Harrington and Mautz formulate CM theory based on the
electric field integral equation (EFIE) in 1971 for PEC bodies in antenna engineering
and scattering problems(Harrington and Mautz (1971)Harrington and Mautz (1971)). It
relates to the tangential component of electric fields on the surface of the PEC body to
the surface currents. By solving the eigenvalue equation and diagonalizing the operator
used in EFIE, they obtained the similar modes formulated by Garbacz. Harringtons’s
approach produced a convenient formula for CMs computation. CMs are the real cur-
rents of any arbitrary shape conducting bodies and they are solutions to the generalized
impedance matrix obtained using Method of Moments(MOM). Fig.2.19 shows the first

two modes of an arbitrary shaped conducting body.

The modal currents are the fields radiated or scattered by a PEC obstacle under
harmonic excitation are called CMs, which form a convenient basis set to expand these
currents. CMs are determined with source free excitation having eigenvalues and eigen-
vectors. CMs are the orthogonal basis functions that can be used to expand the total
surface current on the PEC body. The characteristic currents are obtained using the

eigenfunctions of the weighted eigenvalue equation. The eigenvalue equation is given
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by,
XJ, = \RJ, (2.18)

where ), is eigenvalues, J,, is the eigencurrents, X is the imaginary part and R is the
real part of impedance operator Z and n represents indexing order of each mode. If
the impedance operator Z is linear symmetric, then its hermitian parts X and R are
real and symmetric, then eigenvalues \,, are real and eigencurrents .J,, are also real and
equiphasal over the surface. The total surface current on the conducting body gives
information about the characteristic modes, i.e., J=) v, J,, where «, is the weighting
coefficients to be determined which are the complete orthogonal set of modal currents.
The «, is given by,
$.(E"J,dS)

, = e ) 2.19
“ 1+ (2.19)

Modal significance(MS) is an important parameter to track the modes, which is defined

as

IMS =1/(1+ jA)| (2.20)

which ranges from 0 to 1. When the mode is resonant and most efficiently radiating,
then its Modal significance value is 1. Also, the characteristic angle ((3,,) is an important
parameter that needs to be considered here to see the phase variation of each character-
istic mode. It is defined based on the eigenvalue obtained from the equation(2.15), and
it is given by,

B = 180° — \, 2.21)

To understand these CMs, consider a rectangular PEC plate analyzed using CMs.
The eigenvalues, modal significance, and characteristic angle of the PEC plate are
shown in Fig.2.20. From the figure, the eigenvalues of the first two modes are nearly
zero, meaning that they are resonant modes and can be excited. The other modes are
higher-order modes, which are of not useful to achieve the best radiation performance.
Fig.2.21 shows the first four modes of modal currents and its radiation patterns. In the
figure, it is observed that the first two modes are contributing to the radiation in the

broadside direction. These modes can be excited to achieve the radiation performance
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Figure 2.20: (a)Eigen values (b) modal significance and characteristic angle of rectan-
gular PEC plate.

Figure 2.21: First four modal currents and modal radiation patterns of rectangular PEC
plate
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of rectangular PEC. The other two modes are higher-order modes, and they can’t be

useful for radiation.

CMs are promising solutions to an antenna engineer to understand the real insight of
modes and their radiation characteristics. As we discussed in the earlier chapter about
circular polarization, it is challenging to analyze CP antennas with a single feeding
technique due to mode patterns. The modes contributing to CP radiation can’t under-
stand easily. By utilizing the potentials of CMs, it is easy to design circularly polarized

antennas, CP based MTSs, and also scattering problems.

2.4 Literature Survey

In this section, an overview of the literature work related to the design of MTS based CP
antennas, wideband/multi-band CP antennas and high gain CP antennas are discussed.
Each section describes the literature available on the particular designs stated in the
objectives. The first section explains about the CP antennas and characteristic mode
based antennas to achieve CP. Also, the RCS reduction technique in MTS antennas and
their design techniques are described. In the upcoming subsections, the recent works
about the potentials of MTSs to achieve wideband CP antennas, the zero-index property
of MTSs, and their applications to achieve high directive beams and different techniques

to achieve multi-band CP operations are discussed.

2.4.1 Characteristic mode based antennas and RCS reduction in

metasurface antennas

Metasurfaces are required by the numerous applications due to their properties to con-
trol the Electromagnetic (EM) Wavefronts. Microstrip antennas can use the metasur-
faces to achieve requirements like wideband CP, beam steering, wavefront shaping,
beam-tilting, Linear to circular polarization conversion, biomedical devices, absorbers,

angular independent surfaces[Chen et al. (2016b) and Holloway et al. (2012)]. Zhu et al.

34



(2013) proposed a rectangular loop with diagonal strip and truncated corner patches that
are used to convert LP to CP waves with wide operational bandwidth.Nasimuddin et al.
(2016) used rectangular sub-wavelength patches to enhance the impedance and axial
ratio bandwidth. In (Zhang and Dong (2017)), a shared aperture MTS is placed on top
of the CP patch to get RCS reduction in wide bandwidth and gain enhancement. In the

above designs, Equivalent circuit modeling is used to analyze the MTS.

Characteristic mode analysis (CMA) is a promising solution to understand the sys-
tematic design of antennas. In [Daviu (2008), Fabres (2007), Chen and Wang (2015a)],
modal analysis is used to analyze the structures like wire, planar monopole, mobile
chassis, etc., by decomposing the surface currents of the conducting structures. The
asymmetric ‘U’ and ‘E’ shaped CP antennas(Chen and Wang (2012)) are analyzed
based on the characteristic modes to achieve CP. Metamaterial based metal-dielectric
structure is analyzed based on the reactive impedance substrate, which exhibits arti-
ficial magnetism excited by the parallel magnetic field using modal analysis. A new
expression is introduced to calculate the Q factor of an arbitrarily shaped antenna that
has metamaterial inclusions. The method of moment based analysis solves for the exter-
nal and internal resonances, but external resonances are only the characteristic modes.
These methods are given by [Rabah et al. (2016b),Rabah et al. (2016a)]. Miers and Lau
(2016) proposed the design, which has minimum radiated power defined in the struc-
ture, which removes all internal resonances using the new post-processing technique,

which gives unique and real CMs.

A I We
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@

Figure 2.22: Wideband MTS antenna using CMA

35



(b)

Figure 2.23: Modal currents and modal patterns of MTS antenna(Lin and Chen (2017))

The bandwidth enhancement for MIMO mobile handset[Li and Shi (2018),Deng
etal. (2016)], stub loaded dipole(Luo et al. (2019) and ring-type CP slot antennas(Saraswat
and Harish (2018)) are analysed using characteristic modes. wideband and dual-band
CMA based MTS antennas are proposed in[Lin and Chen (2017),Li and Chen (2018)].
The MTS antenna analyzed using CMA to achieve wideband property is shown in
Fig.2.22 and the modes are shown in Fig.2.23. The wideband characteristic is obtained

using MTS mode and slot mode.
Radar cross-section reduction is essential nowadays for many radars and stealth
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technologies, which can be easily integrated into the communication systems. Anten-
nas are contributing more in the area of radar and stealth platforms to reduce overall
RCS of the system. The previous literature shows that good improvement in out-band
and in-band RCS reduction over a wide bandwidth with features like CP, high gain,
and good front to back ratio. (Zheng et al. (2015)) proposed a checkerboard surface
having two different Artificial Magnetic Conductors(AMCs), which gives a 180 re-
flection phase difference between them to reduce RCS over a wideband. (Zhao et al.
(2017)) uses the checkerboard array concept to obtain broadband RCS reduction with
CP. In (Zhao et al. (2017)), a broadband MTM Polarization Dependent Artificial Mag-
netic Conductor(PDAMC) surface is designed using complementary SRR to reduce the
RCS.

(Zhao et al. (2016)) proposed a new polarization-insensitive MTS that varies spa-
tially in dimension to reduce reflection in the desired direction to get the bistatic reduc-
tion of RCS in the wide frequency range of 7-12 GHz. [Chen et al. (2016d), Chen et al.
(2015)] uses different EBG structures as checkerboard surfaces on the same ground
plane to reduce dual-band monostatic and bistatic RCS in wide bandwidth which scat-
ters the field in four quadrants. The bistatic RCS pattern is shown in Fig.2.24. Huang
et al. (2016) proposed a frequency reconfigurable two-layer metasurface to reduce the
RCS. An absorbing top layer is embedded with the slot coupled microstrip patch an-
tenna along with reflecting phase cells in the bottom layer. Varactor diodes tune the
frequency in the reflecting phase cells at the bottom surface. Han et al. (2017) pre-
sented a novel double-slotted polarization-dependent EBG structure that reduces the
RCS and enhances gain in the boresight direction. The layout pattern is adopted to im-
prove gain and the chessboard type surface is used to reduce the RCS of the MPA. Low
RCS is achieved by the energy cancellation method in the boresight direction and gain

is enhanced by increasing aperture efficiency.

Mu et al. (2017) proposed a Partially reflecting and absorbing Surface(PRAS) to
simultaneously reduce in-band, out-band RCS, and enhance the gain at boresight direc-
tion. A PRS cell is placed on top and the absorbing surface is placed below the patch

antenna. Kandasamy et al. (2015) presented a novel cross slot based MS which reduce
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Figure 2.25: RCS reduction using absorbing type of cross slot based MTS (Kandasamy
et al. (2015))

the RCS and achieves polarization reconfigurability. The MTS is rotated concerning to
the slot antenna to switch the polarization from LP to CP and vice-versa. MTS acts as
an absorbing surface to reduce the RCS in a broadside direction. The structure with its
RCS pattern is shown in Fig.2.25. [Jia et al. (2015),Jia et al. (2017)] proposed a po-
larization conversion MS and three different AMC surfaces to reduce RCS and achieve
wideband CP. PCM achieves CP and high gain over the wide operating band and there
is a passive phase cancellation between PCM and AMCs to reduce RCS. A wideband
Polarization Rotation Reflective Surface(PRRS) is used to convert incident LP to re-
flective orthogonal polarization. By arranging the PRRS unit cells, RCS reduction is

achieved in a wide frequency range. [Zheng et al. (2015),Zheng et al. (2017)] proposed
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composite AMCs(3 types), which are arranged to get destructive phase difference to

reduce the RCS over Ultrawideband frequency range.

The third chapter of the thesis contributes to a design of MTS based CP antenna
using CMA. The modal analysis is applied to rectangular patch-based MTS to analyze
two orthogonal modes required to achieve CP. The RCS reduction capability of MTS is
also analyzed using the absorptive property of MTS. The proposed antenna is compact

and can be utilized in stealth and space applications.

2.4.2 Wideband metasurface based circulalry polarized antennas

Wideband CP antennas are required in wireless applications to achieve high data rates
as well as to accommodate the increased number of users. Many techniques have been
used to convert linearly polarized antennas to exhibit circular polarization behavior in
wide operating bandwidth. By introducing strip lines into coplanar waveguide (CPW)-
fed slot antennas, a broadband CP is achieved in [Cao and Yu (2015),Karamzadeh et al.
(2016),Pourahmadazar and Mohammadi (2011)]. In [Sze et al. (2008)], an inverted
L-shaped asymmetric CPW-fed slot antenna with small strips is proposed to achieve a
wideband CP. A strip-loaded monopole antenna is designed to obtain a wideband CP in
[Saini et al. (2017)]. As strip loading is sensitive to the design process, achieving opti-
mum wideband CP characteristics using a stub or the strip-loading method is difficult.
The gain of a slot antenna is low because its radiation characteristic is bidirectional.
A perfect reflector or a backed cavity can be used to improve the gain, but both have
a limited axial ratio bandwidth [Fu et al. (2014),Pan et al. (2012), Li et al. (2008)].
Therefore, metasurfaces (MTSs) are the potential structures that can be used to obtain

CP and good gain in a wide range of frequencies.

MTSs are used as reflectors to achieve axial ratio <3 dB over a wide bandwidth.
Frequency selective surfaces (FSS), high impedance surfaces (HIS), artificial mag-
netic conductors (AMCs) and electromagnetic bandgap (EBG) structures are some of
the MTSs used as reflectors to improve the gain, CP bandwidth and pattern purity.

A simple linearly polarized dipole antenna is utilized to generate a circularly polar-
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Figure 2.26: (a)The fabricated prototype of simple dipole backed by polarization de-
pendent MTS. (b) experimentally verified reflection coefficient and axial
ratio plots (Fan Yang and Rahmat-Samii (2005))

ized wave using an EBG structure in [Fan Yang and Rahmat-Samii (2005) Yi and Qu
(2013)].Fig.2.26(a) shows a polarization-dependent MTS based dipole antenna. It con-
verts the LP wave radiated by a dipole into CP wave by reflective property of MTS
placed below it. Fig.2.25(b) shows its reflection coefficient and axial ratio plots. Dif-
ferent slot antennas with a single- and dual-layer AMCs as reflectors are investigated
in [Agarwal et al. (2013a) Agarwal et al. (2013b)]. A loop antenna is designed with an
AMC as a reflector to improve axial ratio bandwidth in [Li et al. (2013)]. The above
MTS-based antennas have less axial ratio bandwidth. The careful design of a primary
source antenna with MTS as a reflector can achieve wideband CP characteristics. Cor-

ner truncated microstrip patch antennas have been discussed in the literature, but they
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have a narrow CP bandwidth [Sharma and Gupta (1982)]. In [Kandasamy et al. (2016)],
a pair of SRRs are loaded on the truncated slot antenna for dual-band CP applications.
The disadvantage is that the corner truncated slot antenna alone cannot achieve a CP.
The loading of an SRR on the truncated slot antenna gives a CP in both bands. In
our proposed design, the perturbed slot antenna alone can produce a wideband CP by

increasing the depth of perturbation.

The fourth chapter of the thesis presents a novel perturbed slot antenna to achieve
wide axial ratio bandwidth. Further, to improve the axial ratio over a wide range of
frequency, an FSS based reflective MTS is used. The combined effect of the slot antenna
and FSS gives wide axial ratio bandwidth. The proposed design is useful in wireless
applications to assign a maximum number of users in a mobile environment. In the other
design, an SRR is placed on the slot antenna to improve the CP bandwidth. The slot
mode and SRR modes are controlled to achieve optimum wide axial ratio bandwidth.

Since this design is a single layer, it is utilized for soil sensing applications.

2.4.3 High Gain Metasurface Antennas

In space applications like satellite and radar, high gain antennas are essential. Many
high gain LP antennas are designed using metamaterials. Using Fabray Perot (FP) cav-
ity concept in[Li et al. (2017),Long et al. (2017)] to achieve high gain. Here in FP
cavity-based antennas, the FP resonant condition is to be satisfied to improve the gain.
So another good class of MTMs to enhance the gain is materials with zero or near-
zero permittivity or permeability, which are called zero-index materials (ZIM). ZIM
enhances the directivity when excited with a primary source. Many high gain anten-
nas are designed based on ZIM/low index metamaterial (LIM) in the microwave and
visible region using subwavelength metallic thin wires (Enoch et al. (2002)), resonant
non-magnetic inclusions (Silveirinha and Engheta (2007)) epsilon near zero (ENZ) me-
dia (Liu et al. (2008)) and metal-dielectric nanostructures(Vesseur et al. (2013)). Also,
multilayered ZIM based high gain antennas are proposed in [Zhou et al. (2009),L1 et al.

(2012)]. The thin metallic wires and modified split-ring resonators are used to design a
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Figure 2.27: (a)The multilayer ZIM based high gain antenna prototype (b) Frequency
response of refractive index (c) Sy; plot (d) comparison between gain and
directivity plot (Zhou et al. (2009))

zero-index metamaterial lens to enhance the gain (Meng et al. (2012)). To enhance the
directivity of an antipodal tapered slot antenna and a SIW slot antenna, zero-index based
unit-cells are investigated in [Sun et al. (2013), Jiang et al. (2014)]. ZIM lens antenna
based on AMC surface(Turpin et al. (2014)) and reactive impedance surface (RIS) (Ma-
jumder et al. (2018)) are designed for compact high gain antennas. Fig.2.27(a) shows
the fabricated prototype of a multilayer ZIM based MTS antenna. Fig.2.27(b) & (c)
shows the refractive index and reflection coefficient plot. Fig.2.27(d) shows the com-
parison of directivity and gain plot. In this design, the gain of the patch antenna is
enhanced, but it is linearly polarized. High gain CP antennas are an essential require-
ment in space and radar applications [William A. Imbriale et al. (2006)]. Also, The
ZIM based high gain antennas available in the literature are LP antennas. Hence, there

is a scope to design a ZIM based antenna with simultaneous LP to CP conversion with
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gain enhancement.

The fifth chapter of the thesis proposes the ZIM based high gain antennas. In the
first design, the gain of a CP patch antenna is enhanced using a swastika and ring-shaped
ZIM MTS. In the second design, a two-sided dual split ring based ZIM is proposed to
convert LP to CP wave and gain enhancement of rectangular patch antenna simultane-
ously. The proposed designs are useful in space communication in comparison with

other ZIM based antennas.

2.4.4 Multiband Circularly Polarized Antennas

The multi-band CP antennas are essential in mobile communication to operate multiple
bands at a time. There have been many antennas in the literature that shows good CP
characteristics. Bao and Ammann (2007) proposed the design of a dual annular ring
with a compact circular patch and an unequal arm slotted ground plane with a small CP
frequency ratio. By adjusting the length of the cross slots, dual-band CP is achieved.
Chen and Yung (2009) presents a CPW fed dual sense dual-band CP slot antenna loaded
with asymmetric spiral slots at the edges. Two spiral slots with opposite rotation give
two sense of polarization and two T shaped strips give CP with dual-band. Nasimuddin
et al. (2010) proposed an S-shaped slotted MSA for dual-band CP application. The
asymmetric slot arms of S shape are adjusted to get CP without an increase in the
thickness and size of the patch. In Chen and Yung (2011), a corner truncated patch is
proposed by loading two outside L shaped stubs. The outside L shaped stub excites
the inner mode of truncated corner patch. Inner mode and originally excited with outer
mode gives the dual-band dual circular polarization with front to back ratio of around
20 dB. Shao and Chen (2012) presents cross slot and annular slot based dual-band dual
sense antenna. Two resonant frequencies are produced by annular slot and cross slots
of asymmetric length. Electromagnetic coupling is used to excite asymmetric slots and
annular slot, which gives a circularly polarized antenna. Weng et al. (2014) presents a
single layer compact low profile dual-broadband CP antenna with a single feeding. An

L-shaped and asymmetric U-shaped strips are introduced in the slots to get dual-band
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Figure 2.28: Proposed asymmetrical multiband CP Antenna (a) cross-sectional view
and (b) top view(Reddy and Sarma (2014))

CP characteristics. L shape gives the lower band and the U shape gives higher band CP.

A single feed single layer Koch fractal boundary microstrip antenna is designed(Reddy
and Sarma (2014)) to get triband CP is shown in Fig.2.28. By introducing the slot in
the Koch fractal patch and by iterative Koch functions, CP is achieved.Wang et al.
(2015) proposed a single layer bent microstrip feeding structure to get wideband with
dual-band CP. L shape and T-shaped slots are introduced to excite two modes, which
are orthogonal to get dual-band CP. A rectangular patch is added to improve the CP
bandwidth and impedance bandwidth. (Liang et al. (2015)) proposed a complementary
semicircular monopole loaded with adjusting stubs to get dual-band CP. The monopole
and its complementary gives LP and the adjusting stubs are added to achieve CP. Saurav
et al. (2015) introduced a dipole loaded with multi-band resonators to achieve multi-
band CP. By controlling the geometrical parameters of the LC resonator, multi-band CP

is achieved. A cavity is attached to get the unidirectional radiation pattern.

A shared aperture array of different microstrip antennas(Zhang et al. (2016),Zhang
et al. (2017)) is presented to obtain dual-band with dual CP. A rotating feeding network
is used to match the array. A pair of arc-shaped(Chen et al. (2016c)) slits are embedded
in a circular patch to achieve LP and two gap coupled capacitive grids are added to get
orthogonal modes to achieve CP. In Kandasamy et al. (2016), dual-band CP is obtained
by an SRR loaded cavity-backed corner truncated slot antenna. The outer ring of SRR

is connected and changing the orientation to get a dual sense of polarization. The two
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bands are controlled independent each other with unidirectional radiation pattern with-
out affecting the CP performance. FSS can be used to achieve more bands with CP.
Quadband CP(Hoang et al. (2016)) is achieved by loading FSS to U-shaped patch with
I and L shaped structure tilted 45° with respect to the horizontal axis. Dual-band CP
with improved impedance and axial ratio bandwidth is achieved by loading FSS to an
S-shaped slot antenna(Ding et al. (2017)). Saini et al. (2017) presented a monopole
antenna loaded with parasitic strips and I shaped grounded stub to obtain dual sense
CP with dual-band characteristics. Dual-band antennas are designed with circular po-
larization with dual-polarization sense(Nayeri et al. (2011),Rui et al. (2016)). In the
above designs, structures are sensitive to design parameters like slit or stub loading
methods and optimization is a tedious process. Also, the tuning of frequency bands
and polarization sense is difficult. Some of the designs present dual-band CP antenna
with independent tuning, but axial ratio bandwidths are less. This requires the design

of more frequency bands with independent tuning and CP characteristics.

The sixth chapter in the thesis presents the dual and triband CP antennas. In the
first design, a dual-band CP antenna with a <3 dB axial ratio over a wide bandwidth is
obtained in each band. The second design presents a triband CP with an independent
tuning capability of each resonance frequency band. Also, polarization sense can be
altered at each resonance frequency. The presented designs are compact and useful in

wireless applications compared to other MTM inspired dual and triband CP antennas.
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CHAPTER 3

CHARACTERISTIC MODE ANALYSIS OF A
COMPACT METASURFACE ANTENNA WITH
CIRCULAR POLARIZATION AND LOW RCS

3.1 Introduction

In this chapter, the characteristic mode analysis of a low profile, compact MTS an-
tenna with circular polarization characteristics for in-band RCS reduction is discussed.
The characteristic modes provide an intuitive analysis of the conducting structures in
the multilayered medium. The metasurface is analyzed using source free characteris-
tic modes. These modes give a better understanding of the mode contribution to the
radiation properties of the metasurface. These modes are excited to obtain the desired
radiation performance. The circularly polarized antenna is designed using rectangu-
lar patch-based polarization-dependent MTS (PDMTS). The PDMTS produces two or-
thogonal degenerate modes and it is excited with linearly polarized slot antenna to show
its polarization conversion capability. Also, the RCS reduction capability of MTS is
analyzed using plane wave incident normal to the MTS. The absorptivity property of
PDMTS is utilized to reduce the RCS within the entire impedance bandwidth. The
proposed antenna is compact and it has the overall size of 0.52\g x 0.52 A\g x 0.078)
(where )\ is the free space wavelength). The antenna performance is validated exper-
imentally by considering the axial ratio bandwidth, impedance bandwidth, monostatic

RCS and gain.



3.2 Characteristic Mode Analysis of PDMTS

The rectangular patch-based PDMTS is shown in Fig.3.1(a). The PDMTS is etched
on top of the roger RO4003C substrate (¢,=3.38, tano=0.0027 and height hs=3.454mm)
and it is oriented 45° with respect to XY plane. The PDMTS is analyzed using a method
of moment (MOM) based CMA tool in CST MWS. The CMA results of PDMTS are
obtained with PEC boundary applied in the negative z-direction with all other sides
as open boundaries, as shown in Fig.3.1(b). In characteristic mode (CM) theory, the
generalized eigenvalue equation is given by, X J:L = A\ RJ, where \, is eigenvalue.
The eigenvalue reveals the resonant behavior of each mode. The modal significance
(MS=1/(1 + ),)) and characteristic angle(CA=180° — ),,) are the other two param-
eters, which effectively determine the radiation performance of each mode. The MS
helps to distinguish between higher-order CMs from fundamental CM by transforming

eigenvalues to a smaller range [0,1].

Radiation
bound

y
W v,

(a) (b)

Substrate

Figure 3.1: (a) Geometry of the proposed PDMTS (b) Open radiation boundary set
up with PEC in the -Z direction. L,=27mm, L,=85mm, W,=6mm,
W,=0.3mm, h,=3.454mm.

The PDMTS patches have meshed and electrical currents are solved to get the modal
behavior of PDMTS. The MS and CA of the first four modes are shown in Fig.3.2. In

CMA results, J1 to J4 represents the first four characteristic modes. The first two modes
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Figure 3.2: Simulated (a) modal significance(MS) and (b) characteristic angle(CA) of
the first four modes(J1-J4) of PDMTS.
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Figure 3.3: Simulated (a)modal significance and (b)characteristic angle of first two
modes(J1, J2) of PDMTS.

possess equal magnitude and the phase difference of 74° at 7.02GHz and it is shown in
Fig.3.3. Even though the phase shift between two modes is less than 90° before feed ex-
citation, circular polarization can be achieved satisfactorily after feed excitation (Chen

and Wang (2012)). The first four modal currents of the MTS at 7.02GHz are shown
in Fig.3.4. It is observed that all the modal currents of J1 are in-phase over the MTS in

u direction and all J2 modal currents are in-phase over the MTS in the v direction. J1
and J2 are the pair of orthogonal modes that are responsible for circular polarization. J3
and J4 are the higher-order modes which are opposite current distribution about u and
v axes. The first four modal radiation patterns of the MTS at 7.02GHz are shown in

Fig.3.5. The first two modes are well radiated in bore-sight direction and orthogonal to
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Figure 3.5: Simulated modal radiation pattern of PDMTS. (a)J1 (b)J2 (c)J3 (d)J4

each other, but higher-order modes have radiation null in the bore-sight direction. This
analysis suggests that the first two modes are orthogonal and have an excellent in-phase
current distribution with good broadside radiation performance. Excitation of mode J1

and mode J2 gives circular polarization with a good broadside radiation pattern.

Fig.3.6 and Fig.3.7 show the parametric study of characteristic modes to know the
sensitivity of the designed parameters. It is observed that the effect of 1V, on the modes
is significant. If the parameter IV, increases, the resonance shifts to lower frequency due
to the increase of MTS electrical size. The phase shift between the first two modes can
be optimized using parameter W,,. W decides the coupling between patches, increasing
the value of IV shift the resonance to a higher frequency. The parametric study of CMA

helps us to optimize the modal behavior.

3.2.1 CMA of PDMTS with slot

To see the effect of slot used to excite the PDMTS, the PDMTS with slot is analyzed

using CMA. The slot portion of the surface is assigned as radiation boundary with all
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other sides keeping same as the Fig.3.1(b). The slot mode will affect the CP resonance
of MTS and shifts to lower frequency. The MS and CA plots are shown in Fig.3.8.
Mode 1 is the slot mode which resonates at 4.8 GHz and mode 2 & mode 3 are the
MTS modes with slot, which are earlier mode 1 and mode 2 of MTS without slot. The
MTS modes with slot (mode 2 and mode 3) have a phase difference of 82° at 6.3 GHz.
The modal significance of these modes is the same at 6.3 GHz and phase difference is
shown in the characteristic angle plot. After exciting the slot with the microstrip feed
line, these MTS modes(mode 2 and mode 3) are intern excited by the slot to successfully

achieve CP radiation.
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Figure 3.8: CM analysis of MTS with slot (a) modal significance (b) characteristic angle
3.3 Circularly polarized antenna design using PDMTS

The PDMTS analyzed using CMA method is loaded on a slot antenna to design CP
antenna. It consists of PDMTS (SS’), slot antenna (GG’), and microstrip feed line
(FF’), as shown in Fig.3.9. The slot antenna is designed using RO4003 rogers substrate
(e, = 3.38, tand = 0.0027) with thickness of h, = 0.508mm. The 50¢2 microstrip feed
line is printed on the top surface and the slot is engraved on the bottom surface. The slot
antenna has the optimized dimensions of L;=11.65mm, W;=1.5mm and W=1.1mm.
Fig.3.9(a) shows the PDMTS is loaded on the slot antenna and Fig.3.9(b) shows the
bottom side, which is in direct contact with the microstrip feed line without any air
gap. The PDMTS, feed line and slot are aligned at the center of the XY plane. Since
the PDMTS is oriented 45° with respect to the XY plane, the mode directions of J1
and J2 of PDMTS are in-phase with the electric field component in u (Eu) and v di-
rection (Ev) of the slot antenna. This enables the slot antenna to efficiently couple the
PDMTS and produces right hand circularly polarized (RHCP) waves. To get left hand
circularly polarized (LHCP) wave, the PDMTS should be placed on the other diago-
nal (v direction) of the substrate with respect to the XY plane. The surface current on
PDMTS at the different instant of time rotates in anticlockwise direction with respect
to +z -direction produces RHCP waves, as shown in Fig.3.10. The parametric study of
PDMTS loaded slot antenna using full-wave analysis is shown in Fig.3.11 and Fig.3.12.

The most significant parameters are L; and W, which gives the impedance bandwidth
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Figure 3.9: Structure of the proposed design (a) front view (b) side view (c) back view

Figure 3.10: Simulation results of Surface current distribution at different time instant
(a) t=0 (b) t=T/4 (c) t=T/2 (d) t=3T/4

52



o
o

— - =Lf=9mm
-5 54 ——Lf=11mm
5_104 % 2l = = Lf=13mm
T .15 =
o i
0 20 — - =Lf=9mm © 21
-25 ——Lf=11mm é 14
= = Lf=13mm
30 : , . 0 . . . .
4 5 6 7 8 56 58 60 62 64 66
Frequency (GHz) Frequency (GHz)
(@) (b)
6
— - =Wf=1.2mm
5 —— Wf=1.5mm
. %L = Wf=1.8mm
g g,
- x,)
(20 - = Wf=1.2mm)| I
Wif=1.5mm| é 14
— — Wf=1.8mm|
-40 : , : 0 . . . .
4 5 6 7 8 56 58 60 62 64 66
Frequency (GHz) Frequency (GHz)
© (d)
Figure 3.11: Effect of Ly and W; on simulated S, and axial ratio (a & b) Ly (c & d)
Wy
6=
Pon) 54
)
- T 4
o S
Z° < 3
- ad
I — 24
N 25 — - =Ws=0.2mm @
301 ———WSs=0.3mm 2 14
= = Ws=0.4mm
-35 . , ; 0 . . . .
4 5 6 7 56 58 60 62 64 66
Frequency (GHz) Frequency (GHz)
(@) (b)
N, — = Wp=5mm

N\ L —wp=6mm
- - Wp=7mm|
-\

S1198)

Axial Ratio(dB)
U-|O P N WA OO N

4 5 6 7 8 6 58 60 62 64 66
Frequency (GHz) Frequency (GHz)
(©) (d

Figure 3.12: Effect of W, and W), on simulated S1; and axial ratio (a & b) W (c & d)
Wp

53



variation but not the axial ratio. In the figure, increasing L ¢ shift the resonance to lower
frequency and split the mode into degenerating modes. By decreasing L, the mode
shifts to the higher frequency and also impedance matching degrades. Even though the
modes of PDMTS with slot analyzed using CMA are resonating at 6.3 GHz before ex-
citation, the resonance of CP antenna shifts to lower frequency after excitation of slot
with microstrip line due to overall substrate thickness. The MTS mode and slot mode
are combined to give wider impedance bandwidth. W} does not affect much on the
resonance frequency, but it improves the impedance matching. By optimizing the pa-
rameters Ly and W, good impedance bandwidth can be achieved. W, is the parameter
that affects the axial ratio significantly because of the change in the electrical dimension
of MTS. W, is also helpful to optimize the axial ratio as well as impedance variation.
The CMA results are well in agreement with full-wave analysis (FWA), as shown in
the parametric study. Finally, the L; and W are mainly contributing to impedance

matching, while W, and W are helps to optimize the axial ratio.

3.4 RCS Reduction of the MTS CP Antenna

In stealth applications like radar, the antenna also considered as a potential reflector of
the overall system. In the proposed antenna without PDMTS loading, the slot acts as
a primary source antenna with poor RCS performance. The metasurface is absorbing
the maximal incident energy and reduces the RCS. The two-dimensional periodic ar-
rangement of sub-wavelength patches acts as an absorbing medium. The simulation is
performed to find the absorptivity of the metal-backed MTS at the resonance frequency.
A plane wave is incident normal to the MTS to calculate the absorptivity from the reflec-
tion coefficient curve. Fig. 3.13 (a) shows the absorptivity curve. The simulation set-up
is shown in the subset of the same figure. The absorptivity is calculated using A=1-
|S11|%, the proposed PDMTS covered slot antenna gives the absorptivity of 95%. When
absorptivity value is nearly 100%, the material act as a perfect absorber. Absorbers act
as RCS reduction materials [Kandasamy et al. (2015),Wu et al. (2016a),Ghosh et al.
(2015),Liu et al. (2013)].
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Figure 3.13: Simulated absorptivity magnitude of metal backed PDMTS (b) Simulated
monostatic RCS variation of PDMTS loaded slot antenna over oblique
incidence (c) simulated frequency response of the monostatic RCS vs
oblique incidence (d) simulated and measured monostatic RCS vs Angle
at 5.86 GHz for y polarized wave (e) simulated and measured frequency
response for y polarized wave at broadside direction.
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To observe the in-band RCS reduction capability of PDMTS loaded slot antenna,
simulations and measurements are carried out for plane wave incident with different
incident angles. The proposed antenna achieves a monostatic RCS reduction of -32.2
dBsm for y polarized wave at the resonance frequency of 5.86 GHz. Fig. 3.13(b) shows
the variation of monostatic RCS with respect to the different incident angles. The ob-
served monostatic RCS of the slot without PDMTS is -2 dBsm at its resonant frequency.
It infers that there is a remarkable RCS reduction of -30.2 dBsm is achieved with the
loading of PDMTS on the slot antenna. The PEC is the standard electromagnetic wave
reflector. To evaluate the RCS reduction performance of the proposed PDMTS, the
RCS of PEC is compared with the PDMTS. The RCS performance of the slot antenna
with and without PDMTS is compared to show the RCS reduction capability of the
PDMTS [30-32]. Fig. 3.13(c) shows the simulated RCS frequency response of PDMTS
loaded slot with different incident angles. The observation in the figure shows that
the frequency response has nearly -28 dBsm RCS reduction over the entire impedance
bandwidth. The monostatic RCS is weakened with respect to oblique incidence over
the in-band frequency. This is due to the increase in the reflectivity property of MTS
with oblique incidence. Fig. 3.13(d) and 3.13(e) shows the simulated and experimen-
tally verified results of monostatic RCS for y polarized wave. The measured results are

comparable with the simulated results of the proposed MTS based CP antenna.

3.5 Fabrication and experimental results

Fig.3.14 shows the proposed prototype of the fabricated design. Fig.3.15 shows the
comparison between simulated and measured results of gain, axial ratio bandwidth and
impedance bandwidth. Fig.3.15(a) shows the measured and simulated impedance band-
width (|S11| <-10 dB). The simulated impedance bandwidth of 2.31 GHz (39.42%)
from 4.61 GHz to 6.92 GHz and 3 dB axial ratio bandwidth of 0.39 GHz (6.72%) from
5.92 GHz to 6.31 GHz is achieved. The measured impedance bandwidth of 1.575 GHz
(29.11%) from 4.96 GHz to 6.535 GHz and 3-dB axial ratio bandwidth of 0.49 GHz
(9.05%) from 5.83 GHz to 6.32 GHz is achieved. The measured monostatic RCS value
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Figure 3.14: Prototype of the fabricated structure (a) front view(MTS) (b) back
view(slot) (c) micro-strip line feed
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Figure 3.15: Simulated and measured 511, axial ratio and gain (a) S1; (b) axial ratio and
gain

of -23.2 dBsm is achieved for the proposed PDMTS loaded slot antenna. Fig.3.15(b)
shows the simulated and experimentally verified gain of the antenna. The measured
bore-sight gain of 6.34 dBiC is achieved at the center frequency. There is 0.5 dB gain
variation in the entire axial ratio bandwidth because of small fabrication errors and

SMA connector losses.

The measured and simulated radiation patterns of the MTS based CP antenna at
two frequency points in azimuth and elevation planes are shown in Fig.3.16. In the
figure, measured radiation patterns are in accordance with the simulated results both in

RHCP and LHCP.The cross-polarization (LHCP) level of -10 dB is achieved in azimuth
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Figure 3.16: Simulated and measured RHCP and LHCP radiation pattern at 5.86 GHz
(a) xz palne (b) yz palne and 6.3 GHz (c) xz plane (d) yz Plane

and elevation planes compared with the co-polarization (RHCP) level. The front to back
(FB) ratio of -15 dB is achieved in both azimuth and elevation planes. Table 3.1 presents

the comparison between the MTS based CP antenna and other literature.
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Table 3.1: Comparison of performance metrics of the proposed CMA based MTS CP

antenna
Ref Size (), is at 5.86 {)?fggv?gf; Axial ratio | RCS reduc- CMA
) GHz) %) bandwidth(%) | tion band

ggﬁ;t 2T XN 25.1 8.37 No No
ggﬁﬁt a1 0.9 (diameter) 26.31 11.4 No No
[Kandasamy
et al. | 0.97)\y(diameter) 26.35 2.36 4-5GHz No
(2015)]
[Nasimuddin|
et al. | 0.8\gX1.17A0X0.064\g | 35.6 28.6 No No
(2016)]
g\(f)‘i 655] A1 50520X0.4900X0.07)q 33.7 16.5 No No
[Lin and
Chen 1.06 X X1.0610X0.078 \¢ 31 No No Yes
(2017)]
[Zhao et al.

4.5200X4.52X0X0.056 g 7.54 No 5.14-7.15GHz | No
(2016)]
[Zhao et al.

6.56 A0 X4.2810X0.3)\g | 10.93 No 3.15-3.25 GHz | No
(2017)]
E%‘i oo A1 300X320X0.10 8.47 No 9-19GHz | No
proposed 0.52X0X0.5210X0.078 g 29.11 9.02 4-8 GHz Yes

3.6 Summary

In this chapter, A CP antenna based on PDMTS with in-band RCS reduction capability

is presented. The PDMTS is analyzed using CMA to find two orthogonal degenerate

modes to achieve CP. The polarization conversion capability of PDMTS from the LP

into the CP wave is successfully validated. The proposed PDMTS CP antenna has a

low profile and achieves an impedance bandwidth of 1.57 GHz and a 3 dB axial ratio

bandwidth of 0.49 GHz. Also, the antenna gives good in-band RCS reduction capability.

CMA is a powerful method in analyzing the modal behavior, excitation of modes, and

feed optimization.
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CHAPTER 4

WIDEBAND ANTENNAS WITH CIRCULAR
POLARIZATION CHARACTERISTICS

4.1 Introduction

The first section of this chapter presents the design of a single-layer planar slot an-
tenna with wideband circular polarization characteristics. It is fed by coplanar waveg-
uide(CPW) feeding technique and it is backed by a frequency selective surface (FSS).
A square slot antenna is designed at 2.5 GHz, which radiates linear polarization. The
impedance bandwidth optimization of the planar slot antenna is performed by tuning
a stub-loaded modified CPW feed line. The corners of the square slot antenna are
perturbed to produce two orthogonal degenerate modes required for a wideband CP op-
eration. The corner perturbed slot antenna gives an axial ratio bandwidth of 20.68% at
4.35 GHz resonance and the gain of the perturbed slot antenna is 1.88 dB. Furthermore,
A 6 x 10 array of FSS is placed below the slot antenna to improve the gain and axial
ratio bandwidth. The FSS improve the axial ratio bandwidth up to 31.14% at 4.33 GHz
resonance and a peak gain of up to 4.87 dB. In the second section, a CPW fed slot
antenna loaded with a rotated SRR to achieve wideband CP is presented. The corner
truncation of the slot antenna provides CP in the lower band. To get CP in a higher
band, the split gap of the inner ring is rotated 90° concerning to outer ring. The wide-
band CP response is achieved by merging two resonances of rotated SRR and perturbed
slot antenna. Since the design is a single layer, it is utilized as a sensor to find the
moisture content present in the soil. The antenna is placed on the surface of the testing
soil and its reflection coefficient is measured. The resonance frequency varies as per the

moisture content present in the soil.



4.2 A slot antenna with circular polarization and wide-
band characteristics using Frequency Selective Sur-

face

In this design, a slot antenna with a frequency selective surface for wideband CP char-
acteristics is discussed. A slot antenna is designed to achieve CP, but the axial ratio
bandwidth and gain are less. The potential property of FSS is used to enhance the CP

bandwidth and gain of the slot antenna.

4.2.1 Antenna structure and Its operation

Fig.4.1 shows the proposed antenna and it consists of an FSS layer and CPW fed corner
perturbed slot antenna. An inexpensive FR4 (¢,=4.3, tand=0.025) is utilized to design
FSS and slot antenna. The FSS is placed underneath the slot antenna. An air gap
of hg,=22 mm is maintained between the slot and FSS. The slot antenna resonance

frequency is calculated using equation 1(Kandasamy et al. (2016))

c 2
= —4/ 4.1
fr 281 1+€r ( )

where c=speed of light, S;=(S+a)= square slot length. Two tuning stubs are added to

the CPW feed and by varying the parameters of these tuning stubs better impedance
bandwidth is obtained. The proposed antenna parameters are Wp=7 mm, Lp=13 mm,
Wg=70 mm, Wm=3 mm, S=29 mm, n=0.1 mm, m=0.2 mm, W=89 mm, L=100 mm,
hs=1.6 mm, hf=0.508 mm, a=8.4 mm, L1=7 mm, L2=5 mm, and W1=1 mm. The con-
ventional slot is perturbed to obtain the axial ratio over the wideband. Fig. 4.2(a) shows
the simulation results of the axial ratio and reflection coefficient of the slot antenna with
various values of perturbation. The optimized value of perturbation is a=8.4 mm, as the
axial ratio value deteriorates with a further increase in truncation. Fig.4.3 shows the
electric field distribution of the corner perturbed slot antenna at different time instants.

In the figure, the truncated slot antenna produces left-hand circularly polarized (LHCP)
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Figure 4.1: The proposed FSS-based antenna structure.

waves. The opposite corners of another diagonal of the slot antenna should be truncated
to obtain right-hand circularly polarized (RHCP) waves. Further, to enhance the gain
and CP bandwidth of the corner perturbed slot antenna, an FSS consisting of rectan-
gular unit cells are used. The proposed FSS acts as a polarization-dependent reflective
surface. The gain is enhanced by selecting FSS so that it reflects the signal from the slot
antenna back to the forward direction. The maximum gain is obtained for the 6 x 10
array. The rectangular unit-cell size of an FSS 1s Wp and Lp and the overall size of the
FSS array is WxL. n and m are the gaps between rectangular unit-cells in the vertical
and horizontal directions. The perturbed slot gives a CP bandwidth of 3.9-4.8 GHz.
The polarization-dependent reflective property of the FSS is used to enhance the CP

bandwidth. Fig.4.4 shows the reflection phase characteristics for the x- and y-polarized
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Figure 4.2: Simulation results of reflection coefficient plot and axial ratio plot of the
perturbed slot antenna. (a) |S;| (b) axial ratio.
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Figure 4.3: Simulated electric field distribution of the truncated slot antenna at 3.47
GHz. (a) wt=0 (b) wt=90°.

|
t'%qﬂ‘-fi
~ Ay

wave incident orthogonal to the top surface of the FSS unit-cell. The proposed FSS
gives a reflection phase of 90 for the x- and y-polarization from 3.6 GHz to 5 GHz. As
explained in (Fan Yang and Rahmat-Samii (2005)), this 90° phase difference produces a
CP radiation in the forward direction. This phase difference enhances the CP bandwidth
of 3.6-5 GHz of the perturbed slot antenna. The total field E is calculated as the sum of
the direct radiating field (&) of the slot antenna and the reflected field (£,) from FSS.

It is given by
- —= k
Ej+E, ==

E=E;+E,
! V2

e (@ +y) + 5z —y)] (4.2)
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Figure 4.4: The FSS unit-cell characteristics in-terms of its reflection phase

— : :
where Ey = EO 76_31“ + 76_9’”

ﬁ = —0[76 3’“(399”3 + 76_3’“@]99]

where Fj is the amplitude of E, k is the wavenumber, and fx and 6y are the
polarization-dependent reflective phases for the x- and y-polarized incident waves, re-
spectively. Fig.4.5 gives the presented antenna design process. The corner perturbed
slot antenna is designed to operate (case a) at 2.5 GHz, which produces LP waves.
Fig.4.5(b)shows the axial ratio plot of the square slot antenna and its value at its de-
signed resonance frequency is high. The perturbed slot (case b) resonates at 3.66 GHz
and produces a wide axial ratio bandwidth of 20.68%. Further, To attain the wide CP
bandwidth, the FSS array is placed beneath the corner perturbed slot antenna (case c),
which enhances the axial ratio bandwidth to 30.94%. The comparison among the
conventional slot antenna, the corner perturbed slot antenna over a perfect electric con-
ductor (PEC), and the FSS-backed slot antenna provides the performance evaluation of
FSS is shown in Figs. 4.6(a) and 4.6(b). The S;; plot in Fig. 4.6(a) provides the reso-
nance frequency variation of the slot backed by PEC or FSS. The resonance of PEC or

slot antenna with FSS is shifted compared to the perturbed slot because of the loading
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Figure 4.5: Simulation results of reflection coefficient and axial ratio of the antenna
design process. (a) |S11| (b) axial ratio.
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Figure 4.6: Simulation results of reflection coefficient, gain and axial ratio plot of the
slot, the slot with PEC, and the slot with FSS. (a)|S1;/, (b) axial ratio, (c)
|S11| of the designed antenna with and without tuning stubs, (d) gain varia-
tion of the presented antenna with and without FSS.
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effect of PEC or FSS. In Fig. 4.6(b), the perturbed slot antenna has a lesser axial ratio
bandwidth than the slot antenna with FSS. This is due to the fact that the forward signal
from the slot and the reflected signal from the FSS produces orthogonal fields in the

far-field region, producing a wideband CP.

Fig. 4.6(c) shows the simulation results of the reflection coefficient plot of the slot
antenna with and without tuning stubs. The optimization is performed using tuning
stubs added to CPW feed to obtain better impedance bandwidth. The slot antenna
directivity is improved by nearly 3 dB for both PEC and FSS, but improving the axial
ratio bandwidth is not possible for PEC. The gain comparison of the perturbed slot and
the perturbed slot with FSS is illustrated in Fig. 4.6(d). In the figure, the gain of the
perturbed slot is less, which is 1.88 dB at 4.2 GHz because of the bidirectional radiation
pattern. The FSS is placed beneath the perturbed slot antenna, which increases the
gain up to 4.87 dB. The above comparison infers that the FSS-backed perturbed slot

enhances the CP bandwidth and gain.

4.2.2 Fabricated design and Results

The FSS-backed slot antenna is fabricated, and the results are verified in simulation
and measurement. Fig. 4.7 shows the fabricated design of the proposed antenna. The
simulation and experimental results of reflection coefficient magnitudes are plotted in
Fig. 4.8(a). The simulation result of impedance bandwidth is 55.23%, which is obtained
from 2.87 GHz to 5.06 GHz. The experimentally measured impedance bandwidth of
63.22% is obtained from 2.65 GHz to 5.10 GHz. The simulation results of 3 dB axial
ratio bandwidth is 30.94% which is obtained from 3.66 GHz to 5 GHz, and the measured
axial ratio bandwidth of 31.14% is obtained from 3.66 GHz to 5.01 GHz. Fig. 4.8(b)
shows the simulation and experimentally verified results of the axial ratio bandwidth
and the broadside gain. A peak gain of 4.87 dB is obtained in the broadside direction
at 4.2 GHz with a variation of 2 dB gain in the axial ratio bandwidth. Fig.4.9 depicts
the simulation and experimentally verified radiation patterns in azimuth and elevation

planes for different frequencies. The LHCP and RHCP radiation patterns are matched
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Figure 4.7: Photograph of the fabricated design. (a) Slot antenna,(b) FSS, (c) proposed

antenna.
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Figure 4.8: Simulation and measured results of reflection coefficient, axial ratio, and
gain of the proposed antenna. (a) |.S1], (b) axial ratio and gain.
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in the simulation and measured results. The LHCP radiation level is 16 dB below the
RHCP radiation level in azimuth and elevation planes. The CP radiation is obtained at
an angle of 20° concerning to broadside direction. The tilted LHCP radiation is due to

the perturbation effect of the slot antenna.

= LHCP sim =:=:=: RHCP sim
=== LHCP mea=:=+= RHCP mea

120

(©) (d)

Figure 4.9: Simulation and experimental results of LHCP and RHCP radiation patterns
in (a) azimuth plane at 3.98 GHz, (b) elevation plane at 3.98 GHz, (c) az-
imuth plane at 4.42 GHz, and (d) elevation plane at 4.42 GHz.
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4.3 A SRRloaded compact planar slot antenna with cir-
cular polarization and wideband characteristics for

soil moisture sensor application

This section presents an SRR loaded slot antenna with CPW feeding to obtain wideband
CP response. The combined resonances of slot and SRR gives wideband CP. Since the
antenna has a single layer, it is utilized to find the moisture content present in the soil.
The slot produces two orthogonal modes, which are degenerative in nature to achieve
CP at the slot resonance and orthogonal split gaps in the SRR produces CP at the SRR

resonance.

4.3.1 Antenna Design and its principle

Fig.4.10 depicts the structure of the SRR loaded slot antenna. The designed antenna
is etched on the top surface of the R0O4003C rogers substrate (¢, = 3.38 and tand =
0.0027) with the thickness of h = 1.52mm. The 50¢2 CPW feed is used to excite the
slot antenna. Equation (4.1) is used to find the resonance frequency of the slot antenna.
R, and R are the radius of the inner and outer ring of SRR with a strip width of w.
The identical split gaps (g1=g.=g) are etched on both the rings of the SRR and d is
the spacing between two rings. The resonant frequency of 4.62GHz is obtained for the
rotated SRR with parameters given by w;=w,=0.5 mm, Ry=2.1 mm, R;=2.8 mm, d=0.2
mm, g;=¢»>=0.4 mm. The resonance frequency[Saha and Siddiqui (2012)] of the rotated

SRR is calculated using the following equation,

1
fo= —— “3)
QW\/LT Wravgcpul
where, ¢ = Cy Cy1 and Cjo are the split gap capacitances of two rings, 74,4 iS

Tavgcpul ’
uniform average dimension of outer and inner ring of SRR, C),; is capacitance per unit

length between the rings, 6 is the angle of rotation of inner ring with respect to outer ring
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Figure 4.10: Top view of the designed antenna structure. W,=70 mm, S=26 mm, a=8.4
mm, W;=3 mm, g=0.3 mm, fy=3 mm, L;=33 mm

and L, is the total equivalent inductance of the rings with circumference of [ = 27ry-g
and thickness w;=ws=w. L, is calculated using the following equation and it is given
by,
41
L, = 0.0002l(2.303log105 —2.451) (4.4)

The corner truncation for CP wave in microstrip patch antennas is common in literature
[Sharma and Gupta (1982),Iwasaki et al. (1990),Ta and Park (2015)]. The proposed
work presents a CPW fed corner perturbed slot antenna for wideband CP radiation.
Fig.4.11 shows the axial ratio and reflection coefficient variation with different pertur-
bation depth. The optimized dimension of the truncation is set as a=8.4 mm to get a
better axial ratio in the wide frequency range. The slot antenna with a rotated SRR
placed on it increases the axial ratio bandwidth. The combination of SRR and slot
resonances gives a wide axial ratio bandwidth. The corner perturbed slot gives the res-
onance at a lower frequency band and it is calculated using equation (4.3). The rotated
SRR produces resonance at a higher frequency band and it is calculated from equation
(4.4). The optimized axial ratio is obtained in the wide frequency range by tuning the
resonances independent to each other. Fig.4.12 depicts the simulation results of the re-
flection coefficient magnitude and axial ratio curves of the design stages of the proposed

antenna. The CPW fed simple square slot (case a) antenna is designed to resonate at
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Figure 4.11: Simulation results of reflection coefficient and axial ratio curves of per-

turbed slot antenna with different values of truncation (a) S;; (b) Axial
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Figure 4.12: Simulation results of reflection coefficient and axial ratio curves of wide-
band CP antenna design process (a) S1; (b) Axial ratio

2.78 GHz. However, Fig.4.12(b) infers that the axial ratio value of the slot is high and
it produces LP radiation. The corner perturbed slot antenna resonates (case b) at 4.12
GHz with better impedance matching over a wide bandwidth with a good axial ratio.
The CP bandwidth of 17.69% is achieved due to the corner perturbation of the slot an-
tenna. Further, to enhance the axial ratio over wide operating frequency, the slot antenna
is loaded with a rotated SRR. The corner perturbed slot antenna excites the rotated SRR
placed on it with its axial magnetic field. The SRR acts as a magnetic dipole and it radi-
ates independently without disturbing slot resonance frequency. The conventional SRR

consists of diametrically aligned split gaps in the same axis. When split gaps of SRR
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Figure 4.13: Simulated electric field variation at different time instances at slot reso-
nance 4.12 GHz (a)t=0 (b)t=T/4 (c) Electric field distribution at SRR res-
onance 4.6 GHz

rings are aligned 90° with each other, they exhibit orthogonal electric fields between
two split gaps of the rings that produce CP waves. The good axial ratio is obtained by
optimizing the split gaps of the SRR. The perturbed slot antenna loaded with rotated
SRR (case ¢) gives the enhanced axial ratio bandwidth of 21.81%. The resonances of
the perturbed slot and rotated SRR are independently tunable by changing the structural
dimensions of slot and SRR to optimize the CP bandwidth. Fig.4.13(a) and (b) depicts
the electric field distribution of the wideband CP antenna at various time intervals (t=0,
T/4). In the figure, it shows that the radiation from the antenna produces LHCP waves in
the +z direction. Fig.4.13(c) illustrates the electric field distribution of the rotated SRR
at 4.62 GHz. The figure shows that the electric fields are orthogonal to each other in
the two split gaps of inner and outer rings, which produces CP wave at SRR resonance.
The CPW feed is shifted with f, value from the center to optimize the impedance band-

width. Fig.4.14(a) and (b) shows the variation in reflection coefficient and axial ratio
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Figure 4.14: Simulation results of reflection coefficient magnitude and axial ratio plot
of wideband CP antenna (a) Sq; of the feed shifted antenna (b) axial ratio
of the feed shifted antenna (c) Sy; plot with and without SRR (d) axial
ratio plot with and without SRR

curves. f,=3 mm is chosen to get the optimized impedance matching. Fig.4.14(c) and
(d) shows the fractional impedance and CP bandwidth of the antenna with and without
loading of SRR on the slot. The SRR placement significantly improves the axial ratio

bandwidth, but there is no much effect on the impedance bandwidth.

4.3.2 Fabricated structure and its Results

Fig.4.15(a) shows the photograph of the fabricated structure of the antenna. The simula-
tion results show the impedance bandwidth (S7;<-10 dB) of 56.36% from 2.77 GHz to
5.10 GHz and measured impedance bandwidth of 61.40% from 2.57 GHz to 5.10 GHz.
The simulated axial ratio bandwidth of 0.9 GHz(21.81%) from 3.7 GHz to 4.6 GHz and
measured axial ratio bandwidth of 0.9 GHz(21.68%) from 4 GHz to 4.9 is achieved.
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Figure 4.15: (a) Photograph of the fabricated antenna structure (b) simulated and mea-
sured reflection coefficient plot (c) measured and simulated plot of axial
ratio (d) simulated and measured gain

Fig.4.15(b),(c) and (d) show the comparison between measured and simulated results
of the reflection coefficient, gain and axial ratio plots. The measured results show that
the peak gain of 2.74 dB is observed at 4.12 GHz, and there is a gain variation of 1
dB over the entire CP bandwidth. Fig.4.16 shows the radiation pattern of the proposed
wideband CP antenna in azimuth and elevation planes at 3.8 GHz, 4.12 GHz, and 4.8
GHz. The axial ratio is measured at an angle of 20° with respect to broadside direction.
The measured results are in better accordance with the simulated results. The results
have little variation due to the losses that occurred in the fabrication errors, SMA con-

nectors and cables used for measurement, which are not taken into account during the

simulation.
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4.3.3 Soil sensing application

The proposed wideband CP antenna is a single layer, which is etched on top of the
rogers substrate and the backside of the antenna is directly placed on the soil to be
tested. The antenna can be shielded with a plastic sheet to avoid short circuit with the
water content of the soil. Two types of soil models are simulated based on the change in
permittivity of the soil. Dry soil and wet soil have permittivity values of 2.4 and 13.8,
respectively [Cataldo et al. (2009)]. The antenna is placed on the testing soil and its
reflection coefficient is measured. It is observed from the results that there is a change in
the effective permittivity of the antenna, which intern change the resonance frequency.
Fig.4.17(a) shows its variation in the reflection coefficient. When the antenna placed on

the dry soil, there is no significant variation observed in the reflection coefficient plot.
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Figure 4.17: (a) Simulated reflection coefficient of wideband CP antenna with and with-
out soil (b) comparison between measured and simulated reflection coeffi-
cient of wideband CP antenna with dry and wet soil (c) testing environment

This is due to the permittivity of the dry soil is near to the permittivity of the antenna
substrate. In the case of wet soil, the reflection coefficient has more variation due to the
high permittivity value of the wet soil and it is measured using a vector network analyzer
(VNA).Fig.4.17(b) shows the reflection coefficient comparison between simulated and
measured results of dry and wet soil. In the figure, it is noticed that due to the high
permittivity value of the wet soil, the resonance frequency is shifted to lower frequency
compared to dry soil. The reflection coefficient variation of dry soil and wet soil can be
taken as reference and the moisture content of the soil can be estimated. The measured

results of tested soil are in accordance with the simulated results.
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To find the exact amount of water, the capacitance principle is used to measure the
complex reflection coefficient, I' of the soil sample. When the water content is added to
the soil, the antenna senses the change in capacitance and resonance changes compared
to free space. The percentage of moisture content present in the soil can be calculated

as

Mwater
Moisture content = * 100 4.5
Mwater + Msoil ( )

Where, M e and M,,;; are the weight of water and weight of dry soil sample, respec-

tively.

4.4 Summary

In this chapter, wideband CP antennas are presented. In the first section, a slot antenna
with FSS loading is proposed. The truncated slot antenna achieves an optimized axial
ratio but with a low gain. An FSS is used as a reflector to improve the gain and the axial
ratio of the truncated slot antenna. The FSS is characterized by its reflection phases
for TE and TM incident waves. The proposed antenna achieves 2.44 GHz of measured
impedance bandwidth and 1.35 GHz of <3-dB axial ratio bandwidth with a peak gain of
4.87 dB. The proposed design is beneficial for CP applications such as radar, mobile and
satellite, over the CP frequency range of 3.66-5.01 GHz. The second section presents a
CPW fed single layer truncated square slot antenna loaded with an SRR. The wideband
performance is obtained by combining slot and SRR mode resonances. The resonance
frequency of each band is independently tunable to achieve optimized wide axial ratio
bandwidth. The measured impedance bandwidth of 2.53 GHz and 3-dB axial ratio
bandwidth of 0.9 GHz is achieved. The proposed design is useful for soil moisture

sensing, military, radar, and microwave sensing application where CP is essential.
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CHAPTER 5

HIGH GAIN METASURFACE BASED ANTENNAS
WITH CIRCULAR POLARIZATION
CHARACTERISTICS

5.1 Introduction

In this chapter, high gain antennas with circular polarization characteristics are designed
using zero-index based metasurfaces. In the first section, the gain enhancement of the
CP patch antenna is presented. The array of unit cells as a metasurface placed atop
of the CP antenna. The performance of the presented design is evaluated with and
without metasurface. The second section discusses the gain enhancement of LP antenna
along with polarization conversion from LP to CP. The unit cell is designed to achieve
polarization conversion and gain improvement. The unit cell’s effective parameters are
extracted using the algorithm specified in [Szabo et al. (2010)]. The unit cell as an array
of the metasurface is placed at an optimum height from the LP antenna to obtain the
optimized performance of gain and axial ratio. Finally, both designs are fabricated and
verified experimentally. The simulated and experimental results are presented in terms
of axial ratio bandwidth, impedance bandwidth, gain, radiation efficiency and radiation

patterns.

5.2 A Zero-Index Metasurface Based High Gain An-

tenna with Circular Polarization Characteristics

In this section, a patch antenna with circular polarization is designed and its gain is

enhanced using zero-index based metasurface. A unit cell is analyzed using a periodic



boundary condition and its effective parameters are extracted. An array of unit cells are

arranged and placed atop of the CP patch antenna to enhance the gain.

5.2.1 Structure and operating principle of the antenna

Fig.5.1 shows the proposed unit cell structure. It consists of symmetrically centered
extended swastika-shaped slots on the top and a ring with a split gap on the bottom of
a low-cost FR4 substrate with a thickness of h,=0.76 mm. (¢,=4.3 and tand=0.025). A
plane wave is incident normal to the top surface of the unit-cell. The effective parame-

ters of the unit-cell are extracted are shown in Fig.5.2.

(a)

Figure 5.1: Proposed unit-cell geometry. (a) Front view (b) Back view (c) Boundary
condition. Lu=8.5mm, L{=4.5 mm,L,=3.7 mm, L3 = L,=1.75 mm, L=5
mm, W=0.4 mm, g=0.4 mm, h,=0.8 mm.

In the figure, the unit cell gives a zero refractive index at 7.47 GHz. The zero refrac-
tive index MTS has no phase variation at the surface and focuses the energy towards the
direction normal to its interface. This property of the unit-cell can be used to enhance
the gain of any primary source. The array of 9 x 9 unit cells used as a MTS, and it is
placed at the height of h,,, from the patch antenna. The MTS is placed at a suitable
height form the patch antenna to achieve optimized gain. Fig.5.3 shows the designed

antenna structure. The patch antenna is printed on the top layer of rogers RO4003C
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Figure 5.3: Proposed antenna geometry. (a) patch antenna (b) zero-index based MTS
(c) side view of the high gain CP antenna. L,=10.6 mm, a=1 mm, L,=76.5

mm, hgy,=21.5 mm, h,=0.508 mm.

substrate (¢,=3.38, tand=0.0027) with a thickness of ha=0.508 mm. The square patch

antenna is operated at 7.5 GHz resonance frequency. The two corners of the patch
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Figure 5.4: Simulated gain comparison of the proposed antenna with and without MTS.

antenna are perturbed to get two orthogonal modes required to achieve circular polar-
ization. As per the Snell-Descartes principle [Enoch et al. (2002)], the incident waves
from the CP patch antenna at the grazing angle on the zero-index MTS refract the waves
towards the direction normal to the MTS interface. This focusing effect of the MTS in-
creases the gain of the patch antenna intern, increasing the overall gain of the antenna.
The proposed antenna with and without MTS is shown in Fig.5.4. The patch antenna
gain without MTS is around 5-6 dB. The gain is enhanced by 5-6 dB by placing the
MTS atop of the CP patch antenna.

5.2.2 Experimental results and discussion

The design is fabricated and its photograph is shown in Fig.5.5. Simulated impedance
bandwidth of 360 MHz is obtained from 7.37 GHz-7.73 GHz. The impedance band-
width of 530 MHz is achieved from 7.2 GHz- 7.73 GHz experimentally. The measured
and simulation results of impedance bandwidth are shown in Fig. 5.6(a). Fig. 5.6(b)
illustrates the simulated and measured axial ratio bandwidth of 100 MHz. Measured
peak gain of 12.15 dBiC is achieved at 7.47 GHz. The simulated and measured gain
is shown in Fig.5.7(a). Simulation results are in accordance with the measured results.
Fig. 5.7(b) shows the simulated radiation efficiency of around 80% in the overlapped

impedance and axial ratio bandwidth.
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Figure 5.5: Fabricated prototype (a) MTS front view (b) MTS back view (c) Patch an-
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Figure 5.6: Comparison between measured and simulated reflection coefficient and ax-
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Figure 5.8: Comparison between measured and simulated radiation patterns at 7.5 GHz
(a) xz plane (b)yz plane

The measured and simulated radiation pattern of the high gain CP antenna in two
principle planes is shown in Fig. 5.8. The cross-polarization level of 15 dB is obtained
in both the principal planes. A little discrepancy in the simulated and experimental

results is due to measurement and connector losses.
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5.3 A zero index metasurface based high gain antenna

with polarization conversion

In this design, a novel ZIM is proposed to gain enhancement as well as linear to cir-
cular polarization conversion. The proposed ZIM reduces the complexity and overall
weight of the antenna. A square ring with two asymmetric splits unit-cell is designed to
achieve near-zero effective permittivity and permeability. This ZIM improves the gain
of a linearly polarized patch antenna placed at nearly \y/2 (where A\g=c/f is free space
wavelength) distance. The CP is obtained by the asymmetrical split gaps on the rings,
which produce two orthogonal electric field components and produce CP waves. The

proposed antenna has a simple geometry with high gain and good axial ratio bandwidth.

5.3.1 Antenna Design and Operating Principle
Unit cell design

The structure of the proposed ZIM unit-cell is shown in Fig. 5.9(a). FR4 substrate
(e,=4.3 and tand=0.025) with a thickness of h,=0.8 mm is used to design the ZIM. The
unit cell consists of two identical square rings with asymmetrical split gaps. The rings
are printed on the top and bottom of the FR4 substrate. The dimensions of the unit cell

are a=8.5 mm, b= 5 mm, ¢=0.3 mm, g;=0.4 mm and g»,=0.6 mm.

b
(a) (b)

Figure 5.9: (a)Proposed ZIM based unit cell geometry(b) Simulation set-up
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The unit cell is simulated using CST microwave studio. Fig. 5.9(b) shows the sim-
ulation setup with boundary conditions. A plane wave which has propagation vector k
parallel to the z-direction is incident on the unit cell, and periodic boundary condition
(PBC) is applied to x and y directions. The simulated magnitude and phase plot of re-
flection and transmission coefficients are presented in Fig. 5.10(a) and Fig. 5.10(b). The
figure shows that the unit cell resonates at 7.45 GHz. At the resonance, the transmission
coefficient magnitude value is equal for both x and y polarization. The constituent ma-
terial parameters are extracted from simulated reflection and transmission coefficient.
Fig. 5.10(c) and 5.10(d) shows the extracted effective material parameters. The real and
imaginary part of the refractive index value is zero at the resonance frequency. At this
resonance frequency, the incident electromagnetic wave does not change its phase, and
ZIM focuses the wave to the direction normal to its interface. The periodic arrangement
of the designed unit-cells as an array of 9x9 can be used as a superstrate atop of any

primary source antenna to enhance the overall gain.

Linear to circular polarization conversion capability of the proposed ZIM is ex-
plained using the transmission coefficients of x and y polarized incident waves. Fig.5.10
shows the transmission coefficient magnitudes (|Tx| and | Ty|) and corresponding phases
(¢Tx and ¢Ty) for the applied x and y polarized incident wave. When |Tx| and |Ty| are
equal in magnitude and ¢Tx-¢Ty= £90°, then ZIM converts linearly polarized incident
waves into circularly polarized waves. From Fig. 5.10, it is observed that the trans-
mission magnitude is equal at 7.45 GHz for the applied x and y polarized wave, but
the phase difference between the two polarization is nearly 90°. According to [Balanis

(2005)] the axial ratio is calculated as,

T +|T,)* + va

AR =
T? + T = Va

5.1

where a = |T,|* + |T,|* + 2| T, |*|T,|?cos(2(¢1, — é1,)) The transmission phase differ-
ence of nearly 90 is obtained from 7.1 GHz to 7.5 GHz. In this operating band, the axial
ratio can be obtained below 3 dB for incident waves. The periodic arrangement of the

proposed unit cell combined with linearly polarized microstrip patch antenna produce
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index.
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Figure 5.11: Transmission coefficient phase variation of the unit-cell for oblique plane
wave incidence. (a) Transmission coefficient phase of x-component. (b)
Transmission coefficient phase of y-component.

CP wave with gain enhancement. Fig.5.11 shows the angular stability of the unit-cell.
The transmission phase difference of 90° is maintained up to the incidence angle of 30°.

This shows that the unit-cell gives stable characteristics for oblique incidence.

High Gain CP Antenna

The schematic diagram of the proposed ZIM based high gain CP antenna and its geo-
metric parameters are shown in Fig. 5.12. The antenna structure consists of a co-axial
line fed microstrip patch and the array of ZIM unit cells. The substrate used to design
the patch antenna is RTduroid 5880 (¢,=2.2 and tany=0.0027) with a thickness of 1.52
mm. The patch antenna resonates at 7.45 GHz. The 9 x 9 array of ZIM unit cells are
placed at the height of 23.3 mm from the patch antenna. The array of ZIM unit cells
provides the zero refractive index around the resonance of the patch, as discussed in
section II A. According to the Snell-Descartes principle [Enoch et al. (2002)], radiation
from the patch antenna incident on the ZIM surface with a grazing angle will be re-
fracted towards the broadside direction. This focusing effect of ZIM increases the gain
of the patch about 5-6 dB. On the other hand, in the Fabry Perot cavity (FPC) based

high gain antennas work according to the cavity resonant condition to enhance the gain
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Figure 5.12: Proposed high-gain antenna with ZIM unit cells. L = 76.5 mm, Lp = 12.6
mm, Wp = 12.2 mm, hm = 22.3mm, ha = 0.8 mm, and hs = 1.52 mm.

[Feresidis et al. (2005)]. Here, a partially reflective surface is used as a cavity resonator
to reflect the primary source antenna signal. The height of the cavity is optimized for

constructive interference of the reflected signal and primary radiation.

The gain of the patch with and without ZIM loading are shown in Fig.5.13(a). It is
observed that the gain of the patch antenna is about 6 dB over the impedance bandwidth.
By introducing the ZIM as MTS over patch antenna, the gain is increased up to 12.31
dBiC. The ZIM increases the aperture efficiency and due to the zero refractive index,
it focuses the incoming wave to broadside direction, thereby increasing the gain. The
circular polarization is obtained by the excitation of two modes with equal amplitude
and 90° phase difference, which is created by the two asymmetrical split gaps in the
ZIM surface. The gap variation of two asymmetrical splits is optimized to get better
axial ratio performance. As shown in Fig.5.13(b), the axial ratio of the conventional
rectangular patch antenna has a high value of the axial ratio. After introducing ZIM
upon patch antenna, the axial ratio improves and achieves less than 3 dB over the
entire impedance bandwidth. This shows that the ZIM acts as a polarization converter

as well as it improves the gain. Fig.5.14 shows that the portion of MTS surface current
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Figure 5.13: Simulated gain and axial ratio variation of the proposed antenna with and
without ZIM. (a) Gain. (b) Axial ratio.
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Figure 5.14: Simulated surface current distribution of a portion of the MTS at different
time instants. (a) wt = 0°. (b) wt = 90°

distribution in the +z-direction at different time intervals (wt = 0° and wt = 90°).
From the figure, the observation shows that the current vector rotates in the clockwise

direction and produces left hand CP (LHCP) waves.

Parametric study

It is essential to do the parametric variation of the proposed antenna to analyze the sen-
sitiveness of parameters, which contributes to the gain and axial ratio performance. The
reflection coefficient magnitude and axial ratio plots for different split gap values are
given in Fig. 5.15 and Fig. 5.16. It is observed from figures, there is no much variation

in the reflection coefficient, but there is a significant change in the axial ratio for a little
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variation in both the split gaps. The optimum gap dimension helps to achieve a better
axial ratio. The change in reflection coefficient and gain variations with respect to dif-
ferent height (hm) between patch and ZIM is shown in Fig. 5.17. The gain is changing
with the function of height, so the optimum height is selected for better gain value. The
prototype of the proposed high gain CP antenna is fabricated and its performance is
tested experimentally. Fig.5.18 shows the photograph of the proposed antenna proto-
type. The Teflon rods are used as a mechanical supporting structure to form the air gap

between patch and ZIM.

5.3.2 Results and Discussion

The simulated and experimental results are compared regarding impedance bandwidth,
axial ratio bandwidth, and gain. The simulated and measured reflection coefficient mag-
nitudes are shown in Fig.5.19(a). The simulation results give the impedance bandwidth
of 6.87% from 7.11 GHz to 7.56 GHz is observed. The experimental results give the
measured impedance bandwidth of 8.69% is obtained from 7.04 GHz to 7.68 GHz. The
measured and simulated axial ratio bandwidth curves are presented in Fig.5.19(b). The
<3-dB axial ratio bandwidth for both simulation and measurement is observed from
7.11 GHz to 7.56 GHz. Also, the measured and simulated gain plot is shown in the
same figure.The measured peak gain of 12.31 dBic is achieved at the resonance fre-

quency of 7.4 GHz. The observation from the figures shows that the simulation results

i |
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: t!\ y
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Figure 5.18: Fabricated high-gain CP antenna. (a) Patch antenna. (b) Double-sided 9 x
9 ZIM unit cells. (c) Proposed high-gain CP antenna.
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Figure 5.20: Radiation pattern of the proposed antenna at 7.4 GHz. (a) xz plane. (b) yz
plane.

are in accordance with themeasured results and 1-dB gain variation is observed over the
entire CP bandwidth. The simulated and measured radiation patterns of the antenna in
both azimuth and elevation planes are shown in Fig.5.20. The radiated waves from the
antennas are the LHCP waves in 4z direction. RHCP is the cross-polarization field. The
RHCP level is -20 dB less compared to the LHCP level and the front to back (FB) ratio
of 12 dB is achieved in both planes. The 3-dB angular beamwidth of 30.6° and 29.8° is

obtained in xz and yz planes, respectively. The directivity can be calculated using 3-dB
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beamwidth as [Balanis (2005)],
D = 101og(41000/A0A¢) = 16.61dB (5.2)

Theoretically, the equation used to calculate the maximum directivity of any aperture
antenna is given by

Dinaz = 10log(4mAN3) = 16.43dB (5.3)

where \p=c/f and A=76.5 mm x 76.5 mm (in the proposed antenna).The theoretical
value is comparable to the measured directivity of the proposed antenna. This shows
the capability of proposed design with the directivity of the same size antenna, which
is physically realizable. Table 5.1 provides a comparison between existing literature
and the proposed high gain CP antenna. The measured results are in accordance with
simulated results regarding CP bandwidth, impedance bandwidth and gain with slight

variation due to connector losses and measurement errors.

Table 5.1: The performance metrics comparison between the high gain CP antenna and
existing literature

Axial
Impedance ratio
Ref. Size ba.md- band- Gain Gain-enhanced
width . method
%) foass
(70)
[Majumder
ot al. 0.108)3 14 113 ﬂZ?abslfrfaC;ayer
(2016)]1]
[Singh et al. 3 Fabry Perot
(2017)] 2.88% 3 o 125 Cavity resonator
[Liu et al. 3 Fabry Perot
(2015)] 0214 8.1 — 106 Cavity resonator
[Ren et al. 3 Fabry Perot
(2018)] 2844 2.63 L1295 Cavity resonator
ar;’rfl’(osed 2.000  8.69 687 1231 ZIM
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5.3.3 Summary

High gain CP antennas using Zero-Index based metasurfaces are discussed. The zero
index property of metasurface focuses the incoming waves into the direction normal to
the interface and acts as a focusing lens. In the first design, the gain of the CP patch
antenna is enhanced using swastika and ring-shaped unit cells, which provides the zero
refractive index at the CP bandwidth. In the second design, the double square split ring-
shaped unit cell is analyzed to obtain zero-index property and polarization conversion
simultaneously. The gain enhancement of the LP patch antenna is presented along with

polarization conversion from LP waves into CP waves.
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CHAPTER 6

MULTIBAND ANTENNAS WITH CIRCULAR
POLARIZATION CHARACTERISTICS

6.1 Introduction

In the first section of this chapter, a CP slot antenna loaded with asymmetric cross strips
for dual-band application is discussed. The slot resonance provides a lower band and
a pair of asymmetric cross strips resonate at the higher band. The truncated slot alone
gives CP at the lower frequency band and a combination of slot mode and strip mode
gives CP at the higher frequency band. The novelty of the proposed design is that it
achieves CP bands with an axial ratio above 10% with its simple geometry. In the
second section, a triband CP antenna with the independent tuning of each frequency
band is proposed. The corner truncated slot provides CP at the first band and a rotated
SRR gives a CP at the second band. The inner ring is rotated 90° with respect to the
outer ring provides orthogonal fields to produce CP at the second band. The CP in
the third band is achieved by introducing orthogonal micro-splits in both the rings of
the rotated SRR. Finally, both the designs are fabricated and performance metrics are
verified in-terms of axial ratio bandwidth, impedance bandwidth, gain and radiation

patterns experimentally.

6.2 Dual Band CP antenna Using Asymmetric Cross Strips

A simple and compact design of CP antenna loaded with asymmetric cross strips for
dual-band application is presented in this section. The first band is achieved by a trun-
cated slot antenna, which produces two orthogonal modes that are in degenerative na-

ture to produce CP. The second band is achieved due to asymmetric cross strips. The



(a)

Figure 6.1: The proposed antenna geometry. Wg=70mm, 5;=29.6mm, a=8.4mm,
Wi1=2.5mm, Lf=34.5mm, Ls1=26mm, Ls2=24mm

combination of slot and strip mode gives CP in this band. The proposed design is com-

pact and gives axial ratio bandwidth >10% in both the bands.

6.2.1 Working principle of the antenna and its structure

Fig.6.1 shows the antenna structure and it consists of the slot, asymmetric strips, and
microstrip feed-line. The slot and asymmetric strips are printed on the top layer of
the rogers substrate and the feed-line is printed on the bottom layer. Rogers 4003C
substrate(e,=3.38, tand=0.0027) is used with height of 1.52mm. The slot antenna is
perturbed at the corners, which produces two orthogonal modes that are in degenerative
nature to obtain CP. The corner perturbation is optimized to obtain better axial ratio
bandwidth. The slot resonance frequency is calculated using equation (4.1). The square
slot antenna is designed using equation 4.1 produces linear polarization. The corners of
the square slot antenna are perturbed to achieve CP. The axial ratio value is improved
by increasing perturbation up to a=8.4mm. Further increase in the value of perturbation
deteriorates the axial ratio. This perturbed slot gives CP in the lower band. Further,
the perturbed slot loaded with asymmetric cross strips gives the higher band. The strip

mode and slot mode together gives CP in the higher frequency band. The asymmetry in
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Figure 6.2: The design process of presnetd dual-band CP antenna. (a) Simulated reflec-
tion coefficient (b) Simulated axial ratio

strips helps to achieve better axial ratio value at the upper band. The simulation results
of reflection coefficient magnitude and axial ratio curves for different configurations of
the proposed antenna are shown in Fig.6.2. It is observed that the square slot resonates
at 2.6 GHz with a linearly polarized wave. The corner truncated square slot resonates
at 2.95 GHz with two orthogonal degenerate modes produces CP. The resonant fre-
quency is shifted to the higher side because of the reduced size of the corner truncated
slot antenna. Finally, the asymmetric cross strips loaded slot antenna gives dual-band

operation at 2.16 GHz and 3.82 GHz with circular polarization capability in both bands.

The electric field distribution of perturbed slot antenna at different time instant at
2.76 GHz is shown in Fig.6.3. From results, it shows that the perturbed slot antenna
radiates the LHCP wave in +z direction. The corners should be perturbed at the opposite
side of the slot antenna to obtain RHCP waves. Fig. 6.4 shows the surface current
distribution of the proposed design at 3.82 GHz. It is also radiating the LHCP wave at
its resonance frequency. The optimized performance of the axial ratio in both the bands

is achieved by tuning slot and strips dimensions.
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Figure 6.3: Simulated Electric field distribution at 2.76 GHz (a)t=0° (b) t=90° and
3.82GHz (c) t=0° (d) t=90°

Figure 6.4: Simulation results of surface current distribution of designed antenna at
3.82GHz

6.2.2 Fabricated antenna and experimental results

Fig. 6.5 shows the fabricated prototype of the proposed dual-band CP antenna. The
measured and simulated impedance bandwidth (IBW) (S1; < —10dB) is shown in
Fig.6.6(a). The simulated IBW of 48.14% from 1.94 GHz to 2.98 GHz at lower fre-
quency band and 17.75% from 3.58 GHz to 4.18 GHz at the upper-frequency band is
achieved. The measured IBW of 40.70% from 1.96 GHz to 2.88 GHz at lower band
and 16.56% from 3.62 GHz to 4.18 GHz at the upper band is achieved. The ratio of
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Figure 6.5: The fabricated prototype of proposed dual band CP antenna (a) top view (b)
bottom view
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Figure 6.6: (a)Simulated and measured reflection coefficient (b) Simulated and mea-
sured axial ratio and gain

two orthogonal polarized components normal to the wave propagation direction gives
the axial ratio. The simulated AR bandwidth of 16.20% from 2.5 GHz to 2.85 GHz
at lower band and 16.27% from 3.6 GHz to 4.15 GHz at the upper band is achieved.
The measured AR bandwidth of 13.27% from 2.55 GHz to 2.85 GHz at lower band and
13.31% from 3.65 GHz to 4.1 GHz at the upper band is achieved. Fig.6.6(b) shows the
measured and simulated plots of axial ratio and broadside peak gain. There is a 0.5 dB
variation of gain over the axial ratio bandwidth. The maximum peak gains of 4.68 dB

at the lower band and 4.81 dB at the upper band is achieved. The axial ratio bandwidth
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Figure 6.7: Comparison between measured results and simulated results of radiation
pattern of the dual band CP antenna at 2.76 GHz and 3.82 GHz. (a)xz plane
(b) yz plane (c)xz plane (d) yz plane

is obtained at an inclined angle of 20 in the lower frequency band and upper-frequency
band, respectively. This is due to the corner truncation of the slot antenna and the ori-
entation of strips diagonally. The radiation patterns of the dual-band CP antenna in
azimuth and elevation planes are shown in Fig.6.7. The results show that the LHCP
wave is well radiated and the RHCP level is -10 dB below LHCP level at an angle of

20°. The measured results are in accordance with the simulated results.

100



6.3 Tri-band circularly polarized antenna using SRRs

A truncated planar slot antenna loaded with a pair of SRRs for triband CP application
is discussed in this section. In the structure, the CP in the first band is achieved by the
perturbation of two corners of the square slot antenna which resonates at 4.15 GHz.
The corner perturbation gives two orthogonal modes which are degenerative in nature
produce CP in this band. A pair of SRRs are loaded on the slot antenna to get the
resonances at 4.77 GHz in the second and 5.1 GHz in the third band, respectively. In
the second and third band, the CP is produced by the orthogonal electric fields due to
split gaps in each ring of SRRs. The axial ratio is optimized and tuned independently
in all three bands. The proposed design is fabricated and verified experimentally. The
experimental results give the axial ratio bandwidths of 450 MHz, 90 MHz and 200 MHz

at first, second, and the third band, respectively.

6.3.1 Antenna structure and principle of operation

The proposed antenna is designed using Rogers substrate 4003C (¢,=3.38 and tand=0.0027)
with a thickness of 1.52mm. Fig.6.8 shows the geometry of the antenna and it consists
of a single layer CPW fed corner truncated slot antenna and a pair of SRRs. The slot
and SRRs are printed on the top surface of the rogers substrate. The resonance fre-
quency of the slot antenna is calculated using equation (4.1). The SRR has radii of R;
and Ry(Ro=R;-c-d) forming the outer and inner rings with a strip width of c. d is the
spacing between two rings and the similar gaps in both rings are g;=¢gs. The SRR;
resonates at 4.77 GHz with parameters given by ;=3 mm, R;=2.4 mm, ¢=0.5 mm,

d=0.2 mm, ¢g;=¢>=0.7 mm. The resonance frequency (Saha and Siddiqui (2012)) of the

rotated SRR is given by,
1
= 6.1
where, Cy = %rwgq}ul, q= %(glpuz’ Cy1=Cyo= C,, is the split gap capacitance

of the rings, 74,4 1s the uniform average dimension of the inner and outer ring of SRR,
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Figure 6.8: Geometry of the triband CP antenna Wg=70 mm, S=28 mm, a=10 mm,
Wi{=3 mm, g=0.7 mm, Lf=33 mm

Cpu 1s capacitance per unit length between outer and inner rings of SRR, 6 is the angle
of rotation of the inner ring with respect to the outer ring and L, is the total equivalent
inductance for circular rings with circumference | = 27y — g having thickness c¢;=co=c
is given by,

41
L, = 0.000Zl(2.303logloz —2.451) (6.2)

The capacitances C and (5 are equal when two split gaps of SRR are aligned in the
same axis. When the inner ring is rotated 90° with respect to the outer ring, the values
of C; and C5 become unequal. C; and C, are calculated as, C1 = (7 — 0)744,4Cpui
and Cy = (7 + 0)74pyCpu. The micro-splits [Ekmekci et al. (2009)] are etched on
S RR; to achieve the third band with CP. The micro-split gap dimensions are g3 = g4, =
g5 = g6 = 9.=0.3 mm. The split gaps which are orthogonal to each other concerning
the conventional axis of SRR generate orthogonal electric fields which are required for
circular polarization. The gaps are optimized to obtain a better axial ratio at the second

and third bands.

The proposed work presents a truncated slot antenna with a pair of SRRs for triband

CP. The truncated slot antenna generates two orthogonal modes, which are degenera-
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tive to produce CP in the first band by optimizing the truncation. Fig.6.9 shows the
simulation results of the reflection coefficient and the axial ratio of the perturbed slot
antenna for different truncated values. The incremental values of truncation increase
the axial ratio of the slot. The value of truncation is optimized to a=10 mm, further
increase of truncation deteriorates the axial ratio value. The SRRs are placed at the
two diagonal corners of the slot antenna and it is excited by the axial magnetic field of

the slot gives second and third band respectively. Fig. 6.10 shows the design process
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Figure 6.9: Simulation results of reflection coefficient and axial ratio of truncated slot
antenna for different values of a (a)S11 (b) axial ratio
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Figure 6.10: Simulation results of reflection coefficient and axial ratio of triband CP
antenna design process. (a) Reflection coefficient (b) Axial ratio
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(c) variation in the surface current of SRRs at 4.77 GHz and 5.1 GHz.

(d)

of the triband CP antenna. The CPW fed perturbed slot antenna (case a) resonates at
4.15 GHz with circularly polarized waves. The axial ratio curves in Fig.6.10(b) shows
that the perturbed slot generates CP at its resonance frequency. The corner perturbed
slot with a rotated SRR (case b) resonates at 4.77 GHz produces circular polarization at
the second band. To achieve tri-band operation, a micro-split SRR is placed at another
corner of the slot antenna (case c¢), which resonates at 5.1 GHz and achieves CP in the
third band. Fig.6.11(a) and (b) shows the electric field variation of the truncated slot
antenna at different instances of time. From the figure, the observation shows that the
LHCP waves are radiated by the truncated slot in the +z -direction. The corners should
be truncated at the opposite corner of the slot to obtain the RHCP wave. Fig.6.11(c) and
(d) show the variation of the surface current of SRRs at 4.77 GHz and 5.1 GHz. The two

SRRs are also radiating LHCP waves at their corresponding resonance frequency. The
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Figure 6.12: Equivalent circuit modeling of the triband CP antenna (a) SRR loaded
CPW fed slot antenna (b) simplified equivalent circuit of proposed an-
tenna. (c) The simulated reflection coefficient comparison between EM

and circuit simulation

optimized performance of the axial ratio in all the bands is achieved by independently

tuning the slot and SRRs modes. The equivalent circuit of a pair of SRR loaded slot
antenna [Saha and Siddiqui (2012)] is shown in Fig.6.12(a). Where R, and G are the

losses in the feed and substrate. L is feed inductance, C is feed gap capacitance, Ly,

and C§;, represent the slot. Fig.6.12(b) shows the simplified equivalent circuit of the

triband CP antenna. C! and L/ are the effective equivalent capacitance and inductance

of the SRR;. C] and L/, are the effective equivalent capacitance and inductance of the

SRRy. M1 and M2 are the mutual coupling coefficients between SRRs and the slot.
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Figure 6.13: Simulation results of reflection coefficient and axial ratio due to variation
of S;, Ry and split gap g.. (a) S1; due to variation of S; (b) axial ratio
due to variation of .S; (¢) S1; due to variation of R, (d) axial ratio due to
variation of R (e)S7; due to variation ofg, (f) axial ratio due to variation

of g.
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The calculated resonance frequency of SRR using equation (6.1) is fy=4.65 GHz. The
corresponding values of L, C?, L! and C/ are 9.14 nH, 0.128 pF, 9 nH and 0.103 pF
respectively. Fig.6.12(c) shows the reflection coefficient comparison between EM sim-
ulation and circuit simulation. In the figure, the EM simulation is in accordance with
the circuit simulation in each frequency band. The values of L, and CY;, are 0.13 nH

and 1.37 pF.

The parametric study of the proposed antenna to analyze the sensitivity of parame-
ters is shown in Fig.6.13. In the first band, the results show that the value of truncation
plays a vital role in achieving an optimized axial ratio. The ring radius and micro-split
gaps in the ring are responsible for the tuning of a second and third band. Fig. 6.13(a)
and (b) shows the simulation results of the reflection coefficient and axial ratio for the
variation in 5] value, the resonance shifts due to the variation in the electrical dimension
of the slot antenna. There is a substantial variation in the axial ratio of the first band
due to the perturbation effect, but the second and third bands are not affected by this
perturbation. Fig.6.13(c) and (d) shows the reflection coefficient and axial ratio due to
the variation of the ring radius. It is noticed from the figure that there is a significant
variation in the axial ratio and impedance bandwidth of the second band due to the vari-
ation of electrical dimensions of the ring. The first and third bands are not affected by
SRR;. The gap variation of micro-split SRR changes the resonance and axial ratio of
the third band and it is shown in Fig.6.13(e) and Fig.6.13(f). This variation is due to
the change in the capacitance value of the micro-splits. There is no significant variation
observed on the slot and SRR, resonance due to these micro-splits. This shows that
the bands can be tuned independently to desired resonance with SRR dimension and

micro-splits.

6.3.2 Fabricated prototype and its results

The fabricated triband CP antenna is shown in Fig.6.14(a) to verify the simulated design
and its measurement set-up is shown in Fig.6.14(b). The comparison is made between

measured and simulated impedance bandwidth (S7; < —10dB), axial ratio bandwidth

107



(a) (b)

Figure 6.14: (a) Prototype of the fabricated antenna(b) Radiation pattern measurement
set-up for the proposed tri-band CP antenna
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Figure 6.15: (a) Simulated and measured reflection coefficient (b) Simulated and mea-
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(AR < 3dB), and broadside gain. Fig.6.15(a) shows the simulated and measured re-
flection coefficient. The measured and simulated axial ratio is shown in Fig.6.15(b).
The simulated impedance bandwidth of 60.44% is achieved from 2.84 GHz to 5.30
GHz and the impedance bandwidth of 64.54% is achieved from 2.77 GHz to 5.41 GHz
experimentally. The simulated and measured axial ratio bandwidth of 13.15% (3.55
GHz-4.05 GHz) and 11.76% (3.6 GHz-4.05 GHz) is achieved at the first band, 2.33%
(4.66 GHz-4.77 GHz) and 1.9% (4.67 GHz-4.76 GHz) is achieved at the second band,
4.47% (5.03 GHz-5.26 GHz) and 3.87%(5.06 GHz-5.26 GHz) is obtained at the third
band. Fig.6.16(a) shows the simulated and measured broadside gain. The broadside
peak gain of 2.88 dBic at the first band, 1.96 dBic at the second band and 2.96 dBic
at the third band is achieved at 3.9 GHz, 4.7 GHz and 5.2 GHz respectively with 1 dB
variation over axial ratio bandwidth. The simulated radiation efficiency of around 58%
at the first resonant frequency, 52% at the second resonance frequency and 51% at the
third resonance frequency are obtained and the graph is shown in Fig.6.16(b). The com-
parison is made between simulated and measured radiation patterns of the triband CP
antenna in azimuth and elevation planes are shown in Fig.6.17. The figure shows that
the measured and simulated radiation patterns are bidirectional and they are in good
agreement with co-pol and x-pol levels in all the bands. The RHCP level is -12 dB
below LHCP level in the first band, -20 dB at the second and third band respectively.
The LHCP is obtained at an inclined angle of 20°, 2° and 32° with respect to broadside
direction at the first, second and third band, respectively. This is due to the truncation
effect of the slot antenna and gap capacitance of the micro-splits. The variation in sim-
ulated and measured patterns is due to measurement errors and connector losses. Also,
the high cross-polarization is due to the geometry of the CPW feeding structure. Table

6.1 gives the comparison table of the triband CP antenna with previous literature.
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Table 6.1: The comparison of the triband CP antenna with recent literature

Impedance

Axial ratio

Independent
Band and Po-

Ref. Size ?(;r)ldWldth Bandwidth( )Galn(dBlc) larization Sense
¢ Tunability

[Chen et al. | 0.201), X

(2017)] 0.201), 23,73 0.62, 1.41 6.4,7.9 No

[Wang et al.

(2018)] 0.42)\; x 0.42), | 0.69,5.53 3.79, 143 1.43,5 No

[Xu et al.

(2017)] 1.25A, x 1.25)\, | 44,70.9 359,44,6.3 | 6,<4.2 No

[Kandasamy 13.15

et al. | 148\, x 1.48), 14.88’ 3.1,4.2 59,62 Yes

(2016)] )

[Hoang

and  Park | 0.68\; x0.65), 70.6 12,10,4.4 <3.13 No

(2014)]

[Bao and

Ammann 0.48), x0.48)\, ;i;’ 4.66, 8'255’ 125, 42 554 No

(2014)] ) ’

[Tan and

Wang 0.41); x0.49, 15.5,22.5 7.34, 15.81 2.48,3.09 No

(2016)]

proposed L.78A;x1.78), 64.54 ;18';6’ L9, 332 1.96, Yes

6.4 Summary

In this chapter, two CP antennas were discussed. A dual-band CP antenna is presented

in the first section and it gives wide CP bandwidth in both the bands. The truncated

corner slot antenna is used to obtain CP in the lower frequency band and a pair of

asymmetric cross strips helps to achieve CP in the higher frequency band. In this design,

the two frequency bands cannot be tuned independently. In the second section, a triband

CP antenna is proposed with the independent tuning of each frequency band. A pair

of SRRs are used with the truncated slot antenna to obtain triple bands. The truncated

corner slot antenna gives CP in the first band. A rotated SRR and micro-split based SRR

with equal split gaps placed on the perturbed slot antenna gives CP in the second and

third frequency bands, respectively. All the frequency bands are tuned independently to

each other. Also, the polarization sense can be tuned independently.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

The need for circularly polarized antennas with multiple functionalities is rapidly grow-
ing in the modern era due to demand in new generation wireless communication. Mo-
bile applications require low profile wideband/multi-band CP antennas. In military and
stealth technology, it requires antennas which have good in-band and out-band low RCS
capability. Space applications like radar and satellite communication demand low pro-
file compact high gain CP antennas. This research aims at the design and development
of wideband, multi-band and high gain CP antennas using the potential properties of
metamaterials. Also, CMA is used effectively to analyze the modes of the MTS an-

tenna. The presented antenna models are capable of providing

* A low profile compact antenna with circular polarization and in-band RCS reduc-
tion capability.

* Circular polarization over wide bandwidth with stable gain using frequency se-
lective surface.

* High gain and polarization conversion from LP to CP at the required resonance
frequency.

* Triple band circularly polarized antenna with independent control of each reso-
nance frequency and polarization sense at each band as required.

7.1 Contributions

The thesis contribution can be summarized into sections based on designed antennas

and their applications.



7.1.1 CM based CP metasurface Antenna

The MTS is designed and analyzed to achieve a circularly polarized wave using source
free characteristic modes. Two degenerate modes required to produce CP are analyzed
using the eigenvalue equation that is responsible for broadside radiation. These two
modes are excited with simple slot geometry. Further, the absorptivity property of MTS
is used to find the in-band RCS reduction capability of the antenna. The proposed struc-
ture is compact and verified in-terms of axial ratio bandwidth, impedance bandwidth,

gain and monostatic RCS values experimentally.

7.1.2 Wideband CP antennas

In the first design, the slot antenna is simulated and fabricated with wideband CP char-
acteristics using FSS. The square slot antenna is truncated to achieve good axial ratio
bandwidth. To improve axial ratio bandwidth and gain of slot antenna, a 6 X 10 array
of FSS unit cells are arranged and placed below the slot antenna at an optimum height.
3 dB axial ratio bandwidth of 31.14% is achieved with a peak gain of 4.87 dBiC at the
resonance frequency of 4.2 GHz. In the second design, a wideband CP characteristic
is obtained using the combined resonances of truncated square slot antenna and SRR.
Both resonances are independently tunable to obtain optimized axial ratio bandwidth.
Axial ratio bandwidth of 21.68% is achieved with a peak gain of 2.74 dBiC. Since it is
a compact antenna with a single layer design, it can be used to test the moisture content
present in the soil. In the proposed method, wet and dry soils are tested experimentally

and significant change in the reflection coefficient is observed.

7.1.3 High gain CP antennas

Compact high gain CP antennas are realized using zero-index based MTS. Gain en-
hancement of simple patch antennas is obtained by placing a zero-index based MTS
atop of the patch antennas. The first design has a CP patch antenna with an array of

unit cells as MTS placed atop of patch. The gain of the CP patch antenna is enhanced
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using zero refractive index property of MTS. Reflection and transmission coefficients
of the MTS unit-cell are analyzed and its constitutive parameters are extracted. The
zero refractive index based MTS has no phase variation at its surface and focus the
energy towards the direction normal to its interface, thus enhancing the gain. In the sec-
ond design, The unit cell is designed to achieve zero refractive index and polarization
conversion from LP to CP simultaneously. Axial ratio is calculated using the reflec-
tion and transmission property of the unit-cell. The gain of an LP patch antenna is
increased along with LP to CP conversion. The gain of around 12 dBic is achieved in
both designs. The proposed designs are fabricated and verified in-terms of axial ratio

bandwidth, impedance bandwidth and gain experimentally.

7.1.4 Multiband CP antennas

This section contributes to the design of dual and triband CP antennas. In the first
design, a dual-band CP antenna is designed using a truncated slot antenna loaded with
a pair of asymmetric cross strips. The lower band CP is obtained using the truncated
slot antenna, which generates two orthogonal degenerate modes required to produce
CP. The combination of slot and strip mode achieves CP in the second band. In the
second design, a triband CP antenna is designed using a MTM structure called a split
ring resonator. The truncated slot antenna gives CP in the first band. A rotated SRR and
a micro-split SRR achieve CP in the second and third bands, respectively. The resonant
frequency of each band is tuned independently. The comparison is made between circuit
and EM simulations. The equivalent circuit of the proposed design is discussed with
optimized values of the circuit components, and its simulation is performed using ADS

software. The proposed prototypes are fabricated and verified experimentally.

7.2 Future Work

In the present era, Space communication needs circularly polarized antennas with wide-

band and high gain characteristics with good in-band and out-band RCS reduction ca-
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pability. The presented designs can be further extended to achieve CP with multiple
characteristics using phase gradient metasurfaces(PGM). PGM is the potential struc-
ture in which phase, amplitude and polarization of each unit cell can be controlled. The
active metasurface antennas can be designed using the pin diodes and varactor diodes.
These diodes are incorporated into MTS to achieve frequency, polarization and pattern
reconfigurability. In optical communication, compact metasurface antennas are needed
to achieve a myriad of future applications like optical meta-lenses, meta-holograms, and
Quantum MTS. The Optical metasurfaces(OMs) are the emerging solutions to solve the
problems of bulky optical antennas. The new fundamental method is adopted in OM
is to scatter the light by nanostructure rather than the conventional method of refrac-
tion and propagation. The ultra-thin dielectric metasurfaces are promising structures to
increase the efficiency and manipulate the light emission and detection in the optical
domain. The programmable metasurfaces are emerging solutions to reduce the hard-
ware requirements in future wireless communication. Also, in the medical field, these
metasurfaces are designed to test the biological tissue samples and their frequency re-

Sponses.

The shortage of bandwidth due to the rapid increase of mobile data and high-speed
communication facing the wireless carriers needs the exploration of millimeter-wave
communication. The compact and low profile antennas can be designed in millimeter-
wave frequency to achieve multiple functionalities. The wideband and multi-band CP
antennas can be designed with less size and low complexity. There is a need for minia-
turized multi-band antennas in the area of a biomedical field that requires communica-
tion into different parts of the body tissues. The recognition of diseased tissues and its

treatment led to the development of these miniaturized multi-band antennas.
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