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Abstract

With the rapid changes in the technological advancements of wireless com-
munication, the design and development of advanced diverse antennas that
are smaller in size but higher in performance with enhanced bandwidth and
independently controllable multiple bands of operation has become a chal-
lenging need. In addition, the features of circular polarization (CP) at the
multiple resonant frequencies and provision for control in sense of polariza-
tion at each of the CP bands of the antenna are desired. The different per-
formance parameters and radiation characteristics of these antenna designs
play a significant role in the optimum realization of the concerned wireless
devices. Hence, this thesis presents novel antenna designs that offer ra-
diating bands at frequencies pertaining to various applications related to
wireless technology, radar systems, satellite communication devices among

many other applications.

In order to obtain the desired characteristics, artificially synthesized
metamaterials (MTMs) have been used whose properties can be easily
tuned and controlled so as to obtain superior performance in MTM based

antennas.

The thesis presents MTM based slot antennas that are designed to op-
erate at multiband frequencies and offer easy opportunity for independent
tuning of the frequency bands. The different types of MTM unit cells used
include the split ring resonators (SRRs) and copper strip arrays whose
properties have helped design slot antennas that operate with triband,

quadband and pentaband frequencies with compact antenna geometries.

The other designs presented in the thesis include compact slot antenna
geometries that operate at multiple frequency bands having at least one
band of operating bandwidth greater than 50%. A fictitious short circuit is
excited in a quarter wavelength slot using a suitably designed microstrip
feed line to obtain the wideband compact design. Multiple bands are
obtained by introducing SRR and modified SRR structures.

The concept of transmission line is also briefly introduced in the thesis
and a novel compact UWB slot antenna design is discussed where rows

of artificially dispersed transmission lines are used to obtain the various
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resonance modes that combine with the fundamental slot modes to give the
UWB resonance.  The remaining designs included in the thesis involve
slot antennas that offer the feature of circular polarization at multiple
frequency bands. This is obtained by altering the slot structure and by
introducing different MTM-based structures, inclined copper strip strips,
U-strips and meandered slots. The different frequency bands can be tuned
according to the application by changing the sizes of the structures and

also the sense of polarization at the different bands can be altered.

All the designs are fabricated and the different parameters are compared
based on simulated and fabricated results. The last chapter presents a brief
comparison of the proposed designs with the previous works and gives
a brief idea on the scope for future works. The compactness, radiation
efficiencies, peak gain values, operating bandwidths, axial ratio values are
the various parameters looked into and compared with previous designs in

literature.

Keywords: Slot antennas; Multiband; Metamaterials; Circular polariza-
tion; Ultra wideband; SRR.
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Chapter 1

INTRODUCTION

This chapter gives an introduction to the evolution of the different wireless commu-
nication standards and the need for novel antenna systems that can support these
communication standards. Depending on the application requirements, various an-
tenna designs have been developed, yet research gaps remain that need to be filled.
These gaps are discussed in the work motivation followed by definition of the problem
statement and formulation of the objectives. The work methodology utilised to fulfill
these objectives is also discussed and an outline of the thesis is provided at the end of

the chapter.

1.1 Evolution of Wireless Communication Standards

and Antenna Systems

With the introduction of compatible transmission technology and new frequency bands
over the past decades, the cellular wireless communication witnessed an explosive
growth. The first move in the cellular wireless generation (G) started in 1979 by
Nippon, Japan with an analog (1G) under the radio-frequency (RF) standards. This
was the first generation of wireless cellular technology, which continued until replaced
by digital (2G) telecommunications in 1981. The 2G technology was followed by
the Wide Band (3G) Wireless Network, which supported the data transfer of 0.2
Mbits/S with mobile broadband access of several Mbits/s, video calls and mobile TV
technologies in 1998. The 4G networks started its waves in 2008 with a massive feat

for mobile technology, especially for smartphones, increased internet speeds up to 500
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times faster than 3G and also supported HD TV on mobile, high quality video calls,
and fast mobile browsing. The 5G with lot of advanced features like cloud computing
is under pipeline which will be able to manage the huge number of connections and
to make the Internet of Things (IoT) a real possibility. The evolution of the wireless

mobile phone communication is pictorially depicted in Figure [1.1}]

1980 1990 2000 2010 2020 2030
\ . First UK mobile phone call

ﬂ
i L TACs

- GSM/GPRS/EDGE

@ 3G spectrum auction

N ._.,l'd - WCDMA/HSPA/HSPA+
@ 4G spectrum auction
. 2.3 GHz & 3.4 GHz auction

research &
standardisation

- LTE/LTE Advanced

commercialisation

Figure 1.1: Evolution of mobile phone communications (Futter and Soler (2017))

The beginning of the 2G mobile phone technology saw an advancement in the
wireless communication standards in the 1990s. Thus led to a growth in the invention
of innovative antenna designs that comply with the various standards. The antenna
came into existence with the discovery of the EM waves by Heinrich Hertz over a
century ago. Since then, the antenna technology has witnessed various developments
to keep in par with the growing demands of the different wireless RF standards (Luk
(2011)).

The antenna was developed as an essential component of any wireless system to
receive and transmit signals. Beginning from the large profile dish-like reflector anten-
nas and the Yagi-Uda antennas, the compactness, efficiency, gain and bandwidths of
the antenna systems have improved over the years in order to be easily mounted on the
required systems and at the same time provide superior performance for various appli-
cations. Depending on the number of ports designated for the wireless system, SISO
(Single-Input Single-Output) and MIMO (Multiple-Input Multiple-Output) technolo-
gies have evolved over the years to improve channel capacities using diversity tech-
niques. The modern era foresees a demand in the development of low profile resonant
antennas such as the dipole antennas, patch antennas, slot antennas and the DRAs

(Dielectric Resonator Antennas) to serve as major components in the forthcoming

2



wireless systems. Much work can be seen in the antenna based literature related to
the miniaturization, bandwidth enhancement, radiation pattern control, multi-band
operation of these antennas (Lim et al| (2004)). Non resonant LWAs (Leaky Wave
Antennas) have also been developed which find application in beam scanning and ap-
plications demanding highly directional beams. Moreover various technologies have
been contemplated recently to promote innovative designs to introduce features such

as frequency reconfigurability, polarization diversity, pattern diversity and the like.

The diversity in the existing wireless networks demands the design of antennas
specific to the required application. This becomes a highly difficult task as each appli-
cation offers one or more stringent constraints to the antenna designer in terms of size,
bandwidth, efficiency and other performance parameters depending on the consumer
requirement. For the cellular mobile networks, the handsets require low profile an-
tennas that offer wide operating bands while the base stations require panel antennas
with high side lobe suppression and low cross polarization effects. For devices that re-
quire Wi-Fi connectivity, the antennas for the access points demand high performance
with low cost and ability to integrate multiple functions. The wireless communica-
tion networks that require high data rate performance at short range communication,
UWB antennas have been developed that can operate approximately from 3 GHz to
10 GHz with stable gain and efficiency values. The RFID (Radio Frequency Identi-
fication) technology is used for wireless sensor networks to design tag antennas that
are miniaturized and have high isolation between the different elements. Low profile
tunable antennas find application for the digital television broadcasting in handheld
devices. The GPS (Global Positioning Systems) require antennas that radiate circu-
larly polarized waves with a wide beam width. Miniaturized implantable and body
wearable antennas have been developed for various medical applications. This has

provided a major boost in the growth of the e-healthcare technology.

Hence, the growth in the wireless communication technology has brought into light
the need for innovative antenna designs that can operate suitably at the different stan-
dards. Each wireless system demands various application specific requirements which
rely on a suitable antenna design that can be effectively co-designed and integrated
with the internal circuit components and external mounting body of the system. Thus
an effective integration of these technologies is required to foster the development of
innovative designs that meet the needs of the rapidly evolving wireless communication

system.



1.2 Work Motivation

As mentioned in the preceding section, in the present scenario, the need for the de-
velopment of novel multiband antennas is on the rise as the current technological
standards for various applications operate on multifunctional platforms. These appli-
cation oriented novel designs are required to be suitably integrated into the wireless
devices in order to be effectively incorporated into the present era. Thus, there has
been a surge in the research for the design and development of antennas that can
effectively operate over multiple bands with desirable radiation and resonance char-
acteristics such as easy frequency tunability, presence of circularly polarized bands
and controllable polarization states, and wideband characteristics with stable gain
and efficiency values over the entire band. The need for the viability of these designs
brings into light the easily mountable and low-profile slot antennas that can provide

wideband features as well as exhibit simple geometry.

The multiple bands of operation can be easily achieved in slot antennas using
different slit configurations or extended ground plane techniques using different shaped
stubs. But the main drawbacks of such designs include extensive substrate sizes and
most importantly the difficulty in controlling the resonance bands on account of the

sensitivity of resonant frequencies to the precise slit/stub dimensions.

The wideband resonance characteristics in antennas is generally obtained on ex-
citation of different modes that can suitably combine to produce a wide band with
return loss characteristics below 10dB. This excitation of different modes can be done
by carefully distributing the current densities over the proposed geometry so that dif-
ferent modes are excited. The conventional methods include introducing slits or stubs
in the ground plane or by modifying the feed line design. Also, using stepped slots
or slots with perturbed geometry help to create the necessary mode excitation for the
required resonance characteristics. The modification of the ground plane and feed line
geometry lead to widened bandwidth response but at the cost of a larger geometry

and large cross polarization effects or unstable gain patterns over the entire bands.

The circular polarization characteristics have been significantly achieved by care-
fully controlling the current distributions and exciting orthogonal modes with 90°
phase difference. This leads to the generation of the required phase shifted com-
ponents that can combine to resonate at a CP mode thus generating the circularly

polarized band. This generation of suitable current distribution is done convention-
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ally by purposely modifying the slot and ground plane geometry along with the feed
line so that the required modes are generated. But most of the methods proposed
in literature either have a single operating band or multiple bands with very narrow
axial ratio bandwidths. Also, the control of the sense of polarization at each of the
bands becomes difficult or may not be possible as the resonance characteristics depend

entirely on the precise geometry of the design.

To overcome the disadvantages in each case, and to allow for miniaturized designs
that offer multiband, easily controllable resonances with circularly polarized or wide-
band characteristics, metamaterials (MTMs) are found to be a suitable candidate that
can be integrated into the antenna geometry to produce novel designs with desirable

operating characteristics and easy tunability.

MTMs are artificially engineered structures that exhibit physical properties usu-
ally not found in nature. It is quite a recent area of research that has been fast
progressing since the nineteenth century. Works by Engheta and Ziolkowski (2006]),
Caloz and Itoh! (2005)) have already explored the various properties of metamaterials
and research has been carried out in diverse fields to exploit these favorable features
for the design of compact multiband antenna structures. Some examples can be seen
in the works proposed by |Caloz et al.| (2008) and [Sharawi et al| (2012). The MTMs
have been studied in detail to put into use their interesting properties in order to for-
mulate antenna designs that can suitably incorporate the metamaterial features into
their operation and hence, produce structures that fulfill our goals. The basic MTM
elements commonly used include the Split Ring Resonators (SRRs), Complementary
Split Ring Resonators (CSRRs), Electromagnetic Band Gap (EBG) structures and
metasurfaces. These MTM integrated designs offer desired characteristics for various
applications but may have disadvantages in certain cases as low gain values attributing
to the etching of the CSRRs from the metallic ground or bulky profiles due to the large
EBG based or metasurface coupled designs. Besides, disturbance of the ground plane
leads to disruption in the radiation and impedance characteristics. As an appropriate
candidate for suitable incorporation in the slot antenna geometry, SRRs have been
proved to offer the necessary permeability effects that provide for miniaturization as
well as multiple frequency operation with easy tunability. They can be easily inte-
grated with slot antennas on suitable loading and their geometries can be altered to
generate circularly polarized (CP) and wideband designs. The orientation and place-

ment of the SRR unit cells are carefully controlled to ensure maximum excitation and
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resonance. Also, copper strip arrays that provide negative permittivity effects can
be used to generate the multiple bands where the operation of the antenna changes

depending on the design of the strips and their placement.

1.3 Problem Statement

Based on the work motivation discussed, it can be seen that over the past many years,
the electronic industry has witnessed a steady growth in the demand for compact
and low-profile devices capable of catering to multiple applications at a time. This
requirement has called for a need to develop compact, low cost, multiband antennas
that could be easily integrated with these devices. For further ease of use, features
such as tunability of frequency bands as per required applications, presence of cir-
cularly polarized bands that relax the restriction on device orientation, provision for
polarization reconfigurability and wideband operation are also desired to be incor-
porated into the antenna design. The existing literature presents various designs in
line with these demands, but our extensive survey shows that certain gaps need to be
filled. There still exists a requirement for simple and compact antenna structures that
could provide these features and those that could be easily reconfigured as per need.

Thus, in order to fill the research gaps, the followong objectives have been formu-

lated and listed in the next section.

1.4 Objectives

The objectives of this research work include:

1. To design compact multiband rectangular slot antennas covering at least three

wireless bands and exhibiting independent frequency band tuning capabilities.

2. To develop compact wideband and ultra wide band slot antenna designs that
radiate at resonance frequency bands of at least 60% impedance bandwidth

providing stable gain and efficiency values over the entire operating bandwidth.

3. To design multiband circularly polarized slot antennas that offer the feature
of independent control of the resonance bands and also selective assignment of

polarization states for each of the frequency bands as required.
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1.5 Work Methodology

For realizing the above mentioned objectives, the upcoming technology of MTMs
is integrated with the already existent antenna technology to optimize and fabricate
various slot antenna designs. The work methodology adopted for the same is described

below:

e To design compact multiband slot antennas with independently controllable fre-
quency bands, the slot is loaded with MTM inspired structures such as SRRs
and array of thin copper strips. The slot geometry remains unaffected by the
loading of the resonant MTM elements. Their excitation leads to additional res-
onance bands without affecting the fundamental slot resonance. Thus, multiple
bands of resonance can be obtained at a compact antenna size. The placement
and geometry of the MTM resonating structures determine the resonance char-
acteristics of the antenna designs. The frequency bands can be independently

tuned by suitably altering the MTM and slot dimensions.

e Compact slot antennas exhibiting ultra wide band (UWB) characteristics are
designed using the concept of artificial transmission lines (TLs). The slot is
loaded with rows of differently sized and periodically spaced TLs that can res-
onate at closely spaced frequencies. Each row of TL exhibits different dispersion
characteristics and support propagation at different cut off frequencies. This

gives rise to various modes that combine to give rise to a UWDB response.

A fictitious short circuit concept is used to design slot antennas with wideband
properties. Here, an asymmetric microstrip feed line is used to excite a narrow
rectangular slot. This leads to resonances at closely spaced frequencies which
combine to give the wideband resonance. An open slot of quarter wavelength is

used to obtain compactness of the antenna structure.

e To design compact slot antennas resonating at multiple CP bands, SRR and
inclined copper strips arrays are precisely designed and loaded on the slot an-
tenna. The resonance modes obtained from the slot and the strips combine to
give the required CP characteristics. In another design, multiband CP resonance
is achieved using a modified feed line that is offset from the centre and by load-

ing the slot with an SRR and a meandered U-shaped copper strip. Easy control
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and tuning of the CP resonance bands as well as of the polarization senses at

each band is achieved by suitably orienting the SRR, feed and copper strips.

1.6 Outline of the Thesis

The thesis aims at presenting the design and analysis of the proposed MTM based an-
tennas which exhibit multiple properties such as operation at multiple bands with CP
and wideband characteristics. The thesis is divided into different chapters based on
the applications obtained using the proposed novel MTM based antenna designs that
include multiband operating capabilities with independently controllable frequency
bands, development of compact devices that operate at circularly polarized and wide-
band frequencies. The introduction to the thesis gives the readers a basic idea on the
importance of wireless communication and its evolution as well as the importance of
different antenna systems. The work motivation, objectives, work methodology, and
an outline of the thesis are provided. A background study on the different concepts
including MTMs, slot antennas, artificial transmission lines, and a brief literature sur-
vey on the existing works in the areas pertaining to such applications are provided in
the succeeding chapter.

The flow of the thesis can thus be outlined as follows:

In Chapter 2] a background study and a brief literature survey on the various works
done for the design of multiband antennas are presented. The chapter first gives an
introduction to the basic concepts related to the design and analysis of the proposed
antenna geometries. This involves a study on MTMs, slot antennas and artificial
transmission lines. Then, the various methods that have been used to develop antennas
that operate at multiple bands are discussed which include conventional techniques
as well as MTM based structures. The literature survey is divided into four sections
where the first two sections deal with multiband and CP based multiband slot antenna
designs whereas the last two discuss designs that offer wideband and UWB properties
using the concept of artificial transmission lines.

In Chapter [3] investigation and presentation of three multiband designs with in-
dependent frequency tuning capabilities is done. The designs offer pentaband and
triband resonance characteristics with compact structure and good gain and efficiency
values. The desirable properties of MTMs have been used by incorporating SRR and

copper strips on the slot antenna design which leads to miniaturized multiband de-
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signs. For the SRR based design, multiple slits have been introduced in the SRR
which is suitably positioned on the slot to obtain the required resonance bands. The
higher frequency bands are obtained by loading the slot with two SRR structures that
are optimally positioned within the slot. Thus, in this chapter the aim is to present
the SRR and strip based square slot antennas with multi band operation and easy
frequency tunability at the MTM controlled frequency bands, without affecting the
main fundamental mode of the slot. Desired bands of operation can be obtained by
either changing the SRR, strip or slot dimensions as each of the resonant band is
either slot or MTM controlled.

In Chapter [, MTM based wideband designs are proposed with independently
controllable frequency bands. A fictitious short circuit concept is used to model a
tapered microstrip feed line on an open slot to design a compact wideband antenna.
The dual band property is obtained for the design by introducing an additional SRR
resonant band. Further impedance bandwidth is improved on introduction of capacitor
across the slot ends. The concept of using the tapered feed is also combined with the
properties of a modified SRR to obtain a compact tri band slot antenna that exhibits
wideband property at its first band of resonance.

In Chapter |5, the ultrawideband property is obtained by using the concept of
artificial transmission lines on a microstrip fed square slot antenna. Rows of artificially
engineered transmission line elements are loaded on a square slot to generate various
resonance modes that combine to give an UWB response. Equivalent circuit analysis is
done for the proposed model and current distributions are plotted over the wideband.
The properties of microstrip transmission lines are used to evaluate the performance
of the dispersion engineered transmission line loaded slot antenna.

In Chapter [6, MTM based multiband CP designs are presented. Array of copper
strips and carefully oriented SRR structures are used to generate the multiple bands
with CP characteristics. The slot corners are also modified to obtain CP at the funda-
mental slot resonance mode. The current distributions at each of the resonance bands
are studied and different orientations are presented where the sense of polarization
can be altered. For the final design proposed in this chapter, meanders are introduced
in the feed line and in the loaded U-strips to obtain the necessary path lengths for the
current distribution in order to generate CP bands.

Chapter [7| provides a conclusion for the work presented in the entire thesis and

also discusses the future scope of the present work for further applications.






Chapter 2

BACKGROUND AND
LITERATURE SURVEY

2.1 Background

The impinging of an EM wave on different systems brings into effect various kinds of
responses which can be characterized by the effective permittivity and permeability of
the constituent materials. Thus, based on the values and polarities of these parameters
the materials can be broadly classified into different types such as Double Positive
(DPS), Epsilon Negative (ENG), Double Negative (DNG) and Mu-Negative (MNG)
media as depicted in Figure

Most of the naturally occurring materials fall into either of the three classes that
include double positive, epsilon negative or mu-negative media. The double negative
media have both negative epsilon and mu values and are found to exhibit interesting
properties in the presence of EM waves. These include artificially generated materials
and are also termed as left-handed media (LHM), media with negative refractive
index and backward-wave media (BW media) due to their inherent characteristics
(Eleftheriades and Balmain (2005)). The negative refraction phenomena in DNG
media is illustrated in Figure 2.2l Such media, when incorporated within suitable
dielectric in the form of inclusions of novel geometries brings out a realizable material
termed as the Metamaterial (MTM).

These MTMs when integrated with antennas appropriately, help modify the char-
acteristics of the antenna structure and enhance its performance in terms of reduction

in size, polarization, radiation efficiency, phase control, peak gain values, etc. Hence
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Figure 2.1: Classification of materials.
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Figure 2.2: Negative Refraction in DNG medium.

novel designs have been developed that can be used for various applications that re-
quire radar cross-section (RCS) reduction, circularly polarized waves, ultra-wide bands

of operation, multiple frequencies of operation and also for beam steering in phased
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arrays. The control of its properties can be easily done by mechanically or electrically

tuning the properties of the constituent metamaterial elements.

gnetic
d
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Figure 2.3: Types of metamaterials: (a) Copper strip array (b) Slot lines (¢) CSRRs
(d) SRRs

Depending on the exhibited electromagnetic properties, various types of metama-
terials have been introduced in the literature, including SRR, CSRR, Metal wires, slot
lines (Engheta and Ziolkowski (2006)) which are displayed schematically in Figure

The SRRs and slot lines exhibit negative permeability effects in the presence of an
axial magnetic field and hence can be termed as magnetic dipoles whereas the CSRRs
and metal wires act as electric dipoles exhibiting negative permittivity effects in the
presence of a time varying electric field along their axes. The first LHM as shown in
Figure [2.4] was made using a composite of SRR unit cells and copper strips array in
order to obtain a DNG media. It was made at the University of California, San Diego
by Smith et al. in association with Pendrey (Pendry et al|(1999)).
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Figure 2.4: An MTM media made of SRR and copper strips

2.1.1 Negative Refraction

The study carried out by Victor Vesalgo and his team in the 1960s led to the conclusion
that the existence of a DNG media exhibiting negative values for both mu and epsilon
was allowed by the Maxwells equations. However, the wave propagation through
such media would follow a left-handed rule contrary to the right handed relationship
followed in conventional media to describe the relationship between the E, H and k
vectors as shown in Figure [2.5, Thus they were termed as the LHM. Moreover, the
Poynting vector S is found to be anti-parallel to k in the case of such media, which
in turn implies that E, H and S follow a right handed rule in this case. This nature
of the LHM inspired researchers to investigate the possibility of a backward wave
and hence consequently coined the term Backward media for the LHM. Backward
wave propagation brings in the definition of a negative refractive index characterized
by a reversal of the Snell’s Law. In order to understand the concept of negative
refraction, two media M1 and M2 are considered as shown in Figure A plane wave
travelling from M1(with wave vector k1) strikes the interface to propagate through
M2 with wave vector k2. Keeping up with the law of conservation of momentum, the
tangential components of the wave vectors are required to be equal at the interface.
Thus the normal components can be envisaged in two ways: (i) directed towards
interface (usually the case of reflection) (ii) directed away from the interface. Now,
analysing the Poynting vectors, it is required that their normal components maintain
the direction through the +x-axis in order to fulfill the law of conservation of energy.
Thus if M2 is a RHM, case (i) holds good, whereas if M2 were to be a LHM, the case
(ii) follows where k2 is anti parallel to S2 and hence, power propagates in a direction
of phase advance so that a negative refractive index can be defined for the medium
M2.
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Figure 2.5: Orientation of field quantities in RHM and LHM media (Eleftheriades and|

Balinai (2005)

M1, n>0 M2
S2
/
k2
k1
_ “ o=
/ k1t | k2t

(i)

Figure 2.6: Refraction at two media interface (]Eleftheriades and Balmain| 42005D

2.1.2 Transmission Line Theory of LHM

A classic way of explaining the LHM wave propagation phenomena through a DNG

media involves applying the distributed circuit concept. Any 3-D media can be de-

scribed using L-C networks and the possibility of a negative permittivity and perme-

ability media brings into light a possibility of negative L. and C parameters to represent

the network.
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Figure 2.7: 2-D dual transmission line unit cell(]Eleftheriades and Balmainl (]2005[))

AW

B

Figure 2.8: Dispersion diagram for media with negative mu and negative epsilon
(Eleftheriades and Balmain| (2005))
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The TL unit cell of such a media can be obtained by imposing negative series
impedance (shunt impedance) -jwL'd and negative shunt capacitance (series capaci-
tance) -jwC’d in the circuit so that the roles of the inductive and capacitive elements
are reversed compared to that of the L and C elements in the TL unit cell for a conven-
tional media. This is shown in Figure The effective permittivity and permeability

are functions of frequency and can be described by the following equations:

_ 1/jwCd 1
oy = HCE 1)
o) = Miwld 1 2.9
S = jw  w?ld '

Where L=Ld and C'=Cd and C and L define the per unit length series capacitance
and shunt inductance. Thus the left-handed behavior is satisfied and the effective
material parameters can be observed to be simultaneously negative. The propagation

constant associated with the structure can be given by:

1
B =—wypwe(w) = BNIred (2.3)

And hence w and 3 share an inverse relationship which can be seen in the dispersion

diagram shown in Figure [2.8] Looking into the phase and group velocities, the phase

velocity can be described as

o= = VLT =5 =, (2.4)

This shows that the phase and group velocities share an antiparallel relationship,
implying the possiblity of a backward wave phenomena. The phase is found to lead in
the direction of positive group velocity (power flow) thus inidicating a negative index
of refraction at the RHM-LHM interface. The refractive index is calculated as :

n=c/v, =— Hw)e(w) =— ! (2.5)

v/ Ho€o w2/ L'C’' pgeg

2.1.3 Split Ring Resonators

The discovery of a negative epsilon material led Veselago to explore the possibility of

a negative mu substance. However, considering the thin wire media, further reduction
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in the radius of the wire elements only shifted the permeability values to the free
space value as expected in artificial dielectrics. Then, on modification of the cylindri-
cal structure by introducing an internal electromagnetic layer, a model resembling a
parallel plate capacitor was obtained as shown in Figure 2.9, This structure could be
termed as the Split Ring Resonator (SRR). Thus, The SRRs consist of thin metallic
ring structures of size smaller than the wavelength of an incident EM wave and with
gaps between each other and splits at opposite ends. When excited by an axial mag-
netic field strong electric currents are produced along the thin rings thus producing
high capacitive values between the rings. The large capacitance effects between the
rings supports strong electric fields and the axial magnetic field applied induces cur-
rents in the rings. This natural inductance of the system along with the synthesized
capacitance in the presence of a time varying field helps characterize an effective rela-
tive permeability for the system which defines the resonance behavior of the SRR. The
effective permeability thus obtained can be made to assume negative values around
the magnetic plasma frequency for an array of SRR. This frequency when placed at
the microwave range can find application in antenna designs. This concept of SRRs
was first introduced by Pendry et al. (1999) and was experimentally demonstrated by
Shelby et al. (2001).

Figure 2.9: The SRR structure discovered by Pendrey in cylindrical and planar forms

(Eleftheriades and Balmain (2005))

The SRR can be analyzed using an equivalent LC circuit and the resonance fre-

quency can be given by
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w=1//(LC) (2.6)

where L is the inductance provided by the rings and C' is the capacitance of the SRR
due to the gap between the rings.

Figure 2.10: SRR unit cell and equivalent circuit

An SRR unit cell and its equivalent circuit is shown in Figure 2.10, When a
large array consisting of such SRR structures are embedded within a dielectric and is
excited by an axial magnetic field, it produces a large negative effective permeability
effect near its frequency of resonance. Thus, these purely non-magnetic materials act
like an effective artificial magnetic plasma providing negative permeability values at
microwave frequencies.

When these SRR structures are introduced within a waveguide of cutoff frequency
w,, an effective MTM structure can be designed. The waveguides are chosen for
analysis as they have a high Q factor and exhibit negative permittivity effects below
the cut off frequency. Thus, without synthesis of an artificial negative permittivity
media, such a uniform structure is obtained devoid of inclusions and loss effects. This
equation for the dispersion constant of the propagating modes within the waveguide
is given by Engheta and Ziolkowski| (2006))

k= wy/(ieef f) (2.7)

cef f=e(1—wp/w?) (2.8)

Where €, and pu, are the effective permittivity and permeability values of the
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substrate and w, is the cut off frequency for the operating mode, and the refractive

index n is given by

n=+/(ueff) (2.9)
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Figure 2.11: SRR unit cell analysis: (a) Experimental setup (b) Transmission coeffi-
cient characteristics

Now, the effect of embedding an SRR within the structure generates an LH pass
band in the presence of an axial magnetic field and hence backward wave propagation
is supported near the SRR resonance frequency. In Figure an SRR of cut off
frequency 6.25 GHz is introduced in the waveguide which is designed for a cut off
frequency of 24 GHz. Hence in the frequency band below 24 GHz the waveguide
exhibits the property of negative permittivity and the presence of the SRR introduces
a negative permeability effect region around the resonance frequency of 6.25 GHz.
This explains the presence of the transmission band in the graph showing |S12| versus
frequency. Thus a DNG media is obtained and an LH band is observed around the
resonance frequency of the SRR.

The response of the SRR to the external EM wave depends on the orientation of the
structure with respect to the direction of the electric field E, magnetic field H as well
as that of the wave vector k (Zhou et al| (2007)). Different configurations of E, H and
k excite different responses in the SRR structure. This is shown in Figure In the
first case (a), the plane of SRR lies perpendicular to the direction of H and parallel to

direction of k. This stimulates a magnetic response in the SRR which is responsible

for its resonance. In the second case (b), the E field which is parallel to the SRR
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Figure 2.12: Different SRR configurations

excites an electric current in the SRR which in turn creates the magnetic resonance of
the SRR This is called as the electric excitation coupled magnetic resonance (EEMR).
The third configuration (c¢) shows the case where the E field is parallel to the side of
the SRR. This excites a weak wire like electric response in the SRR.

Since the SRRs can be described using lumped Land C elements that determine its
frequency of resonance, the structure of the ring can be modified to obtain additional
inductive or capacitive effects that in turn shift the region of negative permeability
to required band of interest, This has been investigated in a study whereby multiple
splits are introduced within the split ring structure and the unit cell analysis is carried
out to find out the resonant frequencies of the SRR structure. It can be seen that on
addition of two and three micro splits the capacitive effects increase around the ring

which in turn leads to a shift of the resonance frequency bands to higher values.

: e
(@ (b) (©)

Figure 2.13: Schematic views of (a) Unit cell A, (b) unit cell B, and (c) unit cell C.

In the work by Ekmekci et al.| (2009), micro splits were added on the outer ring of

the SRR along the arm having the main split. The series capacitance effects thus intro-

duced led to increase in the resonance frequency of the SRR. Transmission character-
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Figure 2.14: Transmission characteristics of the type A unit cell with photograph of
the actual resonator.
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Figure 2.15: Transmission characteristics of the type B unit cell with photograph of
the actual resonator.

istics of these MSSRR (micro-split SRR) structures were obtained and compared with
the characteristics of the ordinary SRR structure. Figure [2.13] shows the schematic
for the different unit cells analyzed where unit cell A is an ordinary SRR, unit cell
B is an MSSRR with single micro split pair and unit cell C is the MSSRR with two
pairs of micro splits. Figure [2.1442.16| show the measured and simulated transmission
characteristics obtained for each case along with photographs of the actual resonators.
The resonance frequency is observed to shift to higher values on addition of micros-

plits. Thus, it can be seen the geometry of the SRR structure can be modified as per
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Figure 2.16: Transmission characteristics of the type C unit cell with photograph of
the actual resonator.

application to tune the resonance to desired frequencies.

2.1.4 Copper Strips

Metals essentially fall into the category of plasmas as they are constituted of ion-
ized gas that are made of free electrons. They have a cut off frequency of w, below
which the bulk permittivity of the metal becomes imaginary and propagation is not
supported. The negative permittivity effect is obtained below the plasma frequency
and this can be utilized to obtain an effective MTM medium. Usually the plasma
frequency lies within the ultra-violet (UV) region and thus would be difficult to ob-
tain negative permittivity effects without dissipation effects within waveguides where
long wavelengths are supported. Hence, very thin wires are arranged in a periodic
lattice structure so that the plasma frequency is suppressed due to the lower effective
electron concentration within the volume. Besides, due to the enhanced effective elec-
tron mass within the thin wire array arrangement, the self-inductance of the structure
manifests itself greatly which shifts the effective plasma frequency to the Gigahertz
range. Hence this array of thin wires can be used to develop a metamaterial media
when suitably incorporated within the dielectric waveguide. When operated below the
cut off frequency, the waveguide exhibits the negative permittivity effects. Below its
plasma frequency, the wire array also exhibits similar characteristics and the combi-

nation of the two helps to provide an effective media exhibiting positive permittivity,
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i.e., reversal of the permittivity effect occurs and thus a forward wave propagation
is supported around the resonance frequency. From the Equations (2.7) and (2.9) it
can be seen that a positive refractive index is required for propagation which can be
obtained through engineering the material parameters such as effective permittivity

and permeability effects. This is where the properties of MTMs become significant.

2.1.5 Slot Antennas

The slot antenna consists of a slot etched out of a metallic surface printed on a dielec-
tric substrate. When excited using a suitably designed feed, voltage differences are
developed across the slot. This generates electric field lines and axial magnetic field
lines which leads to the excitation of different resonance modes across the slot. The
radiating frequency is determined by the dimensions of the slot and the parameters of
the substrate which can be tuned as per desired frequency of operation. Slot antennas
are mainly used for operation in the UHF range and many of their applications lie
under the areas of radar systems, surveillance aircrafts, desktop devices etc. They are
popular due to their low profile, ease of fabrication and mounting and the wideband
characteristic response. The radiation pattern obtained is similar to that of the dipole
antenna. Slot antennas are commonly known as complementary dipole antennas and
their principle of operation can be explained based on the Babinets principle which
relates the radiation characteristics and impedance of the antenna with its dual an-
tenna. In the case of the slot antenna, the dual antenna can be considered as the
dipole antenna and hence the impedance, electric field distributions, etc, can be cal-
culated for the antenna if the same are known for the dipole antenna. The principle
of operation of the slot antenna and its properties based on the Babinets principle is
given below in detail.

Consider a metal plane on a substrate over which a gap is etched of width h << A
as seen in Figure 2.17] It is excited using a voltage source connected from one end of
the slot to the other end and offset from the centre. Assuming the length of the slot
to be half wavelength the voltage at the ends drop to zero and has peak value at the
centre. The slot can be considered as a transmission line having two paths and short
circuited at the ends. Hence, the current associated with the voltage is out of phase as
seen in the voltage and current profiles along the slot length shown in Figure 2.18|(a).
The current flows through the top and bottom of the slot in opposite direction and

cancels out effectively whereas the voltage distribution adds up in phase giving rise
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Figure 2.17: Slot Antenna schematic

to electric fields thus leading to radiation. Hence the slot can be termed as a voltage

radiator, whereas the dipole acts as a current radiator.

Vv

0 —

0 i I

A2
(a) (b)

v

Figure 2.18: (a)V and I profile along the slot and (b) Equivalent circuit of slot antenna

In order to excite the slot, we offset the feed from the centre to obtain the point
where 50 ) impedance is obtained. At the ends, zero impedance points are observed
and at the centre, impedance obtained is infinite as analyzed from the V and I profiles.
The slot length to the left of the voltage source can be considered as a transmission
line with length [ < A/4 and to the right, as a line with length [ > A/4. These can be
considered as giving rise to inductive and capacitive effects and are thus represented
as L and C elements in the equivalent circuit model. When fed appropriately, their

effects cancel and only radiation resistance remains. The voltage adds up in phase
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and the slot radiates. Thus, the equivalent circuit for the slot is obtained as shown in
Figure 2.18(b).

Duality

The dipole is considered as wire fed in the center producing currents along its
length that add up in phase producing radiation. If the air around it is replaced by
metal in the single plane and the shape of the dipole is cut out, a slot antenna is
obtained with feeding it across with a voltage source. Hence it is rightly called the

complement of the dipole. The slot antenna and its complementary dipole structure

is given in Figure [2.19]

Figure 2.19: Babinet Principle: Slot antenna and its complementary dipole structure

From the duality principle, the radiation patterns in terms of magnitudes remain
the same for both structures in the same plane but vary in polarization. The currents
going through the dipole gives rise to radiating fields for the dipole that are vertically
polarized, whereas the E fields across the slot give rise to horizontally polarized fields
for the slot antenna. The Babinets Principle helps to relate the impedances of the two
structures. If Z; andZ, are the impedance of the dipole and the slot respectively, and

7 is the intrinsic impedance of the medium then, the following relation holds good:

ZaZs =n*/4 (2.10)

The bandwidths of both antenna are around 7%. Also, the slot can be of any

shape and can radiate as long as it is fed across its ends and has a path around it
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with perimeter px\.

2.1.6 Artificial Transmission Lines

Transmission lines operating in the microwave frequency range can be analyzed as
a two port network used to carry energy or power from one end to the other. The
length of the transmission line is required to be greater than the operating wavelength
of the EM wave. The transmission line can be characterized using lumped elements
and corresponding equivalent circuits can be modeled. They can be used to replace
lumped elements in circuits and hence provide a low-cost solution for the design of
microwave devices. The transmission line is generally designed for a cut off frequency
wo above which the line allows propagation with phase constant 5. The expression for

the wave propagation constant is given by (Martin (2015)))

3 =wVLC (2.11)

where L and C' are the per unit length inductance and capacitance for the trans-
mission line.

The artificial transmission lines can be synthesized by loading the transmission
lines with the lumped elements or by interrupting the uniformity by introducing cer-
tain periodicity or specific arrangements in the wave propagation direction. This
includes periodically perturbed transmission lines or cases where certain inclusions
or etchings are incorporated within the transmission line design to obtain the de-
sired responses. Two types of such a class of artificial transmission line are studied
and characterized. One type includes the transmission line periodically loaded with
shunt vias and the other one wherein the transmission line is loaded with periodically

dispersed gaps.

1. Line loaded with Periodic Vias

In this case, metallic shunt posts are loaded with a periodicity p on a lossless
microstrip line defined by characteristic impedance Z, and phase velocity v,. The vias
are characterized by an inductance L. and are spaced from each other at a distance
much smaller than the operating wavelength. A schematic representation of the via
loaded transmission line is shown in Figure[2.20] The corresponding circuit schematic
and equivalent circuit are shown in Figure [2.21]

The propagation constant is given by |Johnson and Jasik (1984) as
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Figure 2.20: Line loaded with Periodic Vias.
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Figure 2.21: (a) Circuit schematic and (b) Equivalent circuit diagram for the via
loaded line.

1

where critical frequency is defined as,

1
vV LepC

The periodicity p, per unit length capacitance C' and inductance of via L. define

We =

(2.13)

the cut off frequency of the artificial transmission line. Above this critical frequency,
pure propagation is supported (a«=0) whereas below it evanescence occurs (f=0). This

can be seen from the dispersion diagram shown in Figure [2.22]
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Figure 2.22: Dispersion diagram for the via loaded line

The attenuation and phase constants are defined as

1
= L — =1 2.14
a=wVLC L0 (2.14)

8= wV/ICy /1~ —szlpc (2.15)

Here L and C' define the per unit length inductive and capacitive effects which are
given by
L=2y/v, and, C=1/Zyv, (2.16)

2. Periodically Gap loaded Artificial transmission line A similar analy-
sis is carried out for the lossless microstrip line of characteristic impedance Z; and
wavenumber k, loaded with periodic gaps of period p much smaller than operating
wavelength as shown in Figure m The gaps are defined by capacitance C,. The
equivalent circuit diagram for the gap loaded line is shown in Figure [2.24] The per

unit length inductance and capacitance of the lines are given by

k,Z k.
- L.

I —
w wZp

(2.17)

Then the propagation constant can be defined as:
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Figure 2.23: Periodically Gap Loaded Transmission Line.

where the critical frequency
= — (2.19)

is determined by periodicity p, per unit length inductance L and the gap capacitance

c,.
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Figure 2.24: Equivalent circuit diagram for the gap loaded line.

The dispersion curve is plotted as shown below in Fig. and the cut off fre-

quency can be observed around w=w,.. The phase and attenuation constants as ob-

tained from the propagation constant are given by:

2
B =wVvVLCy\/1— Yo whenw < We (2.20)

)
wQ
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2
a=wVLC w—;—l, when w > w, (2.21)
w
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Figure 2.25: Dispersion diagram for the gap loaded line

2.2 Literature survey

This section gives a brief overview on the various works seen in literature until date
using slot antennas and metamaterials for obtaining compact, multiband, circularly
polarized and wideband antenna designs. A deep insight into the recent works carried
out related to the design of each of the proposed slot antenna designs pertaining to
the fulfillment of the formulated objectives is given below. In the first subsection, the
previous works carried out in the area of multiband antennas and the different tech-
niques used to achieve multiband operations, their advantages and setbacks and how
the designs have evolved over time are reviewed. In the successive subsections, the
literature related to wideband and circular polarization operation is discussed to look
into the possibility of a multiband antenna design with suitable wideband and dual
polarization characteristics too. Also, some earlier work related to artificial trans-
mission lines is discussed to better understand the concept of integrating these novel

materials with antennas to obtain different properties such as wideband operation.

2.2.1 Slot Antennas with Multiband Characteristics

In order to meet the demand of compact multiband antenna designs that can be

easily integrated with other devices, various works are found in literature which use
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different techniques to obtain multiband antenna designs. Introducing stubs and slits
in the antenna structure help achieve multiband operation but at the cost of larger
profiles and resonance bands that cannot be easily tuned as per application. Coplanar
waveguide fed slot antenna and printed monopole antenna are respectively designed
for WLAN/WiMAX applications in the works by Karimian et al| (2013)), Sun et al.
(2012). A tri-band CPW fed slot dipole antenna is designed by |Chen et al. (2014).
An efficient frequency adjustable pentaband slot antenna was designed using ridged
stubs by |Gholamrezaei et al| (2014). A quad-band slot antenna was designed using
E and T shaped stubs by (Cao et al| (2015). A quad band slot antenna was proposed
using the proper design of stubs and slots on the ground plane by |Piao et al| (2017).
In different works carried out, compact quad band slot antennas have been designed

for various applications (Karimian et al| (2013), Sun et al|(2012)).
The negative permittivity property of the CSRR can be used to design monopole

and dipole antennas that operate at multiple bands of resonance. But, the introduction
of the CSRR reduces the gain and efficiency of the system as it is etched out of the
ground plane (Basaran et al|(2013)). In the work by Li et al.| (2008), etching a set
of CSRR s in the ground plane leads to the design of a dual-band compact linear
polarized antenna. A dual band CP antenna is designed by [Zhou et al| (2010) using
spiral resonators. An Electromagnetic Band Gap (EBG) structure is used by Dong
et al| (2011)) for obtaining multiband operation, but this creates large antenna profile

and bulky structures.

SRR loading in slot and monopole antennas to achieve multiband application is
becoming increasingly popular nowadays.(Ntaikos et al.| (2011)). Slight modification
of the monopole parameters is required to achieve the multiband operation. An MTM
based frequency reconfigurable monopole antenna is designed by |Cheribi et al. (2013]),
which offers tri-band operation using two differently sized SRRs loaded in the antenna.
Each band can be tuned by suitable design of the loaded SRRs. A compact multi-
band antenna is designed by [Rajkumar and Kiran| (2016) for WLAN/WiMAX/ITU
applications using a modied TSRR(Triangular Split Ring Resonator).

In the design proposed by Kandasamy et al.| (n.d.), an SRR loaded square slot
antenna is presented which offers circularly polarized dual bands that can be inde-
pendently controlled. In the design proposed by Sarkar et al.| (2014), loading a loop
antenna with an SRR helped achieve tri band operation, along with miniaturization.

However, independent tuning is not easily achievable in this design. The antenna
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Figure 2.26: SRR loaded square slot loop antenna ﬂSarkar et al.l q2014[)].

geometry is shown in Figure 2.26] The reflection coefficient characteristics and surface
current distributions are shown in and It can be seen that the presence of
the SRR on the slot loop introduces two additional lower order resonance modes in the
antenna. The geometry of the SRR and its position along the slot determine these fre-
quencies of resonance. The dimensions of the SRR determine its fundamental resonant
mode at 1.65 GHz. When the SRR is suitably offset, the additional resonant band is
obtained at the intermediate frequency of 1.93 GHz. Hence the reflection coefficient
characteristics are obtained as shown in Figure The surface current distributions
for the slot loop antenna at the three resonant frequencies shown in Figure show
that the resonances at the lower two frequencies are due to the excitation of the SRR

modes.

The designs proposed in Chapter |3|of the thesis pertain to multiband slot antennas
that are miniaturized and radiate at tunable frequency bands. In the first design
proposed in Chapter [3, a triband SRR loaded slot antenna is designed which offers
independent control of frequency bands. The second and third designs offer compact

copper strip loaded square slot antenna designs with pentaband resonance operation.
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Figure 2.27: (a) Simulated reflection coefficient characteristics on varying the offset
(b) Simulated and measured reflection coefficient characteristics for the square slot loop
antenna for the optimum offset [Sarkar et al| (2014)].
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Figure 2.28: Surface current distributions for the slot loop antenna at the different
frequencies [Sarkar et al| (2014)]

2.2.2 Slot Antennas with Wideband Characteristics

Various methods have been used to increase the bandwidth of a slot antenna, using
straight slot, wide slot, L-shaped, inverted T etc.Chen et al|(2009)), Jan and Sul (2005),
Latif et al| (2005)), [Zheng et al| (2011) show some works that use different techniques
to achieve a UWB antenna where |Jan and Sul (2005]) uses a fork shaped feed to excite

the structure. The bandwidths can also be increased by exciting two types of resonant
modes, namely the slot and monopole modes (Hu et al. (2016) and Latif et al. (2005)).
In the design proposed by Lu and Zhu/ (2015), pairs of stubs are introduced along the

slot near the electric field distribution nulls to excite the slot modes. All of them use
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the conventional /2 slot resonators. Broadband filtering slot line antennas are designed
using multimode resonators as seen in the work proposed by |Hu et al| (2017). The
slot structure can be modified to obtain a wide bandwidth response where multiple
slots and step slots are used to introduce more than one resonant mode with adjacent
frequencies which leads to a widened impedance bandwidth (Gopikrishna et al|(2009),
Huang et al. (2012), Kumar et al| (2014), |Lui et al| (2005)). Stepped slots are used
by (Gopikrishna et al| (2009) to obtain UWB characteristics. Notches are cut by |Chen
and Ku/ (2008) in an inverted L open slot antenna to enhance bandwidth. In Lee et al.
(2002), a broadband planar antenna is designed using round corner rectangular wide
slot. In the work proposed by Rao et al| (2000)), a broad band antenna is designed for
DCN/UMTS applications. A microstrip fed wideband slot array with finite ground
is designed by [Liang and Michael| (2000). Isosceles triangular slots and circular slots
are used byLee et al|(2009), and Jiang et al| (2013)) respectively to obtain broadband
dual polarization applications. These designs require multiple ports and comparatively
larger dimensions of the ground plane. Microstrip slot line transitions and stubs have
also been used to increase bandwidth (Verbiest and Vandenbosch| (2006), [Yoon et al.
(2004) and |Gopikrishna et al| (2008))). All of these show large cross polarization
variation levels or have large area. The fictitious short circuit concept to obtain
broad band radiation was introduced by Zhu et al|(2003) with bandwidth of 32%. A
microstrip line of reduced width was used to realize a fictitious short circuit along the
slot thus exciting two resonances and thus generate the wide band operation. The
length and position of feed line are carefully chosen so that the multiple resonances
excited are very close-by and hence wideband operation is obtained. Double rejection
zeros are introduced in a slot antenna using a A/4 resonator in the feeding network
to obtain widened impedance bandwidth. This concept of fictitious circuit is used in
Sadat et al.| (2006, 2007) and |Javan et al. (2008) for UWB applications.

The bandwidth was improved in the works by |Behdad and Sarabandi| (2005) and
Behdad and Sarabandi| (2004) to 37% and 43% respectively compared to the work
proposed by [Zhu et al.| (2003). A modified feedline is used by Behdad and Sarabandi
(2004) to achieve bandwidth enhancement. The designs had complex feeding structure
and large size. To overcome these disadvantages, and also for obtaining high gain and
unidirectional radiation, Majumder et al.| (2015)) introduced a design which gives wide
band metasurface antenna. In order to further reduce the size of the slot resonator,

a A/4 resonator using the same concept of fictitious short circuit is proposed here.
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Figure 2.29: Electric field distribution for the wideband slot antenna proposed by
Behdad and Sarabandil (2005): (a) Normal distribution (b) Distribution at a slightly
higher frequency (Fictitious short circuit concept)

Some of the other compact UWB designs include that proposed by |Chen and Kul

(2006) which has a disadvantage of high cross polarization, Li et al| (2010) uses a

compact CPW fed rectangular slot which is excited by a simple square patch to

exhibit wideband characteristics, [Zheng et al| (2010) proposes a compact UWB slot
antenna with two stepped slots. It is a modification of the design by

(2006 and also exhibits high cross polarization level, and (2007) uses

an inductive resonant section along with a fictitious short circuit fed slot resonator

to obtain compact UWB antenna. The fictitious short circuit concept is pictorially

demonstrated in Figure [2.29| using the electric field distributions along the wideband

slot antenna proposed by Behdad and Sarabandi (2005). The second resonance is

basically generated due to the nulls created on cancellation of the fields created by
the microstrip line and by the return current on the ground plane. Dual band and
wide band operation can be obtained depending on the feed position and slot width
which determine the frequency at which the null is obtained. The reflection coefficient
characteristics obtained for both cases in shown in Figure [2.30} From Figure [2.29] it
can be seen that the electric field distributions at both the frequencies follow a similar
pattern and hence the radiation patterns at the two frequencies are also expected to
be similar. This can be seen in Figure [2.31] which shows the E and H plane co and
cross polarization patterns for the wideband antenna at (a) 3.077 GHz and (b) 3.79
GHz (Behdad and Sarabandji| (2005))).

Artificial transmission lines are also used to obtain wideband characteristics. They

are formed by modifying planar transmission lines, that is, by conveniently modulat-
ing their dimensions, or etching patterns on the metallic ground plane layer, or loading
the line with reactive elements. This helps to achieve reduction in the device size, or

improve the performance parameters and functionalities of the host device. Different
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Figure 2.30: Reflection coefficient charcateristics for half wavelength slot antenna
obtained on varying the feed position, hence exhibiting: (a) wideband and (b) dual
band characteristics (Behdad and Sarabandi| (2005)).

Figure 2.31: Radiation patterns for E-plane and H-plane (a) 3.077 GHz and (b) 3.79
GHz (Behdad and Sarabandi (2005)).

kinds of artificial line structures and their applications have been discussed in liter-
ature. Some of the earlier works involved the inclusion of a periodicity within the
transmission line structures to obtain the desired properties. These include electro-
magnetic band gap (EBG) based and capacitive loaded lines. Wideband filtering has
been achieved using periodic capacitive patch loaded transmission lines which give
rise to wide stop bands (Garcia-Garcia et al.| (2006)). Metamaterials (MTMs) are in-

tegrated with the microstrip lines to form another class of artificial lines called MTM
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based artificial lines where the host lines are loaded with various resonating elements
such as inductors, resonators or capacitors. Composite right and left handed (CRLH)
based transmission lines have been used to design enhanced bandwidth microwave
components and also band pass filters with UWB responses (Mo et al| (2007), |Gil
et al| (2007)). The phase shift experienced by the transmission lines for a nominal
change in the frequency limits the bandwidth in distributed circuits. The phase shift
at angular frequency wy and phase velocity v, for a transmission line of length [ is
given by (Martin| (2015]))

$o = Bl = wol /vy (2.22)

The bandwidth depends on the derivative of the phase with respect to frequency, or
the group delay and hence, is inversely proportional to the length of the line. There-
fore, it is not an easily controllable parameter in conventional transmission lines.
However, on introducing metamaterial elements in the lines, possible degrees of free-
dom come into picture which could be varied in order to control the bandwidth of the
line. Computing the derivative of the phase at the operating frequency for N number
of unit cells, the following relation is obtained:

do 2

%]w = w—ONtan(]¢o|/2N) (2.23)

Thus, as N increases, the derivative of phase reduces and bandwidth increases.
The optimal case is hence obtained using an N-stage artificial transmission line with
N tending to oo . Miniaturization and bandwidth enhancement of many microwave
components are possible using artificial transmission lines. In Figure[2.32] a broadband
series power divider is shown. Bandwidth enhancement is made possible using MTM
based transmission lines. The MTM based cells are designed suitably so as to obtain
values of L and C that optimize the phase shift and hence improve the bandwidth at
the operating frequency with compact component dimensions. It can be seen that the
metalines used are shorter than the conventional 27 transmission lines and hence the

device area is significantly reduced.

Wideband filters have been designed using open resonant particles such as the
open split ring resonators (OSRRs) and their complementary counterparts, the open
complementary split ring resonators (OCSRRs) (Martel et al| (2007)). To further

widen the propagation band for artificial transmission lines, lattice network and non-
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Figure 2.32: (a) MTM based TL power divider (b) Conventional TL series power
divider (c) Reflection coefficient magnitude characteristics.

foster element-based transmission lines are also used by |[Perruisseau-Carrier et al.|

(2011) and Hrabar et al|(2013)).

For designing compact devices that operate over a wide range of frequencies (wide-

band opeartion) and that can cater to multiple applications, miniaturized multiband
antenna designs are required which can give wideband operation over at least one
resonant band. Various methods have been used for obtaining multiband properties
within compact slot antenna structures, such as the insertion of strips or employ-
ing slots by Hu et al| (2016), Dang et al, (2010) to produce additional resonances.

These traditional methods usually give low efficiency values and narrow bandwidth

for multiband antennas. Also, independent frequency tuning is not possible.

As mentioned in the earlier works, in order to achieve multiband antenna designs
with easy tunability of the frequency bands, the integration of metamaterials (or
their unit cells) with antenna structures has become a very possible choice. Upon
excitation, these structures behave as LC resonant tanks and thus provide negative
permeability /permittivity near their resonance frequency as mentioned by
. Further, these structures allow for compact designs owing to their sub-
wavelength dimensions. CSRRs (Complementary split ring resonators) have been used

in different antennas to obtain multiband characteristics such as in the work carried

out by Basaran et al| (2013)). But the gain and efficiency are reduced due to the

etching out of the main radiator. For slot antennas, SRRs have been used to obtain

multiband characteristics as in designs proposed by [Sarkar et al| (2014)), [Kandasamy
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et al| (n.d.) and Paul et al| (2017). These designs are of large dimensions and are
useful for narrow-band applications.

The Chapters [4] and [9] of the thesis discuss novel wideband slot antenna designs
that are proposed to offer compact, multiband structures that can operate over a
wide frequency band. In the first design proposed in Chapteid] of the thesis, a com-
pact quarter length open slot structure is excited using a simple feed to exhibit wide
band characteristic with constant radiation patterns and low cross polarization levels
throughout the band of operation. The antenna is designed such that the operation
covers the WIMAX / WLAN bands. Compactness is achieved compared to other single
slot multiband antennas with wideband characteristics by using a quarter wavelength
open slot. Besides, dual band characteristics can be incorporated by introducing a
suitably oriented SRR at the open slot. Hence, a rectangular narrow slot multiband
antenna with wideband characteristics using an SRR loading and using a fictitious
short circuit microstrip line feed is proposed for the first time. Frequency reconfigura-
bility could be achieved using active devices such as varactor diodes. In the second
design, a similar structure is proposed with a modified SRR to obtain triband opera-
tion with independent tunability. The square slot design introduced in Chapter |5[uses
the concept of artificial transmission line to produce multiple resonances that combine
to produce an ultra-wideband resonance characteristic with good efficiency and gain

values over the operating band.

2.2.3 Slot Antennas with Circularly Polarized Multiband Char-

acteristics

The presence of circularly polarized (CP) resonance bands become an added advantage
for mobile wireless devices because CP signal provides better propagation character-
istics in multipath environment compared to the linear polarization. The circularly
polarized (CP) antennas are less sensitive to the multipath effects and polarization
mismatch between the transmitter and the receiver. Hence there has been an increased
demand for the design of circularly polarized antennas, which can also exhibit multi-
band properties. Furthermore, tuning of the frequency bands and reconfigurability of
the polarization states are desirable features which find application in various areas.
Different wide slot CPW fed antennas with circularly polarized radiation have

been realized over the years. In the work proposed by Sze et al,| (2003), a CPW
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fed square slot antenna using T-shaped strips is designed for CP, while in the design
proposed by |Chou et al. (2007), a cross patch is loaded on the slot to obtain CP. In
the works by Deng et al.| (2007) and Wang and Chen| (2009)), grounded metallic strips
are used to obtain circular polarization. A lightning shaped feed and grounded strip
are used by |Fries et al| (2003)) to obtain CP. These designs have a large profile and
use complicated designs where the frequency of operation and axial ratio are sensitive
to the strip and sub dimensions. Perturbations are used for ring slot antennas for
generating CP radiation (Fries et al. (2003), Wong et al| (2002), Bao and Ammann
(2008))). A V- shaped coupling strip is used by Row et al.| (2011)) to obtain CP in the

ring slot antennas.

Dual band slot antennas with circular polarization characteristics have been de-
signed with good ARBW, gain and efficiency values at the different resonant bands.
The conventional methods used to achieve this commonly involve introduction of care-
fully designed slits or stubs in the ground plane. This helps to modify the current
distribution around the slot in order to generate 90° phase shifted orthogonal modes
and hence, circularly polarized (CP) waves (Xu et al|(2017)),Baek and Hwang (2013)).
The antennas thus designed, offer dual bands of operation, but are of large size. Also
easy tuning of the sense of polarization and resonant frequencies is not possible. These
techniques to obtain dual band dual polarized antennas lead to large dimension struc-
tures and do not facilitate independent tuning and control of polarization sense for
each band. In the work proposed by Hsieh et al| (2012), an annular slot antenna
is designed to give circular polarization with ARBWs of 0.9% and 0.6% at the two

operating bands.

Metamaterials (MTMs), due to their interesting resonant properties, can be used
to obtain various desired characteristics such as miniaturization, multiband opera-
tion, circular polarization etc. when integrated with the antennas. The property of
metamaterials can be used to obtain multiband and circular polarization operation
in antennas. Multiband circularly polarized patch and monopole antenna designs are
proposed by Zhou et al| (2010) using CSRRs. The gain and efficiency values of the
antenna are reduced due to the etching of the CSRRs in the ground plane.

In works by Hoang et al.| (2016)) and Ko et al| (2013) Electromagnetic Band Gap
(EBG) structures and metasurfaces are introduced for design of multiband CP anten-
nas. These designs offer the disadvantages of large profile, and very low axial ratios.

SRRs can be effectively used to generate the additional resonance to obtain multiband
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Figure 2.33: Connected SRR loaded dual band CP slot antenna (a) Top view (b)
Bottom view (c) SRR geometry (a=24.4mm, L=70mm, L;=22mm, p=10mm, S=4mm,
W;y=3.4 mm) [Kandasamy et al. (2016)]
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Figure 2.34: (a)Reflection coefficient magnitude characteristics for the dual band CP
antenna (b) Axial ratio plots for the dual band CP antenna. (Kandasamy et al. (2016)))

properties with tunability features, and the proper design and orientation of SRR can
help to achieve CP properties. A dual band CP square slot antenna is designed using
connected SRRs by Kandasamy et al| (2016]) to obtain ARBWSs of 3.1% and 4.2% at
3.1 GHz and 4.7 GHz respectively. Here, the polarization at each of the bands as well

42



as the sense of polarization can be controlled. S-shaped SRR is used to excite CP for
the upper band. The Figure shows the connected SRR loaded slot antenna that
can operate at dual CP bands due to the truncation of the slot at the corners and the
properties of the connected SRR. The reflection coefficient characteristics and axial
ratio plots obtained on simulation and measurement of the antenna is shown in Figure
In the work byGhaffarian et al.| (2017), a switchable dual/triple band circularly
polarized slot antenna is designed using L shaped feeding stub, modified open SRR
and CSRR. A dual band CPW fed SRR loaded slot antenna is proposed by [Saraswat
and Harish| (2018) which offers circular polarization at the two operating bands. In
the work by (Chen et al|(2018]), a dual band circularly polarized antenna is designed
using artificial transmission line to obtain two operating bands with ARBWs of 10.2%
and 7.7% respectively.

In the works proposed in Chapter [0, novel compact single, dual and tri-band
slot antennas with CP characteristics are designed. The proposed designs provide
CP resonance bands with wider ARBW values and compact size compared to other
MTM based designs. Moreover, easy tunability of the frequency bands as well as the
polarization senses at each band is possible. Also, a quad band slot antenna with

circular polarization characteristic at one band is discussed.

2.2.4 Research Gap Analysis

Compact Multiband Slot Antenna with Independent Tunability: There
lies a need for the design of compact slot antennas that can be easily integrated with
wireless devices that require multiple functionalities. The antenna requires minia-
turized designs that can operate at easily controllable multiple resonance bands with
good impedance bandwidth, efficiency and gain values at each of the resonant bands.

Compact Wideband Slot Antenna: On investigation of existent designs, it is
found that there is a scope for further miniaturization and improvisation of perfor-
mance parameters for antennas operating at multiple bands with one or more bands
exhibiting wide impedance bandwidth property. There lies a need for developing such
novel antennas that can operate with good impedance bandwidths, peak gain values
and stable radiation patterns at all the multiple bands and also provide the feature of
independent frequency control.

Compact Multiband Circularly Polarized Slot Antenna with Indepen-
dent Tunability: The research gap analysis points out the requirement for the design
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of compact slot antennas that can operate at multiple circularly polarized bands and
whose bands can be tuned independently. The antenna requires to operate at the
resonance bands with good impedance bandwidth, AR bandwidth, efficiency and gain
values. Also, the sense of polarization at the resonance bands are required to be tuned
as per will.

Compact Ultrawideband Slot Antennas: The study on UWB slot antennas
shows a majority of designs that use the differently shaped slot structures, stubs, slits
and modified ground planes to obtain a wide resonance. Novel techniques that involve
the concept of artificial transmission lines have not been investigated yet. Without
modifying the slot antenna geometry and keeping the fundamental slot mode intact,
it is required to obtain a compact design that offers an ultrawideband resonance

characteristic with good gain and efficiency values over the entire operating bandwidth.
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Chapter 3

COMPACT MULTIBAND SLOT
ANTENNA DESIGNS

3.1 Introduction

This chapter discusses the various compact multiband antenna designs that have been
developed using loading of SRR and metallic strip elements on the square slot. In the
first section, a triband SRR loaded slot antenna design is presented which provides
independently controllable bands of operation. The second section presents an SRR
and copper strip array loaded square slot antenna design that offers operability at five
different bands and provides a compact multiband design with higher bandwidth and
efficiency values compared to earlier works. The third section explains a pentaband
strip loaded slot antenna design where the square slot is loaded with a uniform array of
thin vertical copper strips. The designs use the negative permeability and permittivity
properties of MTMs such as the SRR and copper strip array to produce multiple bands
of resonance that can be tuned depending on the MTM dimensions. The antenna
geometry, principle of operation, measurement and simulated reflection coefficient
characteristics and radiation patterns are presented and compared for each design.

Fabricated prototypes are also shown.
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3.2 Triband SRR Loaded Rectangular Slot Antenna

3.2.1 Multiband Operation using SRR

In this design, a novel SRR based square slot antenna is explained which provides
triband operation and offers easy frequency tunability at the higher frequency bands,
without affecting the main one. The higher frequency bands are obtained by loading
the slot with two SRR structures that are optimally positioned within the slot. Desired
bands of operation can be obtained by either changing the SRR or slot dimensions as
each of the resonant band is either slot or SRR controlled.

B Y

Gy S 1 Ga S8 4Gy

b
h

(b) ()

Figure 3.1: Geometry of the proposed antenna. (a) Topview (b) Sideview (c¢) SRR ge-
ometry. [W=33.2, L=60, Wf=3.6, L{=29.4, M=6, N=4, T=0.6, S=0.9, G=0.5, Gm=0.6,
g=0.3, and h=1.56](All in mm)

3.2.2 Antenna Design and principle of operation

The proposed tri-band antenna geometry is shown in Figure [3.1} The antenna is
designed using an FR4 substrate of size 60X60 mm?, permittivity (e¢,) = 3.6, height
(h) = 1.56 mm and loss tangent = 0.02. The top side of the substrate consists of a
square slot with side length 33.2 mm and two SRRs as shown in Figure (a). SRRs
with single and multiple splits are used to create the two different resonant frequencies
in addition to the slot main one. The bottom side of the substrate is printed with a
suitably designed 502 microstrip feed line of width 3.6 mm and length 29.4 mm. The
SRRs are placed symmetrically with respect to the feed line. Multiple splits of equal
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Figure 3.3: SRR unit cell characterization setup

width are introduced in one SRR to provide additional capacitive effects, which shifts
the resonant frequency of the SRR to a higher value. The splits introduced here are
of equal width of 0.5 mm, equally spaced at a distance of 0.9 mm from the edges of
the main gap of the SRR as shown in Figure [3.1]c).

The square slot is excited to resonate at its fundamental resonant mode (7'Myy).

The resonant frequency (frl) of the slot is found from Equation 3.1.

c 2
1= =1/ 1
Jr 2wV 1+e, (3-1)

Here, c is the velocity of light. The square slot is designed to resonate at 2.6 GHz.
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Figure 3.4: Surface current distribution of the proposed antenna at (a) 2.6 GHz (b)
4.2 GHz and (c) 4.7 GHz
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Figure 3.5: Effect of variation of SRR and slot parameters with resonance frequency.
(a) SRR variation (b) slot dimensions variation
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Figure 3.6: Photograph of the proposed antenna prototype (a) Front side (b) Back
side

The resonant frequency of the SRR is calculated from (Ishikawa et al. (2007)). The
SRR is designed to resonate at 4.2 GHz. The SRR is characterized using the technique

given by Engheta and Ziolkowski| (2006). The simulated transmission characteristics of

SRRs with single split and multiple splits are shown in Figure [3.2l The experimental
set up for the SRR unit cell characterization is given in Figure It is observed
that the SRR with multiple splits resonates at a higher frequency compared to the
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Figure 3.7: Measured and simulated reflection coefficient magnitudes of the proposed
tri-band antenna

single split one. The placement of SRRs inside the slot allows for reasonably strong
coupling of the magnetic field lines which pass perpendicular through the rings and
hence facilitate SRR excitation.

The proposed antenna will radiate at the SRR controlled resonance bands of oper-
ation without largely affecting the slot resonance. Tri-band operation is thus achieved
easily at 2.6, 4.2 and 4.7 GHz. The third band at 4.7 GHz can be fine-tuned by varying
the width and position of the introduced micro splits (Ekmekci et al. (2009)). This
can be implemented by electronically controlling the gap width using active devices
such as varactor diodes.

The surface current distribution of the tri-band slot antenna is shown in Figure|3.4
It can be clearly seen that at 2.6 GHz, the magnitude of surface current distribution is
concentrated in the slot. The peak surface current is observed on the single split SRR
at 4.2 GHz. At 4.7 GHz the maximum magnitude of the surface current is observed
around the multi-split SRR structure.

Further, to show the independent tuning of the resonant frequencies of the pro-
posed tri-band antenna (an important feature that other designs lack), parametric
studies were performed by varying one parameter while keeping the others constant.
Figure shows the simulated magnitude of the reflection coefficient of the antenna
when varying the slot and SRR dimensions. It is observed that variation of the slot

dimensions alone results in significant shift in the first resonant frequency at 2.6 GHz
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Figure 3.8: Simulated and measured radiation pattern plots of the proposed antenna
at the three resonant frequencies 2.65 GHz (a)phi=0 (b)phi=90, 4.3 GHz (c¢)phi=0
(d)phi=90, 4.7 GHz (e)phi=0 (f)phi=90 (—measured co-pol, —simulated co-pol, —
measured cross-pol, +-++simulated cross-pol)
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Figure 3.9: Measured maximum gain and efficiency plots of the proposed antenna

(Figure (a)). Variation of the SRR dimensions results in a shift in the second and
third frequency bands (Figure (b)). The third frequency band is tuned by chang-
ing the split position and gap along the arms of the multi-split SRR. Therefore, the

resonant frequencies of the proposed tri-band antenna can be independently tuned.

3.2.3 Results and Analysis

The proposed tri-band antenna was simulated using ANSYS HFSS 16.0 and was fab-
ricated using an S103 LPKF machine then measured using an Agilent N9918A VNA
at the AMSD lab at KFUPM. A photograph of the prototype of the proposed antenna
is shown in Figure [3.6] The measured and simulated reflection coefficient magnitudes
are shown in Figure [3.7] The simulated and measured results show good agreement.
For the first band of operation of the antenna, the -10 dB measured bandwidth was
580 MHz (2.31 GHz - 2.89 GHz centered at 2.64 GHz). The second band of operation
shows a measured bandwidth of 120 MHz (4.15 GHz - 4.27 GHz centered at 4.21
GHz) while the third band gives a measured bandwidth of 100 MHz (4.64 GHz - 4.74
GHz centered at 4.71GHz). The simulated and measured radiation patterns of the
proposed antenna at the three resonance frequencies (for x-z, y-z planes) are shown in
Figure|3.8] The antenna radiation characteristics were measured in a Satimo Star-Lab
near-field chamber. The plots obtained in the x-z plane depict an omni-directional

pattern. The measured efficiency and peak gain values at the three resonance frequen-
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cies are 90.9% / 4.4dB, 67% / 3.9dB, 55.8% / 3.8dBi, respectively. Figure [3.9] shows

the measured gain / efficiency versus frequency.

3.3 Pentaband Strip and SRR Loaded Slot An-

tenna Design

In this section, a novel compact slot antenna suitable for penta-band applications is
proposed. The slot is loaded with an array of five copper strips on the top and an
SRR with suitable configuration at the bottom to obtain different resonance bands.
The antenna is found to resonate at frequencies of 1.51 GHz, 2.61 GHz, 3.11 GHz,
3.86 GHz and 6.26 GHz. Also, a gain higher that 2.4 dBi and a bandwidth of at least
80MHz are obtained for all the bands. This design offers a compact geometry due
to the introduction of the SRR unit cell. It makes use of the frequency resonance
obtained on excitation of the copper strips and SRR unit cell to obtain the multiband
antenna design miniaturized by 78% compared to the pentaband antenna design by
Gholamrezaei et al.| (2014)).

3.3.1 Antenna Design

The proposed penta-band antenna geometry is given in Figure The antenna is
designed on an FR4 substrate of height 1.56 mm, permittivity 4.4 and loss tangent
0.02. A slot, designed to operate at 2.46 GHz is etched out on top of the substrate and
loaded with an array of five copper strips. On the bottom of the substrate the 502
microstrip feed line is situated. The SRR is also loaded at the bottom and positioned
just below the corner of the slot such that the axial magnetic field lines excite it to
produce resonance at 1.5 GHz. The other bands are produced upon excitation of the
copper strip array.

The number of resonance bands produced depends on the number of copper strips
loaded on the slot and on the number of odd multiples of half wavelength values ob-
tained due to the lengths of the loaded strips. Also, the frequency bands slightly shift
when altering the length of the strips. An increase in the length of the strips shifts the
bands towards lower values, while a reduction in the length shifts the bands to higher
resonance values. Only the SRR band remains unaffected at 1.5 GHz throughout,
which changes only with the change in the dimensions of the SRR. Also changing the
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Figure 3.10: Antenna geometry (a) top view (b) bottom view (c¢) SRR geometry.
[L=33.2, W=50, L,=30.64, W,=2.5, g=1.1, L;=24.4, W;=3.6, s= 8.6, j=8.4, k=1.65,
M=6, N=4, T=0.6, G,,=0.6, h=1.56]. All dimensions in mm.

width of the strips affects the reflection coefficient magnitude values at the resonance

frequencies (i.e. matching). The simulation and tuning of the antenna are performed
using ANSYS HFSS.

1S44](dB)

20 4

-25

10 15 2.0 25 3.0
Frequency (GHz)

Figure 3.11: Simulated reflection coefficients of the proposed slot antenna loaded only
with SRR

3.3.2 Results and Discussion

The antenna was simulated using ANSYS HFSS. The analysis was conducted by
simulating the proposed antenna using different configurations. When loading the

slot with the designed SRR unit cell, an additional resonance is obtained at 1.5 GHz
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Figure 3.12: Simulated reflection coefficients of the proposed multiband antenna on
varying number of copper strips

as seen in Figure After loading the slot with different numbers of copper strips,
the reflection coefficient curves are observed and plotted as shown in Figure [3.12
The current distribution for different resonance frequencies is plotted as shown in
Figure |3.13] The effect of each of the strips on the resonance can be studied from the
current density magnitudes. It can be seen from Figure [3.13] (a) that the maximum
current density distribution is around the SRR at 1.6 GHz. The addition of one strip
shifts the slot resonance to around 3.86 GHz which is seen in Figure [3.13] (d), where
current density distribution is maximum around the slot. Loading of a second strip
helps achieve the resonance at the third band (3.11 GHz) and with slight resonance
at 6.29 GHz. This can be seen in Figure 3.13] (¢) where maximum current density
is found around the second strip. The addition of the remaining strips strengthens
the resonance at 6.29 GHz, which is evident from the current distribution shown in
Figure[3.13] (e), where the maximum current density is concentrated around the strips.
The last two strips contribute to the resonance at the second band (2.61 GHz), which
can be seen in Figure [3.13] (b) where current density distribution is observed to be

maximum around the last two strips. Thus, the final reflection coefficient magnitude
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Figure 3.13: Surface current distribution of the proposed antenna at (a) 1.51 GHz,
(b) 2.61 GHz, (c) 3.11 GHz, (d) 3.86 GHz, (e) 6.26 GHz
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Figure 3.14: Simulated reflection coefficients of the proposed multiband antenna on

varying length of copper strips.

curve obtained after loading the slot antenna with the five copper strips and the SRR
can be understood by the study of Figure and Figure 3.13] Also, upon altering
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Figure 3.15: Measured and simulated reflection coefficients of the proposed penta-band
antenna (5-strips).

() (b)

Figure 3.16: Fabricated prototypes of the proposed multiband antenna (a) Top view
(b) Bottom view.

the dimensions of the copper strips, slight shift in the frequency bands is observed.
Upon increasing the length of the copper strips, a slight shift in the bands towards
lower frequencies is observed. When reducing the length of the strips, the bands are
shifted towards higher bands. For all cases, the first band that is SRR controlled
remains the same. This can be observed in Figure [3.14] which shows the simulated
reflection coefficient characteristics for different strip length values. The proposed
antenna was fabricated and tested using an LPKF S103 PCB milling machine and an
Agilent N9918A VNA at the AMSD lab at KFUPM. The measured and simulated
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Figure 3.17: Simulated and measured radiation patterns of the proposed antenna at
1.51 GHz (a) phi=0 (b) phi=90 , 2.61 GHz (c) phi=0 (d) phi=90, 3.11 GHz (e) phi=0
(f) phi=90, 3.86 GHz (g) phi=0 (h) phi=90, 6.26 GHz (i) phi=0, (j) phi=90 and (k)
legend
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reflection coefficient magnitudes are shown in Figure[3.15,and the photographs of the
fabricated prototypes are shown in Figure |3.16] . The simulation and measurement
results are found to be in good agreement. The measured -10 dB bandwidths obtained
are 210 MHz (1.35 GHz-1.56 GHz), 80 MHz (2.6 GHz-2.68 GHz), 70 MHz (3.07 GHz-
3.14 GHz), 720 MHz (3.55 GHz-4.27 GHz), 108 MHz (6.102 GHz-6.21 GHz). The
simulated radiation pattern plots at the resonance frequencies are shown in Figure
The efficiency and peak gain values obtained at the different resonant frequencies
are 61%/2.5 dB, 64%/2.2 dB, 74%/2.7 dB, 80%/3.8 dB, 70%/2.4 dB.

3.4 Pentaband Strip Loaded Slot Antenna Design

In this work, a microstrip line fed pentaband square slot antenna is proposed which
uses an array of copper strips whose periodicity and width are much smaller than
the guide wavelength of the antenna. The various resonance bands are produced on
excitation of the slot and the loaded copper strip array. The slot antenna is designed
to radiate at 2.28 GHz. The slot is loaded with a uniform array of rectangular copper
strips to produce the other resonances at 2.2 GHz, 3.4 GHz, 4.6 GHz, 5.4 GHz, 6.6
GHz. Impedance bandwidths of 500 MHz, 300 MHz, 600 MHz, 400 MHz, 600 MHz, a
gain more than 3 dB and efficiency above 80% is obtained at all the frequency bands.
The design offers a simple and compact geometry with more number of bands and

wider impedance bandwidth values compared to previous works.

W

Wf

Lf

(b)

Figure 3.18: Antenna geometry (a) top view (b) bottom view. [L=33.2mm, W=50
mm, Wf=3.6mm, Lf=29.4mm, Ws=0.2mm, Ls=3mm, g=0.3mm, p=3.2mm]|.

61



() (b)

Figure 3.19: Simulated surface current distribution at (a) 2.2 GHz (b) 3.4 GHz (c)
4.6 GHz (d) 5.4 GHz (e) 6.6 GHz.
62



(a) (b)

Figure 3.20: Fabricated prototypes of the proposed multiband antenna (a) Top view
(b) Bottom view.
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Figure 3.21: Measured and simulated reflection coefficients of the proposed antenna.

3.4.1 Antenna Design

The proposed antenna geometry is shown in Figure |3.18 The antenna is designed
on a RT-Duroid 5880 substrate of permittivity 2.2, height 1.52 mm and loss tangent
0.02. On the top of the substrate, a square slot is etched out such that it operates at
its fundamental resonant mode (7'My;). The resonant frequency (fr1) of the square

slot of dimension L is given by :

c 2

BEIAREE €, (3:2)

frl

where, c¢ is the speed of light and ¢, is the relative permittivity of the substrate.
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Figure 3.22: Simulated and measured radiation patterns of the proposed antenna at
(a) 2.2 GHz (phi=0) (b) 2.2 GHz (phi=90) (c¢) 3.4 GHz (phi=0) (d) 3.4 GHz (phi=90)
(e) 4.6 GHz (phi=0) (f) 4.6 GHz (phi=90) (g) 5.4 GHz (phi=0) (h) 5.4 GHz (phi=90)
(i) 6.6 GHz (phi=0) (j) 6.6 GHz (phi=90).| -simulated co-pol, measured
co-pol, - simulated cross-pol, ........ - measured cross-pol]
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Here the slot is designed to operate at 2.28 GHz and the slot is loaded with a uniform
array of rectangular thin copper strips as shown in Figure (a). A 509 microstrip
line of width Wy is used to feed the slot as shown in Figure m (b). The loading of
the copper strip array on the slot helps generate the remaining resonance frequencies
without affecting the slot resonance. The uniform array of thin copper strips provide
the negative permittivity effect when excited below their plasma frequency and hence
helps to produce the additional resonances. The frequency at which the strip array
resonates depends on the width of the strips and the side length of the cell lattice on
which the strips are arranged. Therefore, depending on the number of copper strip
rows that are excited, different lattice lengths are involved. Thus a series of different
resonance frequencies are obtained giving a pentaband response in this case. The

equations for the calculation of the plasma frequency is given in detail in Chapter [6]

3.4.2 Results and Analysis

The surface current distributions obtained on simulation of the proposed structure for
the different resonance frequencies are give in Figure [3.19] It can be seen that at each
frequency, different lengths of the strip array lattice are excited by the microstrip line
fed slot to produce the different resonances. The proposed antenna was fabricated
using an S103 LPKF machine and measured using an Agilent N9918A VNA at the
AMSD lab at KFUPM. Photographs of the antenna prototype are shown in Figure
[3.20] The measured and simulated reflection coefficient magnitudes of the copper strip
array loaded slot antenna are shown in Figure [3.21] The measured and simulated
results show good agreement. The measured -10dB bandwidths of operation of the
antenna obtained at the five resonant frequencies are 500 MHz (2.1 GHz-2.6 GHz
centred at 2.2 GHz), 300 MHz (3.3 GHz-3.6 GHz centred at 3.4 GHz), 600 MHz (4.3
GHz-4.9 GHz centred at 4.6 GHz), 400 MHz (5.2 GHz-5.6 GHz centred at 5.4 GHz)
and 600 MHz (6.3 GHz-6.9 GHz centred at 6.6 GHz). The simulated and measured
radiation patterns of the proposed antenna at the resonant frequencies for x-y and y-z
planes are shown in Figure |3.22] The cross polarization gain values are observed to
differ by at least -15 dB compared to co-polarization at the resonant frequencies. The
simulated efficiency and peak gain values obtained at the different resonant frequencies
are 90%/3 dB, 85%/3.2 dB, 87%/2.8 dB, 82%/3 dB, 88%/3.5 dB. The copper strip
array loaded multiband slot antenna proposed here is seen to provide multiple bands

of resonance with compact size, and good values of bandwidth, gain and efficiency
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compared to earlier works. A comparison is provided in Table which compares
the performance parameters of different multiband slot antennas found in literature
in terms of size, no of bands, -10 dB impedance bandwidth, peak gain and radiation

efficiency values.
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Table 3.1: Performance Comparison of Different Multiband Slot Based Antennas (-

guided wavelength corresponding to the lowest resonant frequency.)

REF SIZE BANDS (GHz) BW (Mhz) GAIN (dBi) EFF (%)
Five- 2.4,
4.3,
Gholamrezaei et al| (2014)  0.205) 5.7, ~150 2.5-3.7 —
6.9,
7.7
Four- 1.58, 35 76.8,
2.45 90, 145, o 80.1,
Cao et al| (2015) 0.24)2 ’ 3.9,
3.5, 700, 760 96.6,
5.02, 4.86
5.4 85.5
Four- 1.57, 50, ; 70,
2.4 400 ’ 76,
Piao et al|(2017) 0.193 A2 ’ ’ 3.1,
3.5, 390, 80,
5,4.2
5.5 830 78
Two- 3.1 400,
Kandasamy ef al|(2016) 2.1\ W e 7.3,8.5 _—
4.7 400
b . Three- 2.6, 580 , 4.4, 91,
FOPOse 0.83)2 42, 120, 3.9, 67,
Paul et al|(2017)
1.6 100 3.8 55.8
Five- 1.41, 55 , 2.5, 62,
2.61, 80, 2.2, 65,
Proposed 0.16X 3.11, 70, 2.7, 75,
3.86, 720, 3.8, 80,
6.26 108 4,24 70
Five- 2.2, 90,
500, 300, 3,3.2,
3.4, 600 )8 85,
Proposed 0.2)7 4.6, ’ - 87,
400, 3,
5.4, 82,
600 35
6.6 88
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3.5 Summary

This chapter discusses the multiband SRR and strip loaded slot antennas.

e The first design is an SRR loaded tri-band square slot antenna that facilitates
independent control of each of its resonant frequency bands is proposed. The
frequency bands covered are 2.6, 4.2 and 4.7 GHz with measured bandwidths
of 580, 120, 100 MHz in the three bands, respectively. The gain and efficiency
were higher than 3.8 dBi and 58% in all bands. The negative permeability effects
obtained from the SRR and micro split SRR are used to obtain the multiband

operation

e The second design discusses a novel penta-band slot antenna designed to operate
at 1.51 GHz, 2.61 GHz, 3.11 GHz, 3.86 GHz, 6.26 GHz. The antenna is loaded
with a copper strip array and an SRR unit cell to obtain the necessary reso-
nances. The frequencies can be altered on changing SRR and strip dimensions.
The proposed compact SRR and strip loaded slot antenna offers 78% minia-
turization at its lowest band of operation compared to the design proposed by
Gholamrezaei et al|(2014). An impedance bandwidth of at least 80MHz, gain
above 2.4 dB and efficiency greater than 60% is obtained at the frequency bands.
Such a miniaturized design finds application in small multi-band antenna devices

and terminals.

e In the third design, a pentaband square slot antenna is proposed using an array
of copper strips whose periodicity and width are much smaller than the guide
wavelength of the antenna. The loading of the slot with the array of thin copper
strips yields to operation of the antenna at five resonant frequencies 2.2 GHz,
3.4 GHz, 4.6 GHz, 5.4 GHz, 6.6 GHz. The proposed antenna is found to have
an impedance bandwidth above 300 MHz, peak gain more than 3 dB and effi-
ciency of at least 80% at all the resonant frequencies. The design offers a simple
and compact geometry of dimension 0.2 /\5 with more number of bands and
wider impedance bandwidth values compared to previous works (A, is the guide

wavelength at the resonant frequency).
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Chapter 4

WIDEBAND RECTANGULAR
SLOT ANTENNA

4.1 Introduction

This chapter describes in brief the various wideband rectangular slot antenna designs
proposed, the operating principle of the proposed designs, the simulation and mea-
surement results obtained, and the conclusions drawn. The compact wideband slot
antenna designed using an SRR loaded quarter wavelength slot to operate at dual
bands is discussed in the first section. Bandwidth enhancement is achieved using ac-
tive element integration on the narrow rectangular lot. The second section discusses
an improvised version of the first design wherein a triband slot antenna is designed
using a modified SRR and that exhibits wideband characteristics at its first resonant
frequency band. Also, a comparison of these designs with the previous works is shown

in a tabular form.

4.2 Compact Wideband Slot Antenna Using SRR

A compact dual-wideband slot antenna with independent tunability suitable for WLAN
and WiMAX operation is proposed in this work. The slot antenna is microstrip line
fed and loaded with an SRR to obtain dual-band operation. The wideband character-
istic is obtained at the lower band by producing a fictitious short circuit at a certain
point along the slot. The compactness is achieved by using an open slot antenna

with quarter-wavelength. The slot is designed for a resonant frequency of 2.4 GHz.
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This resonance merges with that produced due to the fictitious short circuit, hence
providing a -10 dB wideband resonance of 2 GHz. Further, the impedance bandwidth
is improved to 2.7 GHz by adding lumped capacitor across the slot. The second res-
onance is obtained at 5.9 GHz with a -10 dB bandwidth of 330 MHz that is SRR
controlled. Independent control of each of the resonance frequencies is possible by
changing either the slot or SRR dimensions. The proposed antenna is fabricated on
an RT/ duroid 6002 substrate with a size of 50x25x1.52 mm?3.

4.2.1 Antenna Geometry

(a) (b) (©) (d)

; M

(©)

Figure 4.1: Antenna geometry: Open slot antenna (a) top view (b) bottom
view, Half wavelength slot antenna (c) top view (d) bottom view, (e)SRR geom-
etry. [L=30mm, W=60mm, Ls=18.5mm, Ws=6mm, H=12.05mm, H=11.05mm,
Lf=11.35mm, Wf=0.8mm, Lg=18.75mm, Wg=3.91lmm, Lt=2mm, Ls=12.9mm,
M=5.2mm, N=3.2mm, T=0.6mm, Gm=0.6mm, h=1.52 mm)|.

The antenna is designed on a RT/duroid 6002 substrate of size 50mm x 25mm,
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height 1.52 mm and permittivity 2.9. A narrow rectangular slot (\,/4) of length
18.5 mm and width 6 mm is etched out on the ground plane. The feed is printed at
the bottom of the substrate and consists of a 110 €2 microstrip line of width 0.8 mm
connected to a 5042 line of width 3.91 mm via a tapered transition. A similar geometry
is adopted for the half wavelength slot antenna design for comparison. Here, the slot
is etched on a substrate of length 37 mm and width 6 mm. The top and bottom views
of the antenna geometry are shown in Figure 4.1} The SRR dimensions are shown in
Figure (e) and is placed on the top of the substrate at one end of the slot and
suitably positioned and oriented so as to be excited by the axial magnetic field and

hence produce the required resonance.

1S12(dB)

=30 4

-35

54 56 5.8 6.0 6.2 6.4
Frequency (GHz)

Figure 4.2: Simulated transmission coefficient magnitude of the SRR unit cell.

4.2.2 Operating Principle

At its first resonant frequency (2.4 GHz), the half-wavelength slot has an equivalent
length of A\,;/2 (), is the guided wavelength in the slot). In order to create a second
resonance at a frequency close to the first resonance frequency, the dimensions of the
microstrip feed line and its position along the slot (L;) must be appropriately chosen so
that the fictitious short circuit is created just above the slot resonance. This provides
a wideband operation of the half-wavelength slot antenna (Behdad and Sarabandi
(2005)) as seen in Figure (a). The corresponding design is shown as an inset in
the figure. The matching is largely determined by the length of the feed line portion
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Figure 4.3: Simulated reflection coefficient magnitudes for the conventional (a) un-
loaded \,;/2 slot (b) SRR loaded A\,/2 slot (c) unloaded open A;/4 slot (d) SRR loaded
Ag/4 slot antenna.

above the slot, which is taken as 4.1 mm to obtain maximum resonance at the required
frequency of operation. The second resonant frequency is obtained upon the excitation
of the SRR which is tuned and designed to operate at 5.9 GHz. The calculation of the
SRR frequency and its characterization follows the steps by [Engheta and Ziolkowskil
(2006)), [Ishikawa et al.| (2007)). The simulated transmission characteristics of the SRR
is shown in Figure clearly showing its operating bandwidth around 5.9 GHz. The
SRR is placed inside the slot to ensure maximum coupling of the magnetic field lines
that pass perpendicular through the rings hence facilitating their excitation. Thus, a
dual-band resonance with wideband characteristics is obtained using the SRR loaded

half-wavelength slot antenna (Figure (b)).
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Figure 4.4: Variation of voltage and current along the half wavelength slot.
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Figure 4.5: Surface current distribution of the proposed compact multiband open A\, /4
slot antenna at (a) 2.4 GHz, (b) 5.9 GHz.

Compactness is achieved by using an open slot structure, with the length of A,/4.
The length of the conventional \,/2 slot antenna structure is cut short by half and
open circuited at one end to produce a voltage distribution along the slot that has
a maximum value at the open end of the slot structure. The voltage and current
distribution along a conventional slot antenna is shown in Figure [4.4, The voltage
distribution along a conventional slot antenna follows a symmetrical pattern with
respect to the centre of the slot and hence, a A,/4 slot would give rise to a similar field

distribution and thus ensure that the resonant characteristics of the antenna remain
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(a) (b) (c) (d)

Figure 4.6: Photograph of the proposed multiband slot antenna prototypes- Half
wavelength slot antenna (a) top view (b) bottom view, Compact open slot antenna (c)
top view (d) bottom view

— MeEasured

— Measured

— simulated — simulated
-25 T T T T ‘25 T T T T
3 4 5 6 3 4 5 6
Frequency(GHz) Frequency(GHz)
(a) (b)

Figure 4.7: Measured and simulated reflection coefficient magnitudes of the proposed
multiband antennas (a) half wavelength slot antenna (b) compact open slot antenna.

largely unaffected. This can be observed from Figure [4.3| (¢) and Figure [4.3| (d) which
show the simulated reflection coefficient magnitudes for the open slot antenna design
(both unloaded and SRR loaded cases, respectively). In order to improve the -10 dB
bandwidth of the compact open slot antenna, the capacitor is connected across the
slot which in turn lowers the first resonant frequency of the slot. This helps to obtain
a wide -10 dB resonance at 2.4 GHz. Thus, Figure 4.3| shows the evolution of the
compact multiband antenna design from a conventional half wavelength slot antenna.

The study of the resonance characteristics for the half-wavelength and quarter-
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Figure 4.8: Measured maximum gain and efficiency of the proposed antennas (a) half
wavelength slot antenna (b) compact open slot antenna.

wavelength slot antenna designs shows that the field distribution of the slot antenna
makes it possible to have a compact structure with wideband characteristics. The
surface current distribution as seen in Figure [4.5| clearly shows the contribution of the
slot and SRR towards the independent operation of the dual bands of resonance. At
the quarter wavelength resonance of 2.4 GHz, the surface current is at its maximum
value around the slot (Figure [£.5(a)), while at the SRR resonant frequency of 5.9
GHz, the surface current distribution is around the SRR (Figure (b)). Thus, the
excitation of the slot and SRR provide us with two separate bands of resonance which

can be independently controlled by changing the slot and the SRR dimensions.

4.2.3 Results and Analysis

Photographs of the prototyped antenna are shown in Figure The measured and
simulated results were plotted and compared in Figure which show the reflection
coefficient magnitudes. The measured -6 dB bandwidth obtained for the compact
open slot design at the two bands of operation were 3.1GHz (2.4GHz 5.5GHz cen-
tered at 4.5GHz) and 450MHz (5.66GHz 6.11GHz centered at 5.96GHz), while the
half wavelength slot antenna design provides a measured -6dB bandwidth of 2.28GHz
(2.28GHz-4.56GHz) and 350MHz (5.48GHz-5.83GHz). The measured -10dB band-
widths on the other hand were 2GHz (3.2GHz 5.2 GHz) and 330MHz (5.72GHz
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Figure 4.9: Simulated and measured radiation pattern plots of the proposed antennas
for x-z and y-z planes: \;/2 slot at 2.7GHz (a)phi=0 (b)phi=90, 5.69GHz (c)phi=0
(d)phi=90, Ay/4 slot at 2.8GHz (e)phi=0 (f)phi=90, 5.96GHz (g)phi=0 (h)phi=90 (—
—measured co-pol, —simulated co-pol, — -measured cross-pol, +--+simulated cross-pol)
(i) Radiation Pattern measurement setups in a Satimo near-field chamber for\,/2 slot
and A\, /4 slot.
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(a) (b)

Figure 4.10: Capacitor loaded open slot antenna (a) Top view (b) Bottom view.
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Figure 4.11: Simulated reflection coefficient magnitudes for capacitor and SRR loaded
open slot antenna with different values of capacitances.

6.05 GHz) for the open slot design , and 1.98GHz (2.38GHz 4.36GHz) and 260MHz
(5.52GHz 5.78GHz) for the half wavelength slot antenna design.

The gain and efficiency values of the proposed antenna were measured at the two
resonance bands and plotted versus frequency as shown in Figure The measured
peak gain and efficiency values obtained for the open slot design at the resonance
frequencies were 98.6% / 4.2 dB, 96% / 4.8 dB, respectively. For the full slot they
were 96.6% / 4.4 dB, 89% / 4 dB. The simulated and measured radiation patterns of
the proposed antennas at the resonance frequencies (for x-z, y-z planes) were plotted
and compared as shown in Figure 4.9 The plots obtained in the x-z plane show an
omni-directional pattern. The photographs of the radiation pattern measurement set-

up can be seen as inset in Figure [£.9 Compactness, easy tunability of the resonance
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Figure 4.12: (a) Reflection coefficient magnitudes and (b) Smith charts for open slot
antenna loaded with SRR and 2 pF capacitor.

bands, wide bandwidth and high efficiency are the features of our proposed design as
compared to other works in literature. Our proposed design is the first to adopt SRR

loading of an open slot.

4.2.4 Bandwidth Enhanced Slot Antenna

The open slot antenna design is modified to enhance its -10 dB bandwidth by 35%.
The slot is loaded with a capacitor at one end as shown in Figure [£.10] A lumped
capacitor of 2 pF is connected across the slot at a distance of 0.2 mm from the closed
end of the quarter wavelength slot.

The additional capacitance effect introduced across the slot helps to shift its res-
onant frequency to lower values, which in turn improves the operating bandwidth of
the first resonant band. This can be seen from Figure 4.11] which shows the shift
in resonance frequency on loading the slot with different capacitance values. Figure
4.12| (a) compares the reflection coefficient magnitude values for the open slot antenna
with and without a 2 pF capacitor at one end. The simulated -10 dB bandwidth
values obtained after loading the open slot antenna with a 2 pF capacitor are 2.7 GHz
(2.5 GHz- 5.2 GHz) centred at 3.8 GHz and 380 MHz (5.6 GHz-5.98 GHz) centred at
5.8 GHz. The smith charts obtained on simulation of the open slot antenna for both
cases (with and without capacitor load) are plotted and compared in Figure [£.12] (b).
It can be observed that, when the open slot is loaded with capacitor, more number

of frequency points of the lower band lie within the VSWR=2 circle as compared to
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that in the open slot antenna without capacitor load. This explains the increase in
bandwidth of the antenna on loading it with a 2pF capacitor. The introduction of
capacitor helps reduce the inductive effect on the antenna characteristics due to the
presence of the feed line and SRR, and hence shifts the frequency points such that a
wider -10 dB bandwidth is obtained.

4.3 Triband SRR Loaded Compact Wideband Slot

Antenna

In this section, a compact tri-band SRR loaded slot antenna is discussed which offers
independent frequency tunability for operation at WLAN and WiMAX bands. The
microstrip fed slot antenna is loaded with a modified SRR to obtain the triband
resonance. The compactness is achieved by using an open slot antenna. The slot is
designed to resonate at 2.4 GHz, which combines with the resonance obtained due to
a fictitious short circuit produced at a certain point along the slot. This leads to the
wideband property at the first band. The second and third resonances are obtained
at 7.5 GHz and 9.3 GHz due to the excitation of the outer and inner rings of the
modified SRR. A compact structure of area 0.2 )\Z is obtained, where A, refers to
the guide wavelength corresponding to the lowest resonant frequency. The resonances
can be independently controlled by changing the slot and SRR dimensions. The first
resonance can be controlled on changing the dimension of the slot. The second and

third resonances depend on the dimensions of the modified SRR.

4.3.1 Antenna Design

The proposed antenna geometry is given in Figure [4.13] The multiband open slot
antenna is designed on an FR-4 substrate of height 1.56 mm, permittivity 3.6 and loss
tangent 0.02. An open rectangular slot is etched out on top of the substrate as shown
in Figure [£.13] (a). The bottom of the substrate consists of the 50  micro-strip feed
line as shown in Figure m (b). The feed line is designed and positioned optimally
along the slot to create the necessary fictitious short circuit resonance close to the
first resonance frequency of the slot. The combination of the two resonances gives
rise to the wideband property of the antenna. A modified SRR is suitably loaded
on the slot as shown in Figure m (c) to be excited by the axial magnetic field
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Figure 4.13: Antenna geometry (a)top view (b)bottom view (c¢)SRR geometry.
[W=33.2, L=60,Ws=18.5, Ls=6, H= 14.5, Wf=3.6,Lf=3.1, Lt=2, Lg=18.75, Wm=3.91,
Ls=13.7, M=6, N=4,T=0.6,G=0.5, K=0.6, S=1.56](All in mm)

lines. The excitation of the modified SRR creates the higher two resonances without
affecting the slot resonance. The outer and inner rings of the SRR are responsible for
producing the additional capacitive and inductive effects, which give rise to the second
and third resonance frequencies respectively. These bands can be tuned depending
on the dimensions of the modified SRR. The first resonance frequency and impedance
bandwidth depend on the slot and feed dimensions and the feed position along the
slot length. The antenna is modeled and simulated using ANSYS HFSS.

4.3.2 Results

The proposed multiband antenna was fabricated and tested using an LPKF S103 PCB
milling machine and an Agilent N9918A VNA at the AMSD Lab at KFUPM. The
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Figure 4.14: Simulated and measured reflection coefficients of the proposed multiband
antenna (Fabricated prototypes shown in inset)
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Figure 4.15: Simulated radiation patterns of the proposed antenna at (a) 2.4GHz (b)
7.5GHz (c) 9.3 GHz.
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measured and simulated reflection coefficient magnitude curves of the antenna are
plotted and shown in Figure [£.14] The -10dB measured bandwidths of the antenna
are 2.4 GHz (2.23 GHz-4.63 GHz centered at 2.5 GHz), 50 MHz (7.38 GHz-7.88 GHz
centered at 7.5 GHz) and 210 MHz (9.25 GHz-9.46 GHz centered at 9.3 GHz).

The measured and simulated curves are seen to be in good agreement. The fabri-
cated prototypes are shown as inset in Figure [£.14] Figure [£.15 shows the simulated
radiation patterns of the proposed antenna at the three resonance frequencies. The
peak gain and efficiency values obtained are 2.8 dB/97.5%, 3.5 dB/ 86.8% and 3
dB/88.8%. The cross-polarization gain values are found to be less than -15 dB at all

the three resonant frequencies.

Table 4.1: Performance Comparison of Different Multiband Slot Based Antennas with
Wideband Characteristics (Ag- guided wavelength corresponding to the lowest resonant
frequency.)

NO.
REF SIZE BANDS BW OF GAIN EFF. EASY
(GHz) (%) MTM (dBi) (%) TUNBLTY
UNITS
Dang et al.| (2010) 0.28)2 %é’ 22%’ - ~3-4 ;%’ NO
25 216, 33,
Hu et ol (2011) 0272 35, 27, - 32, NO
5.6 17 5)
165, 42, 11,
Sarkar et al| (2014 0.26 A2 1.93, 3.1, 1 1.8, — NO
2.2 12.7 2.9
) 3.1, 7.3,
Kandasamy et al| (n.d.) 2.2 A A7 13, 8.5 1 S5 - YES
Proposed 0.23 X2 6281:’)) 76256 ’ 1 i287 %%%’ YES
2.4, 96, 2.8, 97.5,
Proposed 0.23 X2 7.5, 6.7 1 3.5, 86.8 YES
9.3 2.3 3 88.8
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4.4 Summary

In this chapter, two wide band slot loaded antennas are presented:

e The first is a compact dual band slot antenna with an SRR loaded substrate that
facilitates independent tuning of the resonance bands. A half wave and quarter
wave versions of the design were prototyped, and good matching between the
modeled and fabricated prototypes was obtained. Wideband characteristic is
observed at the lower band. The proposed antenna operates at two bands with -
10dB bandwidth of 2 GHz (3.2 GHz-5.2GHz) and 330 MHz (5.72GHz-6.05GHz),
respectively, which makes it suitable for WLAN/WiMAX applications. Also,
the -10 dB bandwidth of the first band is improved to 2.7 GHz on introducing
capacitor across the slot. The gain and efficiency were higher than 4.3 dBi and
95% in all bands.

e The second design is a compact triband slot antenna with wideband characteris-
tics at the first band. The antenna is designed to operate at the WLAN/WiMAX
frequency range. The antenna is loaded with a modified SRR to obtain the
triband operation. The resonant frequencies can be independently controlled
by changing the dimensions of the slot and SRR. The quarter wavelength slot
helps to achieve compactness in the proposed design compared to other existing
multiband slot antennas. A minimum peak gain value of 2.5 dB and efficiency

of 8% is obtained at all the three resonant frequencies.
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Chapter 5

DISPERSION ENGINEERED
TRANSMISSION LINES
LOADED UWB SLOT ANTENNA

5.1 Introduction

In this section, an UWB wide square slot antenna design is presented where the
concept of artificial transmission line is used to design and fabricate a dispersion engi-
neered transmission line loaded square slot antenna. Periodically perturbed artificial
transmission lines (TLs) are loaded on the microstrip line fed square slot antenna for
ultra-wideband operation without modifying the square slot structure. The slot is
designed to resonate at 2.4 GHz. The square slot is microstrip line fed and loaded
with rows of transmission lines to achieve the ultra-wideband response from 2.1 GHz
to 11.5 GHz. The transmission lines are dispersion engineered to resonate at desired
frequencies so as to provide the wide band response. Loading of the engineered trans-
mission lines on the square slot produce multiple resonances without affecting the
fundamental mode of the slot antenna. Proposed antenna design is analyzed using
transmission line dispersion relations and equivalent circuits. The proposed antenna
is fabricated on a RT/Duroid 5880 substrate with a size of 50 x 50 x 1.52 mm?3.
The antenna performance parameters including the impedance bandwidth, gain and
efficiency values are experimentally verified. Good agreement is obtained between

simulated and measured results.
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5.2 Antenna Design

W

(a) (b)

Figure 5.1: Antenna geometry (a) top view (b) bottom view. [Lp=44.2, W=50,
Ws=4.5, Ls=6.5, g=0.2, p=14.7, Wf=4.4, Lf=24.6, h= 4.7] All in mm.
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Figure 5.2: Transmission line with periodic gaps g (a) Structure (b) equivalent circuit.

The proposed UWB antenna geometry is shown in Figure [5.1, The antenna is
designed using an RT/Duroid 5880 substrate of size 50X50 mm?, permittivity (e,)=
2.2, height (h)= 1.52 mm and loss tangent=0.0009. The top view of the antenna is
shown in Figure [5.1(a). A square slot of side length (L) 44.2 mm is etched out on
top of the substrate so that the slot resonates at 2.6 GHz. Five rows of TLs with
periodic gaps and whose lengths linearly reduce by 2 mm are loaded on the top of
the substrate as shown in Figure |5.1(a). Each row of the TLs consists of metallic
patches with uniform period p. This helps to achieve different resonant modes at the

operating frequency range of the antenna. The bottom view of the antenna is shown

38



in Figure[5.1[(b). A 50 © microstrip feed line is printed at the bottom of the substrate

to excite the slot and TLs simultaneously.

5.3 Operating Principle

The 50€2 microstrip feed line excites the slot to resonate at its fundamental resonant

mode. The resonance frequency is determined from Balanis| (1992), as:

_c 2
2L,V 1+e

fr1 (5.1)

where L, is the length of the slot and ¢, is the relative permittivity of the substrate.
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Figure 5.3: Dispersion curve (f vs §) for the lossless microstrip line with periodic gaps
(fc=3.8 GHz).

TLs with periodic gaps loaded on the slot provide other resonances for the UWB
operation of the antenna. Multi resonance behaviour of the proposed antenna is anal-
ysed using a microstrip TL with a set of periodic gaps in between as shown in Figure
(a) and its equivalent circuit is shown in Figure|5.2| (b). The gaps are placed with
a periodicity p which is much smaller than the operating guided wavelength. The gaps

are characterized by a capacitance (C, ) and the line is defined by the characteristic
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impedance Zj, the wave number k., the per unit length capacitance C' and the per
unit length inductance L. Then, as mentioned in Chapter [2| the propagation constant

for a wave of frequency w along the line is given by Balanis| (1992])

2
We

vy=a+j8 =jwVLC 2 (5.2)
When w>w, and a=0, then
we
8 =wVLC 1_E (5.3)
Also
1
We = (5.4)
CypL
where L7 "
L=222 =2 5.5
w w2y (5:5)

The capacitance due to the gaps C, depends on the width W of the microstrip
line unit cells and the gap widths and is given by Kandasamy et al.| (2015)) as:

60(1 + ET)W

s g
C, = - In (csc QWS) (5.6)

The dispersion diagram for a microstrip line loaded with gaps with similar dimen-
sions as the bottom most row of Figure [5.1[(a) is plotted in Figure 5.3] It can be
observed that above the cut-off frequency f., the wave propagates with propagation
constant tending to approximately S=wv/LC. From f. and above, the dispersion
curve is to the left of the dashed straight line. This portion of the bandwidth is

responsible for radiation.

The equivalent circuit model for a TL loaded slot antenna is given in Figure [5.4
The equivalent circuit of the unloaded slot antenna is shown in Figure (a) (Kan-
dasamy et al| (n.d.)). The inductance of the lossless feed line and the equivalent
inductance/capacitance of the slot are given by L. and Lg,/Cyy, , respectively. The
loading of the TLs on the slot introduces the effect of mutual coupling given by M as
seen in Figure (b) which shows the equivalent circuit of the loaded slot antenna.
Figure (c) shows the simplified equivalent circuit where
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Figure 5.4: Equivalent circuits of (a) slot antenna (b) transmission line loaded slot
antenna, and (c) simplified total equivalent circuit.
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e = LeCe (57)

Le and Ce are the simplified equivalent inductance and capacitance of the TL. The
equivalent model is verified for the proposed antenna loaded with one row of a TL
(bottom row) using EM simulations. The return loss plots for the equivalent circuit
model and full wave EM simulation match well as shown in Figure 5.5. The slot with
one row of TL resonates at 2.6 GHz and 3.8 GHz. The bottom most row of TL loaded

in the slot gives similar resonance effect as the microstrip TL in Figure [5.2] This is
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Figure 5.5: Reflection coefficient curves of the proposed antenna loaded with one
transmission line (bottom row only) using the circuit model and EM simulation. (The
calculated parameter values for 2.56 GHz and 3.8 GHz, were Lsh = 0.5 nH, Csh = 7.7
pF, Ce’ = 5.8 pF, and Le’ = 0.35 nH.)

attributed to the fact that the microstrip feed line at the bottom of the substrate acts
as a partial ground plane for the loaded TLs.

The slot loaded with an array of TLs of varying lengths and gaps in between,
leads to the excitation of different resonances namely, fi, fo, f3, f1, f5 as shown in
Figure (a) (each row). These resonances combine with that of the slot to give the
UWB response. The operating principle of the proposed UWB antenna can further
be explained based on the study of the simulated reflection coefficient characteristics
obtained when loading the slot with different TLs. The bandwidth of the antenna
increases with number of TLs as shown in Figure (b). Finally, the UWB response
is obtained due to the excitation of all the TLs. The simulated current distributions
at different resonant frequencies of the proposed antenna are shown in Figure (c).
The slot mode is excited in case (i). Maximum current intensities along the different
rows of TL elements are observed in cases (ii) and (iii) corresponding to their resonant

frequencies.

In the above section, the proposed geometry has been analysed and studied using
the microstrip TL model. In the next section, a detailed frequency response study of a
microstrip TL is done and compared with the response of our geometry. This is done

to justify and explain the relation of our design with the microstrip line model. The
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Figure 5.6: (a) Symbolic representation of the transmission lines loaded .slot with
different resonant frequencies corresponding to each row. (b) Return loss plot for differ-
ent configurations of the proposed wide band square slot antenna (c) Simulated current
distributions at (i)2.6 GHz (ii)3.8 GHz (iii) 5.5 GHz.

goubau line (single wire conductor) response is also presented for analysis purpose.

5.4 Analysis of Microstrip and Goubau Transmis-

sion Lines

The transmission and reflection coefficient responses as well as the dispersion diagrams
obtained from the simulation of a microstrip transmission line having a ground plane
underneath and that of the single wire Goubau transmission line of similar dimensions
that correspond to the last row of the dispersive transmission line in the proposed

geometry are studied and plotted.

The two-port analysis for microstrip line and Goubau line is done for both the cases
of continuous line and gap loaded line and the results obtained have been plotted and

shown below.
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Figure 5.7: TL without gap loading (a) Schematic (b) Reflection and transmission
coefficient magnitude charcateristics (c) Dispersion diagram.

5.4.1 Transmission lines without gap loading

1.

Microstrip line

The schematic of an unloaded microstrip transmission line of length W and width
L, the reflection and transmission coefficient magnitude charcateristics and the
dispersion digram obtained on simulation of the microstrip TL are shown in

Fgure The TL allows propagation over the entire simulated frequency band.

Goubau Line

Similar analysis is done for a Goubau line of same dimensions. The schematic
and the results obtained are shown in Figure[5.8 It is observed that the Goubau
line (single conductor without ground plane) allows wave propagation in a similar
manner as observed in the microstrip transmission line when gaps are not loaded

on the transmission lines.
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Figure 5.8: Single wire Goubau Line without gap loading (a) Schematic (b) Reflection
and transmission coefficient magnitude charcateristics (¢) Dispersion diagram.

5.4.2 Gap loaded transmission lines
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Figure 5.9: (a) Symbolic representation of the transmission line loaded slot (b) Return
loss plot for the structure.

Gap loaded transmission lines (microstrip and Goubau line) with dimensions (W=14.5mm,
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L= 4.5mm, p=14.7mm , g=0.2mm) similar to the bottom most row of the proposed
antenna are analysed in Ansys HFSS Simulation software and the results are com-
pared with the transmission line loaded slot antenna. Geometry and return loss plot

of the slot antenna with one row of transmission line loading are shown in Figure [5.9

(a) and Figure (b).

1. Microstrip Line with Periodic Gaps The geometry of the microstrip line
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Figure 5.10: TL with gap loading (a) Schematic (b) Reflection and transmission
coefficient magnitude charcateristics (c) Dispersion diagram.

which is loaded with peiodic gaps similar to the bottom most row of the proposed
antenna is shown in Figure [5.10] (a). Simulated reflection and transmission
coefficient curves and dispersion diagram of the microstrip line with gap loading
are shown in Figure[5.10] (b) and Figure (c). A cutoff frequency of 3.8 GHz
is obtained in this case. This matches with the frequency of resonance obtained
from the simulation of the single row transmission line loaded slot antenna.
Hence, the proposed geometry for the periodically dispersed transmission lines

loaded slot antenna can be modelled using the equations for the microstrip
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transmission line. The analytical calculation for the cut-off frequency was done
and a resonant frequency of around 3.9 GHz is obtained which matches well

with the simulated results.

2. Goubau Line with Periodic Gaps
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Figure 5.11: Single wire Goubau Line with gap loading (a) Schematic (b) Reflection
and transmission coefficient magnitude charcateristics (c) Dispersion diagram.

S-parameter and dispersion characteristics of the single wire transmission line
with gap (Figure (a)) follow a similar pattern of reflection and transmission
parameter as observed in the periodic dispersive transmission line with ground
plane underneath, but with different cut off frequencies. A cut off frequency of
2.7 GHz is obtained here. This can be observed in Figure [5.11] (b) and Figure
5.11| (c).

Thus, upon comparison of the results obtained for the microstrip transmission
line and the corresponding Goubau line model with our proposed structure, it
can be concluded that the proposed geometry approximates a microstrip trans-

mission line model. The microstrip line feed in the proposed UWB antenna
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acts like a partial ground plane for dispersive transmission lines loaded on the
slot providing the necessary potential gradient and effective capacitive effect.
Thus, the resonance at around 3.8 GHz for the slot antenna simulation corre-
sponds with the cut off frequency obtained for the transmission line analysis
which shows that the proposed geometry can be analysed using the microstrip

transmission line model.

(a) (b)

Figure 5.12: Fabricated prototypes of the proposed UWB antennas (a) Top view (b)
Bottom view.
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Figure 5.13: (a) Measured and simulated reflection coefficient magnitudes of the pro-
posed multiband antenna. (b)Measured maximum gain and efficiency of the proposed
antenna.
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Figure 5.14: Simulated and measured radiation patterns of the proposed antenna at
(a) 2.6 GHz (b) 3.8 GHz (c) 5.5 GHz (d) 6.4 GHz (e) 8.03 GHz (f) 10.5 GHz.

5.5 Results And Analysis

The proposed ultra-wideband antenna was simulated using ANSYS HFSS 16.0 and
was fabricated using an S103 LPKF machine. A photograph of the prototype of the
proposed antenna is shown in Figure [5.12l The reflection coefficient and radiation
pattern were measured. The measured and simulated reflection coefficient magni-
tudes are shown in Figure [5.13] (a). The simulated and measured results show good
agreement. The simulated and measured -10 dB impedance bandwidths obtained are
9.5 GHz (2.1 GHz 11.6 GHz centered at 1.5 GHz) and 9.4 GHz (2.1 GHz 11.5 GHz
centered at 2.75 GHz) respectively.

The measured efficiency and peak gain values at the resonance frequencies over
the band are 98% / 3.8 dB, 92% / 5.2 dB, 88% / 5.6 dBi, 90% / 5.4 dBi, 88% / 5.8
dBi, 90% / 5.7 dBi respectively. Figure[5.13| (b) shows the measured gain / efficiency
versus frequency in a far field anechoic chamber using the gain substitution method.
The simulated and measured radiation patterns of the proposed antenna at the six
resonance frequencies (for x-z, y-z planes) over the resonant band for the x-z and y-z

planes are shown in Figure[5.14] The cross-polarization values are below -15 dB. Table
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gives a performance compariosn of different UWB slot based antennas. On com-
parison of the proposed design with other wideband slot based designs, compactness,
high impedance BW values, good efficiency and gain values are the favorable features

in the proposed design compared to other designs in literature.

Table 5.1: Performance Comparison of Different UWB Slot Based Antennas (Ag-
guided wavelength corresponding to the lowest resonant frequency.)

REF SIZE FBW (%) GAIN (dBi) EFFICIENCY (%)
Sung] (2011) 0.2 118 1-5
Kumar et al| (2014) 0.28)7 122 2-4 >70
Lu and Zhd (2015)  0.26 A2 315 ~5.2 -
Hu ef al| (2016)  0.2)2 109 1.8-4 >66
Hu et al|(2017) 14677 46.1 ~5 -
Proposed 0.23)\3 138 3.8-5.8 88-98

5.6 Summary

This chapter presents a perturbed TL loaded wideband square slot antenna with
compact size. The antenna is designed to operate over a wide band of frequency
ranging from 2.21 GHz to 11.5 GHz with a measured impedance bandwidth of 9.4
GHz. A gain of 3.8 dB - 5.8 dB and efficiency of 88% - 98% is obtained over the
resonance band. The different resonant frequencies over the entire band can be tuned
by altering the dimensions and gap widths of the loaded gap dispersed TLs. The slot
resonance remains unaffected. Thus, the proposed design offers compact size with
wide impedance bandwidth and high gain values. The plot shows that an additional
resonance is obtained at 3.7 GHz along with slot resonance mode at 2.7 GHz. This
additional resonance is due to the loading of one row of transmission line on the slot

antenna.
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Chapter 6

CIRCULARLY POLARIZED
SINGLE AND MULTIBAND
SLOT ANTENNAS

6.1 Introduction

The first section of this chapter deals with the design and analysis of a simple copla-
nar waveguide (CPW) fed circularly polarized square slot antenna. A novel method is
proposed to obtain CP for a CPW fed square slot antenna at the designed frequency.
Complementary to the conventional method of using truncated corners in microstrip
patch antenna to obtain orthogonal modes with 90° phase shift, here, circularly po-
larized waves are generated at the designed frequency by adding extensions to the
slot corners. In the second section, a novel dual band square slot antenna is proposed
which is designed to radiate at two circularly polarized bands centred at 2.4 GHz
and 4.5 GHz. The slot is provided with two corner extensions and loaded with an
array of inclined copper strips. The centre frequencies and sense of polarization at the
frequencies can be controlled depending on the loaded strips and corner extensions of
the slot.

The third proposed design involves the use of copper strips and SRR to design a
compact multiband structure, which is altered by changing the orientation of the cop-
per strips to form a triband CP slot antenna that offers compact structure compared
to previous designs in literature. Also the sense of polarization can be reconfigured

on shifting the orientation of the copper strips by 45°. In the fourth section, a novel
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triband CP square slot antenna is proposed with improved axial ratio bandwidth
(ARBW) and efficiency values. The antenna is fed with an F-shaped microstrip line,
and loaded with an SRR and U-strip, to produce triband operation with centre fre-
quencies at 1.5 GHz, 2.5 GHz, and 3.2 GHz. Impedance BWs of 12%, 9.1%, 7.3%,
ARBWs of 9.3%, 7.3%, 8.5% and gains of 3.2 dB, 4.5 dB, and 3.5 dB are obtained at
the three resonant frequencies, respectively. The orientation of the F-shaped feed line
is used to control the sense of polarization of the antenna at the two operating bands.
The proposed design offers compact size with wide impedance and AR bandwidth
values.

In the fifth design, a Split Ring Resonator (SRR) loaded quad band microstrip
slot antenna designed to operate at 2.42 GHz, 4.33 GHz, 8.46 GHz and 10.9 GHz is
proposed. The additional resonant bands are generated by loading the square slot
antenna with two pairs of SRR structures on either side of the feed line. The bands
centered at 8.46 GHz and 10.9 GHz are found to exhibit wideband and circular po-
larization properties respectively. The resonance band at 8.46 GHz provides a wide
bandwidth of 2.43 GHz. One pair of the loaded SRR structure consists of two spiral
shaped connected SRRs. The excitation of these structures gives rise to a circularly
polarized band at 10.9 GHz with 3-dB axial ratio bandwidth of 390 MHz. Compari-
son of the proposed designs with previous works in terms of impedance bandwdiths,

ARBWs, gain, efficiency and size is provided at the end of the chapter.

6.2 Single Band Circularly Polarized Square Slot

Antenna

A simple square shaped circularly polarized slot antenna with CPW feed is proposed
here. The slot antenna is designed to radiate at 2.5 GHz. Small symmetric rectangular
extensions are made on one pair of corners of the slot to produce the CP wave at 2.5
GHz. The slot is CPW fed thus, offering a planar design. The sense of polarization
can be easily controlled by changing the position of extensions. The frequency of
resonance can be controlled depending on the dimension of the slot. The proposed
antenna is simulated, fabricated and tested. Good agreement is obtained between the
measured and simulated results. An ARBW of 35% and a gain of 3.5 dB is obtained

at the resonant frequency.

106



6.2.1 Antenna Design

Wt N

Figure 6.1: Antenna geometry (top view). [L=60 mm, W=40 mm, Wf=3.6 mm,
L{=29.4 mm, Wt=4 mm, Ws=1.6 mm, Ls=1.8 mm, g=0.5 mm, h=0.5 mm].

The proposed antenna geometry is shown in Figure 6.1. The antenna is designed
on a RT-Duroid 5880 substrate of permittivity 2.2, height 1.52 mm and loss tangent
0.02. On the top of the substrate, a square slot is etched out such that it operates at
its fundamental resonant mode (TMO1). The resonant frequency (f.1) of the square

slot of dimension W is given by:

o 2
S 2W\ 146,

where ¢ is the speed of light and €, is the relative permittivity of the substrate.

fr1 (6.1)

Figure 6.2: Photograph of the proposed antenna prototype.
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Figure 6.3: Measured and simulated (a)reflection coefficient magnitudes and (b) axial
ratio values of the proposed antenna.
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Figure 6.4: Simulated surface current distributions of the proposed antenna at 2.5
GHz for (a)phi=0 and (b)phi=90.

Here the slot is designed to operate at 2.5 GHz and two symmetric extensions are
made on either end of the slot as shown in Figure A 502 CPW line of width W,
is used to feed the slot. The loading of extensions on the slot creates the necessary
phase shift without affecting the slot resonance. They provide the additional phase
response to produce two orthogonal components with 90° phase shift. The sense
of polarization can be rotated on shifting the position of extensions to the opposite
corners. The antenna is simulated using ANSYS HFSS 17.0.

6.2.2 Results and Analysis

The proposed antenna was fabricated using an S103 LPKF machine and measured
using an Agilent N9918A VNA. Photograph of the antenna prototype is shown in
Figure [6.2 The measured and simulated reflection coefficient magnitudes are shown
in Figure (a). The -10dB bandwidths of operation of the antenna as obtained
from the measured and simulated results are 0.88 GHz (2.1 GHz - 2.98 GHz centered
at 2.5 GHz) and 0.8 GHz (2.17 GHz 2.98 GHz centered at 2.56 GHz) respectively.
The measured and simulated axial ratio values are also plotted against frequency and
shown in Figure (b). The 3dB measured and simulated ARBW values obtained
over the operating bandwidth were 35.2% (2.1 GHz— 2.98 GHz centered at 2.5 GHz)
and 31.7% (2.17 GHz 2.98 GHz centered at 2.56 GHz) respectively. The current

distribution obtained at the resonant frequency of 2.5 GHz is analyzed from the +z
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Figure 6.5: Measured and simulated radiation patterns of the proposed antenna at 2.5
GHz for (a) phi=0 (b) phi=90.

axis and plotted on the x-y plane in Figure[6.4] It can be seen that the vector current
rotates anti-clockwise as the phase shifts by 90° which shows that the LHCP radiation
is obtained at resonance. The measured and simulated radiation patterns of the
proposed antenna at the resonant frequency for phi=0° and phi=90° planes are shown
in Figure [6.5] The antenna radiates left hand circularly polarized (LHCP) waves
in the upper hemisphere and right hand circularly polarized (RHCP) waves in the
lower hemisphere. The cross polarization gain values are found to be less than -20 dB
compared to co-polarization at the resonant frequency. Thus, the current distribution
and radiation patterns show that LHCP radiation is obtained at the designed resonant
frequency for this arrangement of slot extensions. When the extensions are shifted to
opposite corners, the current distribution at resonance reverses and RHCP is obtained
at the resonant frequency. The simulated efficiency and peak gain value at 2.5 GHz
is 95% and 3.5 dB.

6.3 Dual Band CP Slot Antenna

A compact microstrip fed square slot antenna is proposed here with dual circularly
polarized bands. The slot is designed to operate at 2.36 GHz. A pair of symmetric
rectangular extension is introduced on opposite corners of the square slot to generate
the lower circularly polarized band from 2.24 GHz to 2.62 GHz centered at 2.4 GHz
with a 3 dB AR bandwidth of 15.7%. The square slot is loaded with an array of
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inclined rectangular copper strips with truncated ends to generate the higher circularly
polarized band from 3.26 GHz to 5.18 GHz centered at 4.52 GHz with a 3dB AR
bandwidth of 45.5%. The bands can be independently tuned depending on the slot
and strip dimensions respectively. Also, the sense of polarization at the two bands
can be independently controlled depending on the position of the extensions and the
orientation of the copper strips respectively. The proposed antenna is fabricated
on a RT/Duroid 5880 substrate with a size of 50 x 50 x 1.52 mm3. The antenna
is prototyped and measured in terms of impedance bandwidth, ARBW, gain and
efficiency. Fairly very good agreement can be observed between the simulated and

measured results.

6.3.1 Antenna Geometry

Wi

T T—

(c)

Figure 6.6: Proposed geometry depicts (a) upper surface (b) lower surface (¢) dimen-
sions of SRR. [L=40, W=50, Ls=6.15, Ws=0.65, g=0.5, h=0.5, k=9.5, m=1.6, n=1.8,
i=0.65, Lf=31.2, Wf=3.6], All in mm.
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The proposed dual band antenna geometry is shown in Figure [6.6] The antenna
is designed on a RT/ Duroid 5880 substrate of size 50 x 50 mm?, permittivity (e,)=
2.2, height = 1.52 mm and loss tangent= 0.02. A square slot is etched out on top of
the substrate as shown in Figure (a) so that the slot resonates at its fundamental
resonant mode. A pair of symmetric rectangular extensions is made on one corner
of the slot to generate the circularly polarized wave at the slot resonance. The slot
is loaded with an array of closely spaced inclined rectangular copper strips of width
smaller than operating wavelength and symmetrically truncated ends. The inclined
strips are spaced at a centre to centre horizontal distance of d=1.7 mm. A detailed
geometry of a single corner truncated rectangular copper strip is given in Figure
(b). The bottom view of the antenna is shown in Figure (c). A 50 © microstrip
feedline is printed at the bottom of the substrate to suitably feed the slot.

6.3.2 Operating Principle

The microstrip feedline excites the slot to resonate at its fundamental resonant mode
TMO1. The resonant frequency can be calculated as given in Equation 3.2. The
slot is loaded with an array of copper strips which are excited by the magnetic and
electric field lines produced on excitation of the slot. The copper strips are designed
and spaced such that the array resonates around the plasma frequency where negative
permittivity effects are observed. The effective angular plasma frequency of the copper

strip array is given by [Pendry et al.| (1996).

Nojq?
wy = 4| L (6.2)

Meyfr€o

Here, N.ss and m.ss are the effective charge concentration and mass due to the

effect of self inductance and are given by

m(W./2)*

Negr = 7

N (6.3)

and NW./22m0d . d
2 W, /2

Meff =

where ¢ is the electronic charge, N is the charge density, W, is the width of the

strips, d is the cell side of the lattice on which the strips are arranged, ¢y and g refer

112



Jsurt (A/m)

4. 0910€-01
l 3. 630E-01
3.2297C-01

2.8291€-01

2.%284E-Q1
2.0278€-01
1.6271E-01
1.2265€-01
8.2581E-02
. 2516£-02
2.9507€-03

Figure 6.7: Simulated surface current distribution magnitude for the proposed antenna
at (a) 2.4 GHz, (b) 4.2 GHz and (c) 4.8 GHz
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Simulated current distribution vector for the proposed antenna with ori-
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Figure 6.10: Simulated reflection coefficient magnitude values plotted against fre-
quency for varying (a) slot and (b) strip dimensions.
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to the absolute permittivity and permeability values. On substitution of the above

values, the plasma frequency resonance can be calculated as :

1

Jo= \/27r,uoeoerd2ln(2d/Ws)

(6.5)

The dual band of operation can also be analysed based on study of the surface
current distribution magnitudes obtained at the different resonant frequencies. The
plots obtained on simulation are shown in Figure for the resonant frequencies of
(a) 2.4 GHz, (b) 4.2 GHz and (c) 4.8 GHz respectively. At 2.5 GHz, it can be seen
that the resonance is obtained on excitation of the slot fundamental resonance mode
and the strips near the corner extensions. The higher band is due to the combination
of the resonance modes produced due to the excitation of the inclined strips. As
seen from Figure (b), maximum current distribution can be observed around the
inclined strip array at the resonance frequency of 4.2 GHz, while maximum current
distribution is around the lower end of the array at the higher frequency of 4.8 GHz
as seen in Figure (C) Thus, resonance frequency obtained can be observed to be

inversely proportional to the cell side of the lattice as seen in equation (6.3).

6.3.2.1 CP Mechanism

Two rectangular extensions are made on the opposite corners of the slot which helps
to generate the orthogonal frequency components with 90° phase shift. This gives rise
to the circularly polarized band at the slot resonant frequency. This frequency band
can be tuned depending on the slot dimension and the sense of polarization can be
shifted on changing the position of the extensions to the opposite corners. The circular
polarization is obtained at the higher bands on inclining the copper strips by 45° and
truncating the corners. This helps to generate the orthogonal components required to
produce the circularly polarized waves. This frequency band can be tuned depending
on the length of the strips and the sense of polarization is altered on changing the
inclination of the copper strips. The CP mechanism of the proposed dual band slot
antenna is further explained based on the analysis of the current distributions obtained
on simulation of the antenna at the different resonance frequencies. The current
distributions are studied in the +z direction on the x-y plane for phases wt =0° and
wt =90° as shown in Figure Figure (a) shows the current distribution at 2.4
GHz for both phases, while Figure (b) shows the distributions at 4.5 GHz. It can
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be seen that the the current distribution vector at the resonant frequencies rotates
anti-clockwise as the phase changes by 90wt. Hence, LHCP is obtained at both the
centre resonant frequencies of the proposed antenna. The figure clearly shows that the
CP operation at the resonant frequencies is obtained on excitation of the slot and the
copper strips where maximum current distribution is observed. Also, it is observed
that the direction of the current reverses when changing the position of the extensions
and the orientation of the strips by 90°. Hence, RHCP is obtained at the resonant
frequencies for this case as shown in Figure [6.9(a) and [6.9(b) where the simulated
current distribution vectors are shown for the proposed antenna with orientation shift
at (a) 2.4 GHz and (b) 4.5 GHz respectively .

6.3.2.2 Independent Tuning

The operating principle of the antenna is further explained using the reflection co-
efficient response of the antenna with change in slot and copper strip dimensions.
Independent tuning of each of the bands is possible on changing the dimensions of
the slot and the strips respectively. This can be observed from Figure [6.10| where the
frequency response of one band remains unaffected irrespective of the change in the
other. On changing the slot dimension, a shift in frequency values for the lower band
was observed while the change in strip lengths affect the resonance frequencies at the
higher band. This can be seen in Figure [6.10] (a) and Figure [6.10] (b) respectively.

6.3.3 Results And Analysis

(a) (b)

Figure 6.11: (a) Upper and (b) lower sights of the archetype.

The proposed dual-band CP slot antenna was simulated using ANSYS HFSS 16.0

and was fabricated using an S103 LPKF machine. The prototypes were then measured
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for the reflection coefficient parameters using an Agilent N9918A VNA at NITK. A
photograph of the prototype of the proposed antenna is shown in Figure |6.11. The
measured and simulated reflection coefficient magnitudes and axial ratio plots are
shown in Figure [6.12] (a) and Figure [6.12] (b). The simulated and measured results
show good agreement.
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Figure 6.12: Plots of (a) reflection coefficient magnitudes and (b) axial ratio values
obtained on simulation and measurement of the multiband antenna.

The measured -10 dB impedance bandwidths obtained were 15.6% (2.24 GHz 2.62
GHz with centre frequency of 2.43 GHz) and 42.4% (3.26 GHz 5.18 GHz with centre
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Figure 6.13: Radiation patterns of the proposed antenna at 2.4 GHz (a) phi=0 (b)
phi=90, 4.5 GHz (c¢) phi=0 (d) phi=90 and (e) legend
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Figure 6.14: Maximum gain and radiation efficiency obtained on measurement of the
proposed antenna.

frequency of 4.52 GHz), while the measured ARBWs were 15.7% (2.24 GHz 2.62
GHz centered at 2.41 GHz) and 45.5% (3.26 GHz 5.18 GHz centered at 4.32 GHz).
The antenna radiation characteristics were measured in a Satimo Star-Lab near-field
chamber. The simulated and measured radiation patterns of the proposed antenna
at the three resonance frequencies (for x-z, y-z planes) are shown in Figure m
From the radiation patterns it can be observed that the cross-polarization values at
the resonant frequencies fall below -10 dB of the co-polarization values. In addition,
it can be seen that LHCP wave is radiated in the upper hemisphere. Figure [6.14
shows the measured gain / efficiency versus frequency. The measured efficiency and
peak gain values recorded at the resonance frequencies are 91% / 3.8 dB and 98%
/ 4.5 dB respectively. Compactness, ease of control in frequency bands and sense of
polarization, high impedance BW and ARBW values, good efficiency and gain values
are some of the desirable features in the proposed design compared to other dual band

CP slot antenna designs in literature.
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6.4 A Tri-Band Circularly Polarized Strip and SRR
Loaded Slot Antenna

In this section, the design and analysis of a novel simple and compact multiband
circularly polarized slot antenna loaded with metallic strips and a SRR is explained.
The multiband operation is obtained via exciting the SRR and copper strips by the
microstrip fed square slot antenna. The SRR resonates at 1.83 GHz, while the strips
and the slot antenna provide resonances at 2.5 GHz and 3.1 GHz. Resonant modes
of loaded SRR and strips combined with the fundamental mode of the slot produces
circularly polarized waves at the resonance frequencies of the proposed antenna. The
proposed antenna allows for independent tuning of the different bands via the use of
the tilted strips and the SRR. Also, the sense of polarization at the resonance fre-
quencies can be controlled by changing the orientation of the strips and the SRR with
respect to the slot. The proposed antenna is fabricated on an FR-4 substrate of dimen-
sion 50x50x1.56 mm?3. Antenna performances in terms of 10 dB return loss bandwidth,
3 dB axial ratio bandwidth, gain and efficiency are validated experimentally and are
in good agreement with simulated results. The proposed design provides wide CP
resonance bands, wide ARBW values and compact size along with a mechanism to

control the CP orientation compared to previous designs.

6.4.1 Antenna Geometry And Design

The proposed antenna geometry is given in Figure The antenna is designed on
an FR-4 substrate with €, =3.6, thickness (h) of 1.56 mm and loss tangent (tan o)
of 0.02. Figure (a) shows the top view of the proposed antenna. A square slot
with side length 33.2 mm, designed to operate at a resonant frequency of 2.5 GHz, is
etched out on the top side of the substrate. The slot is loaded with an array of copper
strips with varying lengths, all of which are inclined 45° with respect to the x-axis as
shown in Figure m (a). The lengths of the copper strips are consistently reduced
by 4 mm from the middle strip which is of length 36 mm to obtain the different
resonance bands. Figure [6.15] (b) shows the bottom view of the proposed antenna.
The bottom side of the substrate consists of a 50 €2 feed line and the SRR. The SRR
is placed at the top right corner of the slot at distances 8.6 mm and 8.4 mm from the

reference axes (x-y plane). The SRR geometry is shown in Figure[6.15] (c). It consists
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(c)

Figure 6.15: Antenna geometry (a) top view (b) bottom view (¢) SRR geometry
without stub. [L=33.2mm, W=50mm, Ls=26mm, Ws=2.5mm, g=1.1lmm, r=2mm,
Lf=24.4mm, Wf=3.6mm, s= 8.6mm, j=8.4mm, k=1.65mm, M=6mm, N=4mm,
T=0.6mm, Gm=0.6mm, h=1.56 mm)].

of concentric square rings with splits at opposite edges. The various dimensions of
the SRR structure are given in the Figure caption. Stubs of length 1.65 mm are

added to the inner ring to improve the CP performance of the proposed antenna.

6.4.2 Operating Principle
6.4.2.1 Multiband Resonance

The microstrip feed line excites the slot to resonate at its fundamental resonant mode
(TMO1). The resonance frequency of the slot is given by Equation 3.1.

The different bands of operation of the proposed antenna design are obtained from
the resonances produced by the SRR and the strips that are excited by the magnetic

and electric fields of the microstrip line fed square slot antenna. When excited by the
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Figure 6.16: Simulated reflection coefficients of the proposed multiband antenna.

electric field lines along their axis, the strips resonate, and the resonant frequencies are
determined by their lengths. These resonances combine with the slot mode to provide
CP bands at the resonance frequencies 2.5 GHz and 3.16 GHz. The SRR is loaded
such that its position and orientation allow for maximum coupling of axial magnetic
field from the slot. The SRR can be modeled as an LC circuit. The inductance (L)
and capacitance (C) values of the SRR equivalent circuit determine its frequency of
operation (Ishikawa et al| (2007), Engheta and Ziolkowski| (2006))). In the proposed
antenna, the SRR is designed to resonate at 1.8 GHz as shown in Figure (the
first resonance). Thus, the SRR, which contributes to the lowest resonant band helps

in obtaining miniaturization of the antenna structure.

The second and third resonances are mainly obtained by the excitation of the
strips loaded inside the slot antenna. This can also be observed from the electric
field distributions shown in Figure for the different resonant frequencies. In
particular, the second resonance is due to the slot mode and middle strip resonating
around 2.45GHz and the third is due to the titled \;/2 strips of lengths 26mm and
32mm that provide a mid-band resonance around 3.1 GHz (the first has a resonance
about 2.8GHz while the second at 3.4 GHz). The maximum field distributions are
observed around the SRR and the middle strip for the first two resonance frequencies
and around the strips at the ends for the third resonance. The selection of the strip
lengths is done based on the guided wavelengths for different frequencies. The guide

wavelength is given by (Balanis (1992)):
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Figure 6.17: Simulated electric field distributions at (a) 1.83 GHz (b) 2.5 GHz (c) 3.1
GHz.

300
Ng = ——— (6.6)
fT’,GHZ\/ Eeff
where dielectric constant e.f¢ is calculated as follows:
s+ 1 r—1
cors= 2T - (6.7)
2 2¢/1+12(h/Wy)

Wy and h denote width of the feedline and thickness of the substrate. The length
of the strips is taken to be approximately equal to 1/2 of the guide wavelength at the
resonant frequencies.

Figure [6.18 shows the simulated reflection coefficient magnitudes for different con-
figurations of the copper strips loaded slot antenna. It can be observed from Figure

6.18| (a) that the resonance of the middle strip coincides with the slot resonance con-

125



tributing to the middle band of operation of the proposed antenna design. The other
two strips contribute to the third band of resonance as seen in Figure [6.18] (b) with
improvement in reflection coefficient magnitude values owing to the third strip at the
end (Figure[6.18| (c)). The addition of two more strips and the SRR leads to our final
design shown in Figure [6.18] (¢) with improved impedance bandwidth and ARBW

values compared to the previous configurations as explained in the following sections.

6.4.2.2 CP mechanism

The variation of the axial ratio values with frequency for different configurations of
the proposed slot antenna is plotted in Figure [6.19] It is evident from the plots that
the excitation of the SRR along with the slot resonance provides CP characteristics at
the first band. This could be attributed to the magnetic dipole-loop combination that
excites orthogonal field components (Kraus and Marhefkal (2001))). The lengths of the
stubs on the inner ring are adjusted to ensure 90° phase difference between the field
components. The CP wave at the first band is from 1.77 GHz to 1.85 GHz centred at
1.83 GHz.
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Figure 6.18: Simulated reflection coeflicients for different configurations of the pro-
posed multiband antenna.
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Figure 6.19: Simulated Axial Ratio values for different configurations of the proposed
multiband antenna.

At the second band of resonance, the slot and centre strip mode combination
produce the orthogonal field components. The degenerate modes help in realizing the
circularly polarized waves. Thus, a second CP resonance band is obtained between 2.4
GHz 2.7 GHz, centred at 2.52 GHz, and is due to the excitation of the middle strip
loaded slot. The resonances of the slot and the middle strip coincide hence producing
CP at the middle band. The addition of more strips leads to improvement in the CP
performance of the proposed antenna at the third band. The 45° oriented strips at
the end resonate to produce the circularly polarized band from 3.04 GHz to 3.15 GHz
with a centre frequency 3.08 GHz. The third strip at the end helps lower the AR

values at this band as can be seen in Figure [6.19]

6.4.2.3 Parametric Analysis

A parametric study of the length of the strips, the gap between the strips and the
width of the SRR on the reflection coefficient and AR values is shown in Figure
As observed from Figure m (a), when increasing the length of the strips, the
second and third resonant frequencies shift to lower values and when reducing the
strip lengths, they shift to higher values. Figure (b) shows that there is no major
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Figure 6.20: Simulated reflection coefficient and axial ratio values for parametric
change in (a) length of strips (b) gap between strips (¢) width of SRR metal ring.

shift in the resonance characteristics upon varying the gap between the strips. When
varying the width of the SRR size, a shift in the first resonance can be observed as
seen in Figure [6.20] (c). Also, the axial ratio values are found to increase in this case.
Further, the second and third resonances can be independently tuned upon changing

the dimensions of the middle and end strips respectively.
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Figure 6.21: Simulated axial ratio values for for the proposed antenna for SRR with
and without stub
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Figure 6.22: Simulated reflection coefficient magnitude values for the proposed an-
tenna for SRR with and without stub

6.4.2.4 Effect of stubs

Here the AR values obtained for the proposed design is analysed in two cases: with
and without stubs in the inner ring. It is observed that the AR values are lowered
when the stubs are used. This can be seen in Figure[6.21] Also, a shift in the frequency
of operation can be seen in Figure (from 1.5 GHz without the stub to 1.8GHz
with stub). This could be attributed to the fact that the additional stub in inner
ring increases the effective inductive effect produced by the SRR structure. This leads
to a slight change in resonance frequency and also the introduction of a phase shift.

The stub length is so optimized to ensure 90° phase difference between the orthogonal

129



components; so that the AR value at resonance is reduced and circular polarization

is achieved.
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Figure 6.23: Simulated reflection coefficient magnitude values for the proposed an-

tenna with change in SRR dimensions
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Figure 6.24: Simulated axial ratio values for for the proposed antenna with change in

SRR dimensions

6.4.2.5 Independent Frequency Control

Here, the relation between dimensions of the strips and the SRR with the resonant

frequencies obtained is studied. The variation in the resonance frequencies and the AR

values with change in dimensions of the strips and the SRR show that each of the reso-

nant bands can be independently controlled depending on the dimensions of the strips
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Figure 6.25: Simulated reflection coefficient magnitude values for the proposed an-
tenna with change in middle strip dimensions
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Figure 6.26: Simulated axial ratio values for the proposed antenna with change in
middle strip dimensions

and the SRR. Figure |6.23| and Figure show the variation in reflection coefficient
and AR values with change in dimensions of the SRR. The first resonance is shifted
to lower values upon increasing the width of the ring. Also, we observe an increase
in the AR values. The AR values could be lowered to obtain CP on optimization of
the stub length. The change in SRR parameter does not affect the operation of other
two bands. Figure [6.25) and Figure [6.26] show the variation in reflection coefficient
and AR values on changing dimensions of the middle strip. The second resonance is
found to slightly shift towards lower value on increasing the strip length. The other

two resonances remain more or less the same. The CP characteristics are maintained
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Figure 6.27: Simulated reflection coefficient magnitude values for the proposed an-
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Figure 6.28: Simulated axial ratio values for the proposed antenna with change in
dimensions of the strips at end

at all three resonant frequencies. Figure [6.27) and Figure [6.2§ show the variation in
reflection coefficient and AR values with change in dimensions of the other two strips.
With change in length of the strips at the ends, the third resonance is found to mostly
shift, with almost no shift in the resonance for the second and the first bands. The
AR values slightly increase at third band but ARBW values remain almost the same

for all frequencies.

6.4.2.6 Analysis of current distribution

The proposed antenna is simulated using ANSYS HFSS V15. The simulated current
distributions at different resonance frequencies are analysed in the +z direction on

the x-y plane to further understand the CP mechanism of the proposed antenna. The
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current distribution is studied at phases t =0° and t =90° as shown in Figure [6.29
Figure [6.29] (a) shows the current distribution at 1.83 GHz for both phases, while

Figure (b) and Figure (c) show the distributions at frequencies 2.5 GHz and
3.16 GHz, respectively.
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Figure 6.29: Simulated surface current distributions at (a) 1.83 GHz (b) 2.5 GHz (c)
3.16 GHz.

It is observed that as the phase changes by 90°, the current distribution vector at
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all the resonant frequencies rotates clockwise when observed from the +z direction.
Hence, RHCP is obtained at the three resonant frequencies of the proposed antenna.
Also, it is observed that the direction of current reverses when changing the orientation
of the strips by 90° and the SRR by 180°. The SRR is positioned to be suitably
excited by the fields. Hence, LHCP is obtained at the three resonant frequencies for
this configuration. It can be seen that the CP operation is obtained by a combination

of the SRR and strip-slot configuration effects.

6.4.3 Simulation and Measurement Results

The proposed multi-band antenna was fabricated using an LPKF S103 PCB milling
machine at AMSD lab at KFUPM and measured using an Agilent N9918A VNA.
Photographs of the top and bottom sides of the fabricated prototype and the radiation
pattern measurement setup are shown in Figure [6.30] The measured and simulated
reflection coefficient characteristics and AR values are plotted and compared as shown
in Figure [6.31] (a) and Figure [6.31] (b). Good agreement is obtained between the

simulated and measured values. The slight shifts are due to fabrication tolerances.

(a) (b) (©

Figure 6.30: Fabricated prototypes of the proposed multiband antennas (a) Top view
(b) Bottom view (c) Radiation pattern measurement setup.

The -10 dB measured impedance bandwidths obtained were 21.4% (1.48 GHz-1.87
GHz centered at 1.82 GHz), 12.8% (2.39 GHz-2.71 GHz centered at 2.5 GHz) and(4.5%
(3.02 GHz-3.16 GHz centered at 3.1 GHz), while the simulated -10 dB bandwidths
obtained were 4.9% (1.78 GHz-1.87 GHz centered at 1.83 GHz), 13.2% (2.38 GHz-2.71
GHz centered at 2.5 GHz) and 5.9% (3.21 GHz-3.4 GHz centered at 3.2 GHz). The
3dB measured ARBW values obtained were 4.37% (1.77 GHz-1.85 GHz, centred at
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Figure 6.32: Measured gain and efficiency curves of the proposed multiband antenna.

1.83 GHz), 11.9% (2.4 GHz 2.7 GHz, centred at 2.52 GHz) and 3.57% (3.04 GHz - 3.15
GHz at centre frequency 3.08 GHz), while the simulated 3dB ARBW values obtained
for the different resonance frequencies were 4.91% (1.79 GHz-1.86 GHz, centred at 1.83
GHz), 13.1% (2.39 GHz 2.72 GHz, centred at 2.52 GHz) and 5.48% (3.02 GHz to
3.19 GHz at centre frequency 3.1 GHz). The efficiency/gain values were also measured
and plotted against the frequency as shown in Figure [6.32] The radiation patterns of
the proposed antenna were measured in Satimo Star-Lab near-field chamber at MVG-
Italy. Measured peak gains of 2.7 dBi, 4.2 dBi, 3.5 dBi and efficiencies of 75% , 90%

, 82% were obtained at the resonant frequencies. Figure [6.33| compares the simulated
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and measured radiation patterns in two principle planes. It is observed that simulated
patterns match with the measurements at all the resonant frequencies. The antenna
radiates RHCP in the upper hemisphere and LHCP in the lower hemisphere. Cross
polarization levels are below -20 dB compared to the co-polarization as observed in the
measured radiation patterns. The proposed antenna is smaller in size, provides wider
impedance BW compared to other three band antennas, along with good efficiency

and control of sense of polarization with wide ARBW.

6.4.4 Study on shifted strip and SRR orientation

(b)

Figure 6.34: Fabricated prototypes for the proposed antenna on shifting orientation
of the strips and SRR (a) Top view (b) Bottom view.

1S,,l(cB)

10 15 20 25 a0 1s
Frequency (GHz)

Figure 6.35: Measured and simulated reflection coefficients of the proposed multiband
antenna on shifting orientation of the strips and SRR.
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Figure 6.36: Simulated surface current distributions at (a) 1.65 GHz (b) 2.6 GHz (c)
3.2 GHz.

The orientation of the strips and SRR are shifted with respect to the slot and
the reflection coefficient curves and surface current distributions obtained are studied.
(a) and

shows the simulated and measured reflection coeflicient

The top and bottom views of the fabricated prototpe are shown in Figure
(b). Figure

values obtained on simulation and measurement of the antenna prototype. The centre

Figure

frequencies of resonance obtained are at 1.65 GHz, 2.6 GHz and 3.2 GHz. The current

distributions are simulated and analysed at these frequencies. From Figure it can
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be seen that the direction of current reverses when changing the orientation of the
strips by 90° and the SRR by 180°. Figure [6.30] (a) shows the current distribution at
1.65 while Figure[6.36] (b) and Figure[6.36] (¢) show the distributions at frequencies 2.6
GHz and 3.2 GHz, respectively, for phases t =0° and t =90°. The SRR is positioned so
as to be suitably excited by the fields. Hence, left hand circular polarization (LHCP)
is obtained at the three resonant frequencies for this configuration. It can be seen that
the CP operation is obtained by a combination of the SRR and strip-slot configuration

effects.

6.5 A Multi-Band U-Strip and SRR Loaded Slot
Antenna with Circular Polarization Character-
istics

A compact multiband circularly polarized slot antenna is proposed in this section.
An F-shaped microstrip feedline is used to excite the square slot antenna loaded
with a U-shaped strip and a split ring resonator (SRR) to generate three circularly
polarized bands at 1.5 GHz, 2.75 GHz and 3.16 GHz. A meandered slot is used
in the feedline and the U-strip to improve the axial ratio bandwidth (ARBW). The
meandered feedline excites the slot to produce resonance at 2.5 GHz. This resonance
along with that of the F-shaped feed, loaded SRR and U-strip combine to give rise
to three circularly polarized bands which can be tuned depending on the feed, SRR
and U-strip dimensions. The orientation of the F-shaped feed decides the sense of
polarization of the three circularly polarized bands of the proposed antenna. The
proposed antenna is fabricated on a substrate of FR4 material with dimensions 50
x 50 x 1.56 mm3. The antenna is prototyped and measured in terms of impedance
bandwidth, ARBW, gain and efficiency. The simulated and measured results show

reasonably good agreement.

6.5.1 Antenna Geometry

The proposed antenna geometry offering circularly polarized triple band operation is
shown in Figure 6.35. The antenna is designed on an FR4 substrate of size 5050 mm?,

permittivity (e,)= 3.6, height (h)= 1.56 mm and loss tangent=0.02. The top view of
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Figure 6.37: Geometry of the proposed multiband antenna (a) top view (b) side view
(c) SRR structure. [L=33.2, W=50, Wr=9.6, Wm=>5.3, Lr=18, Lm=25, Lf=31.2, g=4,
r=2, Wf=3.6, s= 8.6, j=8.4, k=1.65, M=6, N=4, T=0.6, Gm=0.6, h=1.56, m=3, n=1.4,
m=3.6, width of meander= 0.2], All in mm.

the antenna is shown in Figure (a). A square slot of side length (L) of 33.2 mm is
etched out on top of the substrate so that the slot resonates at 2.5 GHz. A U-shaped
metallic strip is left in the slot. The bottom view of the antenna is shown in Figure
(b). A 50 w feedline offset from the x- axis by 1.2 mm is printed at the bottom of
the substrate. Two horizontal extension strips are attached to the top of the feedline
to make an F-shaped feed. Meandered slots are etched on the right arm of the U-strip
and the feedline. Also, an SRR is printed on the bottom layer as in Figure (b)
with its dimensions as shown in Figure (c).

6.5.2 Operating Principle

The F-shaped meandered feedline excites the slot so that it produces resonance at its

fundamental resonant mode (Balanis (1992)). The magnetic and electric field lines

produced upon the excitation of the slot cause the U-strip and the SRR to resonate at

their resonant frequencies. The SRR is placed and oriented in the slot such that it can

140



By
R ] -

60
o 50

= z
a S0
= g%
= =16
B ;.
- <
4 4
0

1.0 1j5 20 25 30 3 15 20 25 3.0
Frequency (GHz) Frequency (GHz)

[n[n]r]r [~}

(1) () () () (v)

Figure 6.39: Design evolution of proposed antenna and its effects on the simulated
:(a) reflection coefficient curves and (b) axial ratio values with frequency.

allow for maximum passage of the time varying axial magnetic field lines through it
(Engheta and Ziolkowski| (2006)), Ishikawa et al.| (2007)). The SRR structure acts as an
LC resonator and can be modelled using the method given by [Ishikawa et al. (2007)).
Here, the SRR dimensions are carefully chosen in order to produce resonance at 1.6

GHz upon field excitation. A higher order mode at 2.89 GHz is also observed. The
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current distributions around the SRR and the inner ring of the SRR can be seen at the
two resonance frequencies in [6.3§) (a) and [6.38| (b) respectively. The maximum current
distribution is observed around the inner ring for the higher resonance mode. The U-
strip can resonate at different frequencies depending on its arm lengths. Combination
of these with that of the slot and SRR gives rise to the circularly polarized bands
of the proposed multiband antenna. The SRR contributes to the lowest resonance

frequency hence leading to miniaturization of the proposed design.
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Figure 6.40: The effect of meandered slots on the simulated axial ratio values for the
proposed antenna.

(c)

The design evolution and the effects of various parts of the antenna are shown in
Figure [6.39. The slot initially resonates at 2.5 GHz when excited with the microstrip
feed line. When loading the slot with the U-strip, the resonance is found to shift to
2 GHz. Also, a slight resonance is observed around 2.9 GHz. This could be due to
the resonance introduced by the U-strip. The use of the F-shaped feed lowers the
AR value at 2.9 GHz. This could be attributed to the CP wave obtained upon the
combination of the resonances produced by the F-shaped feed and that of the U-strip.
The offset at the feedline further improves the AR values. Also, the first resonance
is now slightly shifted to 1.8 GHz. Thus, the modified feedline is used to improve

the reflection coefficient and AR response of the initial dual-band antenna obtained
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(without SRR loading). The horizontal stubs of the F shaped feedline and the offset
introduce the necessary phase shift required for the orthogonal components that help
improve the ARBW values. Besides, the addition of the y-directed horizontal stubs
changes the input impedance to the extent that the —S11— response of the antenna
is improved. The improvement in return loss characteristics is shown in [6.39, Now,
loading the structure with an SRR and introducing the meandered slots, additional
bands are produced at 2.7 GHz and 3.1 GHz. Also, the reflection coefficient values
at 1.5 GHz are improved and the resonance at 2.9 GHz is shifted to 3.16 GHz due to
the fundamental and higher order resonance modes of the SRR (Sarkar et al.| (2014)).
The fundamental resonance produces the CP resonance band at 1.5 GHz. The higher
order mode of the SRR provides resonance at 2.75 GHz. Thus, the resonance bands
can be tuned depending on the SRR, F-shaped feed and U-strip dimensions. The
effect of meandering on the AR values of the resonance bands is shown in Figure [6.40}
The introduction of meandered slots in the feedline and U-strip lower the AR values

at the first and third bands respectively.

6.5.2.1 Surface Current Distribution

In order to better explain the CP operation of the proposed multiband antenna, the
current distributions are simulated and studied at each of the three resonance fre-
quencies. The antenna is placed on the x-y plane and the current density vectors are
analyzed in the +z direction for phases t =0° and t =90° as shown in Figure 6.38.
The distributions at the resonant frequencies 1.5 GHz, 2.75 GHz and 3.16 GHz for
the different phases are shown in Figure [6.41] (a), Figure [6.41] (b) and Figure [6.41] (c)
respectively.

The sense of polarization at the three bands is decided by observing the direction
of rotation of the current distribution vector from the 4z direction. In this case,
it can be seen that at the resonant frequencies, the vectors rotate in the clockwise
direction when there occurs an orthogonal shift in phase. This indicates the presence
of right hand circularly polarized (RHCP) waves. The figure clearly shows that the CP
resonance bands at the three resonant frequencies are obtained by exciting the SRR
modes (fundamental mode) and U-strip excited by the F-shaped feed, the inner ring
of the SRR (higher order mode) and U-strip, and the F-shaped feed and the U-strip.
The different lengths of the U-strip when excited, produces the necessary resonance to

combine with the other modes to generate the CP bands. In addition, on altering the
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orientation of the F-shaped feed and the SRR by 90° and 180° respectively, reversal of
the current direction occurs, hence giving rise to left hand circularly polarized (LHCP)

waves at the resonant frequencies.

6.5.2.2 CP Mechanism

The CP mechanism is further analyzed by studying the frequency response at each
band of operation. The U-strip can be thought of as resonating at different frequencies
depending on the different lengths of the U-strip that are excited. The selection of
the strip length is done based on the guided wavelengths for different frequencies.
The guided wavelength (),) for a resonance frequency of f(, cu.) is given by |Balanis
(1992):

300

A= ——— 6.8
7 fr,GHz\/eeff ( )
where effective dielectric constant €.z is calculated as follows:
»+1 F—1
Ceff — ‘ + ‘ (69)
2 2y/14+12(h/Wy)

Wy and h denote width of the feedline and thickness of the substrate. The lengths
of the strip for different resonance frequencies is taken to be approximately equal to
1/2 A\, at the corresponding frequencies.

The first CP response at 1.5 GHz is found to be obtained due to the fundamental
resonance mode of the SRR at 1.6 GHz and the resonance obtained around 1.4 GHz
is due to the excitation of the two arms (L-shape-52mm) of the U-shaped strip. The
maximum surface current distribution can be seen around these regions for the first
resonance band as shown in Figure (a). The meanders at the feed line help to
lower the AR values at this band.

The second CP band can be attributed to the higher order resonance mode of
the SRR at 2.89 GHz and the right side of the U-strip of 26 mm which gives a 1/2
Ay resonance at around 2.65 GHz. Thus, a mid-band CP resonance at 2.75 GHz is
obtained. The surface current distribution for this frequency can be seen in Figure
6.41| (b).

The third CP band arises due to the slot fundamental resonance at 2.5 GHz and
the resonance provided by the part of the strip of length 24 mm that corresponds to
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a A, of 47.6 mm (It can be seen from the current distribution that the vectors cancel
along the other regions of the U-strip). This value corresponds to a frequency of 3
GHz and hence, a mid-band resonance at around 2.8 GHz which shifts to 3.17 GHz
due to the variation in current and field distributions upon the introduction of the

SRR.

6.5.2.3 Effect of the meandered gaps

The effect of the meandered gaps on the frequency response of the proposed antenna
is studied based on the design of the gaps and the capacitive effects produced due to
them. Consider a set of meandered gaps where Cy represents the capacitance of one
set of fingers to the ground and (), the capacitance between two sets of fingers. Then

for an array of N fingers having length [, the following equations can be defined:

C,=NCyl/2 (6.10)
Crm = NCsl/2 (6.11)
where
C,=0C, (6.12)
Cy = 1/(2<Co - Ce)) (613)

Here C, and C., are defined as the odd mode and even mode capacitances respectively.
They can be calculated depending on the dielectric characteristics, the characteris-
tic impedance and phase velocity. It also depends on the finger width and finger
separation (7).

The frequency shift due to the effect of the meandered gaps on a strip of length [,

can be relatively calculated as (?):

lo

T fr (6.14)

fr,new -

Where f(, new) is the new resonance frequency obtained after loading of the meandered
gaps. In our proposed design, the fundamental resonance frequency of the slot which

depends on the length of the slot Ly, and the dielectric constant of the substrate ¢,
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is calculated as (Balanis| (1992)):

c /[ 2
r,slot — 1
f7 fot 2leot 1 + €r (6 5)

Here ¢ is the speed of light in vacuum.

Upon the introduction of the meandered gaps in the feed line, the resonance fre-
quency of the slot is found to shift to 1.59 GHz. Thus, lower AR values are observed
at the first resonance frequency of 1.5 GHz when the gaps are introduced in the feed
line.

The lower half of the U-strip of length 13 mm resonates at a half wavelength of the
frequency 6 GHz which shifts to 3.08 when introducing the gaps. This frequency shift
helps lower the AR values at the third band of resonance where the centre frequency
obtained is around 3.17 GHz.

6.5.2.4 Equivalent Circuit Analysis

The equivalent circuit analysis is done using the circuit models for each electromag-
netically coupled component of the design and extracting the corresponding circuit
parameters. The equivalent circuit for the unloaded slot is shown in Figure (a)
where Ls and Lsh/Csh denote the series inductance of the lossless feedline and the
equivalent inductive/capacitive effects of the slot. The equivalent circuit for a set of
meandered gaps is shown in Figure m (b) where Ct corresponds to the capacitance
of the strips. The total equivalent circuit for the proposed geometry is obtained after
including the effect of the meandered gaps as well as that of the mutually coupled
SRR which is denoted by a parallel L-C circuit (Le and Ce). The complete circuit is
shown in Figure m (c). The magnetic coupling of the SRR with the slot is charac-
terized by the coupling coefficient M. The series feed inductance of the offset F-shaped
feed is denoted as Ls and that of the U-strip is defined as Lu. The different mutual
capacitance effects and gap capacitances introduced by the meandered gaps on the
feed and U-strip are denoted as Cm/Cg and Cm/Cg respectively.

The circuit can be simplified as shown in Figure m (d) using the equivalent
circuit parameters denoted by Ce, Le and Ce. The parts A and B of the equivalent
circuit in Figure[6.42| (c), show the effect of meandering on the simplified circuit. Upon
extraction of the circuit parameters, the resonances for parts A and B are obtained to
be around 1.5 GHz and 3.15 GHz which explains why the AR values are modified for
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Figure 6.42: (a) Equivalent circuit of the unloaded slot with microstrip feed (b) Equiv-
alent circuit model for interdigitated capacitors (c¢) Equivalent circuit of the proposed
antenna (loaded with modified meandered feed, meandered U-strip and loaded SRR)
(d) Simplified equivalent circuit for the proposed antenna.
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these resonances due to the additional capacitive effects introduced by the meandering.

i

|
T

(b)

Figure 6.43: Fabricated prototypes (a) top, and (b) bottom views.

6.5.3 Results and Analysis

The proposed antenna was simulated, fabricated and measured for the reflection co-
efficient magnitudes and radiation patterns at the different resonant frequencies. For
simulation, the ANSYS HFSS 16.0 software was used. Fabrication and measurement
were done at the AMSD Lab at KFUPM using an S103 LPKF machine and an Ag-
ilent N9918A Vector Network Analyzer. The top and bottom views of the proposed
antenna prototype are shown in Figure [6.43 (a) and Figure [6.43] (b). The effects on
the simulated and measured reflection coefficient magnitudes and axial ratio values
with change in frequency are plotted as shown in Figure (a) and Figure (b).
The simulated and measured results can observed to be in fairly good agreement.

The -10 dB impedance bandwidths obtained on measurement of the reflection
coefficient magnitudes at the resonant frequencies were 10% (1.37 GHz 1.52 GHz
with centre frequency of 1.5 GHz), 9.1% (2.62 GHz 2.87 GHz with centre frequency
at 2.75 GHz) and 7.3% (3.06 GHz 3.29 GHz with centre frequency at 3.14 GHz),
while the measured ARBWs were 9.3% (1.37 GHz 1.51 GHz with centre frequency
at 1.5 GHz), 7.3% (2.65 GHz 2.85 GHz with centre frequency at 2.75 GHz) and 8.5%
(3.1 GHz 3.37 GHz with centre frequency at 3.15 GHz).

The variation in the AR values with the elevation angle (6) is plotted and shown
for the three resonance frequencies in Figure (c). The AR values can be observed
to be below 3dB for a minimum variation of +/-5° from the central axis for the

three resonance frequencies. The radiation patterns for the proposed antenna at its
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Figure 6.44: Variation in characteristics of the proposed antenna : (a) reflection
coefficient magnitudes, and (b) axial ratio values, versus frequency (c) axial ratio values,
versus theta.
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Figure 6.45: Radiation patterns obtained for the two orthogonal planes on simulation
and measurement of the proposed antenna at: (a) 1.5 GHz, (b) 2.75 GHz, (c) 3.16 GHz

resonance frequencies were measured in a Satimo Star-Lab near-field chamber. The
values obtained were plotted and compared against the simulated ones for phi=0°
and phi=90° orthogonal planes as seen in Figure [6.45] The cross polarization values
are below -20 dB. In addition, RHCP is radiated in the upper hemisphere. The
radiation efficiency and peak gain values obtained on measurement were recorded at
the three resonance frequencies as 80% / 3.2 dB, 94% / 4.5 dB, and 85% / 3.5 dB,
respectively. The plot seen in Figure|6.46|shows the variation of the measured gain and
efficiency values with frequency. Compactness, ease of control in sense of polarization,
high impedance BW and ARBW values and good efficiency values are the favourable

features in the proposed design compared to other designs in literature.
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Figure 6.46: Measured peak gain and radiation efficiency values versus frequency for
the proposed antenna.

6.6 Multiband Slot Antenna with Single Circularly
Polarized Band Using SRRs

Here, in this section, a quad band SRR loaded square slot antenna is presented that
resonates at 2.4 GHz, 4.33 GHz, 9 GHz and 10.9 GHz. The different bands of resonance
can be attributed to the slot resonance and the resonant properties of the loaded
SRRs. Here constant values of gain and efficiency are obtained throughout the bands
of operation. Also, circular polarization can be observed at the highest frequency
band due to the presence of the S-shaped resonator. The third resonance band offers

wideband operation.

6.6.1 Antenna Geometry

The proposed antenna is designed on an Fr4 substrate of height (h) = 1.56 mm and
permittivity (e¢,) = 3.6. A square slot of dimension 34mm x 34mm is cut out from
the top of the substrate as shown in Figure (a). The slot is designed to operate
at 2.42 GHz. The feed line and SRRs are printed at the bottom of the substrate as
shown in Figure [6.47) (b). The 50  microstrip line is designed with length 30mm and
width 3.05 mm. In order to obtain circular polarization, we design one pair of SRR
with an S-shaped structure, with the rings connected to one another. The other pair

of SRR is designed as a simple ring structure with split of width 0.6 mm. The SRR
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Figure 6.47: Antenna Geometry (a) Top view (b) Bottom view (c) Single ring SRR
structure (d) S-shaped SRR structure.

structures are shown in Figure (c) and Figure (d).

6.6.2 Operation

The resonant frequency of the square slot which is excited to resonate at its fundamen-
tal TMO1 mode can be given by Equation 3.1. The unloaded slot antenna structure
when simulated can be found to resonate at 2.42 GHz. When loaded with each of the
resonators, multiple bands of operation can be observed. A step by step approach is
carried out to study the effect of the SRR loading on the slot antenna radiation. This
can be seen from Figure |6.48 which shows the change in resonance behavior of the slot
antenna for the different configurations. When the slot antenna is loaded with the

simple square split ring resonators, an additional wideband resonance is observed from
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6.43 GHz8.86 GHz. On the other hand, when the slot is loaded with the S-shaped

connected resonators alone, additional bands at 4.3 GHz and 10.9 GHz are produced.
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Figure 6.48: Effect of SRR loading on resonance of the proposed slot antenna : simu-
lated reflection coefficient magnitudes for different configurations of the proposed quad
band antenna.

Thus, the entire slot antenna structure loaded with the two pairs of SRR gives a
quad band response. As the S- shaped SRR is shifted farther from the other pair of
SRR and nearer to the feed line end, the impedance matching at 10.9 GHz is found to
improve. This could be due to change in coupling of field lines of the pair of S-shaped
SRRs with the slot field lines and also with those of the other pair of SRRs. The slot
resonance is found to be largely unaffected by the loading of the SRRs.

Similar conclusions about the resonant behavior of the loaded slot antenna can
be drawn on observation of the current distributions shown in Figure [6.49 At 2.42
GHz, the magnitude of surface current distribution is found to be maximum around
the slot. It is evident that the S-shaped SRRs are excited at 4.3GHz and 10.9GHz as

the peak surface current is observed around them at these frequencies. The maximum
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(d)10.9 GHz

Figure 6.49: Surface current distributions for the proposed antenna at diffferent fre-
quencies.

excitation of the S-shaped SRR at 10.9 GHz could possibly cause the antenna to

radiate circularly polarized waves around this frequency, as spiral resonators generally
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Figure 6.51: Simulated and measured reflection coefficient magnitudes for the pro-
posed quad band antenna.

provide orthogonal components required for CP excitation. At 8.46GHz, it can be
observed that the peak current flows along the simple SRR resonators which excite
them to produce the third band of resonance. This helps to explain the quad band

operation of the SRR loaded square slot antenna.

6.6.3 Results

The proposed quad band antenna was simulated using ANSYS HFSS software. The
prototypes were fabricated using an LPKF machine at NITK. The photographs of the
prototype are shown in Figure[6.50 The simulated and measured reflection coefficient
magnitude curves obtained are shown in Figure [6.5I]] On simulation, the antenna is
found to operate at four different bands with -10dB impedance bandwidth of 650 MHz
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Figure 6.52: Gain Patterns at : 2.42GHz (i) phi=0 (ii) phi=90 , 4.3GHz (iii) phi=0
(iv) phi=90 , 8.46GHz (v) phi=0 (vi) phi=90, 10.9GHz (vii) phi=0 (viii) phi=90 (Gain
LHCP, Gain RHCP)

(2.13 GHz 2.78 GHz centered at 2.42 GHz), 270 MHz (4.2 GHz 4.47 GHz centered
at 4.33 GHz), 2.43 GHz (6.43 GHz 8.86 GHz with centre frequency at 8.46 GHz),
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Figure 6.54: Simulated maximum gain and efficiency of the proposed antenna.

and 360 MHz (10.77 GHz 11.13 GHz centered at 10.9 GHz). The measured -10 dB
bandwidths obtained were 550 MHz (2.13 GHz 2.68 GHz centered at 2.4 GHz), 320
MHz (4.2 GHz 4.52 GHz centered at 4.34 GHz), 3.2 GHz (6.5 GHz 9.7 GHz with
centre frequency at 9 GHz), and 360 MHz (10.77 GHz 11.13 GHz centered at 10.9
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GHz). The simulated radiation patterns at the four different resonance frequencies
for the x-z and y-z planes are shown in Figure [6.52] The patterns depict typical slot
antenna like radiation characteristics with slight beam tilting at the SRR resonant
frequencies. The Gain LHCP and Gain RHCP patterns are plotted at 10.9 GHz.
A Right Hand Circularly Polarized wave is obtained at 10.9 GHz. The simulated
axial ratio versus frequency for the different bands of operation is shown in Figure
A 3-dB axial ratio bandwidth of 3.5% (10.76 GHz 11.15 GHz) is observed at
resonance frequency 10.9 GHz. The simulated peak gain and efficiency values at the
four centre frequencies are 3.82 dB / 95.14%, 3.95 dB / 81%, 7.5 dB / 91.2%, 4.2
dB / 80% respectively. The variation in simulated peak gain and efficiency values
with frequency can be seen in Figure A table of comparison is provided that
highlights the advantages of the proposed designs over the existent multiband CP slot

antenna designs.
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Table 6.1: Performance Comparison of Different Multiband CP Based Slot Antennas
(Ag- guided wavelength corresponding to the lowest resonant frequency.)

POLRZN
BANDS IMP ARBW GAIN EFF.
REF SIZE SENSE

(GHz) BW (%) (%)  (dBi) (%)

TNBLTY
0.6 1.227 3.7 0.9 1.1 86.5
Hsieh et al,| (2012) ’ ’ ’ ’ ’ NO
)\3 1.575 1.2 0.6 1.45 80.7
174 3.53 33.16 b >
Baek and Hwang] (2013) . 7 L 3.86,  4.63, - NO
A 5.08 22.772
g 5.23 6.77
s " 359, 42,
Xu et al| (2017) ' ’ ’ 44, 3.7, - NO
A2 7.5 70.9
g 6.3 3.5
s 122 9, 49, 4,
Wang et al| (2012) /\'2 1.57, 2.5, 1.2, 4.6, - NO
g 2.31 27 4.3 5.7
2.1 3.1 12.9 3.1 7.3,
Kandasamy et al| (2016) ’ ’ ’ - YES
24T 8.5 12 85
N ] 04 32 14, 27, -47,
Ghaffarian et al| (2017) ’ — NO
22 5 14.5 9 55
0.3 2.4 37.52 32.13, 3.2,
Saraswat and Harish| (2018)) ’ ’ — NO
X 35 48 217 38
0.8 24 6.3 102, 0.1,
Chen et al.| (2018)) ’ ’ - NO
X35 8.1 T 02
0.2 2.4 42.4 45.5 3.8 91
Proposed ’ ’ ’ ' ’ YES
N 42 156 157 45 08
- . o, 188 214, 437, 27, 75
FOPOE ' 2.5, 128, 119, 42, 90,  YES
Paul et al|(2018) A2
g 3.1 4.5 3.6 3.5 82
o, LB 10, 93, 32 80,
Proposed )\'2 2.75, 9.1, 7.3, 4.5, 94, YES
g 3.16 7.3 8.5 3.5 85
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6.6.4 Summary

Several CP multiband SRR loaded designs were proosed in the chapter.

e The first design was a novel CPW fed circularly polarized slot antenna of dimen-
sion 0.2 )\3, where ), is the guide wavelength at the resonant frequency. The slot
antenna is made to extend symmetrically at opposite corners to generate the CP
waves. The sense of polarization can be controlled by altering the position of the
extensions. The antenna is simulated using the HFSS software and the results
are compared with those of the measured ones. The proposed antenna is found
to have an impedance bandwidth of 0.88 GHz, ARBW of 35.2%, peak gain of
3.5 dB and efficiency of 95% at the center frequency. An axial ratio value of less

than 3 dB value is obtained over the entire operating bandwidth.

e The second design presents a copper strip array loaded square slot antenna with
corner extensions. The frequencies of resonance obtained are 2.4 GHz and 4.52
GHz with measured impedance bandwidths of 42.4% and 15.7% and measured
ARBWS of 45.5% and 15.7% in the two bands, respectively. Good agreement
is obtained between measured and simulated results. The gain and efficiency
values were higher than 3.5 dBi and 90% in all bands. Parametric analysis and
study of current distributions were carried out at the resonant frequencies. The
resonant frequency bands can be controlled depending on the slot and copper
strip dimensions, while the sense of polarization at the resonant frequencies is
changed by altering position of extensions and orientation of the copper strips.
The proposed dual band CP square slot antenna offers compact size with wide
impedance and ARBW and easy control of frequency bands compared to other

dual band CP works found in literature.

e The third design presents a multiband circularly polarized slot antenna using
copper strips and an SRR unit cell is designed to operate at resonant frequencies
of 1.83 GHz, 2.5 GHz and 3.16 GHz has been proposed. The sense of polarization
can be reversed by changing the orientation of the strips. A compact structure
is obtained due to the resonance obtained from loading the slot with SRR and
strips. A minimum impedance bandwidth of 4.5% and AR bandwidth of 3.2%
are obtained in all the bands. The proposed antenna provides resonances at 1.83
GHz, 2.5 GHz, and 3.1 GHz with impedance bandwidths of 21.4%, 12.8%, 4.5%,
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ARBWs of 4.37%, 11.9%, 3.6% and gains of 2.7, 3.2, 3.5, respectively. Thus, a
novel, compact, SRR and strips loaded tri-band antenna with CP characteristics

is proposed in this section.

In the fourth design, a compact multiband slot antenna is proposed which op-
erates at three circularly polarized bands and offers wide impedance bandwidth
and ARBW is designed using a meandered F-shaped feed and by loading a
meandered U-strip and SRR on the square slot. The frequencies of resonance
obtained are 1.5 GHz, 2.75 GHz and 3.16 GHz with measured impedance band-
widths of 10%, 9.1% and 7.3% and measured ARBWs of 9.3%, 7.3% and 8.5% at
the three resonant bands. A peak gain value of more than 3 dBi and a efficiency
higher than 80% is obtained for the proposed antenna at all the operating bands.
The resonant frequency bands can be controlled depending on the feed, U-strip
and SRR dimensions, while the polarization sense at the resonant frequencies is
controlled upon altering the direction of the F-shaped feed and the SRR. The
proposed design is the smallest compared to the latest state of the art with

multi-band coverage CP based slot antennas.

The fifth design presents a simple SRR loaded square slot antenna that is de-
signed to operate at four resonant frequencies. Two pairs of SRR are loaded on
the substrate and the resonant properties of the SRR are used to provide mul-
tiple bands of operation which leads to quad band nature of the proposed slot
antenna. The simulation results show that the antenna offers wideband and CP
operation at the third and fourth bands respectively. The CP operation could be
attributed to the electric field distribution at the spiral shape connected SRRs.
Also, the peak gain and efficiency values were higher than 3.8 dBi and 78% at

all the centre frequencies.
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Chapter 7

CONCLUSION AND FUTURE
WORK

The demand for antennas that could be integrated into various electronic devices that
operate at different frequencies and used simultaneously for varying applications has
considerably increased over the years. Similarly, there is an emerging need for antennas
that could be reconfigured for various polarization states and operate over a wide range
of frequencies for various applications in industry, satellite communication, military
and medical fields. This research focuses on designing novel antenna structures of
low profile and cost with desirable characteristics such as multiband and wideband
properties in addition to frequency and polarization reconfigurability features. For
this, the resonant properties of metamaterials and their ability to aid in configuring
compact structures with tunable features will be utilized. The designs investigated in

thesis aim for compact structures that can

1. Provide multiple bands of operation that could be easily tuned as per the appli-

cation requirement.

2. Introduce desired properties at required frequency bands such as multiple po-

larization states and wideband operation.

3. Develop compact slot antenna designs that exhibit ultra-wideband resonance

characteristics using the concept of artificial transmission lines.
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7.1 Contributions

The major contributions of the thesis can be broadly classified into four depending on

the application of the designs.

7.1.1 Multiband SRR and Strip Loaded Designs

The negative permeability and negative permittivity properties of the SRR and cop-
per strip arrays when suitably excited have been used to obtain multiple bands of
resonance in slot antennas. The fundamental slot mode is obtained due to the slot
and can be tuned depending on the slot dimensions, while the additional resonance
bands obtained due to the introduction of these MTM elements can be controlled
by fine tuning the dimensions of these elements. They are suitably positioned and
oriented along the slot geometry in order to obtain maximum resonance. Thus, these
novel structures help to obtain compact multiband designs with independently tunable
frequency bands.

A compact tri-band slot antenna with independent tuning capability of its resonant
frequencies is proposed. A microstrip line fed square slot is loaded with SRRs to
obtain multiband characteristics. The slot is designed to resonate at 2.6 GHz. Two
SRRs with single and multiple splits are loaded with the slot, which provide additional
resonances at 4.3 and 4.7 GHz, respectively. Parametric analysis of the antenna shows
that its resonance frequencies are controlled independently. The proposed antenna is
fabricated on an FR4 substrate with a size of 60 x 60 x 1.56 mm?. The proposed design
offers stable omnidirectional patterns and >3.8 dBi at all the resonating frequency
bands.

A novel copper strip array loaded pentaband square slot antenna of dimension
0.2 )\_[2] is proposed here, where ), is the guide wavelength at the resonant frequency.
The loading of the slot with the array of thin copper strips yields to operation of the
antenna at five resonant frequencies 2.2 GHz, 3.4 GHz, 4.6 GHz, 5.4 GHz, 6.6 GHz.
The antenna is simulated using the HFSS software and the results are found to be
in good agreement with those of the measured ones. The proposed antenna is found
to have an impedance bandwidth above 300 MHz, peak gain more than 3 dB and
efficiency of at least 80% at all the resonant frequencies.

A compact SRR and strip loaded slot antenna is proposed which offers 78% minia-

turization at its lowest band of operation compared to the design proposed in [4]. Five
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bands of operation are obtained by exciting the copper strips and the SRR unit cell.

7.1.2 Slot Antennas Exhibiting Wideband Characteristics

Compact multiband slot antennas are designed using quarter wavelength SRR loaded
open slot antennas. The fictitious short circuit concept is used to obtain the wideband
feature. Additional bands are obtained on loading the slot with SRR and modified
SRR structures. Also, bandwidth enhancement is made possible by loading the slot
capacitance elements. Independent tuning of each of the bands is possible by changing
the slot and SRR dimensions. The dual band antenna is designed to operate at
frequency bands centred at 2.4 GHz and 6.03 GHz with impedance bandwidths of 2.7
Ghz and 330 MHz respectively while the triband antenna was designed to operate at
centre frequencies of 2.4 GHz, 7.4 GHz and 9.36 GHz offering impedance bandwidths
of 2.4 GHz, 50 MHz and 210 MHz respectively.

7.1.3 UWRB Slot Antenna Using Artificial Transmission Line

A UWB antenna is designed using the concept of artificial transmission lines. Here
the slot is loaded with rows of transmission lines that have periodically dispersed gaps,
The TLs are loaded such that the widths of the resonator elements and the periodicity
at each row remain the same. FExcitation of each of the transmission line row leads
to the generation of a different resonance depending on the capacitance introduced
by the gaps and the inductance of the resonator elements. The different resonances
thus produced combines with the slot fundamental resonance mode to give a UWB
response with good gain and efficiency values over the entire operating band. The
proposed antenna offers a compact geometry of 0.23 /\3 and operates from 2.1 GHz to
11.5 GHz with a fractional bandwdith of 138%. The gain varies from 3.8 dBi - 5.8 dBi
over the operating bandwidth while the radiation efficiency ranges from 88% - 98%.

Here A\, corresponds to the lowest operating frequency.

7.1.4 SRR and Strip Loaded Multiband CP Based Antennas

A simple method is proposed to obtain CP for a CPW fed square slot antenna at the
designed frequency. Complementary to the conventional method of using truncated

corners in microstrip patch antenna to obtain orthogonal modes with 90° phase shift,
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here, circularly polarised waves are generated at the designed frequency by adding
extensions to the slot corners. The slot is CPW fed thus, offering a planar design. The
sense of polarization can be easily controlled by changing the position of extensions.

The frequency of resonance can be controlled depending on the dimension of the slot.

The proposed design describes a micro-strip fed square slot antenna of compact
nature that operates at dual circularly polarized bands. A pair of symmetric rectangu-
lar extension is introduced on opposite corners of the square slot which is designed to
radiate at 2.36 GHz. This produces the lower circularly polarized band which operates
from 2.24 GHz - 2.62 GHz and centered at 2.4 GHz with a 3 dB AR (Axial Ratio)
bandwidth of 15.7%. Besides, loading the square slot with an array of inclined and
truncated rectangular copper strips helps produce a higher circularly polarized band.
The band operates between 3.26 GHz - 5.18 GHz centered at 4.52 GHz with a 3dB AR
bandwidth of 45.5%. These frequency bands can be independently tuned depending
on the slot and strip dimensions respectively. However, independent control of the
polarization sense at the two bands depends on the position of the extensions and the

orientation of the copper strips respectively.

A novel multiband CP square slot antenna is proposed with improved ARBW and
efficiency values. The antenna is fed with an F-shaped microstrip line, and loaded
with an SRR and U-strip, to produce triband operation with centre frequencies at 1.5
GHz, 2.5 GHz, and 3.2 GHz. The different current distributions along the sot antenna

geometry at the various frequencies are analysed and studied.

A novel, compact, SRR and strips loaded tri-band antenna with CP characteristics
is proposed in this communication. The proposed antenna provides resonances at
1.83 GHz, 2.5 GHz, and 3.1 GHz with impedance bandwidths of 21.4%, 12.8%, 4.5%,
ARBWs of 4.37%, 11.9%, 3.6% and gains of 2.7, 3.2, 3.5, respectively. The proposed
design provides wide CP resonance bands, wide ARBW values and compact size along

with a mechanism to control the CP orientation compared to other designs.

A quad band SRR loaded slot antenna is designed which exhibits circular polariza-
tion at one its bands due to the connected SRR ring. Wideband characteristic is also
observed. The different resonances are obtained due to the excitation of the different

pairs of SRRs arranged around the feed line at the substrate bottom.
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7.2 Future Scope

The current technological era finds a surge in applications of multiband antennas for
biomedical and communication purpose. The work presented in the thesis can be
further extended by loading active elements such as pin diodes or varactor diodes that
help in fine tuning of the different bands especially in case of micro split SRRs. The
diodes when switched on/off help to create or close the micro splits which creates a
change in the capacitive effects of the SRR. This in turn shifts the operating resonance
frequency depending on the opearating state of the diode. Also, the dual band CP
characteristics design can be extended to obtain CP over a wideband of frequencies.
Besides, study is being carried out regarding the various works implemented for simple
patch and monopole antenna designs, with an objective to design compact multiband
antenna structures. In the case of biomedical applications, there have been multiple
devices investigated for the need in detection of arrhythmia, sleep apnoea, cancer
and other disorders. Besides, insertion of chips, spotting of the exact position of
disorder and diseased tissues and their timely treatment requires the development
and experimentation of such multiband compact antenna designs that can be easily
simulated in bio-compatible environments and tested using body phantoms. Hence,
there will be a greater need in future for miniaturized multiband antennas using
metamaterials for such diversified applications and similarly in the field of space,

defence, aviation, metamaterial science and physics.

In the area of wireless communication, millimeter wave technology is a promising
sector where good reliability and high data rate are guaranteed for low cost, short
range communication. This is implemented in the 60 GHz band using the CMOS
(complementary metal-oxide-semiconductor) technology to realize the necessary in-
tegrated circuits. The high resolution, high gain and compactness of these antenna
designs make them a suitable candidate for collision avoidance millimeter wave radar
systems. In order to design highly sensitive biosensors, on-chip antennas that can
operate at the Terahertz frequency range have been developed. Terahertz testing
equipment and nano-fabrication techniques have facilitated the growth of this tech-
nology. Further developments in the wireless communication world would require
suitable design of such nano sized antennas that can operate at higher frequency
bands.

Hence antenna design is no longer limited to structuring an external hardware en-
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tity for reception and transmission of signals, but the antenna system is required to be
effectively incorporated into the concerned wireless communication system covering
the required frequency standards. The size, number of operating bands, impedance
bandwidths, availability of CP and UWB features provide constraints to the design
while ensuring good antenna and gain values over the operating bandwidth. Recon-
figurable and pattern diversity antennas that can radiate for MIMO systems at higher

frequency range values are also being developed.
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