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ABSTRACT

As the recent trending wireless systems are trending upward, UWB technology heralds a new
age for wireless communication systems. It has a high data rate while consuming low power.
Communication is becoming a part of the everyday living of individuals. As such, to
accomplish efficient and proper wireless communication, compact and effective radiators are
required. Undoubtedly, one of the effective radiators is a dielectric resonator antenna (DRA).
The DRA is economical and has attractive highlights such as simple planning, basic
construction strategies, and adaptability in the structure to meet the required frequencies.
DRAs are superior and preferred replacements with printed antennas and microstrip patch
antennas due to their high radiation efficiency, high data transfer capability, and adaptability

of polarization.

This thesis recommends wide bandwidth and wide axial ratio bandwidth in a rectangular DRA
(RDRA). With miniaturized DRA, some techniques such as air-spaced within dielectric
resonator structure, perturbation theory, defective ground structure, stacking, segmenting, and
merging modes of bandwidth improvement achieve the ultra-wideband operations. It also
includes UWB DRA with multiple-input multiple-output (MIMO) configuration.

In objective 2, an air-spaced DRA is designed, simulated, and fabricated for UWB operations.
This antenna consists of a rectangular dielectric resonator, microstrip feedline, and modified
ground plane. A cylindrical-shaped structure is extracted from a solid rectangular DR to
improve the antenna's gain and impedance bandwidth. The present work demonstrates gain
enhancement by increasing the diameter of the air-gap within the solid structure of the RDR.
A defective ground structure (DGS) is used to improve the antenna's impedance bandwidth in
order to achieve UWB operation. The proposed antenna has a 104.09% impedance bandwidth
(3.28 to 10.4 GHz) with a peak gain of 7.2 dB at 7.8 GHz.

OM-shaped DRA and Stacked Asymmetric DRA are two designs presented by Objective 3.
First design, dielectric resonator (DR) modified to an ‘OM’ shape for UWB (3.1 to 11.3GHz)
operations to support high data rate multimedia applications for 4G/5G communications. It has
overall antenna dimensions of 50 x 40 x 4.87 mm?3. DRA is excited by a P-type transformer
fed that offers an input impedance of 50 Q. A conformal strip is attached between the feedline
and the OM-shaped DR to improve DRA impedance matching. This ‘OM’ shaped DR structure
excites the TE111 mode at 4.9 GHz, and two higher-order modes as TE211, and TE221, at 7.2 and

8.35 GHz, respectively. The proposed DRA has an impedance bandwidth of 8.2 GHz from 3.1



to 11.3 GHz with a peak gain of 7.68 dB at 10.5 GHz. the proposed DRA exhibits an elliptically
polarized behavior with axial ratio bandwidth of 5.1GHz (< 10dB) from 6 to 11.1 GHz. A
compact circularly polarised asymmetric-stacked DRA for UWB operations is developed in
the second design, which is excited by a transformer-type feedline. The proposed DRA consists
of two rectangular ceramic blocks with the same permittivity (epr = 9.8) but differing in height
and width of DR, and an F-shaped metal strip added to the partial ground, which achieves the
widen axial ratio bandwidth. The proposed antenna is supported fundamental and third-order
modes as TEg,; and TEg,5 at 9.1 and 11.28 GHz, respectively. The proposed antenna covers
6.4 to 12.4 GHz (impedance bandwidth of 63.8 %) with a peak gain of 6.01 dBi at 11.5 GHz
and AR bandwidth (< 3 dB) is reported 63.8% (6.4 to 12.4 GHz.

Obijective 4 has proposed two MIMO DRA designs as rack-shaped DRA and cross-strip based
DRA. In the first design, a rack-shaped two radiator element MIMO DRA is proposed for ultra-
wideband applications. Two rectangular-shaped radiator elements are used to implement the
proposed MIMO antenna structure, which are further transformed into rack-shaped dielectric
resonators (DRs). An inverted T-shaped metallic strip is placed between two radiators to
achieve the impedance bandwidth of 101.87 % (3.54 to 10.89 GHz) with isolation of 15.6 dB.
Second design has better impedance bandwidth and isolation as compare to design 1. The cross-
metallic strip based RDRA consists of two RDR, Inverted T- shaped metallic strip, scissor-
shaped defected ground structure, cross-shaped metallic parasitic strips, and ground stub.
Which provides an impedance bandwidth of 104.6 %, covering frequency from 3.3 to 10.8
GHz with isolation of 20 dB. The MIMO diversity parameters are implemented within the limit

in both proposed design.
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CHAPTER 1

INTRODUCTION

1. Introduction

1.1 History of Wireless Communication

Wireless communication is a rapidly rising technology in which information is exchanged between
two points without direct contact. The demand for the mobile wireless communication industry is
increasing as their products, such as mobiles, are now considered as a necessity of life. It is
common practice among cellular telephone producers and service providers to categorize wireless
communication systems into numerous generations. First-generation (1G) systems are voice-
oriented analog cellular and cordless telephones. Second generation (2G) wireless networks are
voice-oriented digital cellular and personal communication system (PCS) and data-oriented
wireless wide-area network (WAN) and local area network (LAN). Third generation (3G)
networks integrate cellular and PCS voice services with various packet-switched data services into
asingle unified network. In parallel with appropriate 3G standardization activities, broadband local
and ad-hoc networks developed their standards and attracted much attention. The fourth-generation
(4G) is a complete internet protocol (IP)-based network system. It introduced the Long Term
Evolution (LTE) standard, which supports only packet switching and an entire IP network. Global
System for Mobile Communications (GSM), Universal Mobile Telecommunications System
(UMTS), and Code-Division Multiple Access (CDMA) voices called in 2000 required significant
changes in the infrastructure supplied by service providers, so after adopting LTE with circuit-
switched, carriers will have to re-engineer their voice call networks. The fifth generation (5G) is
the next generation for commercial cellular networks, significantly increasing Internet connectivity
speed. One of the primary benefits of enhanced connectivity is plugging the Internet of Things
(1oT) into an underlying selling point of 5G, which will have the highest connectivity speed to
allow seamless integration of large-scale devices [1][2]. Table 1.1 mentions the detailed features

of different generation networks and the core networks available for each generation.

1.2 Role of UWB Technology in Current Communication Scenario

The usage of Ultra Wide Band (UWB) wireless technology in the present wireless communication

environment has clearly reported tremendous expansion. It is used as a radio pulse and



Table 1.1: Comparison between 1G-5G

Generati | Start/Develop | Technolog | Frequency | Bandwidth | Access Core
ons ment y System | Network
1G 1970/1984 AMPS, 30KHz 2-24 kbps FDMA PSTN
NMT,
TACS
2G 1980/1999 GSM 1.8 GHz 14.4-64 TDMA/ | PSTN
kbps CDMA
3G 1990/2002 WCDMA | 1.6-2GHz | 2Mbps CDMA | Packet
Network
4G 2000/2010 LTE, 2-8 GHz 2000 Mbps | CDMA | Internet
WiMax — 1 Gbps
5G 2010/till date 4G + | 3-30 GHz 1 Gbps & | OFDM Internet
WWWW, higher
MIMO

unconventional for transmitting data over an extensive bandwidth range greater than 500 MHz. It
is a technique to achieve high data rates with the intake of low power.

The US Federal Communications Commission (FCC) has granted authorization to use unlicensed
frequency bands from 3.1 to 10.6 GHz for UWB communications [3]. A comparison of UWB
globally is shown in Table 2.

The International Telecommunication Union-Radio (ITU-R) communication explained the UWB
as a transmitting mode that the bandwidth range of the transmitted signal is more than 500 MHz,
suggesting that the fractional bandwidth is more than 20 % in the entire transmission media [4].
As shown in Figure 1.1, the UWB power is assumed to be a small value and very close to the noise
floor, which reduces its blocking and detection by intruders [5]. Currently, UWB technology has
been improved for many benefits and use in future wireless applications. It has different
applications in remote communication systems, detecting and monitoring systems, positioning and

tracking systems (military and sports), RADAR, bio-imaging systems, etc.



Table 1.2: Ultra wideband global standards

Country America, Japan Singapore Korea Europe
Canada
Frequency Unlicensed 4-4.8 GHz 6-9GHz ; 3.1-4.8GHz | 3.1-4.8GHz
Band Limit Band from Restricted Restricted; | Restricted
3.1-10.6
GHz 7.25— 3.4-42GHz | 7.2— 6—-8.5GHz
10.25GHz Restricted 10.2GHz
unlicensed
band
Regulation FCC MICs IDA ETRI ECC
Authority
Bluetooth,
. » » 802.11b »~ 802.11a
g % 4 Cordless Phones
o Microwave Ovens
o
I
c
>
0 Part 15 Limit
3
= UWB
& Spectrum
16 1.9 24 3.1 5 10.6
Spectrum (GHz)

UWB communication system compares with the traditional narrow system as time and frequency
domain behavior, shown in Figure 1.2. UWB communication systems are attracting the
researcher's attention because of the following:

e The data speed rate is extremely high in UWB communication up to 500 Mbps, low

Figure 1.1: Allocation of spectrum for UWB Application [3]

transmission power consumption for signal processing, and the highest versatility.

e UWRB is an advanced technique to deploy less path loss and better immunity to multipath

propagation.




e The UWB signal has lower susceptibility for the multipath interference to transfer the
information with ultra-short duration waveforms.
e The transceiver structure is very simple because of the absence of the carrier, and it is easily

available at a low cost.

Time-domain behavior I Frequency-domain behavior |

i
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—
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Figure 1.2: Comparative Analysis of Narrow-Band and Ultra-wideband Technologies

The main applications of UWB technology are permitted in codeless communications,
intercommunications, military, short-range applications, imaging of radar, and localization
systems. Some other applications are given below:

e Smart Car Access

e Secure Building Access

e Smart Retail

e Asset Tracking

e Sports & Fitness Tracking

e Wearable Health Sensors Medical Radars

¢ Indoor Navigation

e Smart Home

e Warehouse Positioning

1.3 Challenges in UWB Communication Systems
However, UWB communication systems have some significant challenges, as mentioned

e Generally, the transmission power level of the UWB is dependent on the existence of the

UWB device and the other wireless system.
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e The main challenge in the UWB system is the design of antennas.

e Due to the power limit set by FCC, the high data rate is available only in short range (<10
m).

e Another problem is associated with the ultra-short duration of the UWB pulse, which will
lead to a higher number of resolvable multipath components at the receiver. As in a
commonly received UWB signal, there are several delays. The scaled replicas of
transmission pulses are present as each of these resolvable pulses will go through the
separate channel fading. Thus this will make the multipath capture problem a significant
issue in the UWB system design.

e The military used the UWB radio, whereby the multiuser transmission and high multiuser
capacity was not significant issue. But this is the major issue when we use UWB systems
in commercial applications like high-speed wireless home communications etc. Thus, we
need effective coding and modulation schemes to improve the UWB multiuser capacity
and increase system performance.

An antenna that can excite a UWB operation is a crucial component of UWB communication

systems.

1.4 Antennas for UWB Communications

The antenna provides a conventional structure between radiating and receiving electromagnetic
(EM) waves [6]. It is necessary to realize that the antenna radiates the energy from time-varying
currents. An antenna converts bound circuit fields into the propagation of EM waves and mutually
collects power by passing EM waves. Maxwell's equations predict that any time-varying electric or
magnetic field produces the opposite field and produces an EM wave [7]. Antennas are usually
fabricated of conductors, and such different materials are used for planning. Fix antennas are used
for commercial purposes and security applications. It is a kind of transducer that converts electrical
energy into electromagnetic and vice-versa. In 1921, Marconi gave the idea that signals can be
transmitted in free space using a radiating device called an antenna. Since then, a number of
advancements have been reported in the field of antennas [8]. The antenna is a key element of the
wireless communication system. Several antennas have been developed to make wireless
communication systems more efficient, like wire, aperture, reflector, microstrip patch antenna
(MPA), and dielectric resonator antennas (DRAS) [6]. Today UWB antennas have attracted a great
deal of attention in industries and academia for applications in wireless transmission systems [9]

[10]. A UWB antenna can be used to replace many narrowband antennas. In 1898, Oliver Lodge
5



first presented the concept of the UWB antenna design, and after that, several UWB antennas were
developed. Aspects such as manufacturing cost and complexity of processes became essential
considerations in the design of these antennas. In the current wireless communication era, MPA and
DRAs are preferred for achieving the UWB range. Both antennas as single element or in array
environment are capable of many wireless applications. However, metal and dielectric losses are
usually associated with most MPA when printed on dielectric substrates [11]. On the other hand,
there is no metal loss for DRAs. Therefore, they have the inborn advantage of high radiation

efficiency at high frequencies [12].

1.5 Dielectric Resonator Antennas
1.5.1 Dielectric Resonators and Antennas

Resonators are significant segments in microwave communication systems. They work as
frequency-determining components in filters, oscillators, amplifiers, tuners, etc. A resonator is
‘resonating’ at a particular frequency when the EM energy is stored inside the resonator like an
inductor-capacitor-resistor (LCR) circuit. Recent advances in communication systems have
increased transmitter and receiver channels in a particular geographical area. Therefore, one must
choose the microwave and millimeter frequency range to prevent interferences due to the channels.
The global satellite system, now in operation, uses microwaves to transmit meteorological data,
telemetry, and international telephone and television channels. The allocated frequencies and noise
limit the acceptable range of operation. The progress in integrated circuit technology led to the
miniaturization of components used in microwave communication circuits. But recent progress in
electronic ceramics technology has proved that temperature stable, high Q resonators for almost
all microwave integrated circuit (MIC) applications can be utilized. Some ceramic materials,
known as dielectric resonators (DRs) [13], are beneficial for application in the range of
microwaves, millimeters, and high frequencies. DR has a high dielectric constant (&,.), high-quality
factor (Q), and small temperature coefficient of resonance (t,.) at microwave frequency [14]. Tools
employing DRs are easy to use, low cost, small size, lightweight, and high efficiency. The
versatility and adaptability of DRs have made them essential components for filters, oscillators,
etc., in modem microwave integrated circuit (MIC) applications [15]. Therefore, recent advances
in cellular radio systems, satellite TV, military radar, etc., have increased the demand for DR. In
materials technology, in particular, electronic ceramic technology has received much attention
from scientists, who are researching new materials to meet the needs of communication explosion.
The resonant cavity in DR depends on a dielectric structure whose relative permeability (e;) is
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considerably greater than 9. Under this high &, of DR can limit EM waves through multiple total
internal reflections at the dielectric air interface. If the DR is resonating at a frequency(fy), then
the maximum wavelength that is related to the relative permittivity (e,) of the material. The

wavelength of the resonance can be represented as A = € /fo for a cavity operating at the same

frequency, where c is the velocity of the electromagnetic wave in free space. If v is the velocity of
the EM wave in the medium, it can be written that

¢ _ fod _ HEoEr

v fola JUgo

where 1, is the wavelength of EM wave in the dielectric [16]. The above equation shows that the
fundamental wavelength in the air for the same frequency is +/¢,- times that in the dielectric. Thus
to obtain a fundamental resonance at a specific frequency, if a DR of &,=100 is used, its size will
be 1/10 of a cavity resonator operating at the same frequency. A resonant wavelength (1,) inside
the DR is n times smaller than the corresponding free-space wavelength (4,) and where 1 is the
refractive index, that is, inside a cavity (n = 1). Since n is approximately /e, , the size of a DR is

considerably smaller than that of an empty cavity operating at the same frequency. The size of a
resonator can be further reduced by using coaxial (’1/ 4) Resonators, which have space between

the inner and outer conductors filled with dielectric materials. In this case, the wavelength is related

to the length by the equation

Where L is the length of DRA.

1.5.2 Characteristics and Advantages of DRA
The main characteristics and advantages of DRAs are high power capability, high radiation
efficiency, compact in size, wide bandwidth, ease of excitation, less conductive loss, etc.[17].
Some properties and advantages of DRAs are given below:

e The dimension of DRA is proportional to A,/¢, , where &, is the dielectric constant of the

material.



e The absence of surface waves and minimal conductor loss is associated with DRA. By
selecting low-loss dielectric materials, high radiation efficiency and directivity can be
achieved. This is an attractive feature for designing millimeter-wave antennas, where losses
can be more significant in metal-built antennas.

e The physical size and operating bandwidth can be varied over a wide range by selecting
different dielectric constant materials.

e Each mode of DRA has its own unique intrinsic and associated external field distribution
similar to a small electric or magnetic dipole, which can produce either broad or
unidirectional radiation patterns.

e Several feeding mechanisms (including probes, slots, microstrip, and coplanar waveguide
lines) can be used effectively in DRA, making them responsible for integration with various

existing technologies.

1.5.3 Operating Principle of DRA
There are three types of boundary conditions that can be utilized to describe the working principle
of the DRA. The three media are the electric wall, magnetic wall, and dielectric interface (Pozar,
2005).
1. In the case of an electric wall, Maxwell's equations can be written as

n.D = p;

A.B=0

AXE=0

AXH=];
2. In the case of a magnetic wall boundary condition, the tangential components of the magnetic

field are absorbed by the magnetic surface.

n.D =0
n.B =0
AXE =—M;
AXH=0

3. The dielectric interface can be considered as the coupled region where the fields are coupled
from one dielectric medium to another dielectric medium.
.D; = . D,
fl.B; = . B,
AnXE =nXE,
8



A X Hy =71 XH,

In the case of DRA, the radiator is made of ceramic or an insulator, so we cannot apply the
boundary conditions of the electrical wall. Another approach is to assume the boundary condition
of the magnetic wall around the DR, which the researchers initially adopted. The problem with the
magnetic wall boundary condition is that the tangent component of the magnetic field is the only
source of energy transfer from the DR to the free space that becomes zero. As a result, the boundary
condition of the magnetic wall cannot be applied to outer surface of the DR. The only boundary
condition that can be imposed with the operation of DR is the coupled field boundary condition.
Electromagnetic radiation is caused by oscillations of electrons, which causes acceleration and de-
acceleration. The DRA operation is based on the phenomenon of how the DR radiates when the
excitation is applied. It is found that DR should be radiated in free space [18]. It considers the
periodic solution of Maxwell's equations of DR placed in free space. He explained the concept by
assuming that the DR is placed in a spherical coordinate system. The origin is on or near the DR
with the system's coordinates designated as r, 8 and ¢.

The resonator is of finite dimensions, and a sphere around it can be considered as the radius of R.
Using the concept of vector wave equations in a spherical coordinate system, the field can be
viewed as a fundamental set of solutions applied outside the sphere. For these fundamental sets of
solutions, the sum of squares of their coefficients is supposed to be proportional to their power.
This implies that zero power means all the coefficients of the solutions have vanished. Using the
principle of analytical continuity, the field outside the resonator must vanish identically in the free
space or just outside the resonator. Using the boundary condition on the outer surface of the DR
implies that the tangential component of electric field intensity (E) and normal component of
electric displacement (D) must be continuous. Therefore, the field should simply disappear outside
the resonator since the dielectric constant is finite. This means that non-radiative regions are zero
everywhere. The wave equation is of second-order in time derivative, and it is essential to be
considered. But by the nature of electromagnetic waves, the field cannot disappear outside the
resonator if oscillations are present. The area can be located outside the resonator by the current
distribution due to the movement of ions inside the DR. This causes radiation to occur due to
oscillations outside the DR and hence it radiates.

When DRA is excited, the radio waves fed within the DR and bounce back and forth within the
resonant walls resulting in standing waves rising. These standing waves store energy in the form

of electric field components E and magnetic field components H. Due to the accelerating current,



the time-varying field radiates into the free space of the DRA. Due to the fringing effect, the
magnetic field leaks into the environment through the walls of DRA in free space.

Figure 1.3: Different shapes used for DRA [10][15]

The foremost common shapes of DRASs are cylindrical, rectangular, and hemispherical, shown in
Figure 1.3. These are three shapes and their corresponding field mode configurations. The input
excitation cavity volume and boundary conditions affect the DRA resonance mode excitation. At
resonance, standing waves are formed depending on the given characteristics. Because of the
translucent walls, standing waves are transformed into traveling waves (boundary conditions).
Magnetic energy is always equal to electric energy, i.e., resonant modes can be excited as
Transverse electric (TE) [19], transverse magnetic (TM), transverse electromagnetic (TEM),
hybrid electric (HE), and hybrid electromagnetic (HEM) modes are all terms used to describe.
DRA has the ability to stimulate first or higher-order modes like (TEi11 ......... TEimn) (TM111
......... TMimn) [10]. They can be used for achieving the UWB range by using the mode merging

concept.

1.5.4 Parameters of DRA
Various parameters play an essential role in the study of DRAs. These parameters include
dielectric constant, Q-factor and resonant modes, etc. All these parameters are discussed in detail

as follows.

10



1.5.4.1 Dielectric Constant

The dielectric constant is defined as "the ratio of the amount of electrical energy stored inside the
material when an external voltage is applied to that of the energy stored in a vacuum.™ It is denoted
as er. The dielectric constant of a material concentrates on the electrostatic lines of flux under the
given conditions. The dielectric material supports the E-field when the energy is minimized as heat

energy. The net electric flux density (D) can be expressed mathematically:

D =¢yE+P
P =¢&y xE
D =¢,(1+x)E

Where 'P' is net polarization, y is the electric susceptibility, and E is electric field intensity. It is
mathematically expressed as follows:
&g =1+y
D = gy E
& =& —je
€

Where ¢, is the dielectric constant and loss tangent is formulated by tané§ = (S ) is called or

dissipation factor of the dielectric.

Dielectric polarization occurs when the electromagnetic field passes through the dielectric
material. It defines the dielectric property of the DR. DR consists of the permanent electric dipoles,
which are randomly oriented. These randomly oriented dipoles align themselves in the direction

of the field. This whole phenomenon is called polarization of the dielectrics.

1.5.4.2 Quality Factor
The Q-factor of the DRA can calculate by using equation
wW;
Praa
Where, W is the energy stored and, P, is radiated power.

Q=

The value of multiple losses and electrical energy dissipation due to losses from various activities
such as radiation, conduction, dielectric, surface wave, and non-linear processes is represented by
the Q-factor of the antenna. The total Quality factor (Q) is given below:

1 1 1 1 1

Q_t=Qrad+Q_c+Q_d+Q_sc

11



Where Qt, Qrad, Qc, Qu, and Qsc are Q-factors due to radiation, conduction dielectric and surface

wave losses, respectively.

1.5.4.3 Impedance Bandwidth
The impedance bandwidth illustrates the bandwidth over which DRA radiates or receives energy
appropriately. Impedance Bandwidth of antenna can be defined in the following three categories:
Narrowband covers a small range of the order of a percent in the area of bandwidth operating
frequency.
fn—1i
fe

BW = x 100

Where, f,= higher frequency
f1 =lower frequency
f. = center or resonant frequency

Wideband or Broadband - These antennas cover frequencies of an octave or two range.

BW=f—h><100

fi

Ultra-wide Band- Impedance Bandwidth is defined as 10dB reflection coefficient or SWR within
the frequency band. The bandwidth in the form of Q-factor and VSWR can be defined as given

below:
VSWR —1
W=—————=
QVVSWR
Impedance BW = Jn — i X 100

Vi

VSWR can also be present in the form of reflection coefficient i.e. |I'| as given below:

1+ ||

VSWR = ——
1-r|

1.5.4.4 Input Impedance

Mainly three types of impedance are studied for antennas as given below:

(i) Terminal impedance for antenna

(i) Characteristic impedance for transmission line

(ii1) Wave impedance for waveguide or dielectric.

Input Impedance has usually described the ratio of voltage to current at interconnections where the

transmission line is coupled with an antenna. Absolute energy coupling is possible when the
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transmission line impedance is approximately the same as the antenna's impedance and has no
reactive element. Normally antenna is designed so that its impedance is fixed around 50 ohms and

matched with the coaxial cable.

1.5.4.5 Radiation Pattern

The radiation pattern of an antenna is the mathematical representation and graphical depiction of
far-field radiation of an antenna. It represents a graphical spatial variation of electric or magnetic
fields along a constant radius. The radiation pattern is studied in terms of power flux density,
radiation intensity, and field strength. It provides information about the power radiated by DRA in

the direction of the far-field region. Polar and the 3-D radiation pattern are shown in Figure 1.4.

Figure 1.4: Radiation pattern: a. Polar plot, b. 3-D plot

1.5.4.6 Polarization

Polarization of antenna is a point of reference of an electric field in the direction of maximum
electric field strength. Usually, the plane that encloses electric and magnetic fields is called the
plane of polarization that is always orthogonal to wave propagation. The preferred polarization of
a wave is known as co-polarization, and orthogonal radiation is known as cross-polarization.

The polarization of transmitting and receiving antennas is essentially matched for maximum gain
of systems. The selection of polarization such as Linear, Elliptical [20], and Circular [21]-[23] is

also crucial for proper signal propagation.
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1.5.4.7 Directivity and Gain
The Gain (G) and Directivity (D) of an antenna are closely related. The gain of an antenna is a
ratio of radiation strength in a particular direction and radiation strength equally distributed in all
directions. Gain expresses how much power is transmitted in the direction of peak radiation for an
isotropic source. The radiation focusing capability of antennas is determined by the Directivity
(D). Since directivity depends on the shape of the directive pattern, any power loss in an existing
antenna system is not considered. Directivity describes the competence to guide power in a
particular direction in comparison to other directions. Directivity is the ratio of maximum power
density, i.e., Pmax and Average power density in the whole sphere:
Prax
%f;lo Jy—o P(6,0)sin6 d do

Directivity = 10log,, D (dBi)

D=

1.5.4.8 Radiation Efficiency (n)

Radiation efficiency describes how efficiently the antenna transmits and receives RF signals. The
ratio of the radiated power and the input power received from the antenna is called the radiation
efficiency. Radiation efficiency is formulated in the term of Directivity (D) and Gain (G) as given

below:

=
I
(o) o)

1.5.5 DRAs Excitation Techniques
The different feeding techniques that are used to feed DRAs include the following: the conducting
probe; aperture coupling; coplanar waveguide; and microstrip feedline. The feed dimensions of

tapping are the factors used to control impedance matching of the antenna with feedline [15] [24].

1.5.5.1 Coaxial Feeding Mechanism

The probe excitation requires drilling a hole in the ground to insert the probe connected to the DR,
as shown in Figure 1.5. Probe dimensions are factors that control impedance matching. High
permittivity DRASs can also be efficiently stimulated by placing the conductor probes near the outer

surface.
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Figure 1.5: DRA using coaxial fed [15]

1.5.5.2 Aperture Coupled Feeding Mechanism

The most famous feeding techniques for DRA mentioned in the literature is using slot or aperture
on the ground plane. The feed line of antenna is printed on bottom of the substrate and depicted in
Figure 1.6. Figure 1.6 shows the 3D view of DRA. A DR is placed on metallic ground plane and

excited by a feedline through a coupling slot.

Figure 1.6: DRA using aperture coupled fed [15]

1.5.5.3 Microstrip Transmission Line Feeding Technique

In this feeding technique, a conducting strip is directly attached to the edge of the DR, as shown
in Figure 1.7. The conducting strip is smaller in width as compared to length. Such feed
arrangement has the advantage that it can be etched on the same substrate to provide a planar

structure.
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Figure 1.7: DRA using Microstrip fed with conformal transmission line [15]
1.5.5.4 Coplanar Feeding
As shown in Figure 1.8, coplanar waveguide (CPW) fed is circular loop with inductive and
capacitive slots. To improve DRA performance, the coupling slot beneath the dielectric resonator

can be modified, which is the main advantage of CPW excitation.

Figure 1.8: DRA using CPW fed [15]

DRA supports good data rates for services requiring high data rates such as 5G wireless
communication. UWB technology has received more attention in current wireless communication.
Compared to MSA, the conventional DRAs provide 10-20% more bandwidth, which cannot cover
the UWB range, so some techniques are implemented to increase the performance parameter of
DRA to achieve UWB range, and the next section discusses some DRA performance parameters

for enhancing the characteristics.

1.5.6 Performance parameters of DRA for UWB applications
To support high data rates, good channel bandwidth, better efficiency, and gain with the DRAs,
some techniques have been reported to enhance the performance of these parameters like
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impedance bandwidth, AR bandwidth, gain, and radiation pattern. A detailed study to improve

these various parameters are reported in various review articles [14], [22], [25], [26].

Diglectric Slab
(s, = 12.8)

G dPlane
iz TOLI

Excitation Port

Substrate (2. = 4.4)

a[14] [24] b [27]
Figure 1.9: a. Stacking of DRA, b. Perturbed DRA

Multi-input, multi-output (MIMO), is a technique for increasing the capacity of a radio link by
employing multiple transmitting and receiving antennas to take advantage of multipath
propagation. Over the past several decades, MIMO has become a more popular RF/microwave
communications technology, notable examples include short- and long-distance communications
for high data rate applications [28].

1.5.6.1 Bandwidth enhancement techniques of DRA

Although DRA provides a broader bandwidth than MPA, we need to develop some methods to
enhance DRA bandwidth. The methods have been reported in existing literature previously. The
bandwidth of DRA can be increased utilizing a variety of methods, including stacking and
perturbing approaches [27], [29]. After that, the concept of insertion of air gap between the ground
plane and inside the DR was reported to enhance the bandwidth [30], [31]. The impedance
bandwidth of the DRA can also be improved by creating an air-space within the DR structure. In
this research, the effect of the aspect ratio of DR on the antenna bandwidth has also been reported.
This suggests that because to DR's high aspect ratio, a large number of modes are kept close
together. The bandwidth of the DRA increases due to the merging of adjacent modes. Generally,
an aspect ratio of more than one is considered the high aspect ratio of the DR. Recently, a study
was carried out to enhance the bandwidth using dielectric slabs specifically, as shown in Figure
1.9. This work defines how the bandwidth of DRA can be controlled by adjusting the modes
generated inside the DR. A simple concept to enhance DRA bandwidth is that it excites a large
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number of nearby modes, which enhances the performance of DRA. The conical structure was also

reported to utilize the concept of bandwidth enhancement [32].

1.5.6.2 Gain enhancement techniques of DRA

There are different techniques for gain enhancement that researchers have reported. One of the
studies was reported elaborating that introducing higher-order modes inside DR results in the
enhancement of Gain [33]. The Gain of DRA is also improved by stacking the DR elements [34]
[35]. Researchers reported the stacking DRA elements for the gain enhancement [36]-[38].
Recently, we carried out a technique to enhance the gain and bandwidth by using the hybrid patch
and DRA [35]. Here a slotted microstrip patch is used to feed the DR. DR was loaded to the
rectangular patch to enhance the Gain [36]. Some-time perturbation concepts of DRs are used to

enhance gain or directivity characteristics.

Therefore DRA has several advantages over MSA, such as controlling metal and surface wave
losses, and 10-20% widen band of operation has motivated us to carry out research work in the

field of UWB DRAs for 5G applications. The thesis outline is as presented below.

1.6 Motivation

In the extensive literature survey carried out above, it is observed that the current wireless
communication system requires DRAs that have optimum size, provide good impedance
bandwidth, AR bandwidth, gain, and radiation efficiency. Additionally, it is observed that MIMO
UWB DRA:s are preferred choice in the 4G / 5G communication systems as they can provide better
bandwidth and better diversity with EP/CP characteristics to overcome the loss in signal and to

improve the strength in 5G communication systems.

The available research gaps in the area of DRAS are outlined in the next section that helps in define

the objective of the proposed doctoral research work.

1.7 Research Gaps

DRA can be used for narrowband, wideband, UWB, millimeter, and high-frequency applications.

The literature survey has been done in the field of UWB DRA and arrays of UWB DRAs, which

provide an excellent bandwidth for high data rate applications that support multimedia series.

However, some of the research gaps found during the literature survey of DRAs are listed below.
1. High gain DRA have been reported with very complex structures. Work can be done to get

good benefits from DRA with simple structures in UWB applications.
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2. There is not much work reported in the literature on using hollow or stacked and segmented
DRAs with the same or different dielectric constants for UWB operations.
3. Many DRAs are available for wideband/UWB applications, but UWB DRAs with elliptical
or circular polarization is an open area of research.
4. MIMO DRA arrays can be designed with good isolation properties between the antenna
elements. UWB MIMO DRA is an open area of research.
1.8 Research Obijectives
Based upon the research gaps listed in the section, a few research objectives are proposed for the
current doctoral research work as below:
1. To study Dielectric Resonator Antennas, their geometries, operation, and mathematical
analysis for UWB applications.
2. To design, simulate, fabricate and test, super shaped UWB DRA for future wireless
applications.
3. Todesign, simulate, fabricate and test an elliptically or circularly polarized UWB Dielectric
Resonator Antenna.
4. To design, simulate, fabricate and test a DRA array for multiple-input multiple-output
(MIMO) applications.

1.9 Research Contribution

According to the research objectives, the main contribution of this thesis is to employ the UWB
DRA with high or constant gain. This thesis focuses on key aspects of DRAs, to design UWB
DRA as EP / CP, MIMO with compact in size. The main contributions of the objective-based

research work are summarized and discussed in chapters 3-6.

1.10 Thesis Outline

The thesis aims to detail some typical UWB DRA configurations for the future wireless
communication system. It is organized into six chapters, with a summary of each chapter given
below:

Chapter 1: Introduction

The UWB technology is discussed in this chapter, along with its different benefits, characteristics,
and applications. The chapter mentions the details on the usage of DRAs for UWB operation
characteristics. In addition, possible solutions to the problems faced by the UWB DRA and the

organization of the thesis are presented.
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Chapter 2: Literature Survey

This chapter is organized into subsections and offers an in-depth study of the relevant literature.
The first part shows the introduction. The second part includes the literature survey, which is
further divided into some subparts. The third part includes motivation. The fourth part consists of
the research gaps, and the fifth Part of chapter 2 consists of the objectives of the doctoral research

work.

Chapter 3: Cylindrical Air-spaced Dielectric Resonator Antenna

This chapter presents a new geometry air-spaced DRA that is proposed to enhance the gain and
impedance bandwidth of the proposed antenna. A cylindrical-shaped structure is removed from a
rectangular DR. The DR is excited by a quarter-wave transformer type fed printed on top of the
substrate and the bottom layer of the substrate has a partial ground plane with a rectangular-shaped
DGS. The impedance bandwidth of the proposed DRA is 104.09% (3.28-10.4 GHz).

Chapter 4: Elliptically and circularly polarized Dielectric Resonator Antenna for UWB
Operation

This chapter presents the design of EP/CP DRA with UWB characteristics, which is divided into
two parts as first and second design. The first design discusses an elliptically polarized 'OM' shaped
DRA, excited by an inverted P-shaped feedline and rectangular-shaped DGS cut from the infinite
ground. The performance of the proposed antenna is compared without perturbed DRA. The
second design discusses a CP asymmetrical-shaped DRA with the modified ground. This DRA
consists of two ceramic blocks, segmented with similar permittivity material and excited by a

transformer-type microstrip feedline with 50 Q.

Chapter 5: MIMO Dielectric Resonator Antennas for UWB Operation

This chapter presents the two design of MIMO DRA for UWB operations. In the first design, a
two radiator-based MIMO UWB rack-shaped DRA. Two rectangular-shaped radiator elements are
used to create the proposed MIMO antenna design, which is then turned into a rack-shaped DR.
An inverted T- shaped metallic strip and DGS is used to achieve the UWB operations. In the second
design, a cross-shaped metallic parasitic strips based MIMO DRA excited by QWT microstrip
feedline, designed, simulated, and fabricated. Inverted T- shaped metallic strip, scissor-shaped
DGS, and ground stub to improve the impedance bandwidth, and to enhance the isolation using

ground stub and cross-shaped metallic strips within the UWB operations.
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Chapter 6: Conclusion and Future Work

Finally, the conclusion of the research work performed in this thesis is summarized. It also draws
the achievement of the designed UWB DRA, and its possible future scope is documented in this

last chapter of the thesis.
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CHAPTER 2

LITERATURE SURVEY

This chapter presents the literature survey done in context to UWB DRASs. An extensive literature
survey in this regard led to identifying research gaps and the definition of the objective for the
proposed doctoral research work. The chapter is ordered into six distinct sections. Section 2.1
discusses the history of DRAS. Section 2.2 discusses the literature review on UWB DRAs, and it
has subsections; 2.2.1 to 2.2.10. Sections 2.3 to 2.6 discuss the motivation, research gaps, research

objectives, and research contribution in context to the proposed doctoral work.

2.1 History of DRAs

It was reported that a dielectric material of a specific shape could serve as a resonator for high-
frequency oscillations, known as Dielectric Resonator (DR) [18]. The analysis revealed that the
DR must radiate in an open environment (free space). The concept of resonant frequencies and the
mode of oscillations was also stated in this study. The possibility of building a much smaller
antenna using DR has also been explored [39]. A rigorous asymptotic theory for evaluating modes
in a specific size DR was presented, along with the nature of the irradiated field [40]. The first
experimental study on a cylindrical DR cavity was reported in 1983 [41]. A rectangular DRA was
also analyzed and presented in 1983[42]. Later in 1984, a hemispherical DRA was implemented.
The cylindrical DRA with the study of radiation characteristics and new applications was proposed
in [43]. A half-split DR is used for the antenna application when placed on a metallic plane [44].
Later, the slot coupling method was used in half split DR, where the slot was used to define the
fields that leak inside the DR structure to determine the modes [45]. Until then, research was
carried out with new DR shapes with exciting appropriate feeding techniques. The radiation field,
resonant mode, and field distribution inside the DR structure are all important factors to consider
while building a DRA. Many research works have been done on the study of resonant modes and
field distributions inside DR. These modes define the field pattern of the DRA. The resonant mode
of the dielectric resonator was reported along with the characteristic equations of the current mode
[46]. This research work investigated the existence of modes experimentally. In [47], Several
resonant modes inside an open dielectric resonator were described, along with calculating their
characteristics. The generation of modes in a cylindrical dielectric waveguide near and far from
the cut-off frequency was reported [48]. Transverse and hybrid modes, as well as mode

characteristics, were studied and analyzed.
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In order to find out research gaps in the reported literature on UWB DRAS, the next section

presents the available literature survey to same.

2.2 Literature Review on UWB DRAS
This section presents a literature survey on UWB DRAs. DRAs can effectively achieve the UWB
range, and many researchers have worked in this area. Some of the reported work has been

classified into different techniques for obtaining the UWB.

2.2.1 UWB DRA based on thin monopole

M. Lapierre et al. 2005 [49] designed a monopole-loaded single annular ring DRA with the same
axial reference for UWB applications. The cylindrical DR is mounted on a finite ground plane,
excited by a coaxial feedline combined with a quarter-wave monopole. The prototype antennal
covered a frequency range of 6.3 to 16.2 GHz, and had a permittivity of 10 and a height of 10 mm.
The prototype antenna2 covered the frequency range of 4.2 to 10.1 GHz, and had a high
permittivity of 20 and height of 15 mm.

Y.F Ruan et al. 2006 [50] described a double ring concentric annular DRA. When monopole
height was 6.8 mm, and both rings took different electrical permittivity (36, 4) with heights of 7
mm and 10mm, respectively, the antenna covered wide impedance bandwidth (5 to 5.9 GHz).
Further, both annular rings offer similar electrical permittivity (20) with heights of 7 mm and
10mm, respectively. This antenna covered frequencies from 3 to 11.2 GHz when the height of the
monopole was 22 mm. Monopole and concentric annular ring structures with different parameters
achieved the UWB range.

Saswati Ghosh et al. (2008) [51] designed a hybrid antenna for UWB performance. This antenna
had the concentric annular ring DRA with T- shaped thin monopole excited by a coaxial feedline.
This monopole-based technique shifted the resonance to the lower end and adjusted the length
along the loaded arm to improve the impedance bandwidth. This antenna covered the UWB range
with 10 dB impedance bandwidth of 110% (4 to 15 GHz).

I. Zivkovic (2012) [52] described a DRA loaded with wire monopole to achieve UWB operations.
The monopole consisted of a coaxial feedline with a 9 mm long wire on a 60 x 60 mm? ground
plane and a 3.5 mm internal conductor with 50Q input impedance. The introduction of dielectric

(s2850 epoxy dielectric) loading made it possible to tune the antenna with an omnidirectional
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radiation pattern. It observed that the antenna reported three frequency bands from 6.8 to 9.04
GHz, 21.44 to 27.08 GHz, and 36.3 to 40 GHz, respectively.

Mahmoud Niroo-Jazi et al. (2012) [53] presented a novel DRA for UWB operations with band-
rejection characteristics. The antenna structure considered was a monopole DR. Further, a
spherical ring patch (SRP) formed on a grounded substrate. To manage the stop-band position and
increase radiation performance, the SRP has a monopole built into the structure. The radiation
efficiency of the antenna outside the stop band was more than 92.25%. It could be seen that a low

cross-polarization level of less than -12 dB was reported within the entire frequency band.

Debatosh Guha et al. (2012) [54] investigated hybrid monopole DRA with improved UWB
characteristics. Simply hemispherical and conical shapes were implemented as a dielectric ring
resonator (DRR) with a monopole to enhance the impedance bandwidth. Using a conical DRR
(CoDRR) of the same dielectric material, this antenna was compared to an earlier version, with a
25% larger impedance bandwidth while maintaining similar gain and radiation properties. These

two antennas reported the frequency range from 4-16 GHz and 5.6-22.4 with a gain of 2-4 dBi.

M. Abedian et al. (2012) [55] designed a new compact two-segmented DRA (TSDRA) for UWB
applications. This antenna involved a thin wire monopole filled with two DRAs with different
dielectric constants and a compact overall antenna size of 18 x 36 x 11 mm?3. Through a modified
TSDR excited by a U-shaped microstrip feedline, appropriate radiation characteristics were
obtained. It provided a UWB range with high radiation efficiency. The TSDRA reported an
impedance bandwidth of 110% from 3.09 to 11.5 GHz (simulated) and 3.14 to 10.9 GHz
(measured).

Cengiz Ozzaim et al. (2014) [56] presented a stacked conical ring DRA (SCRDRA) stimulated
by an axially symmetric coaxial monopole. The SCRDRA considers two cases: case 1, the two
cones end upwards, and in case 2, the top cone was inverted to form a "sand-glass" shaped DRA.
The proposed SCRDRA gives a fractional bandwidth of 138% from 2 to 16 GHz along with a
monopole radiation pattern, and the gain of the antenna was reported as 4 dBi. Monopole antenna

with 30 mm of height was given an impedance bandwidth of 143% and covered 2 to 12 GHz.

Seyyed H. Seyyedhatami et al. (2014) [57] presented a compact DRA for UWB applications.
This antenna consisted of a truncated ground, modified transformer type monopole-based
microstrip feedline for excited RDR, and a parasitic element was used underneath the DR layer.
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The DR was mounted on the FR4 substrate with a size of 15x20x5.8 mm?3. The impedance
bandwidth of the antenna was reported 153% (3.7 to 28 GHz) with peak gain of 6.05 dBi.

Ali A. Al-Azza et al. (2018) [58] developed a conical and cylindrical DRA stacked to each other
and fixed vertically to achieve the UWB range. Vertically stacked annular conical CDRA was
excited by a coax feedline having a cylindrical monopole. Comparative analysis of the antenna
compared to other DRAS reported an impedance bandwidth of 148.6% (5.1 - 34.6 GHz) and a peak
gain of 7.14 dBi.

Zhiwei Song et al. (2019) [59] investigated low-profile triangular DRA with printed planar
monopole characteristics. The dimension of the prototype was 17.6 x 33.6 x 1.52 mm?. The
proposed stacked triangular DRA was excited by a CPW feed between two DR layers stacked with
a rectangular patch. This patch-based DRA covered 3.2 to 10.96 GHz and 3.2 to 11.35 GHz with
an impedance bandwidth of 109.6% and 112%. The antenna had shown low cross-polarization

level and high radiation efficiency.
2.2.2 Air-gap based DRAs for UWB operation

T.A. Denidni et al. (2009) [60] introduced a new rectangular DRA (RDRA) for UWB applications.
The RDRA was excited directly through a coaxial feed with a bevel-shaped patch and provided an
air gap. The RDR was mounted on the ground with a size of 75x90 mm?, and DR was made of
Rogers TMM 10i with a size of 27.2x12.6x19.1 mm?. The Q-factor and effective permittivity were
reduced using air-gap between DR and metallic layer, and the bevel-shaped feed provided mode
transition. The peak radiation efficiency of the antenna was 90%, and impedance bandwidth was
120% (2.6 to 11 GHz).

T. A. Denidni et al. (2010) [61] presented a new Z-shaped DRA for UWB applications. This
antenna consisted of a Z-shaped DR, excited by a bevel-shaped patch coaxial feed, and an air gap
was provided between the DR and ground plane. The Z-shaped DR was placed in the center on the
metallic ground with 75 x 90 mm?. The antenna's effective dielectric constant and Q-factors were
reduced by providing an air gap and bevel-shaped feed. So widen bandwidth and impedance
matching was achieved with an impedance bandwidth of 121% (2.5 to 10.3 GHz).

Yong Feng Wang et al. (2014) [62] presented RDRA for UWB and narrowband (NB). The UWB
characteristic was achieved by port 1, where a bevel patch-based coaxial fed and air gap was
provided between the ground and the RDR. Two identical short-circuited metal strips were

introduced to achieve narrowband and provided good isolation between the two ports. These
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antennas were reported in two frequency bands from 2.4 to 12 GHz and 2.3 to 4.5 GHz,
respectively. The isolation of antenna was improved by short-circuited metallic strips, and more
than 10 dB isolation across the operating band was found, except 2 to 4 GHz band, where the peak

gain value was 6 dB at 2.5 GHz.

2.2.3 Patch-based DRA for UWB

M. Aoutoul et al. (2009) [63] investigated a compact rectangular DRA (RDRA). This antenna was
a low-profile RDR (g, = 3, 10.2) having the dimension of 10 x10x 2.5 mm? placed on Rogers RT
Duroid 3010 substrate (30 x45x1.27 mm?), with the dimension of truncated ground was 30x 25
mm?2. A metallic layer of 3.9375 x 3.9375 x1.2 mm?® was fixed beneath the DRA to improve the
bandwidth (31%, 6.86 to 9.41 GHz) and impedance matching characteristics. An impedance
bandwidth of 46% (6.9 to 11 GHz) was achieved by using a stepped slot in the ground plane.

Zi-bin Weng et al. (2010) [64] introduced a new CDRA excited by a CPW feed with a crescent
patch-based antenna for UWB applications. This antenna consisted of a compact circular-shaped
DR, a crescent-shaped patch using CPW feed, and a modified ground plane. The DR was placed
on a substrate (60 x 60 mm?) and chosen a relative permittivity of 35. The electromagnetic coupling
was reported between the feeding patch and the DR. The DR was found to have well-matched
bands that existed with fundamental mode (TE111) characteristics at 1.9 GHz and some higher-
order modes found at 6 and 9 GHz frequencies. This antenna covered a frequency range from 1.6
to 15 GHz.

T.A. Denidni et al. (2011) [65] introduced UWB DRA, excited by a CPW fed with a bevel-
inspired patch. The DRA was placed on a Rogers's substrate (height of 1.64 mm and 24 x 15 x 6
mm?). The antenna had two structure configurations with or without DR. When the structure was
without DR, the antenna operated from 5.7 to 10 GHz, and it had a DR; then, the lower band shifted
to 2.4 GHz and showed a better impedance matching. The optimized bandwidth of the antenna
was obtained from 2.72 to 10.2 GHz. Using the CPW feed, this antenna achieved 49.4%, which
was higher than the conventional feed. The optimal height of DR was achieved at 6 mm, and the
length of DR was varied between 10 to 11 mm. Finally, it was observed that the proposed antenna
was reported two notch bands from 3.35 to 3.8 GHz and 5.1 to 6.1 GHz and covered the frequency
range from 3.1 to 10.6 GHz.

Yong-Feng Wang et al. (2013) [66] discussed a UWB planar monopole patch-based CDRA. This
prototype was placed on a Rogers RO4350B substrate (thickness of 0.762 mm). This antenna was
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excited by the CPW feed, and another feed was used to excite DR by a slot that provided an NB.
The measured results covered the frequency band from 3.05 - 11 GHz. In addition, both ports

presented the same polarization and greater than 10 dB isolation within the operating range.

Idris messaoudene et al. (2016) [67] designed a solid RDRA to operate a range from 5.45 to 10.5
GHz, and this range was achieved by using the modified ground. The range of antenna was
improved from 4 to 10.8 GHz by using a modified U-shaped DRA. Further, a metallic element
was inserted inside the U-shaped DRA to improve the impedance bandwidth and cover frequency
from 2.65 to 10.9 GHz with a peak gain of 6.2dB.

2.2.4 Inserted DRAs for UWB operation

Kenny Seungwoo Ryu et al. (2010) [68] presented a novel portable DRA and designed a narrow
pulse sensor for breast cancer detection. The antenna provided broad radiation by a solid RDR
mounted on the edge of a vertical ground plane. The total size of DRA was 18.3 x 14 x 5.08 mm?,
having a permittivity of 10.2, and placed on RT6002 substrate. A wide impedance bandwidth was
obtained by a modified RDR shape, consisting of two dielectric fragments and converted into A-
shape DRA. This antenna provided an impedance bandwidth of 84%, and the DR has two cuts and
is fixed on the vertical ground plane. It was fitted to the edge, covering an impedance bandwidth
of 93% (3.5 t0 9.6 GHz).

Kenny Seungwoo Ryu et al. (2011) [69] presented a printed monopole-based DRA for UWB
operations. The total size of the antenna was 15 x 33 x 5.08 mm?. The inserted U-shaped DR was
excited by a monopole-based CPW feed placed on the substrate. Three structures were followed:
inserted DRA excited by microstrip feedline, planar DRA excited by CPW feed, and planar DRA
excited by microstrip feedline. This antenna reported 10 dB bandwidth of 115% in the case of
CPW and 109 % in the microstrip feedline. This antenna covered the frequency range from 3 to
11.5 GHz (simulated) and from 3.2 to 10.8 GHz (measured).

2.2.5 UWB DRA with band-rejection characteristics

Abas Sabouni et al. (2012 ) [70] designed an A-shaped DRA for UWB applications. This radiator
element was excited by a transformer-type feedline and placed on the top of the substrate with a
partial ground. Shorted stubs produced the notch features, and parasitic elements were attached to
the feedline. Two notches were created within the UWB range. When two U-shaped parasitic
elements were used with a length of 8.96 and 10.65 along the width of 1mm, this DRA reported a

band from 3.5 to 10.5 GHz. The peak gain of the antenna was 5.46 dB except for a notch.
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M. Abedian et al. (2013) [71] described a novel compact L-shaped DRA with a stopband
characteristic for UWB applications. This antenna was made of printed monopole loaded with DR;
it was placed on the substrate. An L-shaped parasitic strip was connected with the ground to
achieve the notch characteristics. This antenna provided a wide impedance bandwidth of 120%
(3.05 to 12.1 GHz) with a band rejection at f;,,¢cn = 5.8 GHz with 5.71 to 6.32 GHz. Using a
modified metal sheet and fixed it under the DR. L-shaped strips and metallic sheets were used to
improve impedance bandwidth and reported a gain of 4 dBi.

Yong Feng Wang et al. (2014) [72] presented a UWB RDRA with band notch characteristics.
Two symmetric short circuit strips etched slots in the feeding patch are introduced to form a band-
notched, and RDR hanged center on the metallic copper ground. The result demonstrated that both
methods could form a notched band with appropriate positions using two symmetric strips attached
in the opposite direction to the DR. The measured result showed that the DRA achieved UWB
range from 3.6 to 12 GHz with a notched band from 5.1 to 6.0 GHz.

M. Abedian et al. (2015) [73] discussed dual band-notched DRA for UWB applications. The total
antenna size was 12x30x6 mm?3. This antenna was implemented with an arrangement of inserted
DR excited by a U-shaped microstrip feedline. A stub was attached to a hollow center, an inverted
T-shaped parasitic strip was fixed on the substrate, and a slot was cut in the ground to improve the
bandwidth. This antenna provided an impedance bandwidth of 122% (3.03 to 12.52 GHz), with
two-band rejection characteristics from 3.22 to 4.06 GHz and 4.84 to 5.96 GHz. As width varies
from 0.8 to 1.4 mm, the notched frequency shifted down. The proposed antenna covered the

frequency range from 3.45 to 10.9 GHz with an impedance bandwidth of 103.83%.

Upali Aparajita Dash et al. (2018) [74] presented a conical-shaped DRA with the size of 60 x 60
x 10 mm?®. A circular patch having a cross-slot was printed on the top of the substrate, and a
modified ground plane was used to obtain the UWB characteristics. In addition, the inverted
conical DR was mounted on cross slot patches to achieve a high gain and wide impedance
bandwidth of 152% (1.7 to 13.5 GHz). Notches were created from 3.0 to 3.75 GHz (Wi-Max) and
5.2 t0 5.6 GHz (WLAN) to prevent interferences within the communication band. The measured

gain of the antenna reported as 6 dBi except for two notches.
2.2.6 Stacked- segmented-composite DRA for UWB operation

Yuehe Ge et al. (2011) [75] designed an RDRA for UWB operations. Two half-size DRAs were

presented with infinite PEC walls. Stacking with low and high permittivity was kept each other
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and placed on the infinite ground to achieve broad impedance bandwidth. The volume of DR was
reduced by using a finite conducting wall fixed on the side of the DR layer. The impedance
bandwidth of DRA was 110%.

Elham Erfani et al. (2016) [76] developed a hybrid DRA (HDRA) for UWB applications. The
HDRA operated with three matching techniques such as step matching, composite dielectric, and
dielectric shaping. These techniques were used for proper radiation performance. The dimensions
of the groundsheet were 150 x 150 x 0.56 mm?®. Comparative bandwidth analysis of Antenna 1
and Antenna 2 was reported 158 % & 161%, respectively. The frequency range of Antenna 1 was
1.86 to 16.6 GHz, and Antenna 2 covered a frequency range from 1.67 to 15.63 GHz. The final
antenna was achieved an impedance bandwidth up to 164% (VSWR < 2.5).

Poonam Kshirsagar et al. (2017) [77] described a two-segmented RDRA with a combination of
half-sized RDRA composed with ,= 4.3 and ¢,=9.2. A rectangular DGS was extracted from
the infinite ground. The DGS position was observed at 0 °, 30 °, and 45 °. This antenna covered
frequency from 2.9 to 11.6 GHz (120%) at an angle of 45 °. As the height of the patch increased,
the bandwidth increased significantly. This antenna was reported to have a peak gain of 7.2 dBi
and radiation efficiency of 95%.

Debatosh Guha et al. (2017) [78] explored a three-segment composite DRR. This DRR was
adjusted with a vertical monopole. The proposed mushroom-shaped monopole DRA (MSMDRA)
covered the UWB range and had a maximum group delay of 1.6 ns at 20 and 25 GHz. This antenna
was achieved with an impedance bandwidth of 137 % (4.8 to 24.8 GHz) with a peak gain of 6.2
dBi.

Mian Shahzad Igbal et al. (2018) [79] presented RDRA with dimensions of 12 x 8 x 15 mm? and
an infinite ground plane (40 x 40 mm?). The low permittivity insert (LPI) block was placed on the
ground, and DR was fixed on the top of the LPI layer. Further, the antenna's performance was
improved and provided an air gap (tetrahedron shaped) in DR to decrease the effective permittivity
and vice versa to improve the performance of the proposed antenna. This antenna covered the
frequency range from 3.11 to 11.6 GHz with an impedance bandwidth of 115%. It was found that
the total power radiated in the upper hemisphere was approximately 90%, with significant > 10%
power radiated in the lower hemisphere. The overall spectral efficiency of the antenna was

increased to 52%.
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Kedar Trivedi et al. (2018) [80] designed a triangular prism-shaped DRA for UWB applications.
In this work, a low permittivity dielectric resonator material was sandwiched between two high
permittivity DR materials to enhance bandwidth. The DRA was mounted on a square ground plane
(L =140 mm) and excited by a coaxial feedline. The impedance bandwidth was achieved up to
120.9 %, which covered a range from 3.3 to 13.4 GHz.

Anand Sharma et al. (2018) [81] discussed a composite (alumina, Teflon) based DRA with the
partial ground for UWB applications. The overall study was about unbalanced dumbbell-shaped
CDRA & was due to the absence of metallic loss in CDRA. The optimal ground plane length was
observed at 14.5 mm. The proposed antenna was operated from 3.23 to 10.98 GHz. The fidelity
factor analyzed 86 % & 79 % for side-by-side & face-to-face arrangements. The average gain and
radiation efficiency of the antenna were 3.1 dBi and 0.88, respectively. The antenna was achieved

the UWB range by using a tilted annular-shaped printed line and modified DR structure.

Chemseddine Zebiri et al. (2019) [82] presented a compact CDRA having a defective ground for
UWB applications. The structure was based on two CDRAs located heterogeneously concerning
the center of the offset rectangular coupling aperture, considered three and four DRs. The
impedance bandwidth of the antenna was 133% (3.6 to 18 GHz) with peak gain of 7.9 dBi.

Fan Wang et al. (2019) [83] presented a stacked DRA for UWB applications. It has a multilayer
structure with different permittivity (6.15, 10.2, and 2.33) and different thicknesses. This single
element antenna was converted into nine radiator elements and excited by a single feedline. This
single antenna covered a range from 6 to 16 GHz with an impedance bandwidth of 90.9%. The
newly modified structure of DRs was given the impedance bandwidth of 101.1% (5.42 to 16.5
GHz) with a peak gain of 6.2 dB.

2.2.7 UWB Reconfigurable DRA

Mehdi Abioghli et al. (2018) [83] designed a reconfigurable DRA having the dimensions of 40 x
40 x 7.3 mm?. The geometry of the modified ground plane was constructed by joining two slots to
an L-shaped stub. Finally, the DRA was designed with Rogers RT6010 (relative permittivity &,=
10.2) with T-shaped, mounted on an FR4 substrate. The reconfigurable concept was implemented
by using the PIN diodes. 0.7 Volt was applied through the diode to bias them, and suitable
impedance matching provided at 17 mm of ground length. The antenna reported rejecting
switchable bands such as WiMAX (3.2 to 3.65 GHz), WLAN 5 GHz (4.8 to 6 GHz), and ITU 8
GHz (8 to 8.3 GHz), respectively.
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Mehdi Abioghli et al. (2018) [84] implemented narrow band reconfigurable DRA for cognitive
radio applications. The dual-port DR was placed on an FR4 substrate (permittivity of 4.4, thickness
of 0.8 mm, tangent loss of 0.02, and dimension of 65 x 40 mm?). The DR was made of Rogers
RT6010LM with &,.=10.2. It was found that as the gap between the two metal strips increased, the
resonant frequency shifted from 3 GHz into the upper frequency. The impedance bandwidth of the
antenna achieved 80.34 % at the length of 17 mm. A wide tuning range was observed at VSWR <
2. To reduce mutual coupling, the space between the ground plane was chosen to be 10 mm. The

radiation efficiency of the antenna was reported to be greater than 90%.

2.2.8 Super-shaped and other shaped DRAs for UWB operation

M. Simeoni et al. (2011) [85] presented a novel class of DRA, combining super-shaped contour
and adopting plastic manufacturing material. Two different Super-shaped-DRA (S-DRA) were
discussed. The first one was single feed S-DRA, and the second one was double feed based S-
DRA. The single feed S-DRA antenna reported an operational bandwidth from 6 to 13 GHz. The
maximum transmission coefficient was -12.7 dB. The double feed-based S-DRA covered the

frequency range from 6 to 20 GHz. This antenna reported good 3 dB AR bandwidth.

Dileep Sankaranarayanan et al. (2016) [86] presented a unique and compact DRA-modified
Koch snowflake-shaped for broadband usage. The radius and height of the CDRA were 2.68 cm
and 1.5 cm. CDRA was fixed on top of the FR4 substrate, and a ground plane with the dimension
of 10 cm x 10 cm was printed on the backside of the substrate. The designed geometry was used
to enhance the performance of the antenna. It covered the frequency range from 4.7 to 12.4 GHz
(90 % working bandwidth) with peak radiation efficiency and peak gain of 78 % & 8.76 dBi,

respectively.

Dileep Sankaranarayanan et al. (2017) [87] discussed Bi Cone-shaped DRA, having Rogers
TMM10i with a dielectric constant of 9.8. Comparative analysis between compact DRA, Bi-Cone
DRA, and Bi-Cone DRA with triangular notches was discussed. The first geometry (conventional
CDRA) provided an impedance bandwidth of 15%. The second geometry (Bi-cone DRA) provided
an impedance bandwidth of 25.69%. The third geometry (BC DRA with triangular notches)
provided an impedance bandwidth of 71%. The proposed antenna reported an impedance
bandwidth of 93.1% (2.8 to 7.38 GHz).

Hailong Yang et al. (2018) [88] designed a slotted antenna for UWB operations. The size of the

proposed antenna was 24 x 12 mm? and placed on top of the RT/Duroid 5880 substrate (thickness
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of 0.78 mm). The proposed antenna mainly consisted of a low pass stepped microstrip filter at the
top of the dielectric substrate and two slots at the bottom. The measured results showed that the

antenna covered the UWB frequency range from 3.1 to 11 GHz.

D. Sankaranarayanan et al. (2018) [89] presented a laterally fixed cylindrical DRA (LCDRA),
excited by a coaxial probe and placed on the ground (4 x 4 cm?). The permittivity of DR was 9.8
of Rogers TMM10i. Here, the authors showed three geometries: conventional CDRA, center-fed
LCDRA, and offset-fed LCDRA, operating in the range of 4.8 to 5.9 GHz, 3.98 to 6.2 GHz, and
4.72 to 8.55 GHz, respectively. To improve bandwidth, similar triangular-shaped notches were
extracted from LCDRA. The proposed antenna's frequency range was 6.5 to 10.1 GHz, with a peak
gain of 7 dBi and radiation efficiency of 88 %.

Gagandeep Kaur et al. (2018) [90] presented UWB DRA, which worked as a RADAR imaging
sensor for cancer detection applications. The RDRA having the modified ground plane, was
excited by a stepped microstrip feed which covered the UWB frequency range from 4.3 to 12.6
GHz with an impedance bandwidth of 70.2%. The proposed RDRA reported a peak gain of 5.97
dB.

Piyush Sharma et al. (2019) [91] described turtle-shaped DRA for UWB applications. The
dimension of the Roger RT/Duroid 5870 based substrate was 60 x 50 x 0.75 mm?, and the modified
ground plane with slotted DGS dimensions was 8 x 20 mm?. The turtle-shaped DRA was operated
at the frequency range of 3 to 10.9 GHz. Similarly, the bandwidth increased from 5.2 to 10.8 GHz
by introducing a slab. The prototype covered the frequency range from 5.2 to 6.2 GHz, 7.2 t0 9.6
GHz, and 11.6 t013.4 GHz. The radiation efficiency of the antenna was 70-90%.

Ahmed Zitouni et al. (2019) [92] discussed T-shaped compact DRA for UWB applications. The
antenna consisted; T shaped DR excited by a stepped microstrip feedline, modified partial ground,
and an inverted L-shaped stub. The DR was made of Rogers RT / Duroid 6010 with a dielectric
constant of 10.2. The partial ground (25 x 11.5 mm?) is fixed on the backside of the dielectric
substrate. The proposed antenna covered the frequency range from 3.45 to 28 GHz.

F. Abushakra et al. (2020) [93] presented an E-shaped DRA for UWB applications, and it was
excited by a coaxial probe using a trapezoidal strip to achieve the UWB range. The rectangular
DR was transformed into an E-shaped DR, in which the quality factor decreases with increasing

bandwidth. This antenna covered 3.85 to 13.3 GHz of the frequency band with an impedance
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bandwidth of 110%. The gain and radiation efficiency of the antenna reported as 7 dBi and 95%,

respectively.

2.2.9 Circularly polarized DRA for UWB operation

Osama M. Haraz et al. (2010) [94] presented a circularly polarized (CP) DRA for UWB
applications. It was made up of half-cylindrical DRA printed on the top of the substrate
(permittivity=2.2), and the partial ground was printed on the bottom side of the substrate. The
impedance bandwidth of the antenna was 90% (4 to 10.5 GHz). This novel design provided an AR
bandwidth of 27% (5.3 to 7 GHz).

Piyali Chakraborty et al. (2021) [95] designed a dual circularly polarized DRA for UWB
applications. This antenna was developed by placing a pair of symmetrically positioned DRs on
a flat I-shaped monopole. The fundamental modes were excited at 3.8 and 6 GHz, and to generate
CP, orthogonally placed DRs were added on top of the substrate. This antenna covered dual-band
from 3.7 to 4.4 GHz (17.28%) and 5.8 to 6.2 GHz (11.56%) as 3-dB AR bandwidth, and reported
an impedance bandwidth of 146.33% (2.1 to 13 GHz).

2.2.10 MIMO DRA for UWB operation

Mohammad Abedian et al. (2017) [96] designed WLAN band rejection MIMO DRA with
dimensions of 29 x 29 x 5 mm?3. A ground stub was used to improve the isolation and impedance
matching, and L-shaped strips were designed for band-notched function as WLAN systems from
5.15 to 5.85 GHz. Two L-shaped parasitic strips were used to create band rejections between 4.98
to 6.08 GHz. The performance results demonstrated that the proposed compact MIMO DRA
provided consistent omnidirectional radiation patterns, a broadside impedance bandwidth of 106%
with desired ECC of <0.16 within the limit.

M.M. Sani et al. (2020) [97] described a stair-shaped RDRA for UWB applications. Two radiators'
element-based MIMO DR was designed with different permittivity (9.8 and 20) and used to
enhance the antenna bandwidth. A diagonal stub and CPW feeding was used to improve the
isolation by manipulating the current path. The UWB MIMO DRA covered 1.6 to 12.2 GHz of
frequency (153.6% impedance bandwidth) with 4.72 dB of average gain.
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CHAPTER 3

CYLINDRICAL AIR SPACED HIGH GAIN DIELECTRIC RESONATOR
ANTENNA

This chapter presents the research work carried out to achieve the second objective of the
proposed doctoral research work. A lot of work is available in the literature that focuses on the
design of DRA antennas for specific wireless applications. Here a cylindrical air-spaced DRA is
designed, simulated, fabricated, and tested for UWB applications. A hollow cylindrical structure
is extracted from a Rectangular DRA (RDRA) with a modified ground to obtain UWB frequency
response and high gain. So its simplicity in structure and ease of excitation, this type of RDRA
has been an attractive choice for researchers in this field. Much work is available in the literature
on the design and development of RDRAs for UWB applications to motivate them to choose a
research path. The simulated and measured results are in good agreement, and an impedance
bandwidth of 104.09% (3.28 to 10.4 GHz) along with a peak gain of 7.2 dB is obtained. This
unlicensed band has a lot of applications in military, RADAR, satellite communication, wall

image detection, and many other indoor wireless communication systems.

3.1 Introduction

A Rectangular DRA (RDRA) offers several attractive features, such as more degree of freedom
in the parametric selection and easy design of optimization parameters. The design, simulation,
parametric analysis, and experimental testing of RDRA with a quarter-wave transformer (QWT)

feedline [98] [99] are presented in this section.

The proposed Cylindrical Air-Gap RDRA (CAGRDRA) in its geometry consists of a DR of
alumina (electrical permittivity of 9.8, tan 6 = 0.0001, thermal conductivity = 30 w/k/m, Rho =
3900 kg/m?, heat capacity = 0.88 kj/k/kg, young’s modulus = 370 KN/mm?, Poisson ratio = 0.22),
and it is placed on a dielectric substrate layer of a Rogers RT 5880 with an electrical permittivity
of 2.2. The basic geometry of an RDRA is shown in Figure 3.1. By introducing the hollow or air-
gap region in the existing geometry of DR, the effective dielectric constant and Q-factor of the
DRA can be reduced, further improving the antenna's impedance bandwidth and gain [100] [101].
So its simplicity in structure and ease of excitation, this type of RDRA has been an attractive
choice for researchers in this field. Much work is available in the literature on the design and
development of RDRAs for UWB applications to motivate them to choose a research path.
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Figure 3.1: Perspective view of the solid RDRA

3.2 Proposed CAGRDRA Geometry

The designed antenna is a CAGRDRA (refer to Figure 3.2) for UWB applications. The proposed
CAGRDRA takes the dimension of 50 x 40 x 4.835 mm?3. This antenna geometry consists of an
RDR, Rogers RT duroid substrate, modified ground, and QWT microstrip feedline. Inspired by
the hollow or air gap-based techniques used in DRA to achieve the narrowband, wideband, and
UWB applications [96]. A cylindrical-shaped DR with a radius of D1 = 6 mm and thickness = 4
mm is extracted from rectangular DR with base dimensions of 23 x 23 x 4 mm?3. The QWT feeding
method is used to excite the DR, and a modified ground structure is etched on the bottom side of
the substrate. The DR used is Al20s material with a permittivity of eqr = 9.8, excited by a QWT
type feedline printed on top of the substrate (Rogers RT 5880, &s = 2.2, hs = 0.8 mm), and the
bottom layer of the substrate has a modified ground plane. The dimension of the QWT feedline is
optimized with impedance matched to 50 ohms. Two metallic strips having the size of M2xMg on
the ground plane provide stable Si; of the antenna within the desired UWB range. The proposed
CAGRDRA is designed and simulated on CST MWS V.16 software in a time domain solver with
set of boundary conditions open (add space) in X, Y, and Z directions. All optimized parameters

of DRA are labeled in Figure 3.2, and values are shown in Table 3.1.

Figure 3.2a shows the top view of the proposed CAGRDRA, Figure 3.2b shows the bottom view
with its modified ground with metallic strips, and Figure 3.2c shows a 3-D view with an exciting

port connected with the feedline.
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Table 3.1: Optimized parameters of the proposed DRA

Parameters L Lw Lor 1 I2 W1 W2
Values(mm) | 50 40 23 7.7 14.4 2.2 0.75
Parameters G1 G2 Gs G4 Gs Gs M2/My
Values(mm) | 48.5 23.4 28.5 21.5 14.2 9.2 15/10.5

d M, Metallic strips

a b c

Figure 3.2: Simulated view of proposed CAGRDRA, a). Top view, b). Back view, c). 3-D view

3.3 Simulated Results

The hollow or air-gap-based DRA concept with the modified ground is designed, simulated, and
validated using CST MWS V.16. First, the RDRA design is done using solver setting as hexahedral
mesh type with an accuracy of -30 dB. Stimulation setting is done with all ports in source type
using perfect boundary conditions as open (add space) in X, Y, and Z directions and selects all

modes with normalizing to the fixed impedance of 50 Q.

The voltage standing wave ratio (VSWR) result plotted in Fig. 3.3a shows a VSWR less than 2
with an impedance bandwidth of 7.1 GHz from 3.28 to 10.46 GHz. The 3D gain plot of the far-
field is shown in Figures 3.3b-c, which reported a gain of 4.65 and 7 dB at 6 and 8 GHz,
respectively. This antenna radiates energy in an omnidirectional pattern and shows how much
energy it concentrates in a given direction compared to the total input power of the antenna.
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Figure 3.3 a: VSWR of the proposed antenna

b c
Figure 3.3: 3-D Radiation pattern at; b). 6 GHz, ¢). 8 GHz

The following subsections discuss the evolution steps of the antenna along with simulated results,
parametric sweep results of different parametric variations, surface current distribution and modes,
and E-field distribution.

3.3.1 Antenna Evolution Steps
The six-step structures of antennas are shown in Figure 3.4 as Step_1, Step_2, Step_3, Step_4,
Step_5, and Step_6, and the line graph in fig 3.5 represents S11 for each step by different colors

like violet, yellow, green, blue, red, and black, respectively.

OEELZ N

Step_1 Step_2 Step_3 Step_4 Step_5 Step_6

Figure 3.4: proposed Antenna Evolution Steps
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All antennas can be used for wideband applications, except step_1 antenna, which has no working
bandwidth without DR. Table 3.2 shows the frequency range and impedance bandwidth of all
phases of antennas. The performance of the DRA stages is intended to obtain the final design and
is given by the final antenna step_6 of the S11, which covers the frequency band from 3.28 to 10.44

GHz, as shown in Figure 3.5.
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Figure 3.5: S11 of antenna evolution steps

Table 3.2: Antenna evolution steps covering the frequency range

Antenna steps Frequency Range (GHz) | Impedance bandwidth (%)
Step_1 - -
Step_2 9.8t011.1 12.44
Step_3 3.71t05.8; 44.21;
6.6t0 9.6 37.03
Step_4 3.3t0 7.1, 73.07;
8.41010.1 18.37
Step_5 2.9109.88 104.03
Step_6 3.28t010.48 104.09

3.3.2 Surface Current Distribution

The CAGRDRA was excited using the QWT microstrip feedline to see the distribution of energy
at different frequencies. The current distribution of the metallic part of the antenna is presented in
Figures 3.6a-d. The current rotation is observed from the surface current distribution on the ground
plane and feedline. Also, it can be observed that the decoupling structure provided the maximum

surface current on the edges of the rectangular decoupling slot at different frequencies [102]. At
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frequency 3.8 GHz, current directions on the x-axis are shown in Figure 3.6a. Figure 3.6b shows
the current canceled with a single resonance path. Figures 3.6¢ and d show multiple places at which

ground current is canceled and provided multiple resonance paths supporting higher-order modes.
It can be seen that the peak current of 50.69, 39.12, 43.94, and 48.38 A/m, maintained in the ground
and feedline at 3.8, 6.4, 8.8, and 10 GHz. Thereby allowing the CAGRDRA to exhibit widen
bandwidth behavior.

Figure 3.6: Surface current distribution at; a). 3.8 GHz, b). 6.4 GHz, c). 8.8 GHz, d). 10 GHz

3.3.3 Modes and E-field Distribution

Figure 3.7 shows the real and imaginary parts (red and blue color) of the input impedance of the
proposed UWB CAGRDRA. It is observed from Figure 3.7 that there are four maximum peaks
with real values of impedance and touching the same at zero values of imaginary impedance at the
frequencies of 3.8, 6.4, 8.8, and 10 GHz in the desired frequency band. To get insight into the
resonant modes at these four frequencies, the electric field distribution model is depicted in Figure
3.8.
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The near fields depicted on the surface of DR at various resonant frequencies are given in Figure
3.8(a-1). Figures 3.7a-c show fundamental mode TEs at 3.8 GHz with XY, XZ, and YZ planes,
respectively. On the higher frequency side, it supports higher-order modes of TE2»s at 6.4 GHz in
Figure 3.8 d-f with XY, XZ, and YZ plane, respectively, TE23; at 8.8 GHz in Figure 3.8 g-1 with
XY, XZ, and YZ plane, respectively, and TEs3s at 10 GHz in Figure 3.8j-I with XY, XZ, and YZ
plane, respectively. These modes support the widen impedance bandwidth of the proposed

antenna.
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Figure 3.7: Simulated Antenna impedance plot
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3.4 Parametric Analysis of the Proposed Antenna

The proposed CAGRDRA offers many parameters to the antenna engineers that can be optimized
to achieve the best values of antenna performance, such as wideband or constant gain. Each
appropriate parameter is varied in this section to observe its effect on antenna performance in terms

of s11, gain, and impedance matching.

3.4.1 Variations in the Outer Radius of Cylindrical Air-Gap

Figures 3.9a-b show the simulated parametric results of air-spaced DR in terms of hollow diameter
D1. The hollow DR diameter directly affects the impedance bandwidth and gain of the antenna, as
shown in Figure 3.9a-b. Here, the D1 is varied from 2 to 7mm, and observed that 6mm is the best
value for VSWR and constant gain, as shown in Figure 3.9a and Figure 3.9b, respectively. If the
hollow diameter increases, the antenna gain is improved, but the desired band starts shifting
towards the higher frequency side.
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Figure 3.9 a: Effect of air-spaced cylindrical cut in RDRA (VSWR)
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Figure 3.9 b: Effect of air-spaced cylindrical cut in RDRA (Gain)

3.4.2 Effect of Variation in the Height of Solid RDRA

In designing CAGRDA, the solid RDR height (hdr) was varied from 2mm to 7mm to understand
its effect on the variation in the VSWR (<2), as shown in Figure 3.10. Here, the RDR, chosen of
Al203 (alumina) material with a permittivity of 9.8 and heights of 0.5, 1, and 4mm easily available

in the market. The best value of RDR is chosen as 4mm, for which a wide band VSWR is achieved.
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Figure 3.10: Effect of change in solid RDR height (VSWR)

3.4.3 Effect of Variation in the G6 and G2 of Modified Ground

The ground plane structure of the antenna is modified along the X and Y-axis to allow the effective
fringing fields to radiate with better performance in terms of impedance bandwidth. To illustrate
this, Figures 3.11a-b show the variation in the ground in terms of G2 and G6. The value of G6 is
varied from 7.2 to 11.2 mm, and the results are shown in Figure 3.11a with different colours. It

has the optimized value of G6 = 9.2 mm, for which the antenna gives a wider bandwidth.
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Figure 3.11 a: Effect of change in ground dimensions G6

The second ground parameter, G2, is varied from 21.4 to 39.4 mm, and the best value of 23.4mm
is found. A line graph Figure 3.11b shows a UWB range from 3.28 to 10.44 GHz at this value.
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Figure 3.11 b: Effect of change in ground dimensionsG2

3.5 Air-Spaced RDRA Fabrication and Testing for Validation of Results

The proposed CAGRDRA was fabricated using wet etching techniques on Rogers RT duroid 5880
substrate with an electrical permittivity of 2.2, a thickness of 0.78 mm, and a tangent loss of 0.0009.
Figure 3.12 a-b shows the snapshot of the front view with feedline and back view of the proposed

antenna with assembled DRA on the top layer.

The fabricated antenna was tested on a vector network analyzer (Agilent E5071C) to validate
antenna parameters results like S-parameters (dB), VSWR, etc. The results are shown in Figure
3.13 with Si1 screenshot of VNA Figure 3.13 shows the comparison of simulated and measured
results of the proposed antenna in terms of S11 (dB). These results are plotted in Microsoft excel
for validating the two results (one from software and another from fabrication). The simulated and
measured impedance bandwidth of antennas are 104.09% (3.28-10.4 GHz) and 103.86% (3.23-
10.21 GHz). It makes the proposed CAGRDRA practically suitable for UWB applications of

interest.

a b

Figure 3.12: Fabricated proposed CAGRDRA; a). Top view, b). Bottom view
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Figure 3.13: Simulated and measured S-parameter of proposed CAGRDRA

The proposed CAGRDRA was also tested to measure the radiation pattern and gain in an anechoic
chamber with a handling frequency of 2 kHz to 18 GHz at IIT Roorkee (Uttarakhand). This
chamber has a transmitting horn antenna with a gain of 12 dBi. It provides an ideal environment
(no disturbances or eco) for the measurement of antenna gain using the Friss transmission equation
[103]. Figure 3.14 shows the comparison plot of simulated and measured gain (black and red color)
values. The simulated average radiation efficiency of the proposed antenna is approximately 88%,

as shown in Figure 3.14 with dark blue color.
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Figure 3.14: Measured and simulated gain and simulated radiation efficiency

Figure 3.15a-c describes the simulated and measured co and cross-polarization plots for the E plane
of the antenna at three different frequencies, i.e., 4.1, 6.2, and 8.1 GHz. A few variations in
simulated and measured E-plane radiation pattern plots can be seen because of some misalignment

of DR during fabrication and between transmitter and receiver. The radiation patterns show that
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the proposed CAGRDRA radiates effectively in all directions within the desired UWB operation.
Further, the cross-polarization (green and blue color) level is lesser than the co-polarization (Dark

blue and red colors) level and shows an omnidirectional pattern in the E-plane.
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Figure 3.15: Simulated and measured co and X polarization pattern of antenna; a). 4.1 GHz, b).
6.2 GHz, c). 8.1 GHz

3.6 Conclusion

This chapter presents the research work carried out to achieve the 2" objective of the proposed
doctoral research work. The designed CAGRDRA antenna is made by cutting out alumina DR and
pasting it on a rectangular DR sheet. This leads to UWB operation from 3.28 to 10.4 GHz and a
peak gain of 7.2 dB. The impedance bandwidth of 104.09% (simulated) and 103.86% (measured)
is achieved, allowing the proposed CAGRDRA to be suitable for UWB communication

applications.
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CHAPTER 4

ELLIPTICALLY AND CIRCULARLY POLARIZED DIELECTRIC
RESONATOR ANTENNAS FOR UWB OPERATION

4.1 Introduction

Short-range communications face a rich scattering environment, which suffers from problems like
fading due to multipath and power loss due to disintegrating conditions or mismatch in the
orientation of transmitter and receiver antennas. To overcome these problems, the UWB
communication systems require antennas with EP/CP properties that can receive signals along both
horizontal and vertical planes.

Therefore this chapter presents two UWB DRAs with EP/CP properties to overcome polarization
mismatch losses in short-range UWB communication systems. The research work presented in
this chapter aims to achieve the second (partially) and third objectives of the proposed doctoral
research work. Two DRAs, mainly an OM-shaped DRA excited by a P-type feedline having DGS
in the ground structure with elliptical polarization characteristics and stacked asymmetrical-

shaped DRA with circular polarization characteristics, are presented in this chapter.

There are number of techniques to achieve CP/EP polarization properties [104] [105]. Since the
multi-feeding systems suffer from the disadvantage of being complex and leading to big antenna
structures, the use of a modified shaped DR is the best way to achieve CP/EP characteristics with
a single feeding method ., Therefore the two DRAS presented in this chapter achieve EP/CP
properties typically with a single feeding mechanism only. The proposed DRAs have been
designed, simulated and fabricated, and tested for validation of their radiation properties. This
chapter is organized as follows: Section 4.2 presents an OM-shaped DRA for UWB operations
with high gain and EP properties. Likewise, Section 4.3 presents the design and development of
asymmetrical shaped DRA with a modified ground plane for existing CP properties within the

UWB range of its operation.

4.2 Design and Development of an Ultra Wideband OM-Shaped DRA

This section presents the design and development of an OM-shaped DRA, designed and fabricated
on the Rogers RT duroid 5880 substrate with a block of OM-shaped Alumina DR placed over it.
The proposed ‘OM’-shaped DRA is excited by a P-type feedline for UWB operation. The proposed
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antenna provides an EP behavior covering 6 to 11.1 GHz and impedance bandwidth of 8.3 GHz
with a peak gain of 7.66 dB.

4.2.1 Antenna Geometry and Design

The proposed dual-polarized OM-Shaped DRA is designed and simulated using CST MWS V.16
software. This antenna is made of Alumina DR (epr = 9.8, tan & = 0.0001, thermal conductivity =
30 w/k/m, Rho = 3900 kg/m?, heat capacity = 0.88 kj/k/kg, young’s modulus = 370 KN/mm?,
Poisson ratio = 0.22), and it is placed on a Rogers 5880 RT duroid based substrate (gr = 2.2, height
=0.8mm, tan 6 = 0.0009). The geometry of the proposed antenna is shown in Figures 4.1(a-c) with
top, back, and perspective views, respectively. Figure 4.1a shows the top view of the antenna
geometry as an inverted OM-shaped DR (in red) and P-type feedline (in grey). The DR is excited
by an inverted P-type transformer-based microstrip feedline having a length (If1 +I1f2) of 22.5 mm,
offering an input impedance of 50 Q. A conformal metallic strip (length = 5.7mm, height = 4mm)
Is connected between the edge of the feedline and the DR, it is shown in Figure 4.1c. This type of
feeding allows better coupling of EM fields to the DRA. The bottom of the Rogers substrate is a
reduced copper ground layer from which three slots are etched to make it a reduced DGS, shown
in Figure 4.1a. This DGS improves the antenna's impedance bandwidth and impedance matching
within the desired UWB of operation [106] [107]. A DGS improves the current distribution on the
antenna ground layer, thereby allowing it to resonate at the same frequencies as the antenna and
hence provides an improved bandwidth [102]. The effect of etching out these slots in the ground
layer is shown in Figure 4.4b using the S11 graph. It can be observed from figure 4.4 that the Si:
without DR with the full ground has no bandwidth (red color), in the second case, DR placed on
top of the substrate with full ground covers 8.6 to 12 GHz (blue color). It does not cover the UWB
range, so DGS slot 1 was extracted from the ground. The DGS is helped to shift the frequency
band towards the lower side and improving the impedance bandwidth, and slot 2&3 are used for
improving the impedance matching within the UWB (3.1 to 11.4 GHz) operations. In addition to

the DGS, the ground layer is also a reduced ground structure to reduce the antenna size.

The proposed OM-shaped DRA is labeled in figure 4.1a-c, and its optimized parametric values are
also mentioned in table 4.1. The next section of this chapter explains the DRA design process

steps, and the equations are used to obtain the optimized DRA parameters.
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Figure 4.1c: Perspective view of proposed ‘OM’ Shaped DRA

Table 4.1: Detailed optimized dimensions of the ‘OM’ shaped DRA

Parameter Dimensions (mm) Parameter Dimensions (mm)

Du 21 Gn 52

Di2 15 Gz 7

Dis 14 Gi 5

Dia 35 Gw1 19.5

Dis 9.4 Gw2 17.5

Die 7.6 Lg=Ls 40

Dry 6 W5 50

Dw1 7.6 Wy 47.5
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Dw2 13.6 lf1 7.7

Dws 15.4 17 14.8
Dwa 21.4 Wit 2
Duws 35 W2 1
hor 4 hs 0.8
Ims 5.7 hms 4

4.2.2 Design Procedure
The proposed DRA is designed and simulated using CST MWS V.16 software with mesh settings
of 10 cells per lambda and open boundary conditions using the time domain solver. The DRA
design procedure starts with selecting the Alumina sheet as the dielectric resonator for the antenna
structure by comparing the antenna performance on three different DR materials as shown in
Figures 4.2 & 4.3 (with epr = 9.8, 15 & 30 with black, blue & red colors) respectively. The next
step after selecting DR material is the selection of the base substrate and its dimensions for antenna
designing. The size of the base substrate of Rogers RT Duroid 5880 with properties (electrical
permittivity of 2.2, Tan & = 0.0009, thermal conductivity = 0.2 w/k/m) is set as 40mm *x 50mm x
0.8mm. Thus a rectangular sheet of dimensions 35 x 35 mm? of commercially available Alumina
(Al203) is cut into the final optimized OM-shaped DR that is pasted on Rogers’s substrate. The
design equations (4.1 to 4.5) mentioned in this section are followed for designing the proposed
OM-shaped UWB DRA.
The dimensions of the DR are calculated according to the resonant frequency of operation
given by equation 4.1 [108]. Using | = m = n =1 for TE111 mode, epr = 9.8, Dia= 35mm,
Dws = 35mm, hpr = 4mm as the length, width and height of ‘OM’ shaped DR respectively
(cube of Alumina with dimensions 35mm x 35mm x 4mm) in equation 4.1, Ky, Ky and K;
are found as 89.75, 89.75 and 324.88 respectively.

fr, = KA+ (4.)

211\/;

Here kx, ky, k; are the wave propagation numbers along X, y, z directions.

|
kleyky:i,kzz mr
D D 2h
14 w5 DR (4.2
(kx )2+ (ky)? +(kz) = e pg (k)P (4.3)
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k,tan [kZhTDRj =(eor-1)k5-k2 (4.4)

2n _ 2xnf,
A, \4

k =

0

(4.5)
Using these values in equation 2 with V = 3 x10® m/sec as the velocity of light and & = 9.8 as the
dielectric constant of DR, hpr = 4mm, the resonant frequency of 5.2GHz is calculated for the
cubical DR (35mm x 35mm x 4mm). Using the values of Ky , Ky, and K; in equation 4.1 Ko is
found to as 110.85.

The next step that follows in the optimization of the proposed DRA design is to reduce the ground
structure and cut out slots from it to make it a DGS Figure 4.4 (a). Since Ground is crucial for
getting desired impedance bandwidth of UWB operation, it is changed to the reduced ground as
the antenna size is comparatively reduced with this technique. Figure 4.4(b) shows the S11 plot of
the proposed structure without DR with full ground layer, DR with full ground layer, and DR with
DGS slots 1 to 3 cut from it, respectively. The DGS helps in shifting the frequency band towards
the lower side while improving the impedance bandwidth of the excited UWB (3.1 to 11.4 GHz)
of the proposed DRA. This is mainly because the three slots in the ground produce current loops
that excite the lower frequencies apart from the frequencies at which the DRA already shows
resonance. This ground structure is used with all three intermediate DRA geometries to produce
the final DRA 4 design.

The intermediate design Steps followed while optimizing the proposed OM-shaped DR geometry,

which offers improved gain and dual-polarization properties, are mentioned in the next subsection.
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Figure 4.2: Comparison of S11 Plot for three different DR materials

51



Gain (dB)

I | | | | | gor 18 |
| | | | | IL £DR 30 |
3 4 5 6 7 8 9 10 11
Frequency (GHz)

Figure 4.3: Comparison of Gain parameter Plot for three different DR materials
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Figure 4.4 (a): Evolution steps of DRA ground layer
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Figure 4.4(b): S11 plot of the proposed DRA with and without DGS & DR

OM Shaped DRA Evolution Steps: In ascending order, the antennas’ four intermediate design
step structures are shown in Figure 4.5 as DRAL, DRA2, DRA3, and DRA4 followed while
designing the optimized UWB dual-polarized DRAA4.
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> The dimension of DRA1 takes 35 x 17.5 x 4 mm?, has ground with three DGS, and is
excited by a QWT feedline figure 4.5(b). The design equations 4.1 to 4.5 mentioned in this
section are followed for designing the proposed OM-shaped UWB DRA.

l_( Antenna Design process

Added two
U-shaped
DR with

rotation of
270"

DRA1 DRA2 DRA3 DRA4
Figure 4.5: Intermediate design steps of UWB ‘OM’ shaped DR

Figure 4.5(b) shows the DRA ground structures for DRA 1, DRA2, DRA3, and DRA4,
respectively.

The simulated S-parameter response for the DRAL structure is shown in figure 4.6a as blue
color. Multiple resonances are excited by the cubical DR in DRA1 geometry at 5 GHz, 7
GHz, 8 GHz, 9 GHz, and 10.3GHz because the DR excites more than one operating mode,
including the fundamental mode. This DR is fed with a P-type transformer feedline that
offers an input impedance of 50 ohms to the proposed antenna. The Peak gain reported for
this geometry could be seen in Figure 4.6b as 6.09dB at 11GHz. Figure 4.6¢ (blue colour)
shows that the DRA1 is linearly polarized.

» The dimensions of the solid rectangle were taken to be 23 x 11.5 x 4 mm, and a smaller
rectangular DR was extracted from DRAL to obtain DRA2 as a U-shaped DRA. The
resultant S11 plot for DRA2 geometry is shown in red color in figure 4.6a. A UWB from
3.1t0 11.1 GHz is excited by the U-shaped DRA 2 but has poor impedance matching from
7 to 11.3GHz. Figure 4.6b shows an improved peak gain (by 0.38dB) for this geometry as
6.38dB at a frequency of 9.8GHz. Figure 4.6¢ shows the (Red curve) axial ratio bandwidth
plot for this geometry. The DRA2 geometry is elliptically polarized and covers a frequency
band from 5.9 to 9.2 GHz (AR< 10dB). Since the impedance matching for the frequency
band from 7 to 11.1GHz is not much below the desired -10dB level in the aforementioned
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Reflection coefficcient (dB)

DRA2 geometry, an improvement in peak gain is also expected for short-range UWB
applications, so DRA 3 geometry is proposed.

The DRA 3 geometry is formed by adding the two U-shaped DRs of which one is the U-
shaped DRA 2, and the other one is the DRA2 rotated by 270° as shown in figure 4.5(a).
The peak gain for DRA 3 geometry is further improved (by 0.89dB) and is reported as
7.27dB at 10.5GHz, as shown with a green colored graph in figure 4.6(b). The green curve
in figure 4.6a shows the S11 parameter plot of DRA3. Since a notched UWB behaviour (3.1
to 11.1 GHz) with a notched band from 9.3 to 10GHz and an elliptically polarized
behaviour from 6.3 to 9.2GHz and 10.1 to 11.5 GHz is obtained for DRA3 geometry,
DRAA4 geometry is proposed to cover the entire UWB from 3.12 to 11.4 GHz

The final proposed DRA4 geometry is formed by cutting out the loop part from DRA 3
(based upon the perturbation theory of creating air slots in the proposed DR structure) in
figure 4.5 to develop the final OM-shaped DRA4. The black color curve in figure 4.6a
shows the S11 plot excited by the DRA 4 geometry. An excited UWB from 3.1to 11.4 GHz
is observed for the DRA4 geometry. Figure 4.6b shows that the simulated peak gain for the
DRA4 geometry is the highest among all the proposed DRA geometries. This DRA4
geometry generates both the horizontal and vertical components of the electric field
because of its shape, and hence this geometry shows dual (elliptical) polarization properties
for a frequency band from 6 to 11.1GHz, as shown in figure 4.6c. Since this DRA4
geometry shows the best results with the covered UWB range (3.1 to 11.4 GHz), the
simulated peak gain of 7.66dB, and axial ratio bandwidth of 5.1 GHz, it is the selected final
geometry for the proposed UWB DRA.
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Figure 4.6a: Si1 plot of the Intermediate design steps of the optimized ‘OM’ shaped DR
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Figure 4.6¢: Axial ratio plot for the four DRA geometries

4.2.3 Validation of Modes

A rectangular DRA exhibits fundamental and higher-order in terms of TE, TM, and HEM modes
[109] [108]. The importance of the modes is to merge them to improve the impedance bandwidth.
Orthogonal modes are used for achieving the polarization diversity in DRAs. Figure 4.7 shows the
real and imaginary parts of the proposed DRA impedance matching plot. The peaks of the real
impedance are taken here, and zero for the imaginary impedance plot, according to this impedance
matching plot. For selecting modes, the input impedance matching values of modified OM-shaped
DRA is generally at 4.8, 7.2, 8.35, and 10.9 GHz. The fundamental/dominant mode, TE11: for the
proposed optimized OM-shaped DRA, exists at 4.8 GHz, which is very near to the theoretically
calculated frequency of the fundamental mode of 5.2GHz for the cubical DR (as mentioned in

section). The other higher-order modes that exist during DRA operation radiating an ultra-
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wideband are the TE211 and TE2»: at resonant frequencies of 6.5 and 8.35 GHz, respectively. Since
higher-order modes correspond to higher resonant frequencies within the frequency band. Merging
the modes gives respective widened bandwidth, and hence the desired ultra-wideband performance
from the proposed DRA is achieved [110] [111].
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Figure 4.7: Input impedance plot (simulated) real and imaginary

Figures 4.8a- f show the simulated E-field distribution at a reference phase of 0 degrees on the
DRA surface at the modes of TEi11, TE211, TE221 at resonant frequencies of 4.8 GHz, 6.5 GHz,
8.35 GHz, respectively [112]. The resonant frequency of the fundamental mode is also calculated
by equations (4.1 to 4.5) and is found to be almost the same. It is observed from figures 4.8a-b that
a fundamental mode of TE111 exists on the XY plane and YZ planes of DRA, respectively, at
4.8GHz with a maximum E field strength of 12433V/m on the DR surface. The H field distribution
on the DRA surface is also shown in figure 4.8a-b, which shows the existence of TE111 mode at
4.8GHz. Figures 4.8c-d show the E and H field distribution on the XY and YZ planes of the OM-
shaped DRA at 6.5GHz, indicating the existence of TE211 mode with a maximum E field magnitude
of 13873 VV/m. Figure 4.8e-f shows the E and H field distribution on the XY and YZ planes of the
OM-shaped DRA at 8.35 GHz depicting the existence of TEz21 mode and a maximum E field
magnitude of 15036V/m.
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Figure 4.8 a-b: 2-D view of E-field distribution over inverted ‘OM’ shaped DRA surface; a). X-
Y plane view at 4.8GHz, b). X-Z plane view at 4.8 GHz (TE111)

/A7) ] 1141
13873 I 155}‘? 7((((( 3 ‘5 ;H
- uuu?/?:ddff“’ AAIAID)) m
10090 uH!J/ z‘fifﬁif,fttffff" ) 'uv oy J)
e ' ATV TP om0 m:m
i M AA AL ’;. ANV )
3784 ‘ g 4. ’Mb T
A IR Ve
: mmmnuummm PELLM 1 ITTR)
502
45.6
41.1
36.5
31.9
27.4
22.8
18.2
13.7
9,12
4.56
0

c d
Figure 4.8 c-d: 2-D view of E-field distribution over inverted ‘OM’ shaped DRA surface; c). X-
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Figure 4.8 e-f: 2-D view of E-field distribution over inverted ‘OM’ shaped DRA surface; ). X-
Y plane view at 8.35 GHz, f). Y-Z plane view at 8.35 GHz (TE221)

It is also observed from figure 4.9a- d that the electric field distribution follows an elliptical path
over the DRA’s surface at the frequencies of 6.5, 7.2, 8.35, and 10 GHz supporting the view that
the antenna radiates out elliptically polarized EM waves in its far field of operation and hence
overcomes any polarization mismatch losses in the received signal strength. In order to further
illustrate the generation of elliptically polarized EM waves by the proposed DRA, as figure 4.9a-
b shows, the orthogonal modes, TEz11* and TEz11¥ generated on the surface of OM-shaped DR at
the frequencies of 6.5 and 7.2GHz. Furthermore, TEY221 and TE*z21 orthogonal modes are also
generated on the DRA surface at the frequencies of 8.35 GHz and 10 GHz, as illustrated in figure
4.9c - d. The orthogonal modes indicate that the OM-shaped DRA radiates the horizontal and
vertical components of the E field. The E field component at TEY»21 has a higher magnitude (15036
V/m) as compared to TE*11 (13873V/m), and the E field component at TE*»2: has a higher
magnitude (14991V/m) as compared to TEY221 (13696V/m) for the proposed DRA. Therefore the
proposed OM-shaped DRA shows an elliptically polarized behaviour (with axial ratio < 10dB) for
the frequency band from 6 to 11.1GHz.
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4.2.4 Parametric Optimization of OM-shaped DRA

This section presents the parametric optimization carried out for the proposed OM-shaped DRA
parameters to obtain the desired UWB and gain characteristics. The DRA optimization is
performed in CST MWS V.16 software, parametric sweep option with the time-domain solver.
The DRA design procedure mentioned in the previous section explains the optimization of the
rectangular block of DR to the final OM-shaped DR geometry. The optimization of the conformal
strip for desired impedance matching results is stated. Some more DRA parameters that are
optimized are the slots in the ground and the length and width of the feedline. The final DRA
optimized parameters are mentioned in table 4.1. The details of parametric optimization are

mentioned in further subsections as follows.

4.2.4.1 Optimization of P-type feedline

The width of the feedline from the lower and upper end of the P shape has been optimized to get
the desired impedance matching of 50 ohms with the proposed DRA. Figures 4.10a-b show the
simulated S-parameter graph of proposed DRA when feedline width is optimized and for the
impedance matching of Ws.. The feedline width of Ws, and Wr is varied from 1 to 3.5 mm and 0.5
to 2 mm, and it is observed that a feedline width of 2mm and 1mm give the best results with an
impedance bandwidth from 3.1 to 11.4 GHz; hence it is best suited for the proposed DRA
geometry. Figure 4.11c shows the best impedance matching for a frequency band of 3.1 to 11.4
GHz, as the black color plot shows that the best input impedance matching of 50 ohms is
maintained for the desired UWB for the proposed DRA operation. Figure 4.10d offers the
parametric optimization of the feedline length. It is observed from figure 4.10 that if the length of
the feedline increases, the resonances start shifting towards the right, and the impedance matching
at the resonances also reduces. It is observed that the best value of feedline length I, = 14.8mm is
observed with a reported impedance bandwidth of 8.26 GHz (3.14 to 11.4 GHz), as shown in
Figure 4.10d, and hence it is chosen as the best-optimized value for the feedline length.
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Figure 4.10d: Parametric optimization of the length I1f2 of feedline varies from 11.8 to 15.8 mm

4.2.4.2 Variations in the conformal strip’s height and length

A metallic conformal strip of copper with optimized dimensions of Ims X hms as 5.7mm x 4 mm is
also coupled between the feedline and the backside of DRA. This improves the impedance
matching at the desired UWB from 3.1 to 11.4 GHz and improves the axial ratio bandwidth of the
proposed antenna for the elliptically polarized wideband exhibited by the proposed DRA from 6
to 11.1GHz. Figures 4.11 a-b show the parametric variations followed while optimizing the height
and length of the conformal metallic strip to get the desired impedance bandwidth results. The
height of the conformal strip is varied from 0 to 7.2 mm, and the length is varied from 3.9 to 7.5
mm. Since best results are obtained with the metallic strip’s height of 4mm and length of 5.7 mm,

as shown in figures 4.11 a-b, these are the selected parameters for the copper-based metallic strip
height and length.
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Figure 4.11a: Variation in the impedance bandwidth results of proposed DRA by varying the
height of the metal strip
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Figure 4.11b: Variation in the impedance bandwidth results of proposed DRA by varying the

length of the conformal strip

4.2.4.3 Variation of Slots (Length and Width) in the ground

The ground layer of the proposed DRA is made defected with three slots cut from it to excite the
desired UWB (3.1 to 11.4 GHz). The rectangular slot on the extreme right side of the ground layer
was optimized for its length and width. Figures 4.12a-b show the variation in the dimensions of
the GI1 and Gw1 slot (refer Figure 4.1b) parameters in the ground layer to obtain the desired ultra-
wideband response from the proposed OM-shaped DRA. It can be observed from figures 4.12a-b
that the length and width of the rectangular side slot are varied from 4.8 to 6 mm for slot length
and 17.5 to 21.5 mm for slot width, respectively, to optimize the impedance bandwidth of the
proposed DRA. It is observed that as the slot's length increases, the resonance shifts towards the
right, and the impedance matching also deteriorates. With the decrease in length of the slot, the
resonance shifts towards the left, and the impedance matching at the entire band is disturbed since
the best results of the impedance bandwidth are obtained at Gw1=19.5mm and GIl1= 5.2 mm,
which excites the desired UWB with optimized impedance bandwidth, shown as a black curve in
figure 4.12a-b from 3.1 to 11.4 GHz.
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Figure 4.12b: Parametric optimization of the rectangular side slot for GI1 parameter

4.2.4.4 Current distribution on DRA Ground surface

The proposed antenna had three slots cut from the infinite ground, with and without DGS, as the
T-shape and two rectangular slots are shown in Figure 4.1b (back view). The slot has been cut in
such a way as to increase the effective path length of the surface current shown in Figure 4.13a-c.
This Figure shows the surface current distribution with and without DGS in the ground at 4.8, 7.25,
and 10.5 GHz. It is observed that the DGS modifies current distribution on the ground and reports
higher-order modes at higher frequencies because of multiple resonant paths present on the side of
higher frequencies, as shown in Figure 4.13 a-c.
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4.2.5 DRA Fabrication and Validation of simulated Results
The proposed OM-shaped DRA was fabricated using two dielectric substrates, a Rogers 5880 (&s
= 2.2 & h =0.8mm) and an Alumina (epr = 9.8 and h = 4mm). The defected ground structure and

the feed network (of copper with a thickness of 35 microns) are deposited on the bottom and top
of the Rogers substrate, respectively, using a wet etching process. After that, an OM-shaped
dielectric resonator is cut out from an Alumina sheet (Al.Oz) using a water jet cutting process and
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fixed over the Rogers substrate at the termination point of the P-type feedline using an instant glue
(Araldite). Figure 4.14a shows the snapshot of the proposed ‘OM’ shaped DRA prototype, which
was tested using a VNA E 5093A to validate its Si: results. The fabricated antenna is also tested
for its gain and radiation pattern measurements in an anechoic chamber (chamber with a frequency
range of 10 kHz to 18GHz). Figures 4.14 b-c show the snapshots of the antenna’s back and front

view, respectively, while measuring the antenna’s gain and radiation pattern in the anechoic

chamber.

a b C
Figure 4.14: a). Prototype of the proposed OM-shaped DRA on a Rogers’s sheet, b). Back view

of an antenna in an anechoic chamber, c). Front view of the antenna while testing
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Figure 4.15: Comparison of simulated and measured Si: parameter of the OM Shaped DRA
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Figure 4.15 shows the comparison plot of the proposed antenna's simulated and measured S-
parameters with respect to frequency. It can be seen from figure 4.15 that the measured results
closely follow the simulated ones. A slight variation in calculated results from the simulated ones
can be seen, and the main reason for this can be credited to the fact that the instant glue (Araldite
with g = 3) that is used to paste the DR on the substrate causes a little impedance mismatch at the
desired band. In addition to this, the measurements are made in a typical LAB environment. The
nearby surroundings cause reflections to the radiating antenna and thus cause an impedance
mismatch to the proposed DRA during radiation. The tested antenna shows a measured impedance
bandwidth of 5170MHz and 1500 MHz from 3.88 to 9.05 GHz and 10 to 11.5 GHz, respectively,
with 79.99% and 13.95% impedance bandwidths at the center frequencies of 6.42 GHz and
10.5GHz, respectively. Table 4.2 shows the comparison details of frequency bands covered by the

OM-shaped DRA and the bandwidth at those bands in terms of simulated and measured results.

Table 4.2: Comparison of Simulated and measured impedance bandwidth of the antenna

Results(S Frequency Impedance BW

parameters) by Band

Simulated using CST | 3.14 to 11.4 GHz 8.26 GHz and 112%

MWS V’16

Measured on VNA 3.88 10 9.05 GHz 5.17GHz, 79.99% at 6.46GHz
and and
10t0 11.5 GHz 1.5GHz, 13.95GHz at 10.75GHz

The gain measurements of the proposed DRA were also done in an anechoic chamber using a Horn
antenna with a calibrated gain of 12dBi. Figures 4.16a-c and 4.17a-c depict the comparison plots
of simulated and measured polar plots of the co and cross-polarization radiation (gain) patterns of
the proposed DRA at three resonant frequencies of 4.8 GHz, 7.2GHz, and 10.5 GHz, respectively
(as the azimuthal and the elevation planes of antenna’s radiation). The proposed DRA shows an
approximate omnidirectional radiation pattern in the elevation plane, as shown in Figure 4.16. The
gain is found to be stronger than cross-polarization gain by around -16dB at the three mentioned
resonances along the elevation plane. Figure 4.17 shows the co and cross-polarization patterns of
the proposed DRA along the azimuthal plane. An approximate omnidirectional pattern is also seen
along the azimuthal plane with a co and cross-polarization magnitude difference of around -18dB

at the three resonances.

67



a b C

Figure 4.16 a-c: Comparison of Simulated and measured Co and cross-polarization gain pattern

ata). 4.8 GHz, b). 7.25 GHz, ¢). 10.5 GHz in the Azimuthal plane
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Figure 4.17 a-c: Comparison of Simulated and measured co and cross-polarization gain pattern:

a). 4.8 GHz, b). 7.25 GHz, ¢). 10.5 GHz in the elevation plane
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Figure 4.18: Simulated and measured gain and simulated radiation efficiency
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Figure 4.18 shows a plot of the antenna’s simulated radiation efficiency as a function of frequency
and also the comparison plot of the proposed DRA’s simulated and measured gain. It can be seen
from the figure that the antenna shows a peak measured gain of 7.68 dB at around 11.3GHz and
an average gain of approximately 4.6dB for the entire band of operation (compared to a simulated
peak gain of 7.68 dB and an average gain of 4.7dB for the entire band). This allows the antenna to
be practically suitable for short-range indoor wireless communications for 4G and 5G portable
devices to support high data rate multimedia applications. The proposed DRA also possesses
average radiation efficiency of around 93% and is, therefore, an efficient radiator for multimedia-

rich UWB applications.

The next part of this chapter explains the details of CP DRA for UWB operations in section 4.3.

4.3 Broadband circularly polarized stacked dielectric resonator antenna

This subsection presents the second DRA design that covers the third research objective of the
proposed doctoral research work. Therefore a compact asymmetrical structured DRA with an F-
shaped metallic strip-based ground plane that is used to achieve broadband axial ratio bandwidth
(from 6.4 GHz to 12.4 GHz) is presented here. The proposed DRA shows a broadband CP
operation.

4.3.1 Antenna Geometry and Configuration

The geometry of the circular polarized asymmetrical shaped DRA is shown in Figure 4.19. It
consists of two rectangular DR blocks of Alumina (permittivity epr = 9.8 ) as shown in red and
blue color, fed with current using a microstrip feedline as shown in Figure 4.19 (a & c-d). The
first and second block height, length, and width are tpr1, tor, Ipr1, Ibr2, Wor1, Wor2. The ground
and feed network is printed on a low-cost FR4 substrate (Ls x Ws X ts) as 25 x 25 x0.8 mm?®) having
an electrical permittivity (gs) of 4.4. On top of this substrate, a microstrip feedline is printed to
excite the DR radiator with 50 Q input impedance. The microstrip feed-line has two parts ls1 x we
(50 Q) and ls2 (\/4) x we2, which are added to each other. The metallic F-shaped strip added with
a partial ground plane is printed on the bottom side of the substrate. The partial ground plane has
dimensions Lg x Wg, and F-shape metallic strip parameters are li, Iz, lis, S, and sz, as shown in
Figure 4.19b. The metallic strip is used to maintain the overall gain of the antenna. The
perspective and side view of the final designed antenna is shown in Figure 4.19c-d. All design

parameters with optimized values are given in Table 4.3.
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a

Figure 4.19: Compact size of DRA,; a). Top view, b). Back view

d

Figure 4.19: Compact size of DRA, c). Perspective view, d). Side view

Table 4.3 Optimized Dimensions of the proposed antenna

Parameter |Dimension_(m |[Parameter Dimension [Parameter |[Dimension
m) _ (mm) | (mm)
Ls=Ws 25 Wy 20 st2 2
Lg 94 WDR1 7 Itl 5.4
Idrl 5 W DR2 6 It2 7.6
Idr2 8 wfl 2 It3 10.2
If1 5.9 wif2 1.1 tpri1 4
1f2 7.9 stl 6 tor2 8




4.3.2 DRA Design Procedure and Operation

The proposed circular polarized asymmetrical shaped DRA is designed and simulated using

CST MWS V.16 software with mesh-type hexahedral settings and 50 Q fixed input impedance
matching and open boundary conditions along X, Y, and Z directions of the time domain solver.
Two rectangular sheets of dimensions Lor: X Wpr1 X tore mm3and Lprz X Wpr2 X tore mm3of
commercially available Alumina (Al203) are segmented to each other to form the final optimized
asymmetrical shaped DRA.

4.3.2.1 Stacked DRA design and operation

The final DRA that is designed and developed has five intermediate evolution step structures in
ascending order, as depicted in Figure 4.20 as Ant.1, Ant.2, Ant.3, Ant.4, and Ant.5. The design
of the DRA is carried out using perturbation theory, the stacked asymmetrical structure of DR is
employed to improve the impedance bandwidth and obtain a wide AR bandwidth [113]. The
volumes (Vdra) of two DRs (DR1 and DR2) are 140 mm?and 384 mm? (A total volume: 524
mm?), as shown in Figure 4.19c. The total volume (Vtotal) of DRA is 728 mm?® (13 x 7 x 8).
Therefore the air-spaced volume Vs = 728 — 524 = 204 mm?®. The effective permittivity (grefr) Of
the DRA depends on the volume (Vs, Vdra) and relative permittivity (epr = 9.8). With and without
perturbed DR is calculated as ereff = 7.14 using equation (4.8). Thus, &reff and Qp of DR decrease

using equation (4.9 to 4.10), improving the bandwidth of the proposed antenna.

eprVdra+egVs

Ereff = vdra+Vs (4.8)
1+3(J:—)2
Q= 2R (4.9)
(|12
VeDR JepR
1+3(JL)2
Ereff
Qp= (4.10)

(=3 | 1+ (==)?
/Ereff I Ereff l
The resonant frequency of DRA operation is calculated by Equation (4.11 to 4.13) at 10.65 GHz

when the total size of DRA is 13 x 7 x 8 mm?, and values of kx, Ky, kz, ko are 448.79, 392.69,
196.34, 230.79, respectively.

v

Pty = o \/kg + 12+ K2 (4.11)
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1 n; h
o= 0 = 2 tan(e, ™) = [(er i - 12 (4.12)

legr = Lo + Larz » AN Wepr = Wary + Wy (4.13)

Where ko represents the wave number in the free space, k, ky, and k; are wavenumbers.

The dimensions of the DRA substrate are taken to be 25 x 25 x 0.8 mm?3, which has a modified
ground structure, and the DR is excited by a QWT feedline. Figure 4.21a-c shows the simulated
S11, gain, and axial ratio plots for each intermediate step followed when developing the stacked
CP DRA.

Ant. ] Ant.2 Ant.3 Ant.4 Ant.5

Figure 4.20: Intermediate Design steps of the final DRA design (Ant. 5)

Table 4.4 shows the results in terms of Si1, Gain, and Axial Ratio of Intermediate steps of

designed DRA (Ant 5), and these steps are discussed one by one as follows.

Table 4.4: Performance of all five antennas

Antenna | 10 dB Impedance BW %] Peak AR BW(3)

Steps Gain(dB)

Name Band 1 Band 2
Ant. 1 - 2.5 -
Ant. 2 70.3 % (6 to 12.5 GHz) 3.77 -
Ant.3 [ 68.1% (6t012.4GHz) |5.64 8.3% 8.9%

(6.9t07.5GHz)  (8.61t09.4 GHz)

Ant. 4 63.8 % (6.4 to 12.4 GHz) | 5.36 17.3 % (8.7 to 10.3 GHz)
Ant. 5 63.8 % (6.5t0 12.4 GHz) | 5.6 63.8 % (6.5 to 12.4 GHz)
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Step 1: Ant.1 is designed and simulated with the full ground using CST MWS V’16. It
has an FR4 substrate with electrical permittivity of 4.4, the ground is etched on the bottom
side of the substrate, and the QWT feedline that offers input impedance of 50 €, is etched
on the top of the substrate, as shown in Figure 4.20. This antenna has no operating
bandwidth, S11 plot of Antenna 1 is shown in Figure 4.21a (green color). Therefore in step
2, a DR block is mounted on the substrate to excite the desired frequency bands.

Step 2: In Ant.2, a DR of dimensions 13 x 7 x 8 mm?® calculated using equations (4.11 to
4.13) is mounted on top of the base substrate, and a partial ground is etched on the bottom
of the substrate. Ant.2 obtains broad impedance bandwidth of 70.3% (5.8 to 12.4 GHz)
with a gain of 3.77 dB but does not have a 3 dB AR bandwidth, as shown in Figure 4.21a-
¢ by the dotted red color plot Antenna 2 reports a low gain. Therefore the ground is
modified in step 3.

Step 3: Ant.3 is formed by modifying Antenna 2 by using an F-shaped metallic strip that
is added with the partial ground, and no change to the DR shape is made. This modified
ground provides the constant gain within the operating range of the antenna, as shown in
Figure 4.21. Ant. 3 reports an impedance bandwidth of 68.1% from 6 to 12.4 GHz with a
peak gain of 5.63 dB. This antenna also shows a dual-band CP of 8.3% (6.9 to 7.5 GHz)
and 8.9% (8.6 to 9.4 GHz).

Step 4: Further, Ant.4 is an improved version of Antenna 3 by adding DR2) a second
block (Red-one) on top of the DR1 block (the pink one) placed earlier. This provides an
asymmetrical shape to the DRA, having two different heights of 4 mm (The first one) and
8mm (the Second one). This Ant. 4 geometry achieves an AR bandwidth (17.4 %) from
8.7 to 10.3 GHz and impedance bandwidth (63.8%) from 6.4 to 12.4 GHz, respectively.
Step 5: Ant. 5 geometry is designed with improved DR widths. The width of the second
DR is increased by 1mm from 6 to 7mm to achieve an AR bandwidth of 63.8 % (6.4 to
12.4 GHz), as observed in Figure 4.21c. Table 4.4 shows the performance of the designed
antenna having five different stages.
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Figure 4.21c: Frequency response concerning Axial Ratio

4.3.2.2 Validation of Field Modes and CP Mechanism

The concept of E-field analysis is reported in this subsection. Figure 4.22 shows the impedance

plot of the antenna showing the resonant frequencies at the different operating modes [114] [115].

There are two peaks of the real part of the impedance plot to confirm the operation of the antenna
with two resonating modes at 9.1 and 11.28 GHz. Figure 4.24 shows the E field distribution inside

the DR at these frequencies. Figure 4.23 a-b confirms the operation of an antenna with the

fundamental and third-order mode as TEg,; and TEs,3 at frequencies of 9.1 and 11.28 GHz,

respectively.
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To understand the mechanism of CP generation, the E —field distribution is analyzed in the
constant z = h plane at different time instants, shown in Figure 4.25a - d. The rotation of the field
vector in the clockwise direction with respect to t=0, t/4, t/2, 3t/4, and t represents the dominant
left-hand CP field radiation that could be verified by analyzing the radiation pattern reported in the
later section of this chapter [21]. The E field distribution in the constant z —plane is reported at the
fundamental mode frequency only, and not reported at the frequency of higher-order mode for
brevity. However, the analysis also represents the clockwise rotation of the field vectors at the

higher-order mode operation frequency.
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Figure 4.22 The impedance plot of the antenna showing the resonant frequencies
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Figure 4.23 The E field distribution at; a). 9.1GHz, b). 11.28 GHz
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Figure 4.24 The E field distribution in constant z = h plane at 9.1 GHz at the time; a). t = 0, b).
t=T/4,¢c).t=T/2,d).t =3T/4

4.3.3 Parametric Optimization of Stacked DRA

The parametric optimization of the DRA dimensions for achieving the best DRA outcomes and
the parameter to use for the CP inside the antenna structure is carried out in this subsection of the
chapter. The DRA optimization is performed using the CST MWS V.16 software, with the
parametric sweep option and the time-domain solver. Here each parameter is varied one at a time
to examine how it affects the performance of the proposed antenna in terms of reflection
coefficient, AR bandwidth, and impedance bandwidth. Further subsections mention the specifics

of parametric optimization one at a time.

4.3.3.1 Variation of the height of DR

The asymmetric size of DRs affects the frequency band of operation and AR bandwidth. The height
of two DRs are tpr1 and tor2, and are varied to obtain the best value via parametric sweep and can
be seen from Fig. 4.26a—d. When tpr: is varied from 2 to 10 mm, tprz is fixed to 8 mm. The
frequency band shifts to the left as tqr1 increases, as seen in Figure 4.26a. The proposed antenna's
best AR bandwidth (6.4 to 12.3 GHz) is claimed to be 4mm, making it the best value of tpry, as
shown in Figure 4.26b. In the next step, tpr1 is fixed, and tpr2 varies between 4 to 12 mm, as shown
in Figure 4.26¢-d. As tpr2 increases, the frequency band shifts to the left, as shown in Fig. 4.26c.
Furthermore, as shown in Figure 4.26d, the proposed antenna is reported to have the best
impedance and AR bandwidth 6GHz (6.4 to 12.4 GHz) of 8 mm, making it the best tpr. value.
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Figure 4.26 a-b: Reflection coefficient and Axial Ratio for the various height of tpr1 (mm)
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Figure 4.26 c-d: Reflection coefficient and Axial Ratio for the various height of tpr2 (mm)

4.3.3.2 Variation of F-shaped strip

The modified ground plane has F shaped strip with main key parameters as S, Sw, i, ke, and lis,
as shown in Figure 4.19b. Here, two main parameters are varied as St and st, to achieve a broader
impedance bandwidth and AR bandwidth, as shown in Figure 4.27 a-d. When st is varied from 3.5

mm to 8 mm, sy is fixed at 2 mm. The dual-frequency band is reported at 7.5 mm & 8 mm, as

shown in Figure 4.27a. The best-optimized value of sy is 6 mm to achieve suitable impedance and

AR bandwidth of 6 GHz (6.4 to 12.4 GHz). The second parameter of st is varied from 1mm to 4

mm, and the best value of 2 mm is chosen as in Figure 4.27c¢ — d to obtain a wide impedance and
AR bandwidth of 6 GHz (from 6.4to0 12.4 GHz).
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Figure 4.26 a-b: Reflection coefficient and Axial Ratio for variation in st1 from 3.5 to 8 mm
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Figure 4.27 c-d: Reflection coefficient and Axial Ratio for variation in st2 from 1 to 4 mm

4.3.4 Stacked DRA Fabrication and Measurements of Results for Validation

The proposed Asymmetric shaped stacked DRA was fabricated on FR4 substrate with a thickness
of 0.8 mm, with electrical permittivity and tangential losses of 4.4 and 0.0024, respectively, using
photolithography techniques. The feedline is printed on the top of this substrate, and DRA is placed
on the substrate close to the feedline to excite the DRA for radiation. The ground layer of the F-
shape is added on the bottom side of the substrate. The far-field results of this proposed antenna
are measured using an anechoic chamber, and the fabricated prototype setup with test and
measurement is shown in Figure 4.27a-b. The view of fabricated DRA is shown in Figure 4.27c-
d.

The fabricated DRA has tested S11 (dB) parameters using a KEYSIGHT (E5063A) vector network
analyzer, working on a frequency range from 500 MHz to 18 GHz. Radiation pattern (RHCP,

LHCP), Gain, and axial ratio measurements are performed in an eco-free environment that is an
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anechoic chamber with a frequency range from 2 kHz to 18 GHz with a transmitter horn antenna
of 12 dBi gain.

a b C d
Figure 4.27: a-b). Measurement setup with DRA, c-d). Back and Top view of fabricated DRA

The simulated and measured S11 plot and AR plot of the designed antenna are presented in Figure
4.28 a-b. The measured Si1 plot is almost similar to the simulated ones. However, slight left
shifting of the frequency band is observed due to fabrication errors, and the use of Fevitite epoxy
adhesive is used for joining the DR layers onto the substrate. The simulated and measured
impedance bandwidth of 63.8% (6.4 to 12.4 GHz) and 66.7% (5.9 to 11.8 GHz) is observed. The
simulated and measured AR bandwidth are obtained as 63.8 % (6.47 to 12.3 GHz) and 2.52 %,
43.7 % (5.8 t0 6.1 GHz and 6.9 to 10.9 GHz), respectively.
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Figure 4.28: Simulated and measured parameters; a). S11, b). Axial ratio
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Figure 4.29: Gain as a function with frequency

The simulated and measured gain plot of the proposed asymmetric-shaped DRA over the
operating frequency band is shown in Figure 4.29. It is observed that the simulated peak gain of
6.01dBi at 11.5 GHz and measured peak gain is 5.6 dBi at 11 GHz. There is a difference of around
0.5 dBi between the simulated and measured gain values. This mismatch can be explained

because of the fabrication errors and measurement errors while executing DRA experimental
testing.
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Figure 4.30: Simulated left-hand and right-hand circular polarization
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Figure 4.31: Radiation pattern LHCP and RHCP at; a). 6.6 GHz, b). 9.1 GHz

This proposed antenna is dominated by the left-handed polarization (Blue & Yellow color)
compared to the right-handed polarization (Orange & Purple color), as shown in Figure 4.30.
Figure 4.31a - b shows the measured and simulated radiation patterns of the proposed DRA at 6.6
and 9.1 GHz for LHCP and RHCP. Good agreement between simulated and measured results have
been reported. Referring to Figure 4.31a - b, it is observed that the LHCP fields are much stronger
as compared to the RHCP in the proposed asymmetric-shaped CP DRA. So this antenna has LHCP
property when phi =0 at 6.6 and 9.1 GHz.

4.4 Conclusion

This chapter presents the research work carried out to fulfill the third and second (partially)
objectives of the proposed doctoral research work. Two broadband elliptically and circularly
polarized DRAs are presented for UWB operation. The first DRA design is an OM-shaped DRA
that achieved the UWB (3.1 to 11.1 GHz) communication with EP characteristics (6 to 11.1 GHz).
The fabricated antenna consists of an OM-shaped DR made of alumina material mounted on the
Rogers substrate and offers an input impedance of 50 ohms using a P-type microstrip feedline. The
magnitude of the E field component with two orthogonal modes shows an elliptically polarized
behavior from 6 to 11.4 GHz. The peak simulated radiation efficiency for the proposed DRA is
reported to be 97.78%. In the second design, a compact stacked asymmetrically structured based
DRA achieves the third objective for UWB (6.4 to 12.4 GHz) communication with CP

characteristics (6.4 to 12.4 GHz). This antenna consists of two DR blocks with asymmetric height
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and width stacked over each other, excited by the QWT feedline. The asymmetrical shape of DR
is used to obtain the CP with simulated and measured AR bandwidth (AR<3) of 63.8% and 43.7%,
respectively. The proposed stacked DRA has attractive performances for CP UWB systems. This
antenna can be used for military applications, satellite communication, weather forecasting,

defense tracking system, etc.
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CHAPTER 5

DIELECTRIC RESONATOR ANTENNAS IN MIMO CONFIGURATION
FOR UWB OPERATION

5.1 Introduction

MIMO antenna Configuration is implemented by employing multiple antennas on the transmitting
and receiving sides of a communication system. MIMO systems are able to overcome multipath
and fading issues related to high data rate communication systems [116]. Since DRAs are
effectively used in high data rate applications, these antennas can be implemented in multiple input
multiple output systems to achieve the aforementioned advantages of a MIMO communication
system. Therefore, this chapter presents the design and development of two MIMO DRA
configurations with dual ports that also cover the research work done to cover the fourth objective
of the proposed doctoral research work. The proposed two radiators' element-based DRAs are
excited by a quarter wave transformer feedline. Both the proposed DRAs are compact with an
omnidirectional radiation pattern and present good isolation properties within the working UWB
range of the proposed antennas.

The first DRA design is a Compact Rack Shaped two element based MIMO DRA consisting
of two DRs (Rogers RT 6010) as radiator elements, placed on top of the FR4 substrate. These
DRAs are fed with an inverted T-shaped metallic parasitic strip (MPS) placed between the two
dielectric resonators (DRs) to improve the impedance bandwidth, and a separation of more than
15.6 dB has been reported within the UWB range. The second design that is presented in this
chapter, is a compact cross-shaped parasitic strip-based Dielectric Resonator Antenna array
in a MIMO configuration. The proposed MIMO DRA consists of two DRs having electrical
permittivity (epr = 10.2) of Rogers RT 6010 used as radiator elements. The proposed compact
cross-shaped parasitic strip MIMO DRA is designed and fabricated to achieve high isolation (>
20dB within the range).

This chapter is divided into two sections. Section 5.2 discusses the first DRA design, fabrication,
and testing to achieve the desired parameters, and section 5.3 discusses the second DRA design,
fabrication, and testing to achieve the desired objective 4 of the proposed research work of in this

doctoral thesis.
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5.2 Compact Rack Shaped Two Element Based MIMO Dielectric Resonator Antenna

This section discusses the rack-shaped DRA with improved isolation for UWB operations. This
MIMO antenna structure is implemented with the help of two rectangular-shaped DRs, which are
further converted into rack-shaped DRs with a stub-based partial ground and inverted T-shaped
MPS.

5.2.1 Geometry of Rack Shaped UWB DRAs in MIMO Configuration

The proposed UWB Rack-shaped DRA in MIMO configuration is as shown in Figure 5.1 a-b. The
proposed DRA is designed as two rack-shaped DRs of Rogers RT 6010 with relative permittivity
of 10.2, tan 6 = 0.0023, thermal conductivity = 0.78 W/K/m and thickness of 5 mm, placed on a
FR4 substrate (relative permittivity = 4.4, thickness = 0.8 mm, tan 6 = 0.025, thermal conductivity
= 0.3 W/K/m). The two radiator elements of dimensions Lpr x Wpr % hpr are excited by quarter
wave transmission feedlines. An inverted T-shaped metallic parasitic strip (MPS) is placed
between the two radiators. DRs and feedlines are fixed on the top of the substrate (FR4) layer, and
a ground plane (Lgnd X Wgna) is etched on the bottom side of the substrate. The length and width of
the substrate are Lsun X Wsub, With a height (hs) of 0.8 mm. In the center of the partial ground plane,
an impedance matching stub (Iswn X Wstup) 1S added for matching purposes and for providing good
isolation between the proposed DRAs in MIMO configuration [117]. These antennas provide
UWB behavior from 3.54 to 10.88 GHz with an impedance bandwidth of 7.34 GHz, having good
isolation and low ECC in the excited UWB. The impedance bandwidth and AR bandwidth of the
proposed antenna have been improved by using an inverted T-shaped MPS [118]. Figure 5.1a-d
show the front, back, side, and perspective view of the proposed UWB MIMO DRA. All optimized
parameter values are shown in Table 5.1, and these values are obtained using the parametric sweep
method in CST MWS V.16 software.

WDR

a b

Figure 5.1: Simulated two radiator element MIMO antenna; a). Top view, b). Back view
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Ground

c d
Figure 5.1: Simulated two radiator element MIMO antenna; c). Side view d). Perspective view

Table 5.1 Optimized values of proposed MIMO DRA

Parameter Values | Parameter | Values Parameter Values (mm)
(mm) (mm)

Lpr 14 Wstub 3.5 D3 2

Wpr 9 lf1 4 D4 2

Lsub 37.6 Wit 1.9 P1 16.8

Wb 29 17 11 P2 7.9

Lgnd 37.6 Wi2 0.8 P3 2

Wind 9 D1 5 P4 2.6

Istub 9.2 D 2 hor 5

5.2.2 Design Procedure and Operation

The proposed antenna was designed and fabricated on an FR4 substrate with an electrical
permittivity of 4.4, a thickness of 0.8 mm, tan = 0.025, and thermal conductivity = 0.3 W/K/m,
with the optimized parametric values mentioned in Table 5.1. The DRA design procedure initially
starts with selecting the Rogers RT 6010 sheet as the dielectric resonator for the MIMO antenna
structure and choosing the appropriate electrical permittivity (10.2). Two rectangular sheet of
dimensions 14 x 9 mm? of commercially available Rogers RT 6010 (thickness = 5 mm, tan & =
0.0023, thermal conductivity = 0.78 w/k/m) is converted into the final optimized as rack-shaped
DRs.
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5.2.2.1 Design Steps and Simulated Results

The proposed DRA is designed and simulated using CST MWS V.16 software with mesh settings
of 10 cells per lambda and open boundary conditions using the time domain solver. In ascending
order, the four intermediate design phase structures of antennas are shown in Figure 5.2a—d as
DRA1, DRA2, DRA3, and DRAA4. Figure 5.3 shows the simulated Si1, S»1, axial ratio, and gain
plots for each intermediate design step, simulated when a UWB DRA is developed in a MIMO
configuration. The reflection (S11/S22) and transmission (S21/S12) parameters of a two-port
network define the impedance bandwidth and EM coupling between the ports in a two-port
network, these are shown in Figure 5.3a-b, respectively. The ability of an antenna to radiate more
or less in any direction than a theoretical antenna is known as antenna gain. The gain of the
proposed DRAs in the MIMO configuration is shown in Figure 5.3d. The evolution steps to obtain

an optimized DRA geometry are explained below:

a b c d
Figure 5.2: Top view of four antennas; a). DRAL b). DRA2 c). DRA3 d). DRA4

> DRAL: The DRALI structure, which consists of two rectangular DRAs fed using QWT
feedline and a reduced ground as the first step of the proposed MIMO DRA, is shown in
Figure 5.2a. The simulated S-parameters, gain, and axial ratio responses of DRA 1
geometry is shown in Figure 5.3. The two rectangular DRs are made up of Rogers RT6010
with the sizes of 14 mm x 9 mm x 5 mm each and are excited by a QWT feedline with an
input impedance of 50 ohms. Figure 5.3a—b shows that DRA1 covers a frequency band
from 5.09 to 10.1 GHz with an isolation of 12 dB between the radiating DRAs, and AR
bandwidth (<40.1 dB) of this geometry offers a linearly polarized (LP) antenna.

» DRA 2: DRA2 geometry is shown in figure 5.2 b. A ground stub is introduced between the

two rectangular DRAs to achieve good impedance matching and improve the isolation
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compared to DRAL geometry. This DRA2 covers a frequency band from 4.9 to 10.1 GHz
with improved isolation of 21 dB between the two DRAS, but it does not cover the desired
UWB range, so the next step is to further improve the impedance bandwidth. But AR
bandwidth (< 36.2 dB) of the antenna is considered LP.

DRA3: In the DRA3 geometry shown in figure 5.2(b), the length of the two DRAs is
notched to give them a rack shape. The DRA 3 geometry covers an operating frequency
range of 4.8 to 10.28 GHz with the same isolation between antennas as in DRA2 geometry,
as can be verified from Figure 5.3(a-b). AR bandwidth of DRA3 is improved with LP
characteristics as compared to DRA1 and DRAZ2.

DRA4: An inverted T-shaped parasitic strip between the two radiator elements improves
the DRA4's impedance bandwidth. Figure 5.3 a-b, shows the simulated results for final
DRA4 geometry with a black colored graph for S11/S22 and S12/S21 parameters,
respectively, with good performance in terms of the reflection coefficient (<-10 dB), AR
bandwidth, transmission coefficient (<-15.6 dB), and gain. It is observed that the two
elements MIMO DRA4 provide the best results in terms of UWB frequency band, good
isolation properties between the two DRAS, and better AR bandwidth (< 25.1 dB) for a
frequency band from 3.54 to 10.89 GHz.

All intermediate steps of proposed DRA evolution results are shown in Table 5.2.
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Figure 5.3: S-Parameter’s; a). S11 and Sz, b). So1
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Figure 5.3: ¢). Axial Ratio bandwidth, d). Gain
Table 5.2 Performance steps of all antennas simulated results
Antenna Si1, S22 dB Impedance Sa1 Gain range | Axial ratio
bandwidth % | Isolation(dB) (dB) (dB)
DRA1 5.09 to 10.1 GHz | 66 12 to 26 2.1t054 6to41
DRA2 4910 10.12 GHz | 69.34 21to 36 2.8t05.1 7.210 36.5
DRA3 4.810 10.28 GHz | 72.67 21t046.1 3.1to5 7.1t033
DRA4 3.54 to 10.89|101.87 15.5t0 54.2 15t04.5 8.1t025.4
GHz

5.2.3 Field Modes of Compact Rack Shaped Two Element Based MIMO DRA

Resonant modes are used in RDRA to depict the radiating phenomena using E and H field patterns.
These fields are displayed azimuthally within RDRA. An antenna's radiation characteristics can
be predicted using knowledge of modes. These modes are categorized as TE or TM or HE, or HEM
[109]. The first-order mode and higher-order modes of HEMmnp are excited by the rack-shaped
MIMO DRA stimulated by the QWT-type microstrip feedline [119][120][78]. Figures 5.4 to 5.6
show the simulated E-field configuration inside the rack-shaped DR at various frequencies. The

proposed antennas operate in different modes, such as the fundamental and higher-order hybrid

modes.
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Where ko denotes wavenumber in the free space, kx, ky, and k; are wavenumbers.

The resonant frequencies are calculated using Equation (5.1 to 5.5) at 7.3 GHz, 9.3 GHz, and
10.74 GHz. The electric field distribution on top of the DR surface is depicted in Figures 5.4 - 5.6
at different frequencies. Figure 5.4 a-c shows the HEM11: mode at 7.3 GHz in xy, xz, and yz
planes, respectively. Similarly, Figure 5.5 a-c and Figure 5.6 a-c illustrate the HEM11 and HEM>12
modes at 9.3 and 10.74 GHz, respectively. HEM111 mode exists as a fundamental mode as well as
a dominant mode, and other modes are higher-order modes of the proposed Rack Shaped UWB
DRAs.

E Field[¥_per_m

2.0000¢+001
1,8410¢+201

1.7217e+001

Figure 5.4 E-field on DR surface: HEM111 at 7.3 GHz; a). Front view (x-y), b). Bottom view (x-
2), c). Side view (y-2)

Figure 5.5 E-field on DR surface: HEM211 at 9.3 GHz; a). Front, b). Bottom view, c). Side view
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Figure 5.6: E-field on DR surface; HEM2z12 at 10.74 GHz; a). Front, b). Bottom view, c). Side
view

5.2.4 Rack-shaped MIMO DRA Fabrication and Measurement of Results

The proposed rack-shaped MIMO DRA with optimized geometrical parameters is fabricated by
printing the feed network on an FR4 substrate with electrical permittivity of 4.4 thickness equal to
0.8 mm and a tand of 0.0024 by using the wet etching technique. Two DRs of Rogers sheet (epr =
10.2) were cut using manually and fixed on the Fr4 substrate using Araldite. Figure 5.7a shows
the assembled antenna as front view with feedline, DRs, and T-shaped MPS. Figure 5.7b shows a
back view with the modified ground layer having a stub etched on the bottom side of the substrate
with two subminiature connectors (50 ohms) for exciting the DRAs for radiation. The fabricated
rack-shaped MIMO DRA was tested for validation of S parameter results using KEYSIGHT
(E5063A) vector network analyzer, operating in the frequency range from 9 KHz to 18 GHz for
s11, s21, and group delay.

a b
Figure 5.7: Fabricated two radiator element MIMO antenna; a). Front view, b). Back view
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Figure 5.8 a-b shows the comparison of simulated and measured S-parameters (S11 and Sz1). Using
MPS, the proposed UWB MIMO DRA achieves an impedance bandwidth of 101.87 %. Figure
5.8b illustrates that the MIMO antenna has good isolation and reasonable impedance matching
over the entire UWB range of 3.54 to 10.87 GHz, as shown in Figure 5.8a. The transmission

coefficient of the proposed MIMO DRA is reported to be less than -15.6 dB within the band, as
shown in Figure 5.8b.
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Figure 5.8: Simulated and measured S- parameters; a). Si1, b). So1

The performance of antennas ina MIMO configuration is judged by various essential performance
parameters such as the envelope correlation coefficient (ECC), diversity gain (DG), total active
reflection coefficient (TARC), and channel capacity loss (CCL) [121].

The simulated and measured ECC values are calculated by S-parameters using Equation (5.6),
shown in Figure 5.9. ECC describes the correlation between different channels used at the
transmitter and receiver side through a medium. In the existing UWB range, ECC values for the
proposed MIMO DRA are less than 0.006, which is less than the allowable limit of 0.5. The DG
of the MIMO DRA is calculated using Equation (5.7), as indicated by the orange and green colored
graphs in Fig. 5.9. The proposed antenna's ECC and DG plots for comparison of simulated and
measured results is shown in Figure 5.9.

[S*11 S12+S™51 Sxo|?
ECC — ! 1 122 21 222 _
(1-IS1112=1S211%) (1-S2212=1S121%)

(5.6)

91



|

|

|

|

|

S

!
e
=]
ey

900 It "
1 — —— Measured DG ::
9.97 | i Simulated DG i1 - o.008
] —_— ':
°.95 i ECC mea S1i1rne(‘ild s o
= : —ECC Simulate - 0.006
= 993 H . =
(] . H FAN ]
= 991 n § i 0.004
X ' g
9.89 s i : H
" ! ! - 0.002
9.87 3 H
1 [
9.85 . ~ 0
3 4 5 6 10 11

7 3
Frequency (GIHzx)
Figure 5.9: Simulated and calculated (measured) DG and ECC for MIMO antenna

DG™=10,/(1-]0.99 ECC"|?) (5.7)

TARC (dB)

Frequency (GHz)

Figure 5.10 TARC diversity of MIMO antenna

Figure 5.10 shows the TARC of the proposed MIMO DRA. The Total Active reflection coefficient
of the proposed MIMO DRA is calculated using Equation (5.8). TARC is a frequency-dependent
function that also takes into account scan angle and tapering. For determining a multi-port

antenna's frequency bandwidth and radiation performance.

FTrans — (|S”+slze.i0|2+|521+szze-i°|2) (5 8)
a \/E .

where I™= total active reflection Coefficient , 0 is the feeding phase of the input signal.
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Figure 5.11: Simulated and measured MIMO DRA results; a). Group Delay, b). Channel

capacity loss (CCL)

The group delay (GD), as depicted in Figure 5.11a, is an important parameter in the antenna's time-
domain analysis. Depending on the length of the path, whatever is most convenient. When the
group delay is taken from the S-parameters, the frequency will vary until the network is an accurate
measurement of the complete transmission line. The acceptable group delay for a MIMO
configuration should be less than 5 nanoseconds (ns) [19]. The proposed DRA shows a GD of -
2.45 ns to 1 ns, which means the GD is within the limit.

When analyzing the performance of a MIMO antenna array, the CCL is a crucial parameter. This
technique demonstrates that good impedance matching and isolation between two antenna
elements results in low CCL values. The allowed upper limit of CCL is 0.4 for a channel where
transmission and reception is carried out using a MIMO antenna array. The CCL for the two-
radiator element MIMO DRA is determined using Equation (5.9) and is shown in Figure 5.11b.
The simulated results cover the frequency range of 3.54 to 10.88 GHz with a CCL of 0.4. The
lower value of CCL is reported as high channel capacity and data rate. The remaining UWB range
from 8.4 to 9.8 GHz is higher than 0.4, so CCL also gave less channel capacity in this band.
CCL~=-log,det(8")

g = (an a12)

az; QA
ap=1-(IS111% + 15121%), an=1-(1Sn|* + 5:11%), a;,=-(S*11 S12 + S*31 S12), ax=-
(5% So1 + S*12 S21) (5.9)
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Figure 5.12: Gain and simulated Radiation efficiency concerning frequency

The gain and radiation pattern of the proposed antenna is measured using an anechoic chamber
having an operating frequency range from 2 kHz to 18 GHz. This anechoic chamber requires a
horn antenna with a gain of 12 dBi as a reference antenna to test the proposed antenna. For the
anechoic pattern measurements, proposed radiators of MIMO DRA are set up for measurements
by exciting port 1 and terminating port 2, and the process is repeated for port 2 excitation with port
1 termination. Consideration of these better diversity performances is reported. The simulated and

measured gain of the antenna is shown in Figure 5.12,
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Figure 5.13: Polar radiation pattern at; a). 4.3 GHz, b). 6.3 GHz
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Figure 5.13: Polar radiation pattern at; c). 8.4 GHz, d). 10.2 GHz

A rack-shaped MIMO antenna's omnidirectional radiation characteristics are depicted in Figure
5.13(a-d). The Co and cross-polarization patterns of the proposed MIMO DRA are shown at
frequencies of 4.3, 6.3, 8.4, and 10.2 GHz. The DRAs in the proposed MIMO configuration show
that the cross-polarization values of the proposed antenna are lower than the co-polarization values
at most frequencies, indicating that the proposed antenna radiates effectively.

The next section of this chapter explains the proposed next MIMO DRA geometry with two DRAS
as compact cross-shaped parasitic strip-based DRAs in a MIMO configuration for UWB

operations.

5.3 Compact Cross-Shaped Parasitic Strip Based MIMO Dielectric Resonator Antenna

This section discusses the second DRA design used to meet the fourth objective of the proposed
doctoral research work. A compact cross-shaped parasitic strip-based MIMO DRA is designed
in a 2 x 2 MIMO configuration with improved isolation and impedance bandwidth within UWB
operation as compared to the Compact Rack Shaped Two Element Based MIMO design
presented in the previous section of this chapter. The proposed DRA in MIMO configuration has
two rectangular-shaped radiator elements of Rogers RT 6010 (permittivity = 10.2) with a cross-
shaped metallic parasitic strip (MPS) pasted on top of the DRs, and a stub-based partial ground
plane with a scissor-shaped DGS, with an inverted T-shaped MPS, make up the proposed MIMO

antenna structure.

5.3.1 Proposed DRA Geometry and Design in a MIMO Configuration

The proposed MIMO DRA consists of two DRs having electrical permittivity (epr = 10.2) of
Rogers RT 6010 used as the radiator elements, shown in Figure 5.14 a & ¢ - d. The optimized
dimensions of the rectangular DRs are 15mm x 9mm x 5mm; these are excited by a QWT
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microstrip feedline (lra X wrq, lta2 X Wra2). An inverted T-shaped MPS is placed between the two
radiators to improve the isolation between the antennas while radiation. DR and feedline are
printed on the top of the substrate (FR4) with the dimension of 37.6 mm x 29 mm x 0.8 mm, and
a partial ground plane (37.6 mm x 9 mm) with a stub and scissor-shaped DGS slot is printed on
the bottom side of the FR4 substrate. The electrical permittivity of FR4 substrate is 4.4 with tand
of 0.0024. A ground stub (Ist X wst) is added for improving the isolation and impedance matching.
A T-shaped MPS (M3, M2, M3, My), ground stub, and scissor-shaped slot are used to improve the
impedance bandwidth for the UWB range, shown in Figure 5.14 b. Cross-shaped MPS of copper
(Ps1, Ps2) is designed and fixed on the top of DR layers to improve the impedance bandwidth of
MIMO DRA. All optimized parametric values of all DRA parts are mentioned in Table 5.4.

Ls

Wi

lde
£ —

a b
Figure 5.14: Cross-shaped MPS-based MIMO DRA,; a. Top view, b. back view

W
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Radiator 14

. Radiator 2

C d
Figure 5.14: Cross-shaped MPS-based MIMO DRA; c. Side view, d. perspective view
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Table 5.3 Optimized parameters of Cross-shaped MPS based MIMO antenna

Parameter | Values | Parameter | Values | Parameter | Values | Parameter | Values
(mm) (mm) (mm) (mm)

Lo 15 Wit 3.5 Yradl 2 Ps1 3

Wp 9 It 4 Yrad?2 2 Ps2 3

Ls 37.6 Wrtd 1.9 M1 16.8 PsL 15

W;s 29 a2 11 M2 6.5 Psw 9.5

Lgd 37.6 Wrd2 0.8 Ms 2.5 hs 0.8

W 9 Xradl 5 My 3.2

Ist 9.2 Xrad?2 2 hor 5

5.3.2 Design Procedure of the proposed DRA and its operation

The proposed DRA is designed and simulated using CST MWS V.16 software with mesh settings
of 10 cells per lambda and open boundary conditions using the time domain solver. The proposed
antenna was designed and fabricated on an FR4 (&s = 4.4, h= 0.8 mm, and tan 6 = 0.025, 6 = 0.3
W/K/m) substrate. The DRA design process starts with the selection of a Rogers RT 6010 sheet as
the dielectric resonator, which is then mounted on FR4 substrate for the MIMO antenna structure.
Two rectangular sheets of dimensions 15 x 9 x 5 mm?® of commercially available Rogers RT 6010
(tan 6 = 0.00023, thermal conductivity = 0.78 w/k/m) are used as radiators in the proposed MIMO
DRA configuration. The design steps that were followed for the final MIMO DRA design are

mentioned below:

Evolution steps of the Proposed DRA in MIMO Configuration: The five main evolution steps
of the proposed Cross-shaped MPS-based MIMO DRA (DRA1 to DRAD5) are shown in Figure
5.15. The grey and light green color represents the metal part of the proposed antenna that is placed
on the FR4 substrate. DRAL geometry shows a rectangular DR with partial ground, and it excites

a wideband of operation.

TTE PETs

DRA1 DRAZ2 DRA3 DRA4 DRAS

Figure 5.15: Steps performance of six antennas
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DRAL: Mention the design equation used for the calculation of rectangular DRA
parameters. And the dimensions of DRAs also. The simulated S-parameters, gain, and
group delay response for the DRA1 structure is shown in Figure 5.15. These DRs are fed
with a P-type transformer type feedline that offers an input impedance of 50 ohms to the
proposed antenna. The DRA1 covers a frequency range from 5 to 10.2 GHz with an
isolation of 13.2 dB between the two DRs, during radiation. The Peak gain reported for this
geometry can be seen in Figure 5.5¢c as 6.19 dBi at 9.3 GHz. Figure 4.6d shows that the
group delay of DRA1 is reported of -1 to 1 ns within the prespecified limit.

DRAZ2: The DRA2 geometry, shown in Figure 5.15, is aimed to enhance performance over
the DRA1. The DRAZ2, which is created by adding a MPS with dimensions of M1 to M4 on
the same plane as the DRs, provides a wideband of operation from 4.9 to 10.38 GHz but
has poor isolation between antennas during radiation. The gain and group delay for this
geometry are the values listed in Table 5.5, as shown in Figure 5.16 c—d. The DRA3
geometry is proposed as the next evolution step for the final geometry.

DRAS3: The DRA3 geometry, shown in Figure 5.15, is aimed to enhance performance
within the UWB range as compared to the DRA2 geometry. It is employed by adding a
ground stub of dimensions (lst X wst) in the partial ground, and this ground stub is easily
coupled with MPS to improve the performance of the antenna. DRAS3 reports a UWB
operation from 3.56 to 10.63 GHz with an isolation of 15.6 dB. Table 5.5 shows the Si1,
isolation, gain, and group delay for DRA3 geometry.

DRAA4: The DRA4 geometry, shown in Figure 5.15, is aimed to enhance performance over
the DRA3. The DRA4 is created by modifying the ground layer of the DRAS to a scissor-
shaped DGS from the partial ground plane and reported impedance bandwidth of 102.3%
with isolation of 17.8 dB between DRAs. Figure 5.16 depicts the antenna performance
results, with the respective values listed in Table 5.5.

DRAGS: The DRA5S geometry, shown in Figure 5.15, is designed to enhance performance
over the DRA4. The DRADS uses a cross-shaped MPS on top of the DR's Surface to improve
the isolation between the DRASs to a level of around 20 dB with a 10 dB impedance
bandwidth of 104.6%. Figure 5.16¢ shows the GD with an acceptable limit (<5 ns), and
Figure 5.16d shows the gain of all five DRA geometries. All intermediate antenna results
are presented in Table 5.5. It has been observed that DRAS shows the optimized results in
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terms of impedance bandwidth, gain, and isolation properties between DRs during

radiation.
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Figure 5.16: Cross-shaped MPS-based MIMO antenna step results; a. S11, b. S
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Figure 5.16 Cross-shaped MPS-based MIMO antenna step results; c. Gain, d. Group delay

Table 5.4: Performance comparison of all intermediate DRA 1- DRA5 geometries of Cross-

shaped MPS based MIMO DRA

Antenna Frequency Impedance  >Isolation Gain Group delay
in GHz bandwidth  (dB) range (ns)
% (dB)
DRA1 5t0 10.2 68.4 13.2 3to6.1 1.1t0-0.2
DRA2 4.9 t0 10.38 71.7 9.9 3to54 0.85t00
DRA3 3.56 t0 10.63 99.7 15.4 24t052 0.28t00.84
DRA4 3.481t0 10.75 102.3 17.8 2.2t053 0.15t0-0.37
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DRAS 3.31010.88 104.6 20 2.7t057 4t0-2.8

5.3.3 Validation of DRA Modes of Operation

The DRA radiators are excited by the QWT feedline and show the fundamental and higher-order
modes. Observing the modes by E-field distribution is shown in Figure 5.18. The proposed antenna
operates first and second-order modes at 4.4 GHz, 8.3 GHz, and 10.8 GHz.

2 2 2
Fuc,, =5 \/— JKE K+ (5.10)
__ Hew 5.11
o = o i (5.11)
€pRr Eg
Her =N +hs (5.12)
kX=F,ky - kotan(k, hDR Hor )= e~ k2K (5.13)
D

Where ko denotes free space wavenumber, Ky, ky, and k; are wavenumbers with respect to x, y, z
directions.

Equations (5.10 to 5.13) are used for calculating the fundamental DRA mode of operation at 4.4
GHz. The electric field distribution on DR is shown in Figure 5.17. Figure 5.17 a-c show the
generation of HEi;s mode at 4.4 GHz along the front, right, and top views of DRA in the
fundamental mode of operation. Similarly, Figures 5.17 d-f and 5.17 g-i show the generation of
HE215 and HE 125 modes at frequencies of 8.3 and 10.8 GHz, respectively. HE 15 mode exists as a
fundamental mode, and other higher-order modes have been generated that help in widening the
impedance bandwidth of the proposed MIMO DRA [122] [123].
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Figure 5.17 a-c: E-field distribution on DR surface at 4.4 GHz
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Figure 5.17 d-f: E-field distribution on DR surface at 8.3 GHz
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Figure 5.17 g-i: E-field distribution on DR surface at 10.8 GHz

5.3.4 Fabrication of the proposed Cross-Shaped Parasitic Strip Based MIMO DRA and
Validation of Simulated Results

Figure 5.18 a-b shows the front and back view of the proposed MIMO DRA after Fabrication. The
metallic parts are etched on the FR4 substrate (electrical permittivity of 4.4) surface using a wet

etching process.

Figure 5.18: Fabricated two radiator element MIMO antenna; a). Front view, b). Back view

The Rogers RT 6010 with a height of 5mm is cut using manually from hex blades or other tools.
The dimensions of DRs are placed on the FR4 substrate. The bottom layer of FR4 has a partial
ground with scissor-shaped DGS and a stub. Feedline and inverted T-shaped MPS were etched on
the top of the substrate. The cross-shaped metallic strip is deposited on the two DRs.
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The fabricated UWB MIMO DRA is tested using VNA to compare the simulated and measured S-
parameters (S11 and S»1 ) and shown in Figure 5.19 a—b. Figure 5.19b reports high isolation (greater
than 20 dB) between the two DRAs in the MIMO configuration. The stub and cross-shaped MPS
allow the proposed DRAS to cover a frequency band from 3.3 to 10.8 GHz (simulated) and 3.4 to
10.8 GHz (measured), as in Figure 5.19a.
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Figure 5.19: Simulated and measured; a). S11, b). Sz

Various performance parameters like the ECC, DG, and CCL are used to evaluate the MIMO DRA
performance. The simulated and calculated (using measured S-parameters) ECC curve using
Equation (5.6) is shown in Figure 5.20. ECC for the proposed MIMO DRA is < 0.006 in the
exciting UWB range of operation (the acceptable limit of ECC is < 0.5). The antenna's DG is

calculated using (5.7) and gives the best result related to MIMO parameters.

ECC™ = | §6,[E1(0,6) B3 (0,0)]aq|” (5.14)
$F,1E1(6,0)12d0. $F,|E2(6,¢)]2d0 '

Where, 51(9, ¢) and E;(B, ¢) are the far field E filed strength of antennas for the radiatorl and
radiaor2.

The DG of the proposed MIMO DRA is calculated using equation 5.7. A measured and
simulated DG of the antenna was reported with good agreement. This antenna also reported a
high diversity gain (DG) of 9.99 dB, as shown in Figure 5.20.
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Figure 5.20 Cross-shaped MPS based MIMO antenna: Simulated and calculated (measured) DG
and ECC

The CCL evaluates the performance of the MIMO UWB DRA. It is the acceptable limit of data
loss over a given communication channel. For two radiator element MIMO antenna, CCL is
calculated by Equation (5.9). Figure 5.22a shows that the simulated results cover a frequency range
from 3.3 to 10.8 GHz for a CCL less than 0.4. However, the measured curve shows a covered CCL
band from 3.5 to 10.7 GHz, with CCL less than 0.4, as in Figure 5.21a. The proposed MIMO DRA
reports a high channel capacity and high data rate. Figure 5.21b shows gain and radiation
efficiency. The measured and simulated peak gain is 6 dBi, and the peak simulated radiation

efficiency is 96.6%.
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Figure 5.21: Simulated and measured; a). Channel capacity loss, b).Gain and Radiation

efficiency
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Figure 5.22: Co and cross radiation pattern at; a). 4.4 GHz, b). 8.3 GHz, c). 10.8 GHz

The radiation characteristics of Cross-shaped MPS-based MIMO DRA are shown in Figure 5.22.
The co and cross-polarization of the proposed MIMO DRA are reported at 4.4, 8.3, and 10.8 GHz.
At most of the frequencies, it can be observed that the cross-polarization values are less than the

co-polarization values, and the antenna radiates efficiently.

5.4 Conclusion

This chapter presents the research work done to achieve the fourth objective of the proposed
doctoral research work. Two DRAs are designed, optimized, fabricated, and tested in a MIMO
configuration. The first design of a rack-shaped DR antenna with a MIMO configuration excited
by a QWT-type feedline has been presented for UWB applications. The proposed antenna has two
rack-shaped radiator elements, and an inverted T-shaped MPS. Further, it also includes a partial
ground plane with a stub for better impedance matching and improved UWB characteristics. This
proposed antenna achieves a wide impedance bandwidth of 101.87% (3.52 GHz to 10.89 GHz)
with good isolation (over 15.6 dB) between the two DRs. The desired MIMO parameters of the
MIMO DRA were reported as an ECC < 0.0059, high diversity gain > 9.94dB, and good
transmission coefficient < -15.6 dB.

In the second design, cross-shaped MPS-based MIMO DRA was excited by a QWT-type feedline
for UWB operations. The proposed antenna has two rectangular DR elements having a partial
ground with the stub, an inverted T-shaped MPS between the DRS, and two cross-shaped MPS on
top of the DRs. These techniques improve the impedance bandwidth with high isolation (>20dB).
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Further, it also includes a partial ground plane with DGS (scissor-shaped slot) for improved
impedance bandwidth. It achieves UWB range from 3.3 to 10.8 GHz (104.8 %) for high data rate
applications. With a low ECC, high diversity gain, and a transmission coefficient of -20 dB, the

antenna's MIMO properties make it a strong choice for high data rate UWB applications.
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CHAPTER 6

CONCLUSION AND FUTURE SCOPE

6.1 Conclusions

This chapter summarizes the results of the research carried out in the thorough simulation,
fabrication and experimental testing of the parameters and characteristics of dielectric resonator
antennas (DRASs). Devices that integrate numerous communication standards into a single
condensed lightweight system are also in high demand, mainly for breakthroughs in signal
processing and improvements in the wireless communications industry. For a variety of wireless
applications, UWB antennas are needed. As a result, new communication systems with small size,
wideband, and UWB operation have attracted wide attention for multimode wireless
communication applications. Demand for better wireless devices that can handle multiple systems,

technologies and services drives the research described in this thesis.

At microwave, millimeter, and higher frequencies, DRAs perform as efficient radiators reducing
surface wave losses and metal losses, which have the advantageous characteristics of being
lightweight, low profile, less complex, and easy to fabricate. DRAs can be developed into a
compact size and easily converted into various shapes. For the application of UWB operation,
extensive research is going on, which mainly focuses on enhancing the electrical and mechanical
features of DRAs and designing them with good bandwidth and gain. Considering the gains
achieved by combining such antennas, research was undertaken to develop a constructive design
that would allow DRA to be performed with UWB operations. Some flaws in the performance of
DRAs must be addressed in order to be used effectively in communication systems. The size of
the DRA is too large for some applications that require compaction.

In first chapter, the UWB DRAS, their criteria, the motivation and goal of the study effort are all
discussed. Then a literature review research on UWB DRA covering the frequency range of 3.1 to
10.6 GHz, which the FCC classified as unlicensed spectrum was discussed in chapter 2. In order
to find better ways of developing working antennas in UWB operation, various articles were
referred to, several thesis, including several websites, helped to determine the objectives of
doctoral research work.

The literature review shows the significance of this study as well as the uniqueness of the present
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work. The literature study also showed research gaps in existing DRAs for UWB operations, this
Is the primary motivation of the thesis. The problem description, research objectives, and the
complete approach required to carry out the procedures are discussed. Some new design techniques
for the production of DRAs with UWB operations have been acknowledged as the main objectives
of the thesis. The material utilized in the design and research methods for the deployed radiator
element of various antenna characteristics, along with its simulation, fabrication, and experimental
verification are all detailed.

DRAs configurations that meet the antenna design criteria are simulated, fabricated and tested in
this doctoral research work to achieve the best impedance matching, widen impedance bandwidth,
good gain, and compact antenna size for UWB operations. The following flow chart is a summary

Doctoral
Research Work

of the doctoral research work:

Objec;i\'e 1 ObjBCJt‘i\‘ﬁ 2 Objec‘m \ﬂ'ec}ti\'e 4

h
Study of DRA + ] _
O-shaped Asymmetrical-
DRA shaped CPFDEA
i
9 h A b
Air-spaced OMd-ghaped Rack-shaped Cross-strip
RDRA DRA MIMO DRA based MIMO
DRA

Figure 6.1: Flow Chart of Research Objectives

In chapter 3, an air-spaced UWB DRA is excited by a QWT feedline, which covers frequencies
from 3.1 to 10.4 GHz. The proposed DRA consists of DR with an electric permittivity of 9.8, a
QWT feedline, and a modified ground plane. The ground is suitably modified to enhance the
impedance bandwidth with good impedance matching. In order to improve the performance of
DRA, cylindrical DR is cut from solid rectangular shape DR. This approach has the ability to
increase DRA's gain. Table 6.1 compares the simulated and measured values.
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Table 6.1: Comparison simulated and measured results of Air-spaced DRA

Design Frequency Band | Impedance Gain Modes
(GHz) Bandwidth
Air-spaced 3.28 -10.4 GHz | 104.09% 7.2dB TEu1s, TE225
RDRA Simulated TE231 TE33s
3.2-10.21 GHz | 103.86% 7dB
Measured

Chapter 4 has two designs and in the first design, the proposed OM-shaped DRA is fed using a P-
type microstrip feedline with a metallic conformal strip offering an input impedance of 50 ohms
for UWB characteristics (3.1 to 11.3 GHz) with elliptical polarization (6 to 11.1GHz). The total
size of the DRA is 50 x 40 x 4.87 mm?®. The antenna shows a measured (S11 < -10 dB) impedance
bandwidth from 3.88 to 9.05 GHz and 10 to 11.5 GHz and a gain of 7.68 dB. The UWB
performance is obtained from the proposed DRA by merging higher-order modes, TE>11, and TE221,
of the antenna’s operation at 7.2 and 10GHz and using a defected ground structure. The proposed
DRA shows the generation of orthogonal modes of TE221*, TE221Y' and TE211* and TE211Y on the
DRA surface at 6.5, 7.2, 8.35, and 10GHz, respectively. Since the magnitude of the E field
component at the two orthogonal modes is different, the DRA shows an elliptically polarized
behaviour for a frequency band from 6 to 11.1 GHz. The simulated and measured results of OM-
shaped DRA are shown in Table 6.2.

In the second design, a compact asymmetric structured DR is designed, simulated, and fabricated
for CP UWB operations. The antenna used two DR blocks with asymmetric height excited by the
QWT feedline. An F-shaped metallic strip is added in the ground plane to obtain simulated AR
bandwidth of 63.8% and measured AR bandwidth of 43.7% in the frequency range from 6.4 to
12.4 GHz for circularly polarized DRA. These attractive performances make the present design
suitable for CP UWB systems. The simulated and measured results of asymmetric structured DRA

are shown in Table 6.2.

108



Table 6.2: Comparison simulated and measured results of OM-shaped and Stacked Asymmetric-
shaped DRA

Design Frequency Impedance Gain Axial Ratio | Modes
Band (GHz) | Bandwidth Bandwidth
OM-shaped |3.14 to 11.4|8.26 GHz | 7.68dB 51GHz (6t0 | TEw11, TEauy,
DRA GHz and 112% 11.1 GHz) and TE221
Simulated
3.8 to 9.05 7.6 dB
GHz and 10
to 11.5 GHz
Measured
Asymmetric- | 6.4 to 12.4 | 6 GHz and 6.01 dBi 6 GHz (6.4t0 | TEs;; and
shaped DRA | GHz 63.8% 12.4  GHz), | TEs;3
Simulated 63.8%
59 to 11.8|66.7% 5.6 dBi 58 to 6.1
GHz GHz (252
Measured %) and 6.9 to
109  GHz
(43.7 %)

Chapter 5 has two designs to cover the fourth objective of doctoral research work. In the first
design, a UWB MIMO rack-shaped DRA excited by a transformer-type microstrip feedline has
been proposed for UWB applications. It achieves the wider impedance bandwidth of (3.52 GHz to
10.89 GHz) 101.87 %, 3.52 to 4.0 GHz covering partial S, whole C, and X bands with high data
rate applications. The proposed antenna has two rack-shaped radiator elements, an inverted T-
shaped parasitic strip, along improving impedance bandwidth. Further, it also includes a partial
ground plane with a stub for better impedance matching and improved isolation for UWB
operations. The desired MIMO parameters of the antenna with low ECC < 0.0059, high diversity
gain > 9.94dB, and transmission coefficient < -15.6 dB make it a strong candidate for UWB

applications. The simulated and measured results of Rack-shaped DRA are shown in Table 6.3.
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A UWB cross-shaped MPS-based MIMO DRA is excited by a transformer-type microstrip
feedline for UWB applications in the second design. The proposed antenna has two DR elements,
a ground stub, an inverted T-shaped MPS, two cross-shaped MPS, along with improved impedance
bandwidth and isolation. Further, it also includes a partial ground plane with DGS (scissor-shaped
slot) for better impedance matching and improved impedance bandwidth. MIMO parameters of
the antenna have been presented low ECC <0.0059, high diversity gain > 9.98dB, and transmission
coefficient <-20dB, which make it a strong candidate for UWB applications with a high data rate.
The simulated and measured results of cross-shaped MPS-based MIMO DRA are shown in Table
6.3.

Table 6.3: Comparison simulated and measured results of Rack-shaped and Cross-strip based
MIMO Rectangular DRA

Design Frequency Impedance Isolation (dB) | Modes
Band (GHz) Bandwidth
Rack-shaped 35 to 10.89 | 7.37 GHz, | >15.6 dB HEMu1;1, HEM>11,
DRA GHz 101.87% HEM212
Simulated
35 to 10.8|101% >159dB
GHz
Measured
Cross-strip 3.3 to 10.88 | 7.51 GHz, and | >20 dB HE115, HE215,and HE 125
based MIMO | GHz 104.6 %
Rectangular Simulated
DRA 35 to 10.8|101% >21.2dB
GHz
Measured

This thesis work describes the objectives of doctoral research work to design, simulate, and
fabricate the high gain DRA, EP/CP DRA, and MIMO DRA for UWB operations. Subsequently,
some ideas are suggested for future work to achieve UWB DRA with compact size and platform

easy operation for various applications in wireless communications.
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6.2 Future Scope

Although in this research work, an extensive study has been done to design, simulate, and fabricate

DRA for UWB operations. Various case studies have been included in the research work to

understand better the operation of dielectric resonator antennas having various sizes, such as

cylindrical, rectangular, and typical structures. Still, some topics have not been covered in the

research work and can be explored in the future.

With numerous DRA geometries such as spherical, rectangular, hemispherical, triangular,
hexagonal, and many more geometries for ultra-wideband, wideband, and narrowband
operations, there is tremendous scope in this research area.

In this research, DRAs have been used to generate circularly/elliptically polarized EM
waves utilizing metallic strips and a feeding mechanism based on the DRA structure (single
or multiple). Other approaches for generating circularly polarized waves include dual
feeding the DRA with two feed lines, the specific geometry of DRA, and edge feeding
DRAs with truncated corners.

In this thesis, the DRASs were designed with good gain, high efficiency, good isolation, low
ECC, and they can be also improved further using various enhancement approaches.

The use of electromagnetic metamaterials, metasurfaces [124] and reflectors for enhancing
the performance of the dielectric resonator antenna characteristics. Further, chiral
metamaterials can be used in DRAS to achieve circular polarization in the UWB range.
These UWB DRAs can be used for 5G and IoT applications.
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