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Abstract

In this thesis, an issue of bandwidth is considered in a rectangular dielectric resonator
antenna (RDRA). Two techniques (merging of modes and stacking) of bandwidth im-
provement are introduced with miniaturized resonator. Single narrowband in RDRA is
also introduced and investigated. Dual narrowband is proposed in a L-shaped DRA. It

is compact structure as compared to a conventional DRA structure.

Theoretical analysis of a rectangular DRA is discussed. Resonant modes in the RDRA
are presented with field distribution. Dielectric waveguide model (DWM)-mixed mag-
netic model (MMW) is discussed to predict resonant frequency, impedance bandwidth,
and radiation Q-factor of the RDRA for TE},; mode. Variation of resonant frequency
with length, height and depth are studied as a function of relative permittivity of ma-
terial. Effect of aspect ratios (length/height and depth/height) on resonant frequency
is discussed. Expression of impedance bandwidth and radiation Q-factor are discussed
as a function of physical parameters of the RDRA. Predicated maximum and minimum

impedance bandwidth are discussed for different values of the aspect ratios.

Literature survey on dielectric resonator antenna is carried out for bandwidth improve-
ment as well as single- and dual narrowband. For bandwidth improvement, survey of
various methods such as merging of modes, stacking/embedding DRA elements, modified
shapes of the DRA, and hybrid DRAs is presented. In the merging of modes of DRA, sim-
ple rectangular and cylindrical DRA designs are described. In the stacking/embedding
method, two disk DRAs, triangle DRAs and embedded ring-disks DRA designs are pre-
sented with their structure and reported performance. Modified shaped of DRAs namely,
notched RDRA, truncated tetrahedron DRA, semi trapezoid DRA, flipped staired pyra-
mid DRA, and L-shaped DRA are discussed for bandwidth improvement. Hybrid DRAs,
the DRA is attached with other kind of antenna, are discussed for ultra wideband oper-
ation. Two different methods of a narrowband DRA designs are reported in literature.
Using metallization on surface of the DRA, low-profile single narrowband designs are
presented. A narrowband compact DRA designs using high permittivity are discussed.

Literatere survey on dual narrowband DRA designs are also discussed.
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Two nearby modes of a basic RDRA are merged to obtain wide frequency operation (5.65
GHz to 6.48 GHz) and miniaturization is obtained by using high permittivity material.
A simple microstrip line excitation is used at the edge of the RDRA instead of a conven-
tional way of excitation. Due to this novel way of excitation nearby multiple modes are
excited to achieve wide bandwidth. The performance of the antenna has been confirmed
by measurements of various characteristics and radiation patterns. For compactness, the
proposed RDRA is compared and discussed with reported miniaturized DRA designs
around 5-6 GHz band.

A design of stacked RDRA 1is proposed at 5.2 GHz with 13.56 % of bandwidth. A 50 €
microstrip line is used in the proposed antenna as a feeding mechanism. The proposed
stacked RDRA consists of two rectangular slabs of two microwave dielectric materials
with dielectric constant of 10 and 32, stacked vertically to obtain improvement in band-
width as compared to the conventional RDRA. Physical parameters of stacked RDRA
have been optimized by extensive simulations using Ansoft HFSS. The parameters of
antenna are 17 x 7 x 4.56 mm?® with a grounded substrate’s size: 80 x 50 mm?. The
prototype is fabricated. Measured and simulated results are both in good agreement.
The proposed antenna is suitable for wireless local area networks (WLAN) application
in 5 GHz frequency band. This stacked RDRA exceeds the bandwidth requirements for
IEEE 802.11a WLAN applications within a 2:1 standing wave ratio (SWR).

In this thesis, a narrowband and compact RDRA is proposed by placing single metal strip
on top surface. A new radiating TE*s;9 mode is found. To validate the TE*51g mode and
a conventional lowest order TE*s;; mode, simple RDRA with and without a metal strip is
designed, fabricated, and measured. The RDRA is mounted on a grounded substrate and
fed by a simple microstrip line. Based on parametric study and electric field distributions,
dimension along the y-axis is principally used to determine the resonant frequency of the
proposed mode. The proposed mode has an impedance bandwidth of 35 MHz at 2.24
GHz and gain of 2.35 dBi. The radiating TE*s;pmode has broadside radiation patterns.
As compared to the conventional TE*s;; mode, TE*5 mode give reduction in resonant

frequency (58 %) and impedance bandwidth (79 %).



A L-shaped DRA with metallic patch is proposed for dual narrow band operation. A
microstrip line is used as a feeding mechanism. The patch is also L-shaped and is placed
on inner side or outer side or top side or combination of sides of the antenna. Parametric
study is performed on different arm length of patch placed on outer side and inner side
of the L-shaped DRA. This study confirms the dual narrow band operation around 2.4
GHz and 5.2 GHz. The proposed antenna is compact, circular polarized, high radiation

efficiency and dual narrowband operation.
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Chapter 1

Introduction

Keeping with the market demand, requirements for an antenna design are changing con-
tinuously. Today’s consumer market demands electronic systems of high efficiency, wide
bandwidth and reduced equipment size. Meeting these demands in the RF and wireless
domain is a major challenge since it involves design of the antenna to be embedded into
wireless products. Most of antennas that are in current use in microwave band and mil-
limeter region cannot be simply scaled up in frequency. Conduction loss in any metal
portion of a radiating element does not remain constant after scaling, and as a result,

this loss may become too high for system requiring efficient operation [1].

In this thesis, bandwidth is defined as range of frequency at which the impedance of
antenna is matched with the feed line. It is called as an impedance bandwidth. The
bandwidth is in term of return loss or VSWR (S). % of impedance bandwidth is per-
centage of the frequency difference (upper frequency, Fy - lower frequency, Fp) over the
center frequency of the impedance bandwidth. Where, f;; and f; are frequency having

S =2 or Sy; = -10 dB. Center frequency is (fu + fr)/2.

Over the last decades, two classes of antennas, microstrip patch antennas (MPAs) and
dielectric resonator antennas (DRAs), have been under investigation for modern wireless
applications. The MPA is made of metallic conductor placed on a grounded substrate. It
is a 2-D planar structure. The DRA is made of microwave material placed on a grounded
substrate. It is a 3-D structure. As compared to the MPA, the DRA has a much wider

impedance bandwidth (= 10 % for dielectric constant e, ~ 10). This is because the
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microstrip antenna radiates only through two narrow radiation slots, whereas the DRA
radiates from all the faces of the DRA except, the ground part. Avoidance of surface
waves is another attractive advantage of the DRA over the MPA. Due to absent of con-
ducting metallic part, the DRA has high radiation efficiency than that of the very popular
microstrip antenna. In [2], the radiation efficiency of a cylindrical DRA and circular disk
microstrip patch antenna (MPA) is reported at Ka band (at 35 GHz). Both the antenna
elements were designed with similar feeding networks (microstrip line) on a RogerTM
dielectric substrate with a thickness of 0.254 mm, a dielectric constant of 2.2 and a loss
tangent of 0.001. Reported measured % impedance bandwidth (S1; < - 10 dB) is 15.6 %
and 2.6 % for DRA and MPA, respectively. An intrinsic efficiency of the both antennas
is extracted by separating its radiation loss from the losses of the feeding microstrip line,
the connector and the test system, which are measured to be 0.1 dB, 0.5 dB and 1.1
respectively. After the above correction, the measured radiation efficiency of the DRA
is up to around 95 % at 35.5 GHz, while 78 % at 35.2 GHz for the MPA. In [3], the
radiation efficiency is reported around 100 % and 95 % at 4.1 GHz for cylindrical DRA
(CDRA) and circular microstrip antenna (CMA), respectively. The both antennas have
% bandwidth (VSWR < 2.5) of 2.9 %. Also the radiation efficiency is reported around
100 % and 97 % at 7.0 GHz for CDRA and CMA, respectively. The CDRA has % band-
width of 5 %, while the CMA has % bandwidth of 4.7 %.The DRA has wider beamwidth
as compared to the MPA. [2,4]

On the other hand, many characteristics of both the antennas are common because they
both behave like resonant cavities. For example, the dielectric wavelength (\) is smaller
than the free-space wavelength (\g) by a factor of 1/,/€,, both of them can be made
smaller in size by increasing ¢,.. Additionally, all excitation methods such as coaxial
probes, microstrip lines, coplanar waveguides and apertures that are applicable to the

MPA can also be used for the DRA [1,4].

1.1 Basic Characteristics of the DRA

A dielectric resonator antenna (DRA) structure mainly consists of ground plane, sub-

strate, and dielectric resonator made from a low-loss microwave dielectric material. Basi-
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A
i, A

Figure 1.1: Basic shapes of DRAs

cally, hemispherical, cylindrical and rectangular shapes/geometries (shown in Figure 1.1)
are available. Alongwith mechanical simplicity, mathematical formulations are easier for
them. Resonant frequency of the DRA is fundamentally a function of shape/geometry,
dimensions, and relative permittivity. To compare the geometries of the DRA, dimen-
sional degrees of freedom are considered. Tunable dimensions i.e. degrees of freedom for
hemispherical, cylindrical, and rectangular shapes are one, two and three, respectively.
For example, with a certain material, once the resonant frequency of a hemispherical
DRA is found by the radius, everything is fixed, including an impedance bandwidth,
radiation efficiency, and other performance parameters. One-dimensional degree of free-
dom makes the hemispherical DRA easy to design but at the same time it is difficult
to optimize for specific performances. It is also difficult to fabricate the shape. As a
consequence, the hemispherical DRAs are not popular in practice. In the cylindrical
DRA (CDRA), a certain resonant frequency has a number of radius-height (aspect ra-
tio) pairs. It is possible to have a tall or wider cylindrical DRA for a specific resonance
frequency with different Q-factor, the impedance bandwidth operation, excited modes,
radiation patterns, volume, gain, and directivity. Two-dimensional degrees of freedom
in the cylindrical shape provide ability to optimize for particular specifications. The
cylindrical and hemispherical DRA can support degenerative modes because of existence
of certain symmetry. The degenerative mode is two modes exhibit same resonant fre-
quency, hence interact with each other, which result into a lack of mode purity. This will
increase spurious radiations that degrade linear polarization. For dual and circular po-
larization designs, these degenerative modes are constructive. Moreover, manufacturers

of raw dielectric materials are manufactured in form of long rods, so cylindrical DRA can
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be easily prepared and fabricated. Because of this, the cylindrical DRA is more popu-
lar than the hemispherical /spherical DRA. In rectangular DRA, a resonant frequency is
determined by its geometry i.e. length, width and height. The resonant frequency can
have a number of length-height and width-height pairs. It may have either a tall or wider
or longer rectangular DRA for a particular resonance frequency. These antennas have
different performance in respect to Q-factor, the impedance bandwidth, resonant modes,
radiation pattern, volume, gain and directivity. Three-dimensional degrees of freedom
in rectangular DRAs give more design of flexibility. Degenerative modes in RDRA can
be avoided by properly choosing the aspect ratios (length/height and width/height). It
is easy to fabricate from raw dielectric material. Due to these, The rectangular DRA is

more popular and better choice other than cylindrical and hemispherical shapes [5,6].

The impedance bandwidth is a function of the material’s relative permittivity and aspect-
ratios. For lower relative permittivity, the bandwidth is high and also size is large. Narrow
bandwidth can be obtained with high dielectric constant and compact in size. It shows
tradeoff between the impedance bandwidth and volume. There is no straight forward
relationship between the bandwidth and aspect ratios. By choosing the proper aspect

ratios, the Q-factor can be controlled and hence the impedance bandwidth. [7,8]

Relative permittivity of the order of 8 to 100 gives additional degree of freedom. By this,
researchers can have control over physical size and bandwidth. The materials used for
the DRA are poly tetra fluoro ethylene (PTFE), barium titanate, magnesium titanate,
zirconium titanate, lithium ferrite, and solid state solutions of combination of magnesium,

calcium, silicon and titanium oxides [5,9].

There is no metallic part in dielectric resonators. So, high radiation efficiency (> 95 %) is
a major merit of DRAs. Especially, at high frequency millimeter wave applications, DRA
is an attractive candidate as compared to the popular MPA. As compared to the MPA,
no surface waves are exhibited in DRA and hence, spurious radiations are less. DRAs
have a high dielectric strength and therefore a higher power handling capacity. DRA can
operate in a wide temperature range due to the temperature-stable ceramics (order of

tolerance: £ 0.5; £+ 1.0; & 2.0 ppm/° C). Several feeding mechanisms (including aperture
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slots, coaxial probes, microstrip transmission line, dielectric image guide, and coplanar
waveguide lines) are suitable for efficient coupling of DRA. The DRA can be excited
in various modes, many of which have radiated pattern similar to short electric or mag-

netic dipoles, resulting with broadside or directional patterns for different structures [5,9].

In general, the DRA is operated in its fundamental boreside or endfire mode. The broad-
side DRA radiates like a magnetic dipole with its maximum radiation fields being normal
to the ground plane. The endfire DRA radiates like an electric monopole. This mode can
be excited by axially feeding the DRA with a coaxial probe. Theoretically, its radiated
E-field is maximum along the ground plane direction, but practically it has a titling an-
gle due to a finite ground plane effect. However, only fundamental broadside modes are

considered in most of research [10].

These versatile characteristics, make the DRAs to be used in numerous applications in
wireless systems because of freedom of the design parameters. Many techniques are avail-
able for enhancing antenna performances with regard to radiation patterns, impedance
bandwidth, gain, directivity, and compactness. Some of techniques are discussed in chap-

ter 2.

1.2 Challenges

For a given resonant frequency, the dimensions of isolated dielectric resonator antenna
(DRA) and material’s dielectric constant €, are closely related. Employing a high relative
permittivity material, the dimension can be reduced to the order of A\g/\/€, . The draw-
back however is increase of Q-factor and as a consequence reduction in bandwidth. For
examples, in global system of mobile communication (GSM) and personal communica-
tion system (PCS) system, the antenna should be compact and with higher bandwidth.
For example at 900 MHz, the cylindrical DRA with dielectric constant, €., of 12 will
have dimension of 68 mm radius, 34 mm height with 13.8 % bandwidth. An isolated
rectangular DRA will have dimension of 72 x 72 x 54 mm? for the same frequency and
dielectric constant with 8.4 % of bandwidth. At 1800 MHz, the dimensions are almost

reduced to half and volume is reduced by a factor of eight with the same % of bandwidth.
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However, at these frequencies, the dimensions of DRAs are generally too large to be used
in the systems. To achieve the same bandwidth in rectangular DRA, i.e. 8.4 % at 900
MHz, dimension will be 25 x 100 x 12 mm? for the dielectric constant of 48. A reduction

of 10 % in volume can be achieved by increasing the dielectric constant by four times [6,9].

A simple technique to further reduce the volume is to put DRA on a large ground plane
so that it acts as image plane. This will reduce the dimension to half that is normal to
the ground plane, thus further reducing the volume by a factor of two. At 900 MHz, the

3. This scheme can only

dimensions of the rectangular DRA become 72 x 72 x 27 mm
be applied when the ground plane does not violate boundary conditions of modes. Even
with this technique, the dimensions are too large to be used in the systems. There is

need to improve the design methodology for miniaturized and wideband DRAs.

The resonant frequency of the DRA is predominantly a function of size, shapes, material
permittivity, modes, and feeding mechanisms. The impedance bandwidth is a function
of aspect ratio and the material permittivity. To obtain specific requirements such as the
impedance bandwidth and resonant frequency, there should be more number of degrees
of freedom. For researchers, it is a challenge to obtain closed form formula for design of

the DRAs. [5,9]

In reported designs of the various DRAs in literature, most of the proposed schemes are
based on experimental studies. These studies are based on trials and errors. There is
lack of closed form formulas for designs of the DRAs due to complicated structures and

more degrees of freedom.

During fabrication of the DRA structures, there is probability of air-gaps between the
dielectric bodies and metal bodies. These kinds of fabrication-imperfections will cause
deviation in performance of the antennas. The deviation becomes more severe when
miniaturized DRA operate at very high frequency or using high dielectric constant ma-
terials. Some methods are already suggested in literature to nullify these effects. But it

is not possible to apply these methods to all kind of designs. [11]
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Another main challenge is to develop DRAs on silicon based IC surface in the form of
microwave integrated circuits (MICs). Without success of this, researchers cannot use

DRA for wireless applications [12].

1.3 Historical Developments of DRASs

Ritchmyer in 1939 [13] used the term ”dielectric resonator (DR)” for the first time and
showed that a block of dielectric material having very high dielectric constant resonates
in free space and exhibits radiation damping. He claimed that the dielectric object be-
haves as a resonating cavity. However, his theoretical investigations failed to generate
significant interest in researches and remain unattended experimentally over 25 years due
to lack of revolution in dielectric materials. In the early of 1960s, Okaya and Barash [14]
reported the DR in the form of crystal developed from low-loss ceramics. At that time,
the DRs were often enclosed in metal cavities to prevent radiation and to maintain a high
Q-factor, critical for filter or oscillator designs. A breakthrough in the dielectric material
occurred during in 1975s; when Van Bladel [15] reported detailed theory on evaluation of

modes in DRs.

In 1983s, the first use of DR as a radiator was reported by Long et al,. DR is excite
in certain modes with no shielding and work as an efficient radiators instead of an en-
ergy storage device. This concept led to the exploration of DRs as antennas known as
dielectric resonator antenna (DRA). Long et al examined the characteristics of DRAs of
hemispherical, cylindrical and rectangular shapes [7,8]. Their work demonstrated that
the DRAs could be an attractive alternative of low-gain antennas. A linear array of DRAs
fed by a dielectric image guide [16] and a planar array of circular-polarized DRAs [17]
were examined during this decade. In early 1990s, the research was focused on analyz-
ing the various radiating modes of various basic shapes of DRAs with a various feeding
schemes, and applying analytical and numerical techniques were applied to determine the
input impedance, Q-factor, coupling, and radiation patterns. These investigations were
summarized in a much-cited paper published in 1994 by Mongia and Bhartia [6]. In this
paper, they proposed standardized nomenclature of the modes, with a set of equations for

predicting the resonant frequency and Q-factor of rectangular DRAs with various feeding
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schemes.

By the late 1990s, linear and planar arrays of DRAs were reported from two-element ar-
rays to 300 elements phased arrays [18-21]. Also during this period, low-profile [22] and
compact designs [23], mutual coupling analysis of array elements [24], circular polarized
DRAs [25], multi-band and wideband designs [26,27], tunable DRAs [28], and beginning
of hybrid designs [29] were reported.

By the early to late 2000s and 2010s, research continued in the field of miniaturization
techniques, low-profile designs, dual and circular polarized designs, bandwidth improve-
ment techniques, and multi-band designs. New developments of enhanced gain tech-
niques, finite-ground-effects, tunable DRAs, ultra-wideband designs, and dual-function
DRA designs were introduced. Much of work include experimental study of new shapes of
DRASs such as conical, tetrahedral, hexagonal, pyramidal, elliptical, stair-stepped shapes
with various feeding methods. Also there was focus on designs of DRAs for specific appli-
cations into mobile handsets for personal computer system (PCS), international mobile
telecommunication (IMT)-2000, wireless local area network (WLAN), and ultra wideband
(UWB) applications. DRAs were also reported in radar applications, breast-cancer imag-
ing, and radio frequency identification (RFID) systems. Techniques for improving DRA
array manufacturing, integrations in systems, and packaging techniques were studied.
Up to 2010s, the focus was on improvement of one of the performance parameters such
as bandwidth, miniaturization, radiation patterns, gain, multi-bands, input impedance,
and efficient couplings. It was accomplished with combinations of shapes, size, dielectric

material, feeding mechanisms, and structure around the DRAs [11,19].

Nowadays, main focus of research on DRAs is improvements in two or more of the per-
formance parameters in a design structures, and theoretical analysis of various DRAs.
To date, published frequency: lowest - 55 MHz [30] and highest - 94 GHz [31] for which
DRAs have been design and fabricated. The smallest physical DRA with radius of 0.33
mm; height of 0.30 mm [32] whereas, the largest physical DRA with radius of 275 mm;
height of 200 mm [30] were reported. The lowest profile of rectangular DRA with height
of 0.026\; was demonstrated [33].
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These developments of dielectric resonator antennas show that there are many untouched

area such as aspect of theoretical as well as improvement in performance parameters.

1.4 Motivation

The modern trends in communication and wireless systems are to integrate different
modules into a system. There is a need for miniaturization of every component to the
possible extent of the system. In the system, an antenna is an important component for
communication. Physical size of the antenna is depending on the operating frequency.
At lower frequencies, due to the physical size of antenna, integration of the antenna into
a package is not easy. As antenna gets electrically small, it will be constrained by narrow
bandwidth, lower radiation efficiency, and low gain [34]. Main focus of this thesis is to

propose miniaturized, wideband, and highly efficient antennas.

Long et al., demonstrated in 1983 that dielectric resonators made of low permittivity
materials (8 < e, < 20) placed in open environment exhibit small radiation Q-factor if
excited in their lower order modes [7,8]. The high radiation losses of these resonators make
them useful particularly as radiating elements, especially in high-frequency applications
where ohmic losses are a serious problem for the conventional microstrip antennas. Apart
from their low dissipation loss and the subsequent high radiation efficiency, dielectric res-
onators offer many other attractive features, such as good mechanical and temperature
stability, compatibility with microwave integrated circuits (MICs), small size and weight
due to the scaling of the DR dimensions with the relative permittivity. Also, the DRs
have versatility in terms of their shape, feeding mechanism, efficient control on excited

modes, polarization, and radiation patterns.

DRAs have been investigated since 1983 [13], it has received more attention only in the
last 15 years. This is mainly due to three reasons. (1) The fabrication cost was too
high as compared to the metallic antennas, (2) the unavailability of dielectric materials
having a relative permittivity, €,, from 10 to 100 with low dielectric losses, and (3) lack

of theoretical analysis of various shapes, with variety of feeding mechanisms [5,9-11].
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Nowadays, wide range of inexpensive and low-loss dielectric materials is available because
of progress in material science. This prompted the antennas researchers to show interest
in the DRAs. In spite of these, ongoing research in DRAs is still largely unexplored, and

immature.

1.5 Contributions of the Thesis

Objectives of the thesis “Bandwidth Considerations in Miniaturized Rectangular Dielec-
tric Resonator Antenna: Experimental Validation” is to deal with two different aspects of
bandwidth: wideband and narrowband. Two DRAs are proposed for bandwidth improve-
ment (wideband) and two DRAs are introduced for narrowband frequency operation. All

four DRASs result in miniaturized antennas.

e The first DRA is to excite two nearby modes of a simple rectangular DRA with
a simple and novel way of excitation using microstrip line. It is claimed that the
proposed scheme has a wider bandwidth (5.65 GHz to 6.48 GHz) and miniaturized

as compared to the reported designs of conventional RDRA.

e The second DRA of bandwidth improvement is studied using stacking of two dif-
ferent dielectric materials in a rectangular shape. A design of the stacked RDRA
is proposed at 5.2 GHz with 13.6 % impedance bandwidth. Results show that the
proposed design has improvement in bandwidth as compared to a usual RDRA at

5.2 GHz.

e A narrowband operation can be achieved by using dielectric material of high per-
mittivity. Here, the narrowband is proposed by placing a metallic conducting patch
on the surface of the rectangular DRA. By using the metallic patch, a new radiat-
ing TEY,, mode is observed in RDRA. The proposed antenna is resonated at 2.24
GHz with 35 MHz (1.2 %) impedance bandwidth. The antenna is a miniaturized

as compared to the conventional RDRA at the same resonant frequency.

e Dual narrowband is investigated in a L-shaped DRA. The proposed antenna uses
a metallic patch on the surface of the L-shaped DRA. It is optimized at 2.4 GHz
and 5.2 GHz with 1 % impedance bandwidth for both bands. It is compared with

reported dual band DRA designs and claimed to be miniaturized.



1.6 Organization of the Thesis 11

In this study, Ansoft High Frequency Structure Simulator (HFSS) tool, as described in
Appendix A, is used to perform parametric study. Return loss characteristics, resonant
frequency, 10- dB impedance bandwidth, radiation patterns, gain, and directivity are
initially observed based on the simulation study. Based on the study, physical parameters
of the proposed RDRA are optimized. Due to unavailable sample for the proposed dual
narrowband L-shaped DRA, the antenna is not validated experimentally. Other three

proposed DRAs are validated experimentally and compared with simulated results.

1.6 Organization of the Thesis

Six chapters of the thesis are organized as below:

Chapter 2 presents basic theory of a rectangular DRA. The operation and properties of
the RDRA are presented. Its resonating modes, models to determine of its resonance
frequencies and radiated Q-factor are examined. Parametric studies on length, depth,
height, and dielectric constant are presented. For the given RDRA, allowable minimum
and maximum limit of impedance bandwidth are discussed. Literature survey of exist-
ing DRA designs for bandwidth improvement as well as single- and dual narrowband is
presented and discussed. Important characteristics of the reported DRA designs such
as range of frequency, bandwidth, dielectric constant, volume, type of DRA shapes and

feeding techniques, and size are compared. Also design procedure is discussed.

In chapter 3, a technique is introduced for bandwidth improvement. Using simple and
novel way of excitation by a microstrip line, nearby multiple modes are excited for wide-
band operation in a RDRA. The parametric study is presented on different dimensions
of the RDRA. For validation, field distributions are presented. Theoretical analysis of
excitation of dual modes is introduced. Experimental results are compared and discussed
with simulated results. Reported DRA designs are compared with the proposed work for

miniaturized and wideband rectangular DRA.

Chapter 4 demonstrates another technique of bandwidth improvement. A stacked rect-

angular DRA made from two different dielectric materials is proposed. Parametric study
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is performed and optimized parameters at 5.2 GHz are obtained. The prototype is fab-

ricated and results are compared with simulated one.

In Chapter 5, a new radiating T'E§,, mode with a narrow band is investigated in a rect-
angular DRA. Parametric study on dimensions of the antenna is presented and discussed.
Field distributions and theoretical analysis are presented. The experimental results of the

new mode and a conventional mode are presented and compared with simulated results.

Chapter 6 introduces a new technique for dual narrowband operation. A L-shaped DRA
is operated at 2.4 GHz and 5.2 GHz. Simulated parametric studies are presented and

discussed. Comparison is presented with existing multiband DRA designs.

Finally, Chapter 7 includes conclusions of the thesis. It also provides directions of possible

future work in this research area.
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Chapter 2

Theory and Literature Survey of
Rectangular Dielectric Resonator

Antenna

A dielectric resonator antenna (DRA) in rectangular cross-section (which will be called
simply a rectangular dielectric resonator antenna - RDRA) is characterized by height b,
depth d, length a, and dielectric constant €,. The rectangular shape offers a two degree
of freedom (one more than the cylindrical and two more than the hemispherical DRA),
making it the most versatile of the basic shapes. There is a greater amount of flexibility
in designing of the RDRA to achieve desired profile and bandwidth characteristics for a
given resonant frequency and dielectric constant, since two of the three physical dimen-
sions can be chosen independently. Thus, either a tall and slender or a thin and wide
RDRA can be selected, depending on a specific requirement of an application. A choice of
aspect ratio has an impact on the radiation Q-factor, which allows greater design flexibil-
ity [1]. The choice of three dimensions of RDRA can be made to ensure that the resonant
frequencies of the modes are separated apart from each other. Thus, the rectangular
DRA need not suffer from the mode degeneracy problem exhibited by other shapes [2]
. Comparision of resonance frequency and impedance bandwidth between rectangular,
cylindrical and hemispherical DRAs at the same volume for different dielectric constants
is discussed in [3]. The resonant frequency of the RDRA and hemisphrical DRA (HDRA)
are the highest and lowest among the three cases, respectively, whereas that of the CDRA

17
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lie between the two. The impedance bandwidth of the RDRA and HDRA are the widest

and narrowest among the three cases, respectivley.

In this chapter, theoretical analysis of the rectangular dielectric resonator antenna is de-
scribed. In this thesis, mixed magnetic wall (MMW) model-dielectric waveguide model
(DWM), Fang & Leung Model are discussed. Based on DWM-MMW model, theoretical
study of resonant frequency, Q-factor, and impedance bandwidth on various parameters
of the RDRA such as length, depth, height, and dielectric constant is described. In sec-
tion 2.2, the literature survey of wideband DRA is carried out with all possible techniques
for bandwidth improvement. In section 2.3, single- and dual- narrowband DRA designs

are discussed with their characteristics.

2.1 Theoretical Analysis of a Rectangular DRA

Dielectric resonators (DRs) made of low loss dielectric material, with relative permittivity
in the range of 10 to 100 and loss tangent (tand) around 10, have been widely used in
shielded microwave circuits, such as in oscillators and filters. In such applications, DRs
exhibit a very high unloaded Q-factor given as (), = 1/tand. However, if a DR is placed
in an open environment, there is loss due to radiation and reduction in Q-factor. This fact
makes dielectric resonator useful as an antenna element. One of the features of a dielectric
resonator antenna (DRA) is that it is available in number of simple shapes. The most
common shapes are circular and rectangular. The rectangular shape is the most versatile
since it has two degrees of freedom as described in chapter 1. An analytical closed-form
solution for all shapes is not available. Various numerical techniques such as method
of moments (MoM) and finite difference time domain (FDTD) method can be used for
analysis of DRAs. But these techniques are time consuming, memory intensive, and not
amenable to design or optimization [4,5]. For design of the DRAs, several models, namely,
MMW-DWM, Marcatili model [6], Know & Toulio’s model [7] have been developed to

estimate resonant frequency (f,.) and Q-factor [8,9].
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2.1.1 Resonant Modes for a RDRA

All resonators have a series of resonant modes or field structures, which are determined
by their electrical characteristics and boundary conditions. The modes of a spherical
DRA are of transverse electric (TE) or transverse magnetic (TM) modes [9], whereas the
modes of cylindrical DRA are of TE, TM, or hybrid type [10]. Figure 2.1 shows an iso-
lated RDRA and characterized by length a, depth d, height b and dielectric constant ..
Unlike spherical or cylindrical DRASs’, no rigorous classification of modes of the RDRA

exists.

A Y

S ——

/
v

Z

Y

Figure 2.1: Isolated rectangular dielectric resonator antenna

Van Bladel has given a general classification of the resonant modes of an arbitrarily shaped
dielectric resonator made of a high permittivity material [11,12]. According to Van Bladel,
modes of a DR can be a confined or nonconfined type. For both confined and nonconfined
modes, the following condition should be satisfied at all the interfaces/surfaces of the

resonator.

Een=0 (2.1)

Where, E denotes the electric-field intensity and 7 denotes the normal vector to the

surface of the resonator. This condition states that there is no electric field intensity



2.1 Theoretical Analysis of a Rectangular DRA 20

normal to the boundary. For a magnetic wall, following condition should be satisfied.

Ax H=0 (2.2)

where, H denotes the magnetic field intensity. Equation (2.2) is not necessarily satisfied
at all the surfaces of the DR by all the modes. The modes of a DR which satisfy both
conditions (2.1 and 2.2) are known as confined modes (e.g TM mode of a cylindrical
DR), while those which satisfy equation (2.1) only are known as nonconfined modes. A
lowest order nonconfined and confined mode is radiated like magnetic and electric dipole,
respectively. It has also shown that confined modes can be supported by dielectric bodies
of revolution such as sphere and cylinder (exhibiting axial-symmetric properties) [11].
Since a rectangular DR is not a body of revolution, it supports only nonconfined modes.
These modes or field structures are classified as E and H modes (as per the Van Bladel’s
nomenclature for modes). The E modes, are confined modes, do not have large magnetic
fields and the lowest order mode resemble an electric dipole. The H modes, corresponding
to the nonconfined mode, have a large magnetic field perpendicular to the interface, with

the lowest order mode resembling a magnetic dipole structure shown in Figure 2.2.

v A
Y " ® H Field
*PI*—H + £ Field
I
F o ' |
z | X

(a) Co-ordinate System  (b) Field Distribution (Front View)

a
+ H Field
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d I EGB ® l_.x
z
(¢) Field Distribution (Top View)

Figure 2.2: The internal E and H fields distribution of H modes
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Okaya and Barash provided an approximate but simple analysis of a rectangular DR [13].
They suggested that modes of the rectangular DR can be divided into two types: TE
and TM. They first classified the H mode to the transverse magnetic (TM) mode and the
E mode to the transverse electric (TE) mode. However, later work by Yee [14] used the
opposite notation. This convention (i.e. H mode to TE and E mode to TM) continues to
be used nowadays, with two or three subscripts to identify the specific mode order. The
subscripts denote the field variations in the appropriate orthogonal component, depending
on the coordinate system employed. Extensive experiments showed that not all the modes
in the rectangular DRAs predicted by Okaya and Barash’s analysis are observed [15].
When the dielectric waveguide model (DWM) is used to find the lowest order TM modes
in the rectangular DRA [15], it is found that they do not satisfy (2.1). The existence
of TM modes in the RDRAs, therefore, appears to be doubtful. On the other hand,
the existence of lower order TE modes is confirmed [16], and also satisfied the condition
of nonconfined modes. Therefore, in this chapter, only TE modes in the rectangular
DRAs will be discussed. The rectangular DRA can support TE*, TEY and T'E* modes
which are typically radiate like short magnetic dipoles in the x-, y-, and z-directions,
respectively. In TE* mode, the RDRA is considered as a waveguide which is truncated
along the z-direction at +d/2 with magnetic walls [2]. Wave is propagated along the z-
direction. The standing waves inside the RDRA are formed in x- and y- directions, while
the fields outside the RDRA are exponentially decayed along the z-directions. The lowest
order modes are TE},,, TE{;; and TE} s for a > b > d, where the subscripts represent
the field variation in the x-, y-, and z-directions, respectively, as defined in Figure 2.1. If
it is assumed that smallest dimension of the RDRA is in the z-direction (i.e. a, b > d),
then a dominant lowest order mode will be T'E7, s mode. Where, 0 is fraction of half cycle

field variation. The subscript, 1, indicates a half cycle variation of the field variation.

2.1.2 Dielectric Waveguide Model-Mixed Magnetic Wall Model

An analytic model of the rectangular DRA can design the antenna without costly and
tedious experimental iterations and simulations. It may allow the researcher to discover
physical interpretation of the RDRA’s operation. With the analysis models, designers

should be able to predict the antenna performance parameters such as the resonant fre-
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quency, bandwidth, input impedance, radiation patterns and radiation efficiency. The
rectangular DRA generally has a three-dimensional radiating dielectric structure on a fi-
nite ground plane and categorized as a three-dimensional planar and/or nonplanar struc-

ture for analysis purpose. There are various analysis methods available for the RDRAs.

The RDRA has six end surfaces (high relative permittivity to air interfaces). Based
on boundary conditions on the these surfaces, there are two approximation methods,
namely, first order and second order approximation, are used to predict the resonant fre-
quncy of the RDRA [13]. The first-order approximation is the method where all available
six surfaces of the RDRA have perfect magnetic conductor (PMC) ' boundary condi-
tions. By applying the condition (2.1) on the six surfaces, the resonant frequency can
be determined. The resonant frequency is denoted by f.1. Where, k,, k,, and k. are
wave numbers in x-, y-, and z-axis, respectively. kg is the free-space wave number. The

resonant frequency f,; for 1% order approximation can be found from following equations.

1
fl 27 roﬁoﬁr ac+ y+ z ( )
Seperation equation is
k2 + k‘; + k2 = e,k (2.4)
where,
kx:%,mzl,Q,S,... k;y:%”,nzl,z,?,,... kzz%,p:1,2,3,... (2.5)

The second order approximation in which four side walls are to be considered as PMC and
the other two opposite end walls are to be considered as imperfect magnetic conductor
boundaries. The continuity of the magnetic field intensity is used to perform the matching

of tangential components across the imperfect interfaces. While, the condition (2.1) is

IPerfect Magnetic Conductor (PMC): The intrinsic impedance of the material is inversely proportional

to square root of dielectric constant. In region of high permittivity, the impedance is very low. In

Z1,—Zo
Z1+Zo

permittivity (DRA) to low permittivity region (air), Zy (impedance of high permittivity region) is much
smaller than Z; (impedance of low permittivity region). Thus, the reflection coefficient approaches 1.
This is close to open circuit, thus the surfaces (interface of high permittivity to air) is to be a perfect
magnetic conductor (PMC) [17].

transmission line theory, the reflection coefficient is given by [ . For a wave travelling from high
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applied on four perfect interfaces. This approximation is now commonly referred to as
the mixed magnetic wall (MMW) model. The MMW is based on Okaya and Barash [13]
work in 1968. This is the first model to deal with the dielectric waveguide.

Resonant Frequency of the RDRA

An approximate theory is given for predicting resonant frequencies of the RDRA made
of a section of an infinite rectangular dielectric waveguide. In a typical design, one
first computes guide wavelength, )\,, of an infinitely long dielectric waveguide by using
an approximate analysis such as the one developed by Marcatili [6] and then the reso-
nant frequency is computed by assuming the end surfaces of the resonator are magnetic
walls [18]. Guillon and Garault [19] were the first to calculate the resonant frequency of
the analogous T'F15 mode. The dielectric waveguide model (DWM) was used by Itoh and
Rudokas [20] on the circular cross section DR. An isolated RDRA in free space (length
(a), depth (d), and height (b)) shown in Figure 2.3 (b) or RDRA (length (a), height
(h=b/2), and depth (d)) with a finite ground plane shown in Figure 2.4 is considered
for modeling. Initially, it can be assumed that the RDRA is a truncated section of an
infinite dielectric waveguide (as shown in Figure 2.3 (a)) having transverse dimensions
same as those of the RDRA. It is assumed that wave is propagating along the z-direction
in the waveguide. The RDRA is considered as waveguide which is truncated along the z

direction at +d/2.

It is assumed that the smallest dimension of the RDRA is in the z direction, then the
dominant lowest order mode will be TEf,; mode (a, b > d). Using the DWM, leads to
following fields within the DRA [1,21].

(kz + k)

H, = —==cos(k,x) cos(k,y) cos(k,z 2.6
ot cos k) cos(lyy) cos(2) (26)

E, = —kysin(kyx) cos(kyy) cos(k,2) (2.8)
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(a) Infinite Dielectric Waveguide (b) Truncated Dielectric Waveguide

Figure 2.3: Geometry of analytical model for the RDRA (a) Infinite dielectric waveguide,
(b) Truncated dielectric waveguide

Figure 2.4: RDRA on ground plane [2]

E, = k,cos(kyz)sin(kyy)sin(k,z) (2.9)
H,= Kok, cos(kyx)sin(kyy)sin(k.z) (2.10)
T ’ v : '

ko, |
H, = sin(k,x) cos(kyy)sin(k,z) (2.11)

Bl Jwio
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Enforcing the magnetic wall boundary condition (2.1) at the surfaces of the RDRA, i.e.,
at |x| = a/2 and |y| = b/2, that is the 2" order approximation method (MMW), following

equations are obtained for the wavenumbers k, and k,:

ey = 2 =1,2,3, ... ky:%in:Llau- (2.12)
a

Further, by applying the continuity of the magnetic field intensity is used to perform
the matching of tangential component across the imperfect interfaces at |z| = d/2 , the

following transcendental equation is obtained for the wavenumber k,:

d
k- tan(k.5) = Ve — DR — &2 (2.13)
The wavenumber k,, k,, and k. also satisfy following separation equatin
k24 K24 k2 = ek (2.14)

For the T E{,; mode, the value of § can be defined as fraction of a half cycle of the field

variation in the z-direction (0 < ¢ < 1) which is given by

5= (2.15)

:u|=\|§T‘

For given dielectric constant and physical dimensions (a, b and d) of the RDRA, the
resonant frequency can be found by substituting (2.12) and (2.14) in (2.13). The tran-
scendental equation (2.13) is solved for k.. The resonant frequency can then be obtained
by solving for kg in (2.14). The resonant frequency of T'E}, 5 can be expressed from (2.14)

as:

f = k24 k2 4 k2 (2.16)

c
2m\/€r
The equations for the resonant frequencies of TEf,; and TEY;; modes are similiar.

2" order approximations with

Comparison of theoretical resonant frequencies of 1% and
experimental resonant frequency for different samples of RDRA is given in Table 2.1.
Experimental resonant frequencies, f,.(Exp), of TE},; mode of a probe coupled various

samples of RDRAs [21] are used for the comparision. It is assumed that all subscripts
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(m,n, and p) are equal to 1 for the lowest-order T'Ef;; mode in the first order approxi-
mation. For the second order approximation, subscripts (m, and n) are equal to 1 for the
lowest order T'E7,; mode. Calculated resonant frequencies of the both approximations,
and percentage (%) of errors which are calculated with reference to experimental result
for resonant frequencies of 1% and 2" order approximations are listed in Table 2.1. It is
observed that as compared to the experimental resonant frequency of various samples of
RDRA, % of error is of the order of 11% to 45 % for the 1% order approximation. Error
in 2" order approximation as compared to the experimental resonant frequency is in the
range of 1 to 10 %. It is noticed that resonant frequency of the 2"¢ order approximation

model provides accurate prediction for the lower order mode in the RDRA.

Table 2.1: Comparison of theoretical resonant frequency of 1% and 2" order approxima-
tion with experimental result [21]

€ a g d fr (GHz) | f.1 (GHz) | % of Error | f. (GHz) | % of Error
(mm) | (mm) | (mm) | Exp [21] | Theory 1%t order | Theory | 2" order
20.0 | 10.16 | 7.11 | 10.16 4.71 0.23 11.04 4.63 1.7
20.0 | 10.16 | 10.16 | 7.11 4.55 6.63 45.71 4.60 1.0
37.84 | 7.62 | 15.24 | 7.62 4.08 4.80 17.64 3.88 4.9
79.46 | 7.70 | 7.70 | 7.70 3.17 3.78 19.24 2.84 10.4

For the lowest order T'E}, s mode, m and n are equal to 1, a sketch of the field configuration
of RDRA is shown in Figure 2.5. The DRA has dimension of w x h x d. Where, h is
equal to b/2. The H, component of magnetic field is dominant along the center of the
DRA, while the E fields (predominantly E, and E,) circulate around the H, component.
These fields are similar to those produced by a short magnetic dipole. Higher-order modes
of the RDRA can also be possible for certain aspect ratios. Figure 2.6 shows sketches
of the E-fields of T'E3,s5, TE3 s, and TE3 ;. The TEZ; and T Ef;5 modes will produce
radiation patterns similar to the T'E},;, having a peak in the broadside direction (along
the y-axis), while the TE3; mode will have a null at broadside. (Note that the T'E};
mode cannot exist for the case of the RDRA mounted on the ground plane, due to the
boundary condition that forces the tangential E-field to zero at y is equal to 0, since the

TE3,; mode would require the E-field to be maximum at that location [1].
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Figure 2.6: E-field of selected higher modes within the RDRA [1]

In order to study variation of the resonant frequency with height b, length a, and depth
d, aspect ratios (length/height and depth/height), using equations (2.12) to (2.14), the
theoretical analysis is performed. Variation of the resonance frequency in GHz as a
function of dielectric constant for different values of height, b, are shown in Figure 2.7.
The other dimensions of the RDRA, operated in T'E},s mode are depth of 10 mm and
length of 30 mm. From the Figure 2.7, it is seen that for low profile RDRA, the resonance
frequency varies from 18 GHz to 4 GHz when dielectric constant varies from 6 to 100.
For high profile rectangular DRA, the resonance frequency varies from 8 GHz to 2 GHz.
This shows that for a given physical parameters of the RDRA, the low-profile RDRA is
resonated at higher frequency as compared to the high profile.
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Effect of height, a=30 mm, d =10 mm
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Figure 2.7: Plot of resonant frequency with dielectric constant for different values of
height of the RDRA

For different values of depth, d, variation of the resonance frequency as a function of
dielectric constant are shown in Figure 2.8. The other dimensions of the RDRA are
height of 12 mm and length of 25 mm. From Figure 2.8, it is observed that for wider
and thinner RDRA, the resonant frequency is estimated around 7 GHz to 1.5 GHz for
different values of the dielectric constant (6 to 100). There is a very small difference in
the resonant frequency for different values of depth irrespective of material used in the

RDRA.

Effect of depth, b =12 mm, a = 25 mm

—=—d =10 mm

8 —+—d=1>mm
6 ——d =20 mm
\ —¥*—d =25 mm

Resonant Frequency in GHz

0 20 40 60 30 100
Dielectric Constant

Figure 2.8: Plot of resonant frequency with dielectric constant for different values of
depth of the RDRA

Figure 2.9 shows variation of the resonance frequency with dielectric constant (e, varies
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from 6 to 100) for different values of length, a. The other dimensions are height of 10
mm, depth of 10 mm. It is seen , from the Figure 2.9, that there are more variation in

the resonance frequency for longer and shorter rectangular DRA.

Effect of length, b =10 mm, d =10 mm

12
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(-]

0 20 40 60 30 100
Dielectric Constant

Figure 2.9: Plot of resonant frequency with dielectric constant for different values of

length of the RDRA

Predicted resonance frequency as a function of the aspect ratio, depth /height, (d/b) for
different aspect ratio, length/height, a/b of 0.5, 1, 2, 3, and 5 are shown in Figure 2.10.
The rectangular DRA made of material with dielectric constant of 15 is used in this
numerical study. From the Figure 2.10, it is observed that the resonant frequency can
be predicted between 16 GHz to 12 GHz for a/b of 0.5 if the d/b vary from 0.1 to 3.
For a/b of 3, the resonance frequency can be expected between 11 GHz to 5 GHz for
same variation of d/b. For higher value of a/b, there is a small variation in the resonant
frequency. It is also seen that there is small variation of the resonance frequency for the
aspect ratio (d/b), more than 1.5 for all values of a/b. Figure 2.11 shows variation in
resonant frequency as a function of the aspect ratio depth/height, (d/b), for different
values of dielectric constant. It is assumed that aspect ratio, length /height is equal to 1.
It is observed that the predicted resonant frequency decreases as the dielectric constant

increases for all value of d/b.

From all these theoretical studies, it is observed that resonant frequency is a function of
the physical parameters namely, the length, the depth, the height, the dielectric constant

and the two aspect ratios. To predict resonant frequency for the RDRA, it is necessary
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Effect of aspect ratio. b = 8 mm, Dielectric Constant = 15
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Figure 2.10: Plot of resonant frequency with aspect ratios (d/b) for different values of
aspect ratio (a/b) of the RDRA

Effect of aspect ratio. a =
16

= Dlelectrlc Constant 10

14 —4#— Dielectric Constant=15 |
—+— Dielectric Constant = 20

121 —®— Dielectric Constant=50 | |
—&—Dielectric Constant=70

10+ ’

oo

Resonant Frequency in GHz

0 0.5 1 1.5 2 2.5 3
Aspect ratio: length/height {d/b)

Figure 2.11: Plot of resonant frequency with aspect ratios (d/b) for different values of
dielectric constant

to optimize all the physical parameters.

Fang and Leung [22] have given following new equations for resonant frequency (f,) of
TEY,;, mode of a strip-fed RDRA resting on a ground plane. However, the excitation
source is neglected and only the source-free RDRA is considered. The RDRA has length
a, depth d, and height b, with a > b.

C ( S1
2ma /€, sy + e3P

fr = + 54) (2.17)
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where,
51 = —5.29¢" + 15.97¢% — 17.71¢* + 8.812¢ — 3.198 (2.18)
sy = 0.2706¢" — 0.7232¢> + 0.7857¢* — 0.4558¢ — 1.023 (2.19)
s3 = —8.03¢* 4+ 23.06¢® — 24.53¢> + 11.75¢ — 3.588 (2.20)
54 = 43.18¢" — 124.7¢® + 134.5¢° — 65.85q + 15.37 (2.21)

where, p = g and q =p = g are aspect ratios. Figure 2.14 shows f, as a function of ¢,
for different ratio of d/a. For comparision, the DWM result is also shown in the Figure
2.12. It can be seen that an excellent agreeement is observed between the two results.
When compared with the DWM model, the error is less than 3 % over the range of 0.4
<p<1,02<qg<1, and 6 < €. < 100.

.(GH
J()j;( z)

Present formula

¢ DWM
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Figure 2.12: Resonance frequency of the RDRA as a function of dielctric constant (e,.)

for different values of g = 0.2, 0.4, and 1: a =20 mm, b = 12 mm, comparision of curve
fitting method with DWM [22]

If the design frequency f, is specified, then the length, a, of a RDRA can be determined

from (2.36) as follows when the parameters of €., p, and q are given:

C S1

Rl Y yprape

+ 84) (2.22)

Once the length ,a, is calculated, the other two dimensions b, d can be obtained from the
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ratios of p and q, respectively. If the ratios of p, and q are not specified, they can then

be arbitrarily chosen within their valid ranges of 0.4 < p < 1,02 < q < 1.
Impedance Bandwidth and Radiation Q-factor:

Bandwidth of the antenna can be considered to be range of frequencies, on either side of
a center frequency (usually resonance frequency), where the antenna characteristics (such
as input impedance, pattern, beamwidth, polarization, gain, beam direction, radiation
efficiency) are within an acceptable value of those at the center frequency. Impedance
variation with frequency of the antenna element results in a limitation of the frequency
range over which the antenna can be matched to its feed line [23]. Impedance bandwidth
for antenna is usually specified in terms of a return loss (typically less than -10 dB) or
maximum standing wave ratio (S) which is typically less than 2.0. Impedance bandwidth
is a frequency range from one S level to another which can be accomplished by using the

following relation between bandwidth (BW) and radiation Q-factor (Qyaq) [1]-

S—1

BW = ——
Qrad\/§

(2.23)

Equation (2.23) relates the calculated radiation Q (Q,.q) to the observed impedance
bandwidth (BW) for a specific maximum acceptable standing wave ratio (S). Numbers
of assumptions are made for deriving the equation (2.23). First, it is assumed that the
equivalent circuit of the antenna can be represented by a RLC shunt resonator across
a lossless transmission line. In practice, the self reactance of the feed will affect both
resonant frequency and bandwidth of the RDRA [23] as different feed schemes are used
for the same RDRA. Second, impedance bandwidth will refer to the S of 2:1 for the

matched antenna, which result in following equation.

1
a \/§Qrad

The unloaded Q-factor of a shielded DR is typically defined as 1/tan(d). For low loss

BW (2.24)

dielectric material, the dielectric loss is a very small fraction of the radiation loss for

unshielded DR and thus, the radiation Q-factor of the antenna is given by the following



2.1 Theoretical Analysis of a Rectangular DRA 33

standard relation:

(2.25)

where, W, and P,,q are stored energy and radiated power, respectively. The radiated

power is given by [2] for the TE},; mode of the RDRA
Praa = 10k5|Pa)? (2.26)

The magnetic dipole moment (F,,) of the RDRA is

Jjwleo(e, — 1) . k.d. .
Ph=—-—" 2.2
Stored energy is given by following equation.
€o€rabd sin(k,d)
W, = “32 (1+ = =) (k] + &) (2.28)

After substituing equation of P,.,q and W, in equation (2.19), following equation is ob-

Oy — \/T ,abdk2k2k2 (k2 + k) [1 + e 20
red cotto  1024kgwo (e, — 1)2 st(%) .

tained for ),q.q

Them, impedance bandwidth can be calculated by (2.24).

For antennas, the impedance bandwidth is also expressed as % of the frequency differ-
ence (upper frequency (fyy) minus lower frequency (f1)) over the center frequency of the
bandwidth. Where, fy and f; are frequencies having S equal to 2. The center frequency
is (fr + fu)/2. The higher the percentage, wider the bandwidth. For an example, a 5 %
impedance bandwidth indicates that the frequency difference of acceptable operation is
5 % of the center frequency of the impedance bandwidth. In this thesis, % of impedance
bandwidth less than 4 % is called narrowband antenna and % of impedance bandwidth
between 10 % to 50 % is called wideband antenna. Ultra wideband (UWB) is between
3.1 GHz and 10.6 GHz.

In Figure 2.13, predicted @44 and % of impedance bandwidth (S is equal to 2) are plot-

ted as a function of dielectric constant (e, varies from 10 to 100) for a rectangular DRA
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(length of 30 mm, depth of 10 mm, and height of 6 mm). @Q,.q and % of impedance

bandwidth are shown in right-side and left-side of Figure 2.13, respectively. For the given

rectangular DRA, it is observed that (),.q is increased as the dielectric constant increases.

While, the % of impedance bandwidth is decreased when the dielectric constant increases.

@rqq and impedance bandwidth are controlled by proper choice of dielectric constnat of

material used in the rectangular DRA.
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Figure 2.13: Variation of radiation Q-factor and % bandwidth as a function of €, for the

RDRA

Table 2.2: Theoretical resonant frequencies, radiation Q-factor, and impedance band-

width of T'EF,; mode

Dielectric a 2 d F. (GHz) | Qraqa | % of
Constant | (mm) | (mm) | (mm) | Theofy | Theory | BW
10.8 15.24 | 7.62 | 3.10 6.95 5.8 12.19
20.0 10.16 | 7.11 | 10.16 4.63 18.9 3.74
20.0 10.16 | 10.16 | 7.11 4.60 15.9 4.45
37.84 931 | 460 | 9.31 4.16 48.1 1.47
37.84 7.62 | 15.24 | 7.62 3.88 23.5 3.01
37.84 9.31 | 9.31 | 4.60 4.00 34.8 2.02
79.46 12.70 | 2.54 | 2.54 4.92 86.8 0.81
79.46 12.70 | 6.35 | 6.35 2.40 139.6 | 0.51
79.46 7.70 | 7.70 | 7.70 2.84 117.6 | 0.60

Theoretical resonant frequency (2.12-2.14), radiation Q-factor (2.29) and % of impedance
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bandwidth are calculated for different values of dielectric constants for T'EF, s mode and
are listed in Table 2.2. From the Table 2.2, it is observed that for simple rectangular
DRA, the % of impedance bandwidth is around 12 % for ¢, of 10.8. It is around 3 to 4 %
for €, of 20.0 and 1 to 3 % for €, of 37.84, while for €, of 79.46 it is less than 1 %. Thus,
to achieve bandwidth improvement with simple RDRA is a challenging objective for high
permittivity materials. To achieve a narrow bandwidth with the simple RDRA, it is re-
quired to have a material of high relative permittivity. To achieve the narrow bandwidth
by the RDRA with the material of low relative permittivity is also challenging. The
main objective of our study is to propose methods of wide bandwidth as well as narrow
bandwidth with a simple miniaturized rectangular DRA with a material of medium value

of relative permittivity.

Also, the @Q),.q4 depends on physical dimension a, b, and d of the RDRA as per the equation
(2.29). Theoretical analysis has been carried out on the aspect ratios (a/b and d/b) for
(Qraa and percentage of BW at resonant frequency of 5.2 GHz for TEf, 5 mode in RDRA.

The range of aspect ratios 0.1 < ¢ and % < 2 are considered. The dimensions a, d, b,

Table 2.3: Study on aspect ratios for TE7,; mode, €, = 10

a/b | d/b a d b/2 | Qraa | % of
(mm) | (mm) | (mm) BW
0.1 | 0.1 | 12,90 | 12.90 129 | 0.77 | 91.85
0.1 2 9.14 | 182.80 | 91.40 | 0.11 | 660.50
0.5 | 0.1 | 46.53 9.31 | 93.05 | 0.41 | 174.40
05| 2 9.60 38.40 | 19.2 | 2.06 | 34.41
1 ] 01| 91.72 9.17 91.7 | 0.21 | 333.80
1 2 10.79 | 21.58 | 10.95 | 5.19 | 13.64
1.5 | 0.1 | 137.20 | 9.15 | 91.45 | 0.14 | 496.50
1.5 ] 2 12.42 | 16.57 | 830 | 7.07 | 9.995
2 |01 ]18280| 9.14 | 91.35 | 0.11 | 660.50
2 2 14.36 | 14.36 | 7.15 | 7.75 | 9.126

Qraa, and % of bandwidth are tabulated for €, equal to 10, 32, and 79 in Table 2.3, 2.4,
and 2.5, respectively. From the Table 2.3, a maximum % of bandwidth is 660.5 % for e,
of 10, with ¢ equal to 0.1, % equal to 2 (a = 9.14 mm, d = 182.80 mm, b = 182.76 mm)
and } equal to 2, % equal to 0.1 (a = 182.80 mm, d = 9.14 mm, b = 182.76 mm) with
volume of 205128 mm?. From the Table 2.4, the maximum % of bandwidth is 133.5 %
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Table 2.4: Study on aspect ratios for T'E7,s mode, €, = 32

a/b | d/b a d b/2 | Qraa | % of
01]01] 7.21 721 | 7210 | 3.82 | 18.54
0.1 2 5.11 | 102.20 | 51.10 | 0.53 | 133.50
0.5 1] 0.1 | 26.01 5.20 | 52.05 | 2.01 | 35.24
05 1] 2 5.37 | 21.47 | 10.75 | 10.17 | 6.95
1 0.1 | 51.27 | 5.13 | 51.25 | 1.05 | 67.38
1 2 6.04 12.07 | 6.05 | 25.56 | 2.77
1.5 0.1 | 76.70 5.11 | 51.10 | 0.70 | 100.30
1.5 2 6.96 9.28 4.65 | 34.72 | 2.04
2 0.1 | 102.20 | 5.11 51.1 | 0.53 | 133.50
2 1.5 | 9.28 6.96 4.65 | 34.72 | 2.04

Table 2.5: Study on aspect ratios for T'Efs, €, = 79

a/b|d/b| a d b/2 | Qraa | % of
0.1 01| 459 | 459 | 4590 | 14.25 | 4.96
0.1 ] 2 3.25 | 65.02 | 32.5 1.99 | 35.59
0.5 ] 0.1 | 16.56 | 3.31 33.1 7.52 9.41
05| 2 3.42 | 13.67 | 6.85 | 37.99 | 1.86
1 |01 |3263] 326 | 3265 | 3.93 | 18.01
1 2 3.84 | 7.69 | 3.85 | 9541 | 0.74
1.5 | 0.1 | 4881 | 3.25 | 3255 | 2.63 | 26.90
1.5 2 443 | 591 2.95 | 1294 | 0.55
2 101 (6502 3.25 | 3250 | 1.99 | 35.59
2 2 | 51.24 | 5.12 | 2.55 | 141.10 | 0.50

for €, of 32, with § equal to 0.1, % equal to 2 (a = 5.11 mm, d = 102.20 mm, b = 102.10
mm) and ¢ equal to 2, ¢ equal to 0.1 (a = 102.20 mm, d = 5.10 mm, b = 102.10 mm)
with volume of 53320 mm?. From the Table 2.5, the maximum % of bandwidth is 35.59
% for €, of 79, with § equal to 0.1, % equal to 2 (a = 3.25 mm, d = 65.00 mm, b = 65.00
mm) and ¢ equal to 2, ¢ equal to 0.1 (a = 65.00 mm, d = 3.30 mm, b = 65.00 mm) with
volume of 13942 mm3. From these analysis, it is observed that the maximum bandwidth
is obtained with a wider (small value of ¥, large value of %) or longer (large value of §,
small value of %) RDRA. It is also noticed that by increasing the dielectric constant ¢, of
material by 3.2 times, there is decrease in % of bandwidth by a factor of 5 and decrease

in volume by a factor of 5.72. By increasing the dielectric constant €, of material by a
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factor of 7.9, there is decrease in % of bandwidth by a factor of 18.5 and decrease in
volume by a factor of 22.2. This study on aspect ratio shows that by proper choosing the
dimensions of the RDRA, it is possible to achieve the maximum impedance bandwidth.
These numerical studies indicate that maximum impedance bandwidth is possible with

larger value of a/b and smaller value of d/b and vice versa.

For the Table 2.3, minimum % of bandwidth is 9.13 % for ¢, of 10 with § equal to 2, %
equal to 2 (a = 14.40 mm, d = 14.40 mm, b = 14.40 mm) with a volume of 2985 mmS3.
From the Table 2.4, minimum % of bandwidth is 2.04 % for €. of 32, with § equal to
2, % equal to 1.5 (a = 9.30 mm, 7.00 mm, 9.30 mm) with a volume of 605 mm?. From
the Table 2.5, minimum % of bandwidth is 0.5 % for ¢, of 79, with ¢ equal to 2, ¢ equal
to 2 (a = 5.10 mm, 5.10 mm, 5.10 mm) with a volume of 132 mm3. Tt is observed that

minimum bandwidth is obtained with a square DRA.

The theoretical percentage of bandwidth and @), can differ from measured value. These
are partially attributed to the loading caused by the feeding techniques. When probe
coupled RDRAs were measured [21], the percentage difference was limited to 1 to 12 % for
the resonant frequency and 2 to 108 % for the ),4q. Since the intent of the DWM-MMW
model is to obtain approximate value for the resonant frequency, impedance badnwidth
and ,.q of the RDRA. It is usually sufficient to use the model for initial dimensions of
the RDRA. If more accuracy is required, a full-wave analysis will have to be undertaken,
which take into account such factors as the feeding mechanisms, ground plane size, and

imperfect magnetic interfaces [24].

2.1.3 Feeding Techniques for Rectangular Dielectic Resonator

Antenna

Previous section described the RDRA and presented design equations for predicting res-
onant frequency, impedance bandwidth and radiation Q-factor for the T'EF,; mode. The
models for deriving these equations assumed the RDRA was in isolation or mounted on
an infinite perfect conducting ground plane and did not account for feeding techniques

used to excite the RDRA. The selection of the feed and that of its location both have
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played important roles in determining which mode is excited. This will determine input
impedance and radiation characteristics of the RDRA. The feeding technique can also
have a significant impact on the resonant frequency, impedance bandwidth and radiation
Q-factor, which previous equations failed to predict. This section presents a brief review

of various feeding techniques for the RDRA.
Aperture/Slot Coupling:

In aperture coupling method, a microstrip feed line is printed on bottom of a feed sub-
strate and a slot is made over a ground plane on the top of the feed substrate as shown
in Figure 2.14. A RDRA is placed on top of the slot usually at a center. This coupling
mechanism has an advantage that the feed network is located beneath the ground plane,
thus minimizing spurious radiation. The microstrip feed line should be positioned at
right angles to the center of the slot for efficient coupling. Positioning the feed line away
from the slot will reduce the coupling efficiency. The coupling level can be adjusted by
moving the RDRA laterally across the slot [25]. Improvement in impedance bandwidth
can be obtained by lateral displacement of the RDRA over the slot. Shape of the cou-

Az
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Figure 2.14: Aperture/slot coupled rectangular DRA

pling aperture has a significant impact on the strength of coupling between the feed line
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and RDRA. Rectangular coupling slots are commonly used as they give better coupling
than ring aperture. Annular slot [26], cross-slot [27] are some of the other types used for
efficient coupling. These slots provide improvement in impedance bandwidth. Modified
shape of slot produces circular polarization and dual polarization apart from linear po-
larization. The improvement in bandwidth is due to flexibility offered by the slot length
and coupling aperture size. The aperture coupling method can be extended for feeding
a DRA array similar to the microstrip line feed method. The ground plane serves as an
effective shield between the radiating aperture and the feed network. Disadvantage of
aperture coupling is that it radiates a small amount of power in the backside direction.
But in practice a metal cavity is located some distance below the feed layer to eliminate

this radiation.

Direct Microstrip Feed Line:

A common method for coupling to a RDRA is a microstrip feed line which is shown
in Figure 2.15. The microstrip feed line is printed on a substrate. The RDRA is at-
tached /placed on top of the microstrip line. Microstrip coupling excites magnetic fields
in the RDRA. The coupling is affected by a characteristic impedance of the feed line,
width of the feed line, location of the RDRA with respect to the feed line and length of

the line underneath the RDRA [28]. A more dominant parameter affecting the degree

RDRA S e SN

(zr)
Grounded
Substrate (z:)

SMA

Connector Microstrip Line

Figure 2.15: Direct microstrip line feeding to a RDRA
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of coupling is the dielectric constant of the RDRA. For higher value (e, > 20), strong
coupling is achieved; however, the maximum amount of coupling is significantly reduced
if the dielectric constant of the DRA is lowered [1,21]. The microstrip line can be used
as a series feed for DRA arrays. Direct coupling from the microstrip lines to the DRA
elements for feeding DRA arrays make it easy to integrate with microwave printed cir-
cuits [29]. However, disadvantage of this method is that polarization of the RDRA is
determined by orientation of the microstrip line. Also, in an open environment, there is
radiation from the microstrip line. Hence the radiation pattern of the RDRA may be

distorted.

Coaxial Probe Feed :

Another common method for coupling to DRAs is with a coaxial probe, as shown in
Figure 2.16. The coaxial probe consists of a center pin of a coaxial line that extends
through the ground plane. The probe can either be located adjacent to the DRA or can
be embedded within DRA. Amount of coupling can be optimized by adjusting the probe
height and the DRA location. Also, depending on the location of the probe, various
modes can be excited. One advantage of the coaxial probe excitation is that a direct
coupling into a 50 €2 system without need for a matching network. The probe length is
generally chosen to be less than the height of the DRA, to avoid probe radiation [1,21].
Rigorous analyses for probe-fed hemispherical and cylindrical DRAs have been carried
out, showing the effects of both the probe position and length on the input impedance
and resonant frequency of the DRA [30,31]; however, there are no simple equations to de-
sign the required probe height for a given set of DRA dimensions and dielectric constant.
The center pin of probe can also be soldered to a flat metal strip that is placed adjacent
to the DRA [32], whose length and width can be adjusted to improve the impedance
bandwidth. Instead of a coaxial line, the flat metal strip can also be connected to the

microstrip line [33]

Coplanar Waveguide Feeding:

A coplanar waveguide (CPW) feed is an efficient, low cost feed system for microwave
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Figure 2.16: Coaxial probe fed RDRA

printed antennas. Coupling from the coplanar line to a DRA is accomplished via a slot
in a ground plane to which the coplanar line is connected either inductively or capaci-

tively. Coupling level can be adjusted by moving the DRA laterally across the slot as
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Figure 2.17: Coplanar waveguide feeding to a rectangular DRA

shown in Figure 2.17. As the DRA is moved with respect to the feed line, both reactance
and resistance of the antenna are changed. The coplanar waveguide technique provides

a convenient uniplanar feed structure, allowing for an easy integration of active devices,
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thus leading to a simple manufacturing process [1].

Dielectric Image Guide Line:

A dielectric resonator antennas can be coupled to a dielectric image guide line as shown
in Figure 2.18. The dielectric image guide offer advantages over a microstrip line at
millimeter-wave frequencies, since it does not suffer from conductor losses. As with the
microstrip line, an amount of coupling to the DRA is generally quite small, especially for
DRAs with lower dielectric constant, although it may be possible to increase the coupling
by operating the guide closer to a cut-off frequency. The dielectric image guide is thus

best utilized as a series feed to a linear array of DRAs [34, 35].

& Ground Plane
Dielectric Y &
Image Guide X
RDRA

Figure 2.18: Dielectric image guide feeding to a rectangular DRA

2.2 Literature Survey on Wideband RDRA

In this section, literature survey on various bandwidth enhancement techniques is pre-
sented. With the development of modern communication applications, there is an increas-
ing demand for antenna element that provides wide bandwidth as well as miniaturized
structure without sacrificing performances. Bandwidth enhancement of the antenna is
required to increase fast information transfer without any complexity. As discussed in the

previous section, dielectric resonator antennas are versatile elements that can be adapted
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to numerous designs by properly choosing the design parameters, namely, the relative
permittivity of the material and the dimensions. The impedance bandwidth is inversely
proportional to the Q44 (2.24), while the @Q),.q of the RDRA is proportional to the per-
mittivity of the material (2.29). High dielectric constant of the material increases the
(Qred, Which results in narrow bandwidth. On the other hand low dielectric constant of
the material decreases the (),.4 which yields wide bandwidth. Whereas, the dimensions
of the RDRA are inversely proportional to square root of the relative permittivity of the
material (2.16). The RDRA made from the material of high relative permittivity is com-
pact in nature, while the RDRA with the material of low relative permittivity has a large
structure. This indicates that there is a tradeoff between bandwidth and miniaturized
RDRA structure. As discussed in the previous sections (Table 2.2), the simple RDRA
with relative permittivity of 10 gives 12 % of bandwidth, while the relative permittivity

of 79 gives 0.6 % of bandwidth which operate at different resonant frequencies.

Following methods of bandwidth improvement are discussed.

e Merging the Modes of Simple DRAs
e Stacked/Embedded DRAs
e Modified Shaped of DRAs

e Hybrid DRAs

2.2.1 Merging of Modes of Simple DRAs

In this section, before examining this method of bandwidth improvement, the reported
bandwidth of dielectric resonator antennas of simple shapes (circular and rectangular)
are discussed. With a RDRA having a dielectric constant, €., of 10.8 and dimension
15 x 7.5 x 3 mm?, was found to have experimentally impedance bandwidth of 12 % for
probe fed [36] and aperture fed [37] mechanisms when the RDRA is operated in the low-
est order mode. As per the DWM-MMW theory, predicated impedance bandwidth of
about 20-25% for simple rectangular and cylindrical DRAs for the lowest order mode is
possible without considering loading effects from a feed, but experimentally it is reported

only around 12 %. To achieve an enhancement in impedance bandwidth, two or more
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nearby modes are excited in simple rectangular and cylindrical DRAs which are reported

in literature.

Table 2.6: Bandwidth achieved by merging of modes of simple DRAs

DRA Shapes fe e, | Excitation | Volume | % of | Ref.
(GHz) (mm?) | BW
Rectangular | 2.6 12 Slot 11905 | 25 % | [38]
Rectangular 3.8 |10.2 | Annular 4244 1 23 % | [39]
Rectangular | 5.5 | 10.2 CPW 2420 | 29 % | [40]
Rectangular | 4.5 9.8 Probe 9480 | 42 % | [41]
Cylindrical 2.7 48 | Microstrip | 3118 | 26 % | [42]
Cylindrical 3.5 12 Probe 6517 | 27 % | [43]
Cylindrical 3 20.8 | Microstrip | 3301 | 35 % | [44]
Cylindrical 6.5 10 | Aperture | 1344 |38 % | [45]

Table 2.6 summarizes few of published designs on bandwidth improvement by merging
of modes. The Table 2.6 lists the center frequency f., €,, excitation schemes, volume
in mm3, and % of impedance bandwidth of the reported designs of simple DRAs. In
the literature, RDRAs are achieved bandwidths of 25 % to 42 % by operating in two or
more modes using microstrip line, annular slot, coplanar waveguide (CPW) and probe fed
mechanisms [38-41]. While, 26% to 38 % impedance bandwidth is achieved in cylindrical
DRAs (CDRASs) by operating two or more modes using microstrip, probe and aperture
coupling feeding methods [42-45]. Figure 2.19 shows some of examples of reported dual
modes RDRA designs.

In [38], wide bandwidth is achieved by merging resonances due to a slot and a RDRA
as shown in Figure 2.19 (a). In this structure, the slot works as a feeding mechanism
to the RDRA as well as an antenna element. Both the resonances are having same
antenna polarization and radiation patterns. In [39], bandwidth improvement is achieved
by a simple RDRA with a feed structure, shown in Figure 2.19 (b). The feed structure
comprises of a complementary pair of a magnetic loop and a magnetic dipole. A probe
is used to excite a coplanar waveguide feed which is connected to the annular ring and
horizontal slot. Broad impedance is observed due to presence of dual resonance. In [40],

multiple resonance technique based on a hybrid DRA structure is reported for wideband
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Figure 2.19: Examples of dual modes in the rectangular DRA: (a)f. = 2.6 GHz, 25 % of
BW [38] , (b) f. = 3.8 GHz, 23 % of BW [39], (¢) f. = 5.5 GHz, 29 % of BW [40], (d) f.
= 4.5 GHz, 42 % of BW [41].

operation. A dominant mode of a RDRA has been merged with a resonance of a coplanar
waveguide inductive slot which also works as an excitation of the RDRA as shown in
Figure 2.19 (c). In [38-40], one mode is due to the RDRA, while the other is due to the
feeding scheme. The resonance of the other mode is dependent on the dimensions of slot
and coplanar waveguide. This adds extra degree of freedom for bandwidth improvement
which leads to extra complexity in designs. In [41], bandwidth enhancement is achieved
by exciting two nearby modes in a RDRA itself. Dual resonance is achieved by a feeding
strip (fed by a probe) which is placed in the middle of the RDRA side wall as shown in
Figure 2.19 (d). Two nearby modes, TEY,; and TFEY,;, of the RDRA are excited due to

proper length of the strip and dimensions of the RDRA.
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Figure 2.20: Examples of dual modes in the cylindrical DRA: (a) f. = 2.7 GHz, 26 % of
BW [42], (b) f. = 3.5 GHz, 27 % of BW [43] , (c¢) f. = 3.0 GHz, 35 % of BW [44] (d) f.
— 6.5 GHz, 38 % of BW [45].

In Figure 2.20, designs of bandwidth improvement using the cylindrical DRA (CDRA)
are shown. In [42], bandwidth improvement is achieved by exciting a single mode in a
cylindrical DRA (CDRA). As shown in Figure 2.20 (a), instead of a simple microstrip
line, a modified T-shaped microstrip line is used for excitation. An arm length S5 is
optimized for 26 % impedance bandwidth, but when Sy equal to 0, the feed geometry be-
comes the simple microstrip line, then impedance bandwidth is reduced to 12 %. In [43],
bandwidth improvement is achieved by exciting two modes, a H EMj;1a (1 < A < 2) mode
at a frequency close to a HEMj15 (0 < § < 1) in a cylindrical DRA. A coaxial probe is
drilled inside the CDRA as shown in Figure 2.20 (b) instead of outside the CDRA. Dual

resonance is obtained by adjusting a radius to height ratios equal to 0.329. In [44], a
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cylindrical DRA is oriented as shown in Figure 2.20 (c¢) instead of a conventional orienta-
tion. A microstrip line with a vertical strip attached to the CDRA surface is used for an
excitation. Wide impedance is exhibited due to optimum dimensions and position of the
vertical strip on the horizontal microstrip line. In [45], wideband operation is obtained
by a CDRA using an aperture coupled with a microstrip fork-like tuning stub as shown
in Figure 2.20 (d). A backing cavity is placed beneath the stub to block undesirable
backside radiations. In all the reported CDRA designs, second resonance is due to the
modified normal feeding scheme [42,45], the CDRA itself [43] and the additional vertical
strip [44] which leads to one more degree of freedom and add more complexity in design.
Radiation patterns of these designs are quite similar, and therefore do not significantly

degrade performance over the reported impedance bandwidth.

2.2.2 Stacked/Embedded DRAs

In this section, a method of bandwidth improvement, stacking/embedding of two different
elements, is described. In the scheme, one resonance is due to one element and second
resonance is due to second element. Both the resonances are combined and bandwidth
improvement is obtained as compared to a single element. Table 2.7 lists some of reported
designs of bandwidth enhancement using two or more DRA geometries vertically stacked
and horizontal embedded. Table 2.7 lists the center frequency f., €,, excitation schemes,
volume in mm?, and % of impedance bandwidth of the reported designs of the method.

Figure 2.21 shows some of exampes of reported designs of the stacked /embedded DRAs.

Table 2.7: Bandwidth achieved by Stacked /Embedded DRAs

Description fe €, Excitation | Volume | % of | Ref.

(GHz) (mm?) | BW
2 stacked disk DRAs 89 | 4.5,10.5 Probe 772125 % | [46]
2 stacked disk DRAs 5.2 9.5,82 | Aperture | 3626 |25 % | [47]
Embedded Ring and Disk DRA | 6.5 | 30.5,36.7 Probe 2714 | 38 % | [4§]
2 stacked Triangle DRA 2.35 9.2 Probe 27654 | 64 % | [49]

In [46], wide impedance is achieved by stacking two cylindrical DR As of different materials
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Figure 2.21: Examples of Stacked/Embedded DRAs: (a) f. = 8.9 GHz, 25 % of BW [46],
(b) fe = 5.2 GHz, 25 % of BW [47] , (c) f. = 6.05 GHz, 38 % of BW [48] (d) f. = 2.35

GHz, 64 % of BW [49).
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as shown in Figure 2.21 (a). A lower resonator is made of a material with €, of 4.5,
diameter of 14 mm and height of 4.2 mm. An upper resonator is made of a material
with €, of 10.5, diameter of 8 mm and height of 2.5 mm. A coaxial probe is passed
through the lower resonator (resonated at 10 GHz) and ends 1.2 mm above its top to
couple with the upper resonator (resonated at 12 GHz). The antenna is reported 25 %
bandwidth. In [47], a cylindrical DRA (driven element) having €, of 9.5 is loaded by
a low-profile circular dielectric resonator (DR) disk (parasitic element) having dielectric
constant of 82. An air-gap and offset between the driven and parasitic elements are shown
in Figure 2.21 (b). This design has demonstrated 25 % impedance bandwidth due to the
loading of the low-profile disk on the very high permittivity resonator. It is required
to optimize the air gap and offset to achieve wide bandwidth. In [48], a low-profile
cylindrical DRA of relative permittivity of 36.7 is embedded into a cylindrical ring of the
same height but with different relative permittivity of 30.7. The structure is excited by a
coaxial probe with an air-gap between a ground plane and DRs as shown in Figure 2.21
(c). This structure has demonstrated 38 % bandwidth improvements and has compact
geometry (aspect ratio of 6). In [49], a triangular shaped DRA with two equilateral-
triangle cross sections are placed on a finite ground plane. The two equilateral triangles
are made from same dielectric material having different heights and side lengths. The
side length of the top triangle is chosen to be larger than the side length of the bottom
triangle as shown in Figure 2.21 (d), An air-gap between the top equilateral triangle and
the ground plane is formed in order to decrease of radiated Q-factor and consequently
gives increase in bandwidth. The structure has exhibited 64 % of impedance bandwidth.
Improved bandwidths using multiple DRAs in various stacked and coplanar embedded
configurations are experimentally demonstrated with impedance bandwidth ranging from
24 % to 64 %. There are no closed form relations yet derived for bandwidth improvement

by this method [46-49].

2.2.3 Modified Shaped of DRAs

In this section, instead of simple available geometries of the DRA, modified shapes of the
DRAs are discussed for bandwidth improvement. As described in section 2.1.2, low Q.44

has exhibited higher impedance bandwidth. The low Q.4 can be achieved by adjusting
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the aspect ratios of the basic shapes which requires thorough insight of the theoretical
analysis. Another way to lower the Q),.q is based on a study reported by Verplanken
and Van Bladel for dielectric ring resonator (DRR) [50]. They show that the Q,qq of a
dielectric ring resonators can be reduced by increasing a ratio of inner to outer radii, thus
lowering an amount of stored energy. The same principle, by removing some portion of
the basic shapes of DRAs, can be applied for bandwidth improvement lead to modifying
the shapes. Then, an effective dielectric constant is reduced as compared to a solid DRA.

This results decrease in the (),.4 and increase in bandwidth.

Table 2.8: Bandwidth achieved by Modified shapes DRAs

Description fe ¢ | Excitation | % of | Ref.

(GHz) BW
Notched RDRA 1.0 [ 10.8 | Aperture |28 % | 1]
Truncated Tetrahedron DRA 2.5 12 Probe |40 % | [52]
Semi Trapezoid DRA 7.75 | 9.8 Probe 62 % | [53]
Flipped Staired Pyramid DRA | 10.85 | 12 | Aperture | 62 % | [54]
L-Shaped DRA 6.02 | 9.8 Patch 71 % | [55]

Figure 2.22 shows some of reported designs on modified shaped DRAs and Table 2.8 sum-
marizes the center frequency f., €,, excitation schemes, and % of impedance bandwidth
of reported modified shapes of DRAs. In [51], a slot fed RDRA with a centre portion
removed is shown in Figure 2.22 (a). This structure and its image form a rectangular
dielectric ring. The antenna has 28 % impedance bandwidth. In [52], a novel shaped
DRA is investigated for wideband operation. As shown in Figure 2.22 (b), a truncated
tetrahedron with a narrow base attached to a ground plane is used to achieve 40 % of
impedance bandwidth. The performance is achieved by proper choice of height, side
lengths of an equitrianglular base and top surface of the tetrahedron DRA. As shown in
Figure 2.22 (c), the semi-trapezoid DRA is investigated for 60 % impedance bandwidth.
The structure resonates multiple modes such as TEY,,, TE},; and TEY,, and TE} = with
(m, n > 1), due to the shape and position of a coaxial probe which lead to matching input
impedance of these modes to characteristic impedance of the probe [53]. In [54], 71.4 %
impedance bandwidth is achieved by a simple inverted L-shaped DRA. This structure is

excited by a conformal inverted-trapezoidal patch which is connected to a microstrip line
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as shown in Figure 2.18 (d). In [55], a resonator is constructed on a two-step flipped stair
geometry as shown in Figure 2.22 (e), is claimed to have 62 % impedance bandwidth.
Thickness of each step, from top to bottom, is 1.8 mm, 1.3 mm and 1.3 mm and side
wall of each step, from bottom to top, is 6 mm, 8 mm and 14 mm. A small base of
the resonator is placed at the center of a narrow rectangular shaped aperture. In all the
modified shaped DRA designs, improvement in impedance bandwidth is achieved at the

cost of difficulty in fabrication and optimization of physical parameters.

2.2.4 Hybrid DRAs

In previous sections, it is described that 25 % to 71 % impedance bandwidth was achieved
by merging modes of DRAs, stacking/embedding of two different DRAs and modifying
the basic shapes of DRA. In these methods, low dielectric constant, €, of 10, is used in
most of the reported designs. In the literature, materials with dielectric constant less
than 10 were not used for the DRA. Till now, none of these methods gave around 100 %
impedance bandwidth. For ultra wideband bandwidth (about 100 %), a hybrid kind of
a structure is required. In the hybrid antenna, the DRA is attached with other kind of
antenna such as microstrip patch antenna, monopole, slot radiator, coplanar waveguide
inductive slot etc. Each antenna in the hybrid structure is designed to radiate in its
separate band. If the separate bands are close enough, then, the hybrid resonator can
offer ultra wideband operation. In the hybrid structure, ultra wideband bandwidth can
be possible by using the bandwidth improvement techniques of the DRA as well as the
other antennas. Figure 2.23 show some of reported design of the hybrid DRAs. Table 2.9
tabulates the center frequency f., €., excitation schemes, and % impedance bandwidth

of the reported hybrid DRA designs.

Table 2.9: Bandwidth achieved by Hybrid DRAs

Description fe ¢, | Excitation | % of | Ref.
(GHz) BW
Annualar DRA and Monopole | 11.75 | 10 Probe 89 % | [56]
Annualar DRA and Monopole | 10.0 | 10 Probe 110 % | [57]
Conical DRA and Monopole | 4.35 | 10 Probe 117 % | [58]
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Figure 2.23 (a) shows hybrid structure having 89 % impedance bandwidth by combining
properties of a quarter-wave monopole antenna with an annular DRA. In this arrange-
ment, general design steps for achieving ultra wideband performance are; 1) a quarter-
wave monopole is designed to resonate at a lower end of the frequency band, 2) a DRA
is designed to have a resonance near an upper end of the required spectrum, 3) the reso-

nance frequency of the dominant mode of DRA should be chosen approximately 2.2 times

A

2 monopole, 4) height of the DRA, required to position

the resonance frequency of the
the second resonance in the center of the required spectrum, is a function of the relative
permittivity of the material and an outer radius of the DRA (for a DRA of €, of 10, ratio
h/a equal to 1 is used as starting point), and 5) a small air gap (about I’\TLO, Ar: the lower
operating frequency) should require between the monopole and an inner radius of the
annular DRA. Using these guidelines, the ultra wideband hybrid resonator is optimized

for the required spectrum [56].

In [57], A T-shaped monopole antenna loaded with an annular DRA (as shown in Fig-
ure 2.23 (b)) is reported to achieve 110 % ultra wideband. The reported bandwidth is
achieved by adjusting a length of the monopole, load arm of the T-shaped monopole
and dimension of the annular DRA. In [58], 117 % impedance bandwidth is achieved by
a hybrid resonator which consists of a skirt monopole loaded with an inverted conical
ring shape dielectric resonator. In this structure, the monopole antenna, operating at 2
GHz, is used as an excitation for the DR. The structure is shown in Figure 2.22 (¢). In
this structure, three different methods (modified shape, multiple resonance and hybrid
structure) of impedance matching, low dielectric constant, and a ground plane shaping
procedures have been applied to increase the antenna bandwidth. By shaping the DR
and impedance matching methods, higher part of the frequency bandwidth can be con-
trolled by exciting a higher order mode with the dominant resonant mode inside the DR.
The lower part of impedance bandwidth can be adjusted using the ground plane shap-
ing and matching method at the feed point of the monopole antenna. In these hybrid
antennas, the UWB operation is achieved by using the annular DRA [56,57] and the
conical ring DRA [58] with the 4 monopole [56], the T-shaped monopole [57] and the skit
monopole [58]. It is seen that there are many physical parameters of the both antennas

(DRA and monopole) which are optimized for UWB operation. This method uses various
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Figure 2.23: Examples of hybrid DRAs: (a) f. = 11.75 GHz, 89 % of BW [56] , (b) f. =
10.0 GHz, 110 % of BW [57] (c) f. = 4.35 GHz, 117 % of BW [58]

techniques of bandwidth improvement.

2.3 Literature Survey on Narrowband DRA

Numerous wireless systems for consumer wireless devices require compact antenna to be
integrated into small packages such as cell phones, laptop, palmtop, smart watch, and
other portable devices. A key parameter for the wireless systems is a communication
range which is a deciding factor in RF solution. Fundamentally, the range is dictated by
a communication data rate. There are many options to increase range by reducing data
rate. Two solutions are; scaling receiver bandwidth to the signal to reduce noise seen by

the receiver (narrowband system) and adding coding gain on a higher rate signal to com-
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bat a high receiver noise in a wideband receiver. Disadvantages of coding gain system are
low spectrum efficiency, reduce communication reliability, number of devices in a given
area and battery lifetime. Narrowband technique for long range and reasonably low date
rate is widely accepted by an industry since it gives an optimum tradeoff between range
and a transmission time [59]. In this section, various designs of narrowband DRAs are
presented. As described in section 2 of this chapter, using high dielectric constants, the
dimensions of the DRA are reduced. The low profile design in which the height of the
DRA is in order of %. Compact designs are those structure that have largest dimension

of the DRA is in order of 22 [60].

2.3.1 Single Narrowband DRA

In this section, reported designs of low-profile and compact single narrowband DRAs
are presented and shown in Figure 2.24. Table 2.10 summarizes the center frequency
fes €, largest and smallest dimensions (in terms of )\y), excitation schemes, volume in
(mm?), and % of impedance bandwidth of the reported narrowband DRA designs. In [61],
Mongia et al, a low-profile RDRA is fabricated from a material of high permittivity
having dielectric constant of 100 as shown in Figure 2.24 (a). As radiated Q-factor is
inversely proportional to €,, the Q - factor becomes high, leads to reduction in impedance
bandwidth. The RDRA has 3.2 % impedance bandwidth. In this, a T E}; mode is excited
as the length of the slot is along z-direction ('d’ dimension). The resonance frequency
of the mode can be determined using the relation (2.16). In the design, the dimensions
of the RDRA were chosen such that d,a >> b, then equations (2.13) and (2.16) lead to

following simple relation for height, b in terms of the resonance frequency f,

C

if /e

~
~

(2.30)

The resonance frequency of the low-profile RDRA can be determined by the height of
the RDRA. In [62], a circular disk DR antenna shown in Figure 2.24 (b) made of a
high permittivity material is reported with 3.8 % impedance bandwidth. The smallest

dimension, height, is 0.028 Ag. The antenna is resonated at dominant mode and the
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Figure 2.24: Examples of single narrowband low-profile DRAs: (a) f. = 7.72 GHz, 3.2 %
of BW [61], (b) f. = 4.25 GHz, 3.8 % of BW [62] , (c) f. = 7.59 GHz, 3.0 % of BW [63]
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Table 2.10: Reported single narrowband low-profile DRAs

DRA fe €r Largest Lowest Feeding | Volume | % of | Ref.

Shapes (GHz) Dimension | Dimension | Method | (mm?) | BW
Rectangular | 7.72 | 100 | 0.327), 0.026 ¢ Slot 161 |32 % | [61]
Cylindrical | 4.25 | 82 0.354\¢ 0.028\¢ Strip 981 3.8 % | [62]
Triangular | 7.59 | 82 0.506 ¢ 0.028 )¢ Slot 110 3.0 % | [63]

resonance frequency can be determined by a following equation.

T™ ¢
R —— 2.31
110 4h\/a ( )
In [63], an aperture coupled equilateral-triangular DR antenna of a material with very
high permittivity is investigated as shown in Figure 2.24 (c). Impedance bandwidth of 3.0
% is reported and a fundamental TET™, mode at 7.59 GHz is excited. The resonator has

a >> h, the resonance frequency of the mode can be determined by following equation.

C
foo1 A NG (2.32)

The equations (2.31), (2.32), and (2.33) show that the resonance is due to waves are
bouncing between the top and the bottom faces of the DRAs, and hence the resonance
frequency is insensitive to length and width of the RDRA [61], the radius of the circular
disk DR [62] and side length of the equilateral-triangular DRA [63]. From these, it is
observed that the low-profile DRA made of high permittivity material has no degree of
freedom [61-63].

There are some other methods are reported in literature to achieve compact narrowband
DRAs. Figure 2.25, 2.26, and 2.28 show few examples of the compact single narrowband
DRA which are achieved by loading of metal plates. Table 2.11 lists the center frequency
fe, €, largest and smallest dimensions (in terms of \g), excitation schemes, volume in

(mm?), and % of impedance bandwidth.

In [64], a RDRA loaded with a patch antenna (shown in Figure 2.25), in which a L-shaped
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Figure 2.25: An example of compact single narrowband DRAs: f. = 1.27 GHz, 2.2 % of
BW [64]

Table 2.11: Reported single narrowband compact DRAs

DRA fe €r Largest Lowest Feeding Volume | % of | Ref.

Shapes (GHz) Dimension | Dimension Method (mm?) | BW
Rectangular | 1.27 [ 10| 0.12)g 0.064\¢ Probe 9129 | 2.2 % | [64]
Rectangular | 2.09 | 10| 0.11) 0.10A¢ Aperture 3600 | 2.9 % | [65]
Hybrid DRA 3.5 90 0.29) 0.039\g | T-shaped strip 585 2.4 % | [66]

folded patch and supported by the RDRA is reported with impedance bandwidth of 2.2
%. The L-shaped folded metallic patch is attached on the RDRA. The horizontal portion
of the patch is covered an upper face of the RDRA and vertical portion of the patch (W
X hg) is adhered to a back side of the RDRA. The vertical portion of L-shaped patch is
not short-circuited to a ground plane. Another small vertical portion of the upper face
of the patch with length of d is extended from an edge of the upper face to the front side
of the RDRA. This portion of the folded patch and the T-shaped strip is attached to the
front side of the RDRA and separated with a gap of s. A coaxial probe is connected to
the vertical portion of the T-strip as shown in Figure 2.25. In this structure, for better

impedance matching, various dimensions of patch and RDRA are optimized.

Recently, a new radiating 7'Ej,;, mode is reported in [65] with two metal strips placed on
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side walls, perpendicular to the ground plane in a hybrid rectangular DRA mounted on a
ground plane (shown in Figure 2.26(a)). A reference antenna 1, is a conventional RDRA,
is shown in Figure 2.26 (b). A reference antenna 2, is the proposed antenna with height
of 6.2 mm, is shown in Figure 2.26 (c¢). The structures are fed by a coupling slot. The
comparison of E-field distribution for the TE5,, mode and a conventional T'EY§,; modes
are shown in Figure 2.27. Due to the specific field distributions, the T'E§), mode can

work at a much lower frequency than the conventional mode in the RDRA with the

Figure 2.26: An example of compact single narrowband RDRA: (a) Geometries of the
RDRA for (a) the proposed antenna: TE%,, mode, (b) Reference antenna 1 : the con-
ventional T'E?;, mode, (c) Reference antenna 2: the proposed T E%,, mode [65]
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Figure 2.27: Simulated E-field distributions in the TE},, mode (a) side view, (b) top
view, and in the TEf;; mode (c) side view, (d) top view [65]

same dimensions. Comparing the proposed DRA to reference antenna 1, both antennas

have the same size but resonance at different frequencies. This is due to the addition of
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two vertical metal plates on the RDRA, the proposed antenna worked at 1.74 GHz, much
lower than that of reference antenna 1 (f, equal to 3.93 GHz). Comparing the reference
antenna 1 to the reference antenna 2, it is seen that by decreasing the height of the metal-
coated RDRA from 16 to 6.2 mm, both the antennas work almost at same frequency (f.
equal to 3.94/3.95 GHz). This shows that for a given frequency, the proposed structure is
low-profile design. Due to the two metal plates, there is decrease in impedance bandwidth
from 16 % to 2.9 %. The resonance frequency is independent of dimension along the y

direction.
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Figure 2.28: An example of compact single narrowband rectangular hybrid DRA: Ge-
ometries of the RDRA for (a) 3-D view, (b) Top view, (c) Side view [66]

Also, a TE$) mode [66] is demonstrated in a hybrid rectangular dielectric-air-metal
strips composite resonator antenna as shown in Figure 2.28. Figure 2.29 shows E-field
distributions of the T'E§,; mode. From the Figure 2.29, the E-fields of the T'E§,, mode
indicates that they vary from maximum to zero as the height decreases and vanish when
they are closed to a ground plane. Since no horizontal electric fields exist over the ground
plane, it is difficult to excite this type of mode in a RDRA directly mounted on the

metallic ground plane by exciting methods namely slot, CPW, and microstrip coupling.
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Figure 2.29: Simulated E-field distributions in the T'Ej,; mode in the rectanglar hybrid
DRA: (a) Top view, (b) Side view [66]

As shown in Figure 2.28, an air-gap between the ceramic RDRA and the ground plane
is introduced. This air gap with the ceramic RDRA forms the hybrid DR. The inserted
air layer along the z-axis does not affect a homogeneity of the E-fields over the x-y plane.
In this design, the RDRA made of a high permittivity material is used to maintain
compactness. In order to satisfy the special boundary condition of the mode, two ends
of the DRA are connected to the ground plane by metal strips, one with the rectangular
shape, and other with a T-shape. A feeding mechanism is adopted another T-shaped
metal strip attached to a bottom face of the RDRA and connected to an inner conductor
of a coaxial probe as shown in Figure 2.28 (a). Better impedance match can be achieved
by adjusting a distance between the feeding strip and the T-shaped shorting strips (5.5
mm). Simulated E-field distributions are shown in Figure 2.29. As shown in Figure 2.29
(a), E-fields distributed along the y-axis are nearly homogeneous, which is represented by
the subscript 0. At the interfaces between ceramic material and air, E-fields along the x-
axis show small variation. Therefore, § (0 — 0) is used to represent almost uniform E-field
distribution. As shown in Figure 2.29 (b), the horizontal E-fields vary from maximum to
zero as the height decreases from the top face of the RDRA to the ground plane, which
is represented by the subscript 1. The mode has the resonant frequency of 3.5 GHz with
2.43 % impedance bandwidth.

In [64-66], the compact and narrowband DRA designs are reported by using the met-
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allization on the surfaces of the RDRA. This is second method to achieve the narrowband
DRA design by metallization on the DRA. In [65,66], metallization on appropriate sur-
faces of the RDRA, it is found that the new radiating T'Ef;; mode is investigated in the
RDRA. As compared to a conventional mode (T'Ef;;) of the RDRA, the new mode has

lower resonant frequency and impedance bandwidth.

2.3.2 Literature Survey on Dual Narrowband DRAs

A dual band antenna provides an alternative to a wideband planar antenna for applica-
tions in which large bandwidth is needed for operating at two separate transmit-receive
bands. When the two operating bands are far apart, a dual band antenna can be con-
ceived to avoid use of separate antennas. Antennas that operate in dual- or multi-bands
that can be integrated on a package for mass production are in high demand. Many of
applications have additional requirement that the antennas to be small and conformal.
DRAs are widely accepted for these requirements due to their important characteristics,
as discussed before. In principle, dual band DRAs should operate with similar features,
both in terms of radiation and impedance matching at two separate frequencies. Obtain-
ing these features by using planar technologies is not a straightforward matter [67,68],
particularly when an intrinsic structural and technological simplicity of the DRA are to

be preserved. In this section, reported designs of dual narrowband DRAs are presented

Table 2.12: Reported dual narrowband DRAs

DRA fe €, | Largest | Lowest | Feeding | Volume | % of | Ref.
Shapes (GHz) Dim. Dim. | Method | (mm?) | BW
Conical 2.6 19.50.195) | 0.195)¢ | Slot — — [69]

DRA 3.9
Circular 2.42 | 25 ] 0.281)g | 0.063 )\ Slot 568 3.3 % | [70]

Disk DR 5.69 5.7 %
Rectangular | 2.46 | 10 | 0.262)¢ | 0.131\g | Slot 1058 | 4.48 % | [71]
5.23 6.17 %
Rectangular | 3.47 | 10 | 0.368)\ | 0.186 ) Slot 4040 153 % | [72]
5.3 8.3 %

and shown in Figure 2.30. Table 2.12 summarizes the center frequency f., €., largest and

smallest dimensions (in terms of )g), excitation schemes, volume in (mm?), and % of
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impedance bandwidth of the reported dual narrowband DRA designs.

In [69],a hybrid resonator, consists of a conical dielectric resonator antenna and a pair of
eccentric ring slot, is reported for dual narrowband operation. As shown in Figure 2.30
(a), the two eccentric ring slots are etched on a ground plane. The inner slot is directly
driven by a coaxial probe and the inner slot excites the outer slot through electromagnetic
coupling. The DRA is fed by the coupled dual ring slots. By optimizing radius, width,
and position of each ring slot as well as the size of the conical DRA, the structure is
operated in the desired dual narrow frequency range. An upper band is due to the DRA,
while a lower band is due to the outer ring slot. In [70], a compact dual-band circular disk
DRA using a parasitic C-slot fed by a microstrip line is reported as shown in Figure 2.30
(b). An offset distance between the center of the DRA and a ground plane, dimensions
of the C- parasitic slot as well as DRA are optimized. The antenna is resonated at 2.4
GHz and 5.69 GHz with 3.3 % and 5.7 % impedance bandwidth, respectively. A lower
band is due to the C-parasitic slot with dipole like patterns and an upper band is due to
the DRA with broadband patterns. In [71], a RDRA is placed on top of a slotted cavity
to form a hybrid dual-band antenna which is reported at 2.46 GHz and 5.23 GHz with
4.48 % and 6.17 % impedance bandwidth, respectively. As shown in Figure 2.30 (c), a
zonal slot is cut onto a square cavity made of a copper plate. The zonal slot divides the
cavity into a lower and an upper part. It is found that the lower part of cavity is required
for dual-band operation to match the impedance of the two resonant modes. The upper
part is supported by two pieces of foam, whereas the lower part is directly connected to a
ground plane. On top of the cavity, the RDRA is coupled through the upper rectangular
slot. A L-probe bisects the upper coupling slot. A lower band is due to the zonal slot and
an upper band is due to the RDRA which is operated in a T E{}; mode. Dual resonance
in the structure after optimizing the dimensions of RDRA, metal cavity and slot are
achieved. In [72], Fang and Leung have reported a rectangular DRA excited by coupling
slot as shown in Figure 2.30 (d). In this structure, two modes (TEY,;, TEY3) of the
RDRA are excited. A coupling slot is used only for feeding the RDRA. The structure
is resonated at 3.4 GHz and 5.18 GHz with 15.3 % and 8.3 % impedance bandwidth,
respectively. This is simplest scheme to excite the dual band but it is not narrowband

because low permittivity material is used. It is observed that one band is achieved by
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Figure 2.30: Examples of dual narrowband compact DRAs: (a) f. = 2.6 GHz,3.9 GHz DD
% of BW [69], (b) f. = 2.42 GHz,5.69 GHz 3.3%,5.7 %of BW [70], (¢) f. = 2.46 GHz,5.23
GHz 4.8%,6.17 %of BW [71], (d) f. = 3.47 GHz,5.3 GHz 15.3%,8.3 %of BW [72]

the DRA, whereas the second band is achieved by feeding methods such as eccentric
ring [69], parasitic slot [70], and zonal slot [71]. This will add extra degree of freedom for
dual narrowband DRA. Dual narrowband can be possible by exciting two RDRA modes
by proper choosing the dimensions and high permittivity of the RDRA [72].
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2.4 Conclusion

An isolated RDRA has three independent dimensions. The modes of the RDRA can be
TE to any of three dimensions. If the dimensions of RDRA are such that a > b > d,
the modes in the order of increasing resonant frequency are TFE?,, TEY{,;, and TEY;.
The analysis of all the modes is similar. Using dielectric waveguide model (DWM) and
mixed magnetic wall model (MMW), it is noticed that resonant frequency is dependent
on the physical parameters such as dielectric constant of material, length, depth and
height. Analysis on resonance frequency as a function of dielectric constant for different
values of height, width and length is carried out. Also analysis on resonance frequency
for different aspect ratios (length/height and depth/height) is performed. From this, it
is noticed that it is necessary to optimize all the physical parameters for prediction of
resonance frequency. For the given RDRA, it is noticed that Q)4 is increased as dielectric
constant increases. Impedance bandwidth is decreased when dielectric constant increases.
For low dielectric constant material, impedance bandwidth is large as compared to high
dielectric constant material. It is also observed that there is tradeoff between impedance
bandwidth and size of the RDRA. For different values of aspect ratios (depth/height
and length /height), analysis on impedance bandwidth and @4 is performed for different
values of dielectric constant. From this, it is noticed that by proper choosing the aspect
ratios, wider bandwidth can be achieved. Thus, wider bandwidth can be controlled by

proper selection of dielectric constant and aspect ratios of the RDRA.

Literature survey is carried out on different techniques, such as merging of modes,
stacked /embedded DRAs, modified shaped of DRA and hybrid DRAs, of bandwidth
improvement. 23 % to 42 % of impedance bandiwdth can be achieved by merging of
multiple modes in the DRA structure using feeding methods such as annular slot, CPW,
modified microstrip line and conducting strip with coaxial probe. In this, proper choice
of dimensions of feeding mechanism are required. 25 % to 64 % of impedance bandwidth
is reported by stacking or embedding of different DRA elements which are made from
different materials. By modifying basic shapes of the DRA, 28 % to 71 % of impedance
bandwidth is achieved. A hybrid structure, consists of the DRA and other kind of an-

tenna such as MPA, monopole, slot radiator, coplanar waveguide inductive slot, is re-
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ported with 89 % to 117 % of impedance bandwidth. Also literature survery on single
and dual narrowband is carried out. Single low profile narrow band can be achieved by
using a material of high permittivity. Also it is obtained by metalization on surfaces
of the DRA. Dual band designs are reported in literature. It is observed that the one
narrowband is achieved by the DRA, while second narrowband is achieved by the feeding
methods, namely, eccentric ring, parasitic slot and zonal slot. This add extra degree of
freedom, i.e. optimize the parameters of the feeding methods, for dual narrowband DRA

designs.
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Chapter 3

Wideband and Miniaturized

Rectangular Dielectric Resonator

Antenna

An objective of this chapter is to propose a miniaturized rectangular dielectric resonator
antenna (RDRA) configuration and dual mode operation employing a simple feeding
scheme. It demonstrates potential advantages achieved by choosing a microstrip line
feeding mechanism at the edge of the RDRA. Measurement and simulation results are
both in good agreement. The fabricated antenna possesses a wide impedance bandwidth
of 800 MHz (5.65 GHz to 6.48 GHz) and dimensions of RDRA are 17 x 7 x 3 mm?. Mea-
sured radiation patterns have linear polarization over the frequency range. By adopting
the proposed design, the bandwidth is enhanced more than four times as compared to a
conventional way of exciting the RDRA by the microstrip line. To validate the design, a

comparison of published designs are discussed.

3.1 Introduction

The rapid growth in the demand for wireless applications in the GHz range has led the
research community to focus an attention on highly efficient antennas that exhibit wide
bandwidth, compact size and good radiation characteristics. The dielectric resonator an-
tennas (DRAs), introduced by Long et al. in 1983 [1], could be used for such applications

due to many advantageous features they possess. These include high radiation efficiency;,
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compact size, light weight, and the versatility in shapes, and feeding mechanism [2]. One
of the most crucial issues of DRAs is the dependence of size and impedance bandwidth on
the dielectric constant of a material used in antennas. A DRA made from a low permit-
tivity material would have a relatively large volume. It would exhibit a wide impedance
bandwidth. On the other side, a high permittivity DRA would be small in size, but it

would exhibit a narrow bandwidth operation [3].

Many existing and emerging wireless applications require the radiating element be as com-
pact /low profile with wideband frequency operation as possible. Hence, a lot of research
is directed towards an increase of the bandwidth of the DRAs while keeping the size low.
Towards this goal, different approaches have been reported to increase the bandwidth of
DRAs. For example, operating the DRA in two or more modes [4,5], stacking/embedding
two DRAs of different sizes to merge their resonant bands [6], attaching parasitic metal
strips on the DRA surface to incur additional resonance [7], leaving air gaps between
the DRA and a ground plane [8], adjusting the aspect ratio of the DRA to reduce its
Q-factor [3], modifying the basic shapes of DRAs to create discontinuities [9-14] and by

an adopting new feeding structure [15] are reported.

As described in section 2.2.1, merging of dual mode in RDRA and CDRA is discussed
with their structure configurations and reported performances. In [16-18], one mode is
due to the RDRA, while the other is due to the feeding scheme, namely, slot, CPW
inductive slot and complementary pair of the magnetic loop and the magnetic dipole.
The resonance of the other mode is dependent on the physical parameters of the feeding
schemes. This adds extra degree of freedom for bandwidth improvement which leads to
extra complexity in designs. In [20], merging of dual modes is achieved by the RDRA
itself. Here, the aperture slot uses as a feeding scheme. This shows that bandwidth

improvement by merging of modes requires proper choice of physical dimensions of the

DRAs, feeding schemes.

By using these methods, bandwidth ranges from 20 % to 40 % have been achieved.
However, these methods suffer from complicated design structure and are not easy to

fabricate. In this chapter, two nearby modes of a basic rectangular DRA are described.
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Instead of a conventional way of excitation by a simple microstrip line, edge of the RDRA
is placed on the open-ended line. Numerical study and field distribution of the design are
presented. Measurement and simulated characteristics are presented and discussed. The
reported designs around 5-6 GHz band are compared and discussed with the proposed

antenna for validation of the proposed design.

3.2 Proposed Approach

Figure 3.1 shows a geometry of the conventional way of excitation by a simple microstrip
line for the RDRA and Figure 3.2 shows a geometry of the proposed miniaturized and
wideband RDRA. As shown in Figure 3.1 and 3.2, a 50 2 microstrip line, having width of
4.45 mm and length of 45 mm is printed on a grounded substrate, as a feeding mechanism.
The substrate with dielectric constant, €, of 2.5, thickness (H;) of 1.56 mm, and loss

factor of 0.0017 is used. The RDRA with length a, depth d, height h, and dielectric

Wi

RDRA ‘x.

(r)

Grounded
Substrate ()

Connector Microstrip Line

Figure 3.1: Geometry of the conventional way of excitation [2] using microstrip line.

constant €, of 32 is used. An open-ended microstrip line is placed at the edge of the
rectangular DRA, as shown in Figure 3.2. The RDRA is placed above the microstrip line
for coupling as shown in Figure 3.1. A ground plane structure has dimensions L; and W,

as 80 x 50mm?.
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Figure 3.2: Geometry of the proposed way of excitation for miniaturized and dual mode
operation using microstrip line.

3.2.1 Numerical Study

For simulation, a finite element method (FEM) based 3D electromagnetic simulator, An-
soft HF'SS is used. In order to illustrate the design procedure of the proposed design, the
initial dimensions of a RDRA are determined using the equations developed by magnetic
wall waveguide model (MMW) with the dielectric slab and dielectric waveguide model
(DWM) [3] as described in chapter 2. Parametric study has been performed on the dif-
ferent parameters of the proposed antenna with edge feeding. Return loss characteristics

of parametric study on length, a of the proposed antenna is shown in Figure 3.3. Table

Table 3.1: Parametric study on length, d = 7 mm, h = 3 mm .

length (a) mm | Frequency Range (GHz) | BW (MHz) | % of BW
19 5.46-5.84 380 6.73
18 5.60-6.32 720 12.08
17 5.71-6.61 900 14.61
16 5.86-7.05 1190 18.44
15 6.00-7.13 1130 17.21

3.1 shows variation of resonant frequencies, impedance bandwidth, and % of bandwidth
when the length (a) changes from 19 mm to 15 mm, while other dimensions are d of 7 mm,

h of 3 mm. From the Figure 3.3, it is noticed that the dual resonance in the proposed
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Figure 3.3: Simulated return loss for different values of length (a).

scheme is excited. For longer RDRA, only single mode is excited. By decreasing the
length, resonance frequencies of both the modes are increased. The result shows that by
decreasing the length, the resonant frequency and impedance bandwidth are increased.
It is observed that by decreasing length from 19 mm to 15 mm, there is increase of per-
centage of impedance bandwidth from 6.73 % to 17.21 %. Also it is observed that for
shorter length equal to 15 mm, three nearby modes have been excited with the way of

feeding using microstrip line.

Parametric study on the depth of the antenna is listed in Table 3.2. Figure 3.4 shows
the return loss characteristics for different values of depth while kept a of 17 mm and h
of 3 mm for all cases. It is observed that by decreasing the depth (d) from 9 mm to 5

mm, the resonant frequency is increased for both the modes. For d euqal to 7 mm, the

Table 3.2: Parametric study on depth, a = 17 mm, h = 3 mm .

depth (d) mm | Frequency Range (GHz) | BW (MHz) | % of BW
9 5.46-5.82 360 6.38
8 5.61-6.24 630 10.62
7 5.71-6.61 900 14.61
6 5.84-6.32 480 7.89
5 5.96-6.46 500 8.05

impedance bandwidth is wider and it is 14.61 %. This is because of dual resonance is
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Table 3.3: Parametric study on height, a = 17 mm, d = 7 mm .
height (h) mm | Frequency Range (GHz) | BW (MHz) | % of BW
5 4.73-5.31 580 11.55
4 5.16-5.77 610 11.16
3 5.71-6.61 900 14.61
2 6.55-7.01 460 6.78

excited in the RDRA.

Table 3.3 shows the numerical study on resonant frequency, bandwidth when the height
(h) changes from 5 mm to 2 mm. Return loss characteristics of different values of height
are shown in Figure 3.5. The other dimensions are length (a) of 17 mm and depth
(d) of 7 mm. The result shows that by decreasing the height, the resonant frequency of
both yjr modes and impedance bandwidth are increased. For h equal to 3 mm, maximum
bandwidth (900 MHz) is obtained. For thinner antenna (h equal to 2 mm), the bandwidth
is narrow as single mode is excited. From these studies, it is possible to excite dual and/or
three modes using the way of excitation instead of the conventional way of excitation
using the simple microstrip line. From these studies, it is noticed that multiple modes
by the design are due to the RDRA but not due to microstrip line. In this study, for all
cases, length of the microstrip line below the RDRA is optimized for better impedance

matching.
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Figure 3.5: Simulated return loss for different values of h.

3.2.2 E-Field Distributions

For validation of excitation of dual modes in the design, Figure 3.6 displays the electric
vector field distributions for the proposed scheme having a of 17 mm, d of 7 mm and h
of 3 mm at resonant frequencies (5.93 GHz and 6.39 GHz) in three pictorial planes and
within the RDRA. Arrow indicates direction of the field. Color shades represent strength
of the field. The E-fields at 5.93 GHz are plotted in Figure 3.6 (a), (b), (c) and (d) for
x-y, y-z, z-x plane, and within the RDRA, respectively. The E-fields at 6.39 GHz are
sketched in Figure 3.6 (e), (f), (g), and (h) for x-y, y-z, z-x -plane and within the RDRA,
respectively. From Figure 3.6 (b), it is seen that the E-fields are oriented in the z-axis
and vary from maximum to zero as the height increases from the ground plane. They are
uniformly distributed. There is a small variation § < 1 along the y-axis. From Figure
3.6 (c), it is seen that the E-fields circulate around the y-axis and vary in the x-axis and

z-axis. These kind of distributions confirm the excitation of TE%1 mode at 5.93 GHz in

the RDRA.

It is observed in Figure 3.6 (f) that E-fields circulate around x-axis and vary in y and
z-axis. Form Figure 3.6 (g), it is noticed that E-fields vary in two half cycles variation
along the x-axis. From Figure 3.6 (e), (f) and (g), it is confirmed the excitation of TE},;
at 6.39 GHz in the RDRA. From these E-field distributions, it is confirmed that both the
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Figure 3.6: E-field distributions at 5.93 GHz (a) x-y plane, (b) y-z plane, (c) z-x plane,
(d) in RDRA, at 6.39 GHz (e) x-y plane, (f) y-z plane, (g) z-x plane, (h) in RDRA.

modes are due to the RDRA itself. These dual modes are excited with the RDRA due

to the way of the microstrip line placed for coupling.

3.2.3 Theoretical Analysis

Resonant frequencies of dual mode in RDRA, TEY,; and TE},,, are denoted by f; and
fa, respectively. Looking to field distribution of both the modes, the difference between

these two modes are mainly along the x-axis. The wave numbers k.1, k.o and k.1, k.o
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can be written as follows:

21 T T

kwl - ka = 7’ kzl - kzZ - E: kyl - kyZ - E (31)

From the DWM model, the frequencies f; and f5 are given by following equations

c
Ji2 = QW\/E—(\/kgl,xz + k2 o T K2 o) (3.2)
where,
k;?/l,yZ = \/k%z - k?cl,xZ - k§17z2 (3~3)
2 r
ko= —wa\/e_ (3.4)

c
Given a dielectric constant of the RDRA, there are three degree of freedom (a,d,h) for
meeting the two frequencies requirement (f;, f2) in (3.2). To find a unique solution, it
is arbitrarily assuming that k,; = 0.59k,; with reference to [19] and start analysis with
k1 = ky2. Substituting k,; = 0.59k,; and ky; = k2 into (3.3), initial value of length (ao)
and depth (dy) can be found by following equations:

c

apg =T m, (35)

6.31
dy= ——22 (3.6)

Ny

The height h of the RDRA is found by using the following DWM formula [19].

hio =

yl,y2 € ky1ye

arctan(\/ (1 Ly Ry (3.7)

Due to the initial assumption that k,; = ky2, there is no unique value exist for h; =
ho. As suggested in [20], a unique value of hy and hy can be obtained by introducing a

correction factor Aag for a as follows.
a=ag+ Aa (3.8)

The correction factor is a function of the frequency ratio fy/fy in [20] valid over the range
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1< f/f, <2.8.

J2 Ja fa fo

Aa = 0.1393(%7)* — 2.3209(= ) + 11.4422(=-)? — 23.4984(%7) + 18.4437(mm)  (3.9)
fi fi N1 i
A correction factor of Ad is also introduced for dy as follows
s
Ad = 103207 (3.10)
d = dy+ Ad (3.11)

To balance the error, due to k,; = k2, weighting factors are introduced for h; and hy as
follows with w equal to 0.65:

With above analysis, resonant frequency fi; of TEY;; mode and fy of TEY,; mode are
calculated. f; is 5.97 GHz whereas f5 is 6.40 GHz have been found. Simulated resonant
frequency of both modes are 5.93 GHz and 6.39 GHz. It is found that simulated and
calculated resonant frequecies of both the mode are well matched. Following physical
parameters are obtained based on theoretical analysis and are listed in Table 3.4. All

dimensions in Table 3.4 are in mm. It is observed that there is a good agreement between

Table 3.4: Theoretical analysis of the proposed scheme

Parameters Aa ao a Ad do d hy ho h
Theoretical | 3.7272 | 13.2793 | 17.007 | 1.1831 | 5.2921 | 6.4752 | 3.0653 | 2.9154 | 3.0128
Simulated — — 17.00 — — 7.00 — — 3.00

the calculated and simulated dimensions. With these analysis, the design of dual mode

in the rectangular dielectric resonator antenna is possible.

3.3 Experimental Results

Based on extensive simulations, the RDRA is made of microwave laminate material with
relative permittivity €, of 32, loss factor of 0.0011, width w, of 17 mm, depth, d, of 7 mm,
and height, h, of 3 mm is fabricated with the new feeding scheme. The photograph of
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fabricated the proposed RDRA is shown in Figure 3.7. The simulated and measured re-

Table 3.5: Measured and simulated parameters of the proposed antenna

Particular | Mode Fr Return Loss | BW | % of | Gain

(GHz) (dB) (MHz) | BW | (dB)
Simulated | TEY;, | 5.93 -42.0 900 | 14.61 | 4.4
Simulated | TEY,, | 6.3 183 — | — | 34
Measured | TE%, | 5.81 51,2 800 | 13.27 | 3.0
Measured | TEY,; | 6.29 -22.2 — 3.0

Figure 3.7: A photograph of the fabricated proposed design

turn loss characteristic are shown in Figure 3.8. The measured and simulated parameters

are listed in Table 3.5. This antenna has simulated resonant frequencies at 5.93 GHz, and

6.39 GHz. The simulated 10-dB return loss impedance bandwidth is 900 MHz (5.71 GHz

to 6.61 GHz — 14.61 %). The calculated resonant frequencies based on analysis presented

in section 3.2 are 5.97 GHz and 6.40 GHz for mode T'E};, and TEY,,, respectively.

The return loss characteristic of the RDRA is measured by N5230A PNA series network

analyzer. By examining the results, the fabricated RDRA has a 10-dB return loss band-
width (BW) of 800 MHz (5.68 GHz to 6.48 GHz). Resonant frequencies of the RDRA
are 5.81 GHz (T'EY;;) and 6.25 GHz (T'E3,,). Negligible shifting of measured return loss

from the simulated result may be due to unpolished side walls of RDRA, air gap and wax
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between the RDRA and the microstrip line.

g
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Figure 3.8: Measured and simulated return loss characteristics of the proposed antenna

Radiation patterns of antenna are measured in an anechoic chamber for four frequencies.
The measured co- and cross- polarization radiation patterns at 5.81 GHz (lower limit
of the BW), 5.68 GHz (T'EY;; mode), 6.25 GHz (T'E};; mode), and 6.48 GHz (upper
limit of the BW) are shown in Figure 3.9. By examining the radiation patterns over
the impedance bandwidth, it is observed that, as expected, they are almost of the same
type i.e. broadside and linear polarization. Figure 3.9 (b) shows the radiation patterns
associated with the TEY;; mode. The half-power beamwidth (HPBW) of the E plane and
H-plane are about 92° (—34° to 58°) and 91° (—44° to 47°), respectively. Peaks of cross
polarization level are close to boresight, and are about 15 dB and 10 dB below the peak
of co-polarization of E-plane and H-plane, respectively for TEYs; mode. Figure 3.9 (c)
shows the radiation pattern for the TEY;; mode. The HPBW of the E-plane and H-plane
are about 84° (—48° to 36°) and 89° (—45° to 44°), respectively. The cross polarization
level are about 11 dB and 8 dB below the peak of co-polarization of E-plane and H-plane,

respectively.

The cross polarization level for 6.48 GHz (upper limit of the bandwidth) is about 5
dB below the peak co-polarization level of both planes. This decrease of the cross-

polarization level for upper limit of the bandwidth is due to the finite ground plane and
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Figure 3.9: Measured radiation patterns of the proposed scheme: (a) at 5.68 GHz, (b) at

5.81 GHz, (c) at 6.29 GHz, and (d) at 6.48 GHz.

spurious radiation from the microstrip line. Figure 3.10 indicates measured gain and

estimated radiation efficiency over the frequency of the proposed scheme. It is noticed

that the radiation efficiency varies from 92 % to 97 % over the simulated bandwidth.

The measured gain is quite good over the measured bandwidth. At 5.93 GHz, it is 3.9

dB. At 6.29 GHz, it is 3.0 dB. Figure 3.11 shows the simulated and measured return loss

characteristics of the conventional RDRA (dimensions are same as the proposed RDRA)

excited by the conventional way of using the microstrip line as shown in Figure 3.1. The

simulated and measured resonant frequency are 5.39 GHz and 5.40 GHz, respectively. The

270
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Figure 3.10: Measured gain and estimated radiation efficiency of the proposed antenna.

conventional RDRA has 3.02 % of measured impedance bandwidth. Thus the proposed
feeding scheme has enhanced the bandwidth more than four times as compared to the

conventional way of feeding scheme.

3.4 Discussion

Several similar antennas were reported in the literature in miniaturization form with a
frequency operation over 5 GHz to 6 GHz band in [5,9,11-15]. A comparison of these
is provided in Table 3.6 in terms of their type of structure, feeding methods, volume,
dielectric constant, impedance bandwidth, % of impedance bandwidth and figure of merit
(). The figure of merit « (ratio of volume of DRA and % of impedance bandwidth) can
be used for an effective comparison of the DRAs. Smaller value of « indicates that the

antenna is the miniaturized and wideband DRA.

A bridge-shaped DRA has been reported with 4.58 GHz to 6.42 GHz frequency operation.
It has figure of merit about 152 [9]. A hybrid dielectric-resonator-on-patch (DRoP) had
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Figure 3.11: Measured and simulated return loss characteristics of the conventional an-
tenna

been introduced for wideband operation (5.14 GHz to 6.51 GHz). The antenna has «
= 80 [11]. In [12], a wideband rectangular DR with a horizontal tunnel demonstrated
a 4.76-5.86 GHz band. The feeding is aperture coupled. It is observed that fabrication
of this DRA is complicated. In [13], a broadband DRA with an offset well has 18 %
impedance bandwidth at f. of 5.5 GHz and a volume of 749 mm?3. It is noticed that the
structure is complicated to fabricate as compared to the proposed antenna. A wideband
CDRA excited by a circular aperture coupled by a microstrip tuning fork has been ex-
hibited for 5-6 GHz band. It has figure of merit of 34 and complex design procedure [14].
A P-shaped DRA had been designed with a microstrip line with volume of 522 mm? and
80 % bandwidth. The structure is complicated to fabricate [14]. A L-shaped microstrip
monopole is proposed as a wideband feeding technique for a dielectric ring resonator

(DRR) antennas. The bandwidth is 5.09-6.47 GHz (25 % at 5.5 GHz) and a = 3 [15].

From the [5,9,11-15] and Table 3.6, it is noticed that various feeding methods have been
proposed to obtain 5 GHz to 6 GHz frequency band. Also various ways such as stacking,

embedding, merging of modes, modifying the basic shapes, used of other structures with
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Table 3.6: A comparision of the proposed scheme with other published wideband DRAs

Type of DRA Type of Feeding | Volume | ¢, BW % of | Figure | Ref
(mm?) (MHz) | BW | of Merit
(@)
Bridge Shaped Slot Coupled 2560 | 40,10 | 4.56-6.42 | 16.80 152 9]
DRA
DRoP Slot Coupled 1887 9.2 | 5.14-6.51 | 23.50 180 [11]
RDRA with Slot Coupled 1184 21 | 4.76-5.89 | 20.70 57 [12]
Tunnel
RDRA with an Slot Coupled 749 20 | 5.00-6.10 | 18.00 42 [13]
Offset Well
CDRA Cavity-backed Ape- | 1344 10 — 1 40.00 34
rture with micro-
strip Tuning Fork
P-Shaped Microstrip Line 522 10 | 6.20-8.20 | 80.00 07 [14]
DRA
Dielectric Ring | L-Shaped Micro- 85.4 37 | 5.09-6.47 | 25.00 03 [15]
Resonator strip monopole
RDRA Proposed Scheme 387 32 | 5.68-6.48 | 13.16 27 —

the DRA have been reported for wideband and miniaturized antenna. The reported
DRA designs are complicated from structure point of view hence, not easy to fabricate as
compared to simple shapes of the DRA . Figure of merit, measure of miniaturization and
wide operation, is from 180 to 3. The fabricated antenna has the figure of merit of 27 and
a volume of 357 mm?. There are other the reported DRA designs [14,15] with a low figure
of merit than the proposed design. But as compared to the proposed antenna, it has the
complicated structure, the complex feeding network and the complex design procedure.
Thus, the proposed basic RDRA design is more suitable for wideband operation existing
schemes of bandwidth improvement like, without modifying the basic shape, stacking,
embedding, air gap and other methods with the simple microstrip feeding line. Thus, the
proposed feeding network is claimed to be more simple to design and easy to fabricate

as compared to the reported feeding networks. The proposed design has less volume as

compared to the reported designs.
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3.5 Conclusion

In this chapter, a miniaturized rectangular DRA has been proposed for wide frequency
band. A novel way is used to excite dual modes of rectangular DRA with the help of a
simple microstrip line. The proposed prototype has 13 % impedance bandwidth and by
means of high relative permittivity in design procedure, the size reduction is achieved.
This antenna simultaneously has high radiation efficiency (due to lack of conductor loss),
simple feeding mechanism, easy fabrication, and proper radiation patterns. These features
make the proposed antenna as a useful element for WLAN appliances such as mobile

phones, laptops, and PDAs.



References

1]

S.A. Long, M.W. McAllister and L.C. Shen , "Rectangular dielectric resonator an-
tenna,” IEFEE Electronics Letters, Vol.19, 218-219, 1983.

A. Tttipiboon, R. K. Mongia, " Theoretical and experimental investigation on rectan-
gular dielectric resonator antennas”, IEEFE Transactions on Antennas & Propagation,

Vol.45, No.9, pp. 1348-1356, 1997.
A. Petosa, Dielectric resonator antenna handbook, Artech House, 2007.

G. Almpanis, C. Fumeaux, R. Vahldieck, ”Dual mode slot coupled cylindrical dielec-
tric resonator antennas”, IEEFE International Symposium on Antennas and Propa-

gation, pp. 2511-2514, 2006.

K.W.Leung, C. K. Leung, ”Wideband dielectric resonator antenna excited by cavity-
backed circular aperture with microstrip tuning fork”, IEEE FElectronics Letters, Vol.

39,No. 14, pp. 1033-1035, 2003.

K. W. Leung, K. M. Luk, K. Y. Chow, E. K. N. Yung, "’"Bandwidth enhancement
of dielectric resonator antenna by loading a low-profile dielectric disk of very high

permittivity” IEEE FElectronics Letters, Vol.33, No.9, pp. pp. 725-726, 1997.

K.W. Leung ,H. K. Ng, " The slot-coupled hemispherical dielectric resonator antenna
with a parasitic patch: application to the circularly polarized antenna and wideband
antenna”’, IEEE Transactions on Antenna and Propagation, Vol.53, No. 5, pp. 1762-
1769, 2005.

S. M. Shum, K. M. Luk, ”Characteristics of dielectric ring resonator antenna with

an air gap”’, IEEE FElectronics Letters ,Vol. 30, No. 4, pp. 277-278, 1994.

92



REFERENCES 93

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[18]

G. Almpanis, C. Fumeaux, R. Vahldieck, "Dual mode bridge-shaped dielectric res-
onator antennas”, IEFE Antennas and Wireless Propagation Letters, Vol. 9, pp.
103-106, 2010.

Y. Gao, B. L. Ooi,W. B. Ewe, A. P. Popov, ”A compact wideband hybrid dielectric
resonator antenna” , IEEFE Microwave and Wireless Component Letters, Vol.16, No.4,

pp. 227-229, 2006.

K. P. Esselle, and T. S. Bird, ”A hybrid-resonator antenna: experimental results”,

IEEFE Transactions on Antennas and Propagation, Vol. 53, No. 2, pp. 870-871, 2005.

T. H. Chang, Y.C. Huang, W. F. Su, J. F. Kiang, ”Wideband dielectric resonator
antenna with a tunnel”, IEFE Antenna and Wireless Propagation Letters, Vol. 7,
pp. 275-278, 2008.

T. H. Chang, J.F. Kiang, ”Broadband dielectric resonator antenna with an offset

well”, IEEE Antenna and Wireless Propagation Letters, Vol. 6, pp. 564-567, 2007.

M. Khalily, M. K. A. Rahim, A. A. Kishk, S. Danesh, ”Wideband P-shaped dielectric
resonator antenna”, Radioengineering, Vol. 22, No. 1, pp. 281-285, 2013.

W. Chang, Z. Feng, "Investigation of a novel wideband feeding technique for di-
electric ring resonator antennas”, IEEE Antennas and Wireless Propagation Letters,

Vol. 8, pp. 348-351, 2009.

A. Buerkle, K. Sarabandi, H. Mosallaie, ”Compact slot and dielectric resonator
antenna with dual resonance, broadband characteristics”, IEEE Transactions on

Antennas and Propagation, Vol. 53, No. 3, pp. 1020-1027, March 2005.

C.P.Chua, P.A. Pavovich, R. M. Dragos, M. S. Leung, ”A compact and wideband
rectangular dielectric resonator antenna”, Proceeding of the 7" Conference on Elec-

tronic Packing Technology, Singapore, Vol. 1, pp. 313-316, Dec. 2005.

Y. Gao, B. L. Ooi, W. B. Ewe, A. P. Popov, ”A compact wideband hybrid dielectric
resonator antenna”, IEEE Microwave and Wireless Components Letters, Vol. 16, No.

4, pp. 227-229, April 2006.



REFERENCES 94

[19] B. Li, K.W. Leung, ”Strip-fed rectangular dielectric resonator antennas with /without
a parasitic patch”, IEEE Transactions on Antennas and Propagation, Vol. 53, No.
7, pp. 2200-2207, July 2005.

[20] X.S. Fang, and K.W. Leung, ”Designs of single-, dual-, wide-band rectangular di-
electric resonator antennas”, IEFE Transactions on Antenna and Propagation, Vol.

59, No. 6, pp. 2409-2414, June, 2011.



Chapter 4

Stacked Rectangular Dielectric

Resonator Antenna

As described in section 2.2, stacking of DRAs is the one of the methods for improvement
in the impedance bandwidth. In this method, two or more different samples of same or
different dimensions and dielectric materials are stacked vertical. It is possible to have
different combination of shapes, such as a dielectric disk, a rectangular DRA, and a tri-
angle DRA in the stacked antenna. This chapter presents a design of stacked rectangular
dielectric resonator antenna (RDRA) operating at 5.2 GHz with 13.56 % impedance band-
width. A 50 €2 microstrip line is used in the proposed antenna as a feeding mechanism.
The proposed stacked RDRA consists of two rectangular slabs which are made of two
microwave dielectric materials with dielectric constant of 10 and 32, respectively stacked
vertically to obtain improvement in bandwidth as compared to a conventional RDRA.
Physical parameters of the stacked RDRA have been optimized by extensive simulations
using Ansoft HFSS. The optimized parameters of the antenna are 17 x 7 x 4.56 mm? with
a grounded substrate’s size: 80 x 50 mm?. The prototype is fabricated. Measured and
simulated results are both in good agreement. The proposed antenna is a suitable for
wireless local area networks (WLAN) application in 5 GHz frequency band. This stacked
RDRA exceeds the bandwidth requirements for IEEE 802.11a WLAN applications.
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4.1 Introduction

As mentioned earlier, the rapid increase in the demand for wireless applications in the
GHz range has led the research community to focus their attention on highly efficient
antennas, which exhibit wide bandwidth and good radiation characteristics. The DRA
introduced by Long et al. in 1983 [1], could be used for such applications due to high radi-
ation efficiency, light weight, and versatility in their shapes and feeding mechanisms [2,3].
DRAs exhibit a wider impedance bandwidth and higher radiation efficiency, especially at

millimeter-wave frequencies where the conductor losses of the MPAs are considerable.

One of the most crucial issues of conventional DRAs is the dependence of their size and
impedance bandwidth on the dielectric constant of material used in antennas. A DRA
made from a low permittivity material would has a relatively larger volume. This is due
to the inverse proportionality between effective wavelength and the square root of the
permittivity. It would, however, exhibit a low radiation Q-factor and therefore a wide
impedance bandwidth. On the other side, a high permittivity DRA would be small in
size, but would exhibit a narrow bandwidth operation [3]. Choice of dielectric constant
of material used in the DRA is crucial important for wideband operation and compact

design of the DRAs.

Applications in the wireless and mobile communication area require the development of
radiating elements, which have as compact/low profile and wideband as possible. Hence,
a lot of research is directed towards the increase of the bandwidth of the DRAs while
keeping the size compact /low profile. Towards this goal, the technique of merging modes
has proven to be very beneficial [4-6]. The basic concept relies on the excitation of
multiple modes at nearby frequencies, so that an overall wide impedance bandwidth
is achieved. This is done in two ways. One way is to combine the DRA modes with
resonances of the feeding scheme. For instance, a simple cylindrical DRA (CDRA) is
described in [4], which is fed from a microstrip line through two parallel bowtie slots.
Here, the impedance bandwidth of around 33 % is obtained through the excitation of the
HE M5 mode of the CDRA together with two modes from the resonant bowtie slots.

The second way to achieve the merging of modes is through the design of the appropri-
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ate DRA geometry that results in the excitation of higher-order DRA modes at nearby
frequencies. This technique is relatively simple conceptually, but it nevertheless comes
along with an important issue, which needs to be taken into account. Every mode has
different radiation characteristics (radiation patterns, polarization) and therefore, a not
well-controlled merging of modes technique would result in patterns of the DRA that
vary with frequency. Examples of well-operating DRAs are given in [5,6], where the ex-
citation of the fundamental T'EY;; and the higher-order T'EY,; modes of the rectangular
DRA (RDRA) or the HEM;15 and HEM;j;a of the CDRA result in wide impedance
bandwidth and stable broadside radiation patterns. The merging of the two modes of the
RDRA is achieved through the careful dimensioning of the DRA. So, if the height (h) of
the RDRA is chosen to be much larger than its length, (a) and its depth (d) the TE{,,

and T EY,; modes are excited at nearby frequencies, which is in agreement with theory [6].

It was shown experimentally in [7-10] that stacking two DRAs on the top of each can
increase an impedance bandwidth. In section 2.2.2; various designs of stacked /embedded
DRAs are discussed. Two disk DRAs, triangle DRAs are stacked vertically and experi-
mentally reported impedance bandwidth around 25 % to 64 % using probe and aperture
feeding schemes. These desgins use materials of different dielectric constants. However,
in this method, the DRA’s volume is a significant problem which may fail to maintain
the major characteristic of low-profile. Fabrication is also not easy. There is a lack of
closed form relation for designing the antenna. Some special geometry of DRAs can also
enhance the impedance bandwidth [11-13] such as conical, biconical, notch, and triangle
shaped DRA designe for broadband applications. This chapter presents that the stacked
rectangular DRA offer wide bandwidth operation. Measured results are compared against
the simulated results. The proposed antenna has wide impedance bandwidth. The mea-
sured co-polarization and cross polarization of radiation patterns over the impedance
bandwidth (S1; < -6 dB) are also compared each other. The measured return loss is

presented and discussed.
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4.2 Proposed Approach

Figure 4.1 shows the geometry of the proposed stacked rectangular DRA. A 50 € mi-
crostrip line (width of 4.45 mm) is printed on top of a grounded substrate with thickness
Hy of 1.56 mm, dielectric constant (e5) of 2.5 and loss tangent of 0.0017. Two DRA slabs
(slab 1 & 2) having equal cross sectional area (a x d), but with different permittivity
€1 and €.9 and different heights h; and hy to form the stacked RDRA. The slab 1 is
placed above the microstrip line for coupling, and the slab 2 is placed on the top of the
slab 1 for electromagnetically coupling. The total height of stacked RDRA is h = hy; +
ho. Dimensions of the ground substrate are L; of 80 mm and W; of 50 mm. The fields
equations of inside the simple rectangular DRA are as per the below (4.1 - 4.6) [2]. The
initial dimensions of the RDRA were determined using equations developed by dielectric

waveguide model (DWM) given in [3] as described in chapter 2.

Stacked RDRA

N

Grounded
Substrate (s;)

S5MA
Connector Microstrip Line

Figure 4.1: Geometry of the proposed stacked antenna.

E, = Ak, cos(k,x)sin(k,y) cos(k,z) (4.1)

E, = —Ak,sin(k,z) cos(kyy) cos(k,2) (4.2)
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E. =0 (4.3)
H, = huky Acos(kyx)sin(kyy)sin(k,z) (4.4)
T jw,uo T yY z .
k2 + k2
H, = (x,—y)Asin(kxa:) cos(kyy)sin(k,z) (4.5)
JWHo
ke tan(h,a/2) = /(e — DR — K2 (4.6)
where,
@:¢m%—@—@ (4.7)
s
k,=— 4.
- (49
T
2
by = 20 (4.10)

To account for the effect of two different dielectric materials on resonant frequency of the
stacked RDRA, the DWM equations are modified by a replacing slab 1’s height (h) with
an effective height (h) and dielectric constant of slab 1 (e,1) with effective permittivity

(€err) [10]. The effective height of the stacked RDRA is a simple sum of slabs’ height

h = hy + h (4.11)

The effective permittivity (e.ss) of the proposed stacked RDRA is obtained [10] as

(4.12)

4.2.1 Numerical Study

Based on extensive simulation studies, design parameters of the stacked RDRA have
been optimized. Slab 1 is made of a microwave material with dielectric constant of 32
and thickness, hi, of 3 mm. Slab 2 is made of several layers of a microwave material with
dielectric constant of 10.2 and thickness of each layer is 0.78 mm. Cross sectional area

of slab 1 and slab 2 is a of 17 mm and d of 7 mm. Simulation studies are carried out for



4.2 Proposed Approach 100

different height, hs, of the slab 2 on the slab 1 which has dimension of 17 x 7 x 3 mm?3, to
form a stacked RDRA. For all cases, an open ended microstrip line is optimized for the

return loss characteristic with reference to the centre of the stacked RDRA. Simulated

A0

—
on

Return Loss (DB)

1 ! /
2 —h2=234mm Vo Vv .y
------ h2=1.56 mm v i L
25 - ] !
--==h2=0.76 mm Vi Vi
a0 - h2=0.00mm ¥

o
<n

4.5 4.1 4.9 5.1 5.3 55 5.7 5.9
Frequency (GHz)

Figure 4.2: Simulated return loss for different height of slab 2.

Table 4.1: Effect of height (h2) of slab 2 on slab 1.

ho h foe fos % of | Return Loss | % of
(mm) | (mm) | (GHz) | (GHz) | Error (dB) BW
0.00 | 3.00 | 5.341 | 5.68 | 6.36 -35.41 11.97
0.78 | 3.78 | 5.461 0.41 0.93 -30.42 12.75
1.56 | 4.56 | 5.311 5.21 1.90 -28.50 13.11
2.34 | 5.34 | 5.126 5.00 2.46 -35.52 14.00

return loss characteristics for different heights of slab 2 are shown in Figure 4.2. Table 4.1
lists calculated resonant frequency (f,.) and simulated resonant frequency (f,s), return
loss characteristics, and % of 6-dB impedance bandwidth. It is noticed that as height of
slab 2 is increased from 0 mm to 2.34 mm in the step of 0.78 mm, the resonant frequency
of the antenna is decreased, from 5.68 GHz to 5.00 GHz, whereas % of 6-dB impedance
bandwidth is increased from 11.97 % to 14.00 %. This shows that by stacking of the low
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permittivity microwave material on the conventional dielectric resonator antenna made of
the high permittivity microwave material, decrease in the resonant frequency and increase
in the impedance bandwidth can be achieved. Also resonant frequencies of the stacked
RDRA are calculated based on equations (4.7, 4.8, 4.9, 4.10) using equations (4.11) and
(4.12). Table 4.1 show that simulated resonant frequencies (f,s) and calculated resonant
frequencies (f,) for different values of hy. From Table 4.1, it is seen that percentage of
error is in the order of 1 to 2.5 between f,. and f,s. This show a good agreement between

the calculated and simulated resonant frequencies.

Table 4.2: Optimized parameters of the stacked antenna.

Particular Dielectric L W | Height Loss
Constant (¢,) | (mm) | (mm) | (mm) | Tangent
Slab1 32 17.00 | 7.00 3.00 0.0011
Slab2 10 17.00 | 7.00 1.56 0.0017
10 - 1
\
\
15 ' "‘ \
| ¥ )
P ! \
E ||. 11
= ! I'. |
* ] “,I
1] ¥
30 H
(] = =Conventional RDRA,h1=4.56 mm
1
- ==-Proposed stacked RDRA
‘ I . ‘ Flmqu entl'_v (GHz-} I I h -

Figure 4.3: Simulated return loss characteristics of conventional RDRA and the proposed
stacked RDRA.

Based on these simulation results, physical design parameters: a of 17 mm, d of 7 mm,
and h of 4.56 mm have been chosen for the proposed antenna to excite at 5.2 GHz
resonant frequency. Table 4.2 lists the design parameters of the proposed stacked DRA.

Also simulation is carried out for the conventional rectangular DRA having length of
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Figure 4.4: Simulated radiation pattern at 5.2 GHz of the stacked antenna.

17 mm, depth of 7 mm, height of 4.56 mm and dielectric constant, €,;, of 32 as same
dimensions as the proposed stacked antenna has. Figure 4.3 shows simulated return
loss characteristics of the conventional RDRA and the proposed stacked RDRA. It is
observed that the conventional antenna is resonant at 4.41 GHz with 8.50 % of 6-dB
impedance bandwidth. This shows that by stacking of different microwave materials
with different permittivity, the wideband operation can be obtained. Figure 4.4 shows
simulated radiation patterns of the stacked antenna at 5.2 GHz. Radiation patterns are

linear and broadside.

4.3 Experimental Results

The proposed antenna is fabricated as per the pysical parameters given in Table 4.2.
Figure 4.5 shows a photograph of the fabricated antenna. Return loss characteristic of
the antenna is measured by N5230A PNA series network analyzer. The measured and
simulated return loss characteristics of the stacked RDRA are shown in Figure 4.6. Com-
parison of measured and simulated performances of the proposed antenna is listed in
Table 4.3. From Figure 4.6 and Table 4.3, it is noticed that measured results are in ex-
cellent agreement with simulated results. The antenna has a 6-dB return loss bandwidth
of 710 MHz (5.01 GHz to 5.72 GHz) at its resonant frequency of 5.23 GHz. The co- and

cross- radiation patterns of the antenna are measured in an anechoic chamber. The co-
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and cross- polarization patterns in the E- plane and H- plane of the antenna are presented
at resonant frequency of 5.23 GHz in Figure 4.7. There is good agreement between the
simulated and measured radiation patterns as shown in Figure 4.4 and Figure 4.7. It
shows that the antenna has broadside radiations. The proposed antenna has linear po-
larization over the said bandwidth. The proposed antenna shows the cross polarization
level better than -20 dB at the resonant frequency. Measured gain is 5.23 dBi at bore

site at the resonant frequency. It is in good agreement with simulated gain as listed in
Table 4.3.

Figure 4.5: A photograph of the fabricated proposed stacked design

o
=
n
L]
3 === Simulated \
E -20 1 ——Measured !‘
b \
4 li -
=25 V!
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W
v
30 -
4.5 4.7 4.9 5.1 53 5.5 5.7 5.9

Frequency(GHz)

Figure 4.6: Measured and simulated return loss characteristics of the fabricated stacked
antenna
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Table 4.3: Performance comparison of the proposed stacked antenna.

Particular Simulated | Measured
Resonant Freq. (GHz) 5.21 5.23
Return Loss (dB) -28.51 -22.90
6-dB Bandwidth (MHz) 682 710
% of Bandwidth 13.11 13.57
Gain at boresite (dB) 5.25 5.23

&0

160

Figure 4.7: Measured radiation patterns at 5.23 GHz.
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Simulation is carried out for the conventional DRA with length of 17 mm, depth of 7 mm,

height of 3.44 mm, dielectric constant €,; of 32. These dimensions are calculated equations

based on DWM analysis as given in section 4.2. It has simulated resonant frequency of

5.2 GHz and 560 MHz bandwidth. As compared to the stacked RDRA, the conventional

RDRA has less volume and bandwidth at the same resonant frequency. Thus, at the cost

of volume of the antenna, the wideband operation is achieved by stacking the dielectric

resonator antennas. It is observed that stacking of low dielectric constant’s material on

the high permittivity material, the enhancement of bandwidth can be achieved. As the

height of stacking material is increased, the increased in bandwidth is obtained. So there
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is trade off between the bandwidth and volume of DRA.

4.4 Conclusion

In this chapter, a simple microstrip fed stacked rectangular DRA operated at 5.2 GHz has
been proposed. It has 6-dB return loss bandwidth of 710 MHz with % BW of 13.57 with
good radiation patterns. Antenna is made from two different materials to achieve the
benefit of compact size and wider bandwidth operation. Due to absence of conductor loss,
the proposed antenna has high radiation efficiency. Due to these, the antenna is proposed
for WLAN applications, MIMO wireless system, WLAN, Wi-Fi, cellular phones, and GPS

systems.
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Chapter 5

Single Narrowband Rectangular

Dielectric Resonator Antenna

Numerous wireless systems for consumer wireless devices require compact antenna to be
integrated into small packages such as cell phones, laptop, palmtop, smart watch, and
other portable devices. A key parameter for the wireless systems is a communication
range which is a deciding factor in RF solution. Fundamentally, the range is dictated by
a communication data rate. There are many options to increase range by reducing data
rate. Two solutions are; scaling receiver bandwidth to the signal to reduce noise seen by
the receiver (narrowband sytem) and adding coding gain on a higher rate signal to com-
bat a high receiver noise in a wideband receiver. Disadvantages of coding gain system are
low spectrum efficiency, reduce communication reliability, number of devices in a given
area and battery lifetime. Narrowband technique for long range and reasonably low date
rate is widely accepted by an industry since it gives an optimum tradeoff between range

and a transmission time [1].

In section 2.3.1, the low-profile narrowband DRA is achieved by using a material of high
permittivity. It is shown that the resonance of the DRA is due to waves are bouncing
between the top and bottom faces of the DRAs, and hence the resonance frequency is
insensitive to the radius of the circular disk DR [2], length and depth of the RDRA [3],
and side length of the equilateral-triangular DRA [4]. It is observed that the low-profile
narrowband DRA has no degree of freedom. The compact narrowband DRA is obtained

by metallization on surfaces of the DRA. It is also observed that resonant frequency
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and impedance bandwidth of the metalized DRA are decreased as compared to without
metallization on the DRA. With proper metallization on the surfaces of the DRA, it is
observed the new radiating mode in the RDRA [5,6].

In this chapter, single narrowband rectangular dielectric resonator antenna (RDRA) is
realized by placing single metal strip on top surface. Also, a new radiating T'Ef,; mode
is proposed in this antenna. To validate the T'Ej,, mode and a conventional lowest
order T'EY;; mode, simple RDRA with and without a metal strip is designed, fabricated,
and measured. The RDRA is mounted on the grounded substrate and fed by a simple
microstrip line. Based on parametric study and electric field distributions, dimension
along the y-axis is principally used to determine the resonant frequency of the proposed
mode. The proposed mode has an impedance bandwidth of 35 MHz at 2.24 GHz and gain
of 2.35 dB. The radiating T'Ej;,; mode has broadside radiation patterns. As compared to
the conventional mode, reduction in the resonant frequency and the impedance bandwidth

by 58 % and 79 % is observed in the new mode.

5.1 Introduction

The dielectric resonator antennas (DRAs), introduced by Long et al. in 1983 [7], could
be used in numerous wireless communication and sensing applications due to many ad-
vantageous features they possess. These include high radiation efficiency, compact size,
light weight, and the versatility in the shapes, and feeding mechanism. There are three
basic shapes available for common design, including rectangular, cylindrical, and spher-
ical. Among these, the rectangular DRAs (RDRAs) show some advantages over other
shapes. Such as, three available dimensions provide two degree of freedom (one more
than the cylindrical one and two more than the spherical one), making it most flexible
in designs. In practice, the rectangular DRAs are much easier to fabricate. Also, mode

degeneracy can be avoided by properly choosing the dimensions. Hence it is preferred in

DRA design [8].

As described in chapter 2, different modes with different antenna characteristics and ra-

diation patterns are possible in the RDRA. TE modes are typically excited, which can
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be divided into TE*, TEY, and T E* modes, in the RDRA mounted on a ground plane.
Depending on the relationship of the three dimensions and way of exciting mechanism,
a conventional dominant mode is one of TE},,, TEY,,, TE?, (0 < 6 < 1). The mode
subscripts refer to field variations along the x-, y-, and z-axes respectively. Higher-order
modes can also be excited for certain aspect ratios, such as TE? ,, TEf,, modes (n =
2, 3...) as shown in Figure 2.6. However, not all higher modes have similar broadside
patterns as shown by the basic mode. A T'Ef,; mode shown in Figure 2.6 has a null at
broadside. Resonant frequency of these modes is a function of the three dimensions and

dielectric constant, according to dielectric waveguide model (DWM) [9].

In this chapter, a rectangular DRA with and without single metal strip placed on top
surface is described. The new T'EY,, radiating mode is proposed and compared to the
conventional dominant mode, T'EY§,,. Parametric study has been carried out on the pro-
posed mode. Specific field distributions of the new mode and the conventional mode are
discussed. Measured return loss, radiation patterns, bandwidth, and gain are compared
with simulated results of the T'E§,, mode and show high agreement. The proposed scheme

offers a narrow band as compared to the conventional RDRA.

5.2 Proposed Approach

Geometry of the conventional and proposed rectangular dielectric resonator antenna
(RDRA) is shown in Figure 5.1 and 5.2 respectively. The geometry without metal
patch/strip is for the conventional TEj;; mode, while the geometry with metal strip
on top surface of RDRA is for proposed new T'Ef,, mode. A 50 ) microstrip line is
printed on a grounded substrate. The grounded substrate has dimension of W7 x Ly x H;
with dielectric constant, €, of 2.5. The rectangular DRA is placed on open ended mi-
crostrip line for efficient coupling. The rectangular DRA has a depth d, a width w, and
height h along x-, y- and z-axis respectively. The ceramic material with relative dielectric
constant €, of 32 is used to fabricate the RDRA. A metal strip (d x a) is placed on the
top surface of the RDRA in the xy-plane. The metal strip could be roughly modeled an
infinitely thin perfect electric conductor (PEC). As compared to the conventional RDRA,

the proposed DRA has two surfaces which are roughly PEC and remaining four surfaces



5.2 Proposed Approach 111

are roughly perfect magnetic conductor (PMC). An interface between high dielectric and

air is PMC.

(ex) H;
Grounded
Substrate (g.)
Connector Microstrip Line
Figure 5.1: Geometry of the conventional mode in RDRA [3]
z Wi
Metallic
Patch H

Grounded
Substrate (=)

SMA

Connector Alicrostrip Line

Figure 5.2: Geometry of the proposed mode in RDRA



5.2 Proposed Approach 112

5.2.1 E-Field Distribution

Commercial 3-D full-wave electromagnetic simulation software Ansoft HFSS, based on
finite element method, is used for the numerical study. RDRA with length (a) of 17 mm,
depth (d) of 7 mm and height (h) of 3 mm is simulated with the proposed geometry as
well as the conventional geometry and is resonated at 2.19 GHz and 5.38 GHz, respec-
tively. Simulated electric field distributions at resonance in the proposed antenna and
the conventional antenna are shown in Figure 5.3. Arrow indicates the direction of the
field. Color represents strength of the field. For the conventional T'Ef,; mode, the E-field
patterns are sketch in Figure 5.3 (a), (b), (c¢) while for the new T'Ej,, mode, the E-field

patterns are sketch in Figure 5.3 (e), (f), (g) for xy, zx and yz -plane, respectively.

For the conventional T'Ef,; mode, from the Figure 5.3 (c), the E-fields circulate around
the x-axis and vary in both, along the y-axis and the z-axis. Thus, F, and F, are pre-
dominant whereas, F, is uniformly distributed along x-axis. These distributions are due
to boundary condition of the DRA in zx-plane. Interface between the microwave material
and air in the zx-plane can be seen an imperfect magnetic wall, which could support E-
field parallel to the interface and H-field perpendicular to the interface. From the Figure
5.3 (b), the E-field is oriented in the z-axis and varies from maximum to zero as the
height increases from the ground plane to the top surface of the RDRA. E-fields along
the x-axis are uniformly distributed and small variation, § < 1 along the x-axis. From
the Figure 5.3 (a), E-fields along x-axis are uniformly distributed. The electric field is

oriented along the y-axis and variation in this direction shown in Figure 5.3 (a).

For the proposed T'E},, mode, from Figure 5.3 (g), the E-fields circulate around the x-axis
and change in along the y-axis and z-axis. This similarity is due to the same boundary
condition as the conventional one in zx-plane. From the Figure 5.3 (f), E-fields are
oriented along the z-axis and homogenously distributed in the same direction. There are
no field variations from the ground plane to the top surface of the antenna along z-axis.
Also, E-fields along the x-axis are minor ¢ variation. As compared to the conventional
mode, different field distributions in the zx-plane are due to different boundary conditions

in the xy-plane. From the Figure 5.3 (e), electric fields are along z-axis and uniformly
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Figure 5.3: Simulated E-vector field at 5.38 GHz for the conventional TEf;; mode (a)
x-y plane, (b) z-x plane, (c) y-z plane, at 2.19 GHz for the new mode T'E§;, mode (e) x-y
plane, (f) z-x plane, (g) y-z plane

distributed along x- and y-axis. This change of distributions as compared to the T'EY,,
mode is due to the metal strip on the top surface of the RDRA in the xy-plane. The metal
strip can be modeled as an electric wall, which supports E-field component perpendicular
to the surface and H-field component parallel to the interface. Figure 5.4 sketches the
H-fields in the both antennas at resonance. The H, component is dominant along center

of the RDRA for both modes.
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Figure 5.4: Simulated H-vector field (a) at 5.38 GHz for the conventional T'Ef,; mode,
(b) at 2.19 GHz for the new mode T E¥,, mode

5.2.2 Theoretical Analysis

The resonant frequency of the T'ES,, mode can be derived by the dielectric waveguide
model (DWM) and mixed magnetic wall (MMW) model in [2]. As compared to the
conventional RDRA mounted on the ground plane, the proposed antenna has different
boundary conditions. The PMC boundary condition £ e n = 0 is assumed at y equal
to 0 and y equal to w. The imperfect PMC boundary condition is assumed at x equal
to 0 and x equal to d. The PEC boundary condition at z equal to h. Because of two
horizontal metal strips (one at bottom of the substrate and other at z equal to h) in the
xy-plane, wave number along the z-direction is reduced to zero. Following equations are
obtained for k, and k.:

2

ky:g k=0, ko=— (5.1)
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Where, ky denotes free-space wave number corresponding to resonant frequency. The

wave numbers also satisfy the following separation equation:
k24 k2 = k] (5.2)

The resonant frequency of the T'E¥,, mode is found by solving a following transcendental

equation:

d
ko tan (k. 5) = Ve — 1k — k2, (5.3)

For given resonant frequency of the new mode, RDRA parameters such as ¢,, w, and d,
the wave number k, determined using (5.1) and (5.2) and also satisfies (5.3). By using
DWM and MMW model, the following field components within the RDRA for the new

mode are
2
H, = —% cos(k,x) cos(k,y), 5.4
o) ol (5.4
H,= Ky sin(kyx)sin(kyy) (5.5)
Y jwpg ; v '
E, = —kycos(kyx)sin(kyy), (5.6)
E,=E,=H,=0 (5.7)

5.2.3 Numerical Study

To validate the new radiating mode, parametric study has been performed on different
dimensions of the proposed RDRA. The study is carried out by varying one dimension,
while others are invariable. The purpose of study is to see effect on resonant frequency
of TEY,, mode. Return loss characteristics of the proposed mode due to the variation of
length a, depth d, and height h of RDRA are shown in Figure 5.5, 5.6 and 5.7 respectively.
Table 5.1, 5.2, and 5.3 list the calcualted and simulated resonant frequencies (f,), % of
error and return loss in dB for variation of width w, depth d, and height h respectively.
There is 3 % to 9 % of error between the calculated and simulated resonance frequencies.
From Figure 5.5 and Table 5.1, it is observed that when dimension along the y-axis (a)
is increased from 13 mm to 21 mm, the resonant frequency is decreased from 2.70 GHz
to 1.83 GHz. From Figure 5.6 and Table 5.2, it is found that when dimension along the

x-axis (d) is increased from 5 mm to 9 mm, the resonant frequency of the TEY,, mode is
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Table 5.1: Performance of parametric study on width w (d = 7 mm, h = 3 mm) of the
proposed RDRA

length (a) (mm) | Calculated f, (GHz) | Simulated f,.(GHz)) | % of error | Return Loss (dB)
21 2.0217 1.83125 9.42 -13.43
19 2.1601 2.00625 7.12 -14.64
17 2.3280 2.16250 7.10 -21.97
15 2.5371 2.45000 3.43 -10.55
13 2.8060 2.70000 3.77 -20.94
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Figure 5.5: Simulated return loss of the proposed antenna with different values of length
(d=7mm, h =3 mm)

very minor variation from 2.23 GHz to 2.07 GHz as shown in Figure 5.6. It is % of error
from 1.4 % to 14 % between calculated and simulated resonance frequencies as shown in
Table 5.2. From the Figure 5.7 and Table 5.3, it is noticed that the resonant frequency
of the mode almost remain stable when dimension along the z-axis (h) is increased from 2
mm to 5 mm. From Table 5.3, there are 7 to 9 % of error in simulated resonance frequency
as compared to the calculated frequency. In this parametric study on dimensions of the
proposed scheme, overlapping length of microstrip line between the rectangular DRA
and the ground plane is optimized for better impedance matching (S1; < -10 dB) for all
cases. In the analysis, the metalization on the top surface of the RDRA to be assumed of
infinite sheet. For shorter depth, the error is more as compared to larger depth. From

these characteristics, it is observed that the resonant frequency of the new mode is mainly
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Table 5.2: Performance of parametric study on depth d (a = 17 mm, h = 3 mm) of the
proposed RDRA

depth (mm) | Calculated Fr.(GHz) | Simulated Fr.(GHz)) | % of error | Return Loss (dB)
9 2.1563 2.18750 1.44 -13.95
8 2.2329 2.08125 6.79 -15.10
7 2.3280 2.16250 7.10 -21.97
6 2.4492 2.13750 12.73 -22.20
5 2.6088 2.23750 14.23 -19.36
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E' 13 ==Depth =7 mm
% ==<Depth=6 mm
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25
150 163 L7518 200 213 225 238 250 268 275
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Figure 5.6: Simulated return loss of the proposed antenna with different values of depth
(a =17 mm, h = 3 mm)

depends on length a, and slightly depend on depth d. Thus, the degree of freedom for the
proposed antenna design is one as compared to two degree of freedom in the conventional
RDRA design. This is also confirmed by specific field distributions as given in Figure
5.3 and 5.4. This observation is also verify by equations (5.1-5.3) for determination of

resonant frequency of the T'E¥,, mode.

The simulation is also carried out for a metal strip placed at different side walls of the
RDRA. A metal strip is placed at z = h (xy-plane), x = d (yz-plane), y = a (zx-plane),
and without metal strip: these four cases are simulated and return loss characteristics
are shown in Figure 5.8. Resonant frequency (calculated and simulated), % of error,

impedance bandwidth etc are listed in Table 5.4. It is observed that the resonant fre-
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Table 5.3: Performance of parametric study on height h (d = 7 mm, a = 17 mm) of the
proposed RDRA

height (mm) | Calculated Fr.(GHz) | Simulated Fr.(GHz)) | % of error | Return Loss (dB)
5 2.33 2.14 7.91 -17.46
4 2.33 2.12 8.98 -20.50
3 2.33 2.16 7.10 -21.97
2 2.33 2.15 7.64 -15.02
0
_ il
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ol
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Figure 5.7: Simulated return loss of the proposed antenna with different values of height
h (d =7 mm, a =17 mm)

quency (from 5.38 GHz to 2.19 GHz) and impedance bandwidth (from 210 MHz to 10

MHz) are drastically decreased due to the metal strip at xy-plane and zx-plane as com-

pared to the without metal strip on RDRA, while resonant frequency is nearly same (5.38

GHz & 5.33 GHz) for the metal strip at yz-plane with increase of bandwidth (from 210

MHz to 310 MHz) as compared to the conventional RDRA. From these, it is noticed that

by placing a metal strip at appropriate surface, the new radiating mode with a narrow

bandwidth is possible to excite in the rectangular DRA. It is also observed that by placing

a metal strip, perpenducalar surface of the ground plane, on the surface of the RDRA,

impedance bandwidth can be improved.
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Figure 5.8: Simulated return loss for metal strip placed at different surfaces of the RDRA

Table 5.4: Performance of parametric study of metalization of the different surfaces of
the RDRA

Metallic Calculated | Simulated | % of | BW | % of
Surface Fr.(GHz) | Fr.(GHz) | error | (MHz) | BW
Con. RDRA 5.34 5.38 0.92 210 3.9 %
@z=nh 2.33 2.19 6.00 20 0.9 %
@y=d 2.45 2.68 8.36 10 04 %
@Q@Qx=a 5.07 5.33 5.17 310 58 %

5.3 Experimental Results

For further confirmation of the new radiating 7'E¥,, mode, based on extensive simula-
tion, the proposed RDRA design and the conventional RDRA design are fabricated and
measured. The physical parameters of both the antennas are depth of 7 mm, length of 17
mm, height of 3 mm and €, of 32. The return loss characteristics of these prototypes are
measured by an Agilent vector network analyzer. Figure 5.9 and 5.10 show the measured
and simulated return loss characteristics of the proposed designs and the conventional
designs respectively. A photograph of the fabricated proposed antenna shown in Fig-
ure 5.11. Measured parameters such as resonant frequency, impedance bandwidth, %
of bandwidth, boresight gain, half power beam width (HPBW) and simulated radiation
efficiency are listed in Table 5.5 for the T'EY,, and T'E};; mode.
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Figure 5.9: Measured and simulated return loss characteristics of the proposed narrow-
band RDRA ( TE%,, mode)
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Figure 5.10: Measured and simulated return loss characteristics of the the conventional
RDRA ( TE$,; mode)

From Figure 5.9, Table 5.2, it is noticed that proposed antenna is resonated at 2.24 GHz
for TEY,, mode with a bandwidth of 35 MHz, covering frequency band of 2.223-2.258
GHz, which are agree with the simulated results. At resonant, measured gain is 2.35 dB.
The conventional T'EY§;; mode is resonated at 5.39 GHz and having bandwidth of 165

MHz as shown in Figure 5.10. With reference to the conventional T'Ef;; mode, resonant
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Table 5.5: Measured parameters of the proposed and the conventional RDRA

Parameters TEY5,, Mode | TEY,; mode

Resonant Frequency (GHz) 2.24 5.39
Impedance Bandwidth (MHz) 35 165
% of Bandwidth 1.56 3.56
Gain at boresite (dB) 2.35 1.62
HPBW (Degree) 90° 92°

Simulated Radi. Efficiency 97.79 % 98.41 %
Reduction in Freq. 58.44 % —
Reduction in Bandwidth 78.78 % —

Figure 5.11: Photograph of the fabricated narrowband RDRA

frequency and bandwidth of the TEf,, mode are decreased by 58 % and 79 % respec-
tively. From these results, it is concluded that by a metal strip on the top surface of the
RDRA, the new mode is excited whose frequency is much smaller than the conventional
mode. Also the bandwidth of the proposed mode is narrower (1.56 %) than that of the

conventional one (3.56 %).

Field radiation patterns at resonant are measured in anechoic chamber for the proposed
mode. For proposed mode, measured and simulated E-plane patterns are shown in Figure
5.12 (a), while measured and simulated H-plane patterns are sketched in Figure 5.12 (b).
It is seen that the T'Ef,, mode has broadside radiation patterns in both principal planes.

The measured cross-polar rejection is better than 20 dB in the E-plane, while it is better
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than 15 dB in the H-plane. From Figure 5.12, there are good agreement between the
measured and simulated radiation patterns in the both patterns. Figure 5.13 shows
measured and simulated gain of the proposed mode. Simulated radiation efficiency for

Othe T'E¥,, mode is around 94.79 % while for the T Ef,; mode; it is around 98.41 %. The
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Figure 5.12: Measured and simulated radiation patterns for the proposed narrowband
RDRA at resonant (a) E-plane and (b) H-plane for the proposed RDRA

reduction of efficiency in the proposed mode is due to the conductor losses in additional
metal strip as compared to the conventional RDRA. The measured results of the proposed
new T'Ej,, mode are compared with the published results of a TEj,; mode [5,6] in Table
5.6 for validation. From the Table 5.6, it is observed that proposed method of the new

radiating mode is easy to fabricate due to simple structure and feeding mechanism.

To study the fabrication tolerance, numerical study on width and overlapping length of
the microstrip line is carried out. Overlapping length is the length of the microstrip line

between the RDRA and substrate.

Table 5.7 shows numerical study on width of microstrip line for the proposed antenna.
Width of the line is vary from 4.1 mm to 4.7 mm with the step of 0.1 mm. From the Ta-
ble 5.7, it is observed that resonant frequency and return loss characteristics have minor

shifting as compared to optimized values of width of 4.4 mm in our fabricated narrowband
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Figure 5.13: Measured and simulated gain for the proposed RDRA

Table 5.6: Comparison of the results of the T'Ef,, mode with other published new T'EY,,
mode

Particulars TES), [5] TES,, [6] Proposed T'E},
DR dimensions 15x15x16 25x6x3.9 17x7x3
wx d x h mm?
Theoretical Fr. (GHz) 2.091 — 2.330
Experimental Fr. (GHz) 1.741 3.500 2.240
Freq. Range (GHz) 1.716-1.767 3.465-3.550 2.223-2.258
BW (MHz) 51 85 35
Feeding Slot Coupled | T-Shaped Strip with | Microstrip Line
Mechanisim RDRA + coaxial cable RDRA +
Structure 2 metal strips | RDRA + air gap a metal strip
+ 2 metal strips

Table 5.7: Numerical study on width of microstrip line for narrowband RDRA

Width of Microstrip Line | Simulated f, (GHz) | S1; (dB)
4.1 mm 2.16875 -21.69
4.2 mm 2.16875 -31.32
4.3 mm 2.16875 -17.37
4.4 mm 2.16250 -21.96
4.5 mm 2.15625 -18.45
4.6 mm 2.15625 -15.80
4.7 mm 2.15625 -15.29
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RDRA. During the fabrication of the antenna, this show that variation in width of the mi-

crostrip line has minor variation in the resonant frequency and return loss characteristics.

Table 5.8: Numerical study on overlapping length of microstrip line for narrowband
RDRA

Length of Microstrip Line | Simulated f. (GHz) | S1; (dB)
12.0 mm 2.3188 -4.777
12.5 mm 2.2563 -8.25
13.0 mm 2.1938 -14.97
13.5 mm 2.1625 -21.96
14.0 mm 2.0450 -13.67
14.5 mm 2.0187 -9.26
15.0 mm 1.9688 -7.47

Numerical study is also carried out on length of overlapping microstrip line. The length
is vary from 12 mm to 15 mm with the step of 0.5 mm. Table 5.8 show the variation
of resonant frequency and return loss characteristics for the overlapping length of the
microstrip line. From the Table 5.8, it is observed that minor variation in the length,
there are significantly variation in the resonant frequency and return loss characteristics.
It is concluded that variation in length of microstrip line during the fabrication, shifting
of resonant frequency as well as major variation of return loss characteristics can be pos-
sible. During the fabrication, placing of RDRA on exact location of the microstrip line
is very crucial. It is also noticed that the overlapping line is imperative for coupling of

the RDRA with the feeding method.

5.4 Conclusion

In this chapter, a new radiating T Ej,, mode is proposed by using a metal strip placed
on top surface of the RDRA. From simulated field distributions, it is confirmed that the
new mode has been excited in the proposed RDRA design. Theoretical analysis is also
supported the proposed mode in the RDRA. By parametric study, resonant frequency of
the T'EY,, mode is mainly determined by width, little affected by depth, and stable with

change in height. The proposed design is fabricated, measured and compared with the
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TE5,; mode. For the TEY,, mode, all critical measured results are compared with the
simulated results and show high agreement. From the measured results, the new mode is
confirmed. It is observed that the T'Ef§,, mode work at lower frequency than the T'EY,,
mode in the RDRA with the same dimensions. The T'Ef,, mode has a broadside radiation
patterns as the conventional mode has. Compared to T'Ef;; mode, the proposed mode
can be excited in a more compact structure, and lower impedance bandwidth, if both

mode work at same frequency.
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Chapter 6

Dual Narrowband L-Shaped

Dielectric Resonator Antenna

Nowsday, there are great demands of dual services such as IEEE 802.11 standards in
personal and commercial wireless devices. For example, Wi-Fi and WLAN services are
gradually expanding in the area of modern wireless communication. To provide both the
services, it is required to have an antenna which covers both the frequency band, i.e. the
antenna to be a wideband antenna. As discussed in chapter 2, design of the wideband
antenna is not simple and straightforward. A dual band antenna provides an alternative
to the wideband planar antenna for applications in which large bandwidth is needed for
operating at two separate transmit-receive bands. The dual band antenna exhibits a dual
resonant behavior in a single radiating structure or combine multiple radiating elements
to create antennas that operate in two separate bands. In the applications where, an in-
creased bandwidth is needed for operating at two separate sub-bands, a valid alternative
to the broadening of total bandwidth is represented by the dual narrowband antennas.
Indeed, the optimal antenna for a specific application is one that ensures the matching
of the bandwidth of the transmitted and/or the received signal. When the two operating
bands are far apart, the dual band antenna can be conceived to avoid use of two separate
antennas. The antennas that operate in dual- or multi-bands that can be integrated on
a package for mass production are in high demand. Many applications have additional

requirement that the antennas to be compact and conformal.

Dielectric resonator antennas are widely accepted for these requirements due to their im-
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portant characteristics, as mentioned in chapter 1. Dual-frequency and multi-frequency
operation of dielectric resonator antennas have been studied by many researchers. The
dual- or multi- frequency DRAs exhibits a multi resonance behavior in a single or multiple
radiating structures. A variety of designs for dual band operations have been reported by
using hybrid DRAs. As discussed in secion 2.3.2, various DRA designs are reported and
discussed earlier for dual narrowband operation. Conical DRA [1], circular disk DRA [2],
and RDRA [3] are reported dual narrowband designs. In these, one band is achieved
by the DRA, whearas second band is achieved by a feeding mechanism such as eccen-
tric rings [1], parasitic C-slot [2] and zonal slot [3]. Recently, two different modes of the
RDRA are excited such that dual band operation is achieved. This is due to proper selec-
tion of physical parameters of the RDRA [4]. In principle, the dual narrowband antenna
should operate with similar features, both in terms of radiation and impedance matching
at two separate frequencies. Obtaining these features by using non planar technologies is
not a straightforward matter, particularly when an intrinsic structural and technological

simplicity of DRAs are to be preserved.

Motivation:

e As described in chapter 5, in our work of an investigation of new mode in a RDRA,
narrow band is achieved by placing a conducting plate on the surface of the RDRA.
To achieve dual band operation, two RDRA are merged in L-shaped and placed a
metallic conductor on the surface. The one arm of the L-shaped DRA excite one

narrow band, while the other arm of the L-shaped DRA excite second narrow band.

e Objective is to design a compact DRA on a wrist watch (rectangular) for human
identification system using RFID technology. Optimum position is to place the DRA
at corner of the wrist watch. Thus, a L-shaped DRA is better choice for the system.

L-shaped dielectric resonator antenna with metalization on surface is introduced in this
chapter. The proposed antenna is operated on dual frequency bands. Simple microstrip

line is used as a feeding mechanism. It is operated at 2.4 GHz and 5.8 GHz frequency
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band. It has circular polarization radiation patterns. Simulation results are presented on

various parametric studies on the L-shaped DRA.

6.1 Introduction

Radio frequency Identification (RFID) solution is a revolutionary applications of auto-
matic identification and data capture technology that is contactless and does not require
line of sight. RFID tags will be embedded in all kinds of consumer products and scanned
from several meters away (The distance lies on types of the tag, operation frequency and
type of technology), revealing the information about the product and (potentially) its
owner. By attaching tags to products, an automated inventory will be easily maintained.
Tags also allow customers to pay a reader. Postal services will equip shipped goods with
tags for tracking purposes and read-write storage, integrated sensors, or more gates for
computation purposes. In a word, RFID system is a common and useful tool in man-
ufacturing, supply chain management, and inventory control [5]. Nowadays, it can be
applied into some pretty new applications, like human identification. This application
has wide use in military purpose to fight against terrorisms, border movement of troops,

and hidden movement of criminals around the nation.

A typical radio frequency identification system is made up of three components: 1) an
electronic data carrying device called RFID tag is combined with an antenna. The tag
is usually a microchip and contains the item to be identified 2) a reader that communi-
cates with the tag antenna by means of electromagnetic waves 3) a host data processing
system embodies the information of the identified item and communicates with other
remote data processing systems [6]. The RFID system [6,7] covers frequency bands of
low-band range 100-500 KHz, high frequency 13.56 MHz, ultra high frequency (UHF)
860-960 MHz, and microwave band range 2.4 GHz and 5.8 GHz. The most highlighted
applications that utilize the UHF and microwave band. Owing to its long reading range
and high reading speed, there has been more and more research into design of microwave
RFID tag antenna [8]. Most applications require that the tags to be compact in size, low
cost, easy fabrication, circular polarization, multiple bands, single feed, single layer, good

matching, high directivity, high radiation efficiency, and easy to integrate with microwave
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circuits.

Various RFID antennas were reported in literature namely folded printed dipole an-
tenna [6], patch antenna [9], two layered patch antenna [10], half-ring folded-slot an-
tenna [11], slot-loaded patch antenna [12], loop antenna, spiral antenna [13], and other
modified patch antennas with different feeding mechanism for various characteristics of
RFID. There are various issues on printed patch antennas such as wide beam width, nar-
row bandwidth, surface wave excitation, radiation efficiency and radiation characteristics.

Due to these, dielectric resonator antenna proposed for the RFID antenna in this chapter.

The DRA introduced by Long et al. in 1983 [14], could be used for such application due
to higher radiation efficiency, versatility in their shape and feeding mechanism, and wide
bandwidth at millimeter-wave frequencies where the conductor losses of metallic patches
are considerable. The DRA is a resonant antenna, fabricated from a high-permittivity
microwave material mounted on a ground plane and fed by a coaxial probe, aperture
coupling, coplanar waveguide, and direct microstrip line. Various geometries of the DRA
such as cylindrical, rectangular, hemispherical, spherical, and triangular are possible. The

resonant frequency of the DRA is a function of size, shape, and permittivity of material

used in DRA [15].

In this chapter, dielectric resonator antenna (DRA) is proposed as a RFID antenna
for human identification system with dual mode, circular polarized, compact in size,
single layered, single feed, high radiation efficient, and easy to integrate and to fabricate.
Simulation is carried by Ansoft HFSS simulation tool. Various characteristics of the

antenna are studied and discussed.

6.2 Proposed Approach

Figure 6.1 shows a geometry of a proposed L-shaped dielectric resonator antenna. L-
shaped DRA with metallic plate (patch) is placed on one of corner of a wrist watch. A 50
2 microstrip line is used, which is printed on top of a grounded substrate with thickness

(h) of 0.76 mm length (L), width Wj, dielectric constant (€,) of 10.2 and loss tangent of
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0.0017. The L-shaped DRA is characterized by arm lengths Ly and Lo, width W, height
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Figure 6.1: Geometry of the proposed dual narrowband L-shaped DRA

H, and dielectric constant ¢,.. The metallic conducting plate, which is characterized by
arm lengths L3 and L4 and width W, is placed on the L-shaped DRA. The wrist watch
is made of plastic material with dimension of Ly x W x Hy; + h. The field equations of
the antenna and initial equations of resonant frequency are given in [16] for rectangular

DRAs as decribed in chapter 2.

6.2.1 Theoretical Analysis

The resonant behavior of the simplified case of an isolated conventional rectangular RDRA
is analyzed here. The antenna is characterized by height b, width d, and length w, as
shown in Figure 6.2 and is made of microwave material with dielectric constant €,. This
geometry is equivalent to a RDRA of the same material placed over an infinite ground
plane with dimensions a, d, and height h equal to b/2. If the smallest dimension of the

rectangular DRA is in x direction, then the dominant lowest order mode will be the T'EY{;,
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mode [16]. The equations for calculating the resonant frequency are
k4K 4 k2 = ek (6.1)

Where, ko denotes free-space wave number corresponding to resonant frequency [16].

2 s s
0 )\07 Y a/? b (6 )
kp tan(k C—Z) = \/(e — 1)k2 — k2 (6.3)
x x2 r 0 T .

The cross sectional view of a compact rectangular DRA with metallic plates on top and

4 Y
4

Z

Figure 6.2: Geometry of an isolated conventional RDRA

bottom surfaces is shown in Figure 6.3. Image theory to be used to replace the geometry
with an isolated RDRA of height equal to four times of original height i.e. b equal to 4h.
The above equations can therefore be uses for calculating the resonant frequency of this
antenna geometry also. It may however be noted that this model does not include the
effects of the top metal layer being finite. Similarly the effects of dimensions of the feed
microstrip line and the presence of the dielectric laminate beneath this are not considered
here [17]. It was investigated that drastically decreased in volume, resonant frequency,

impedance bandwidth achieved for patch on DRA [17,18], while impedance bandwidth
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Figure 6.3: A compact DRA with metallic layer and its equivalent DRA in free space

improved for a DR on patch [19].

6.2.2 Numerical Study

Based on extensive numerical studies, design parameters of the proposed antenna have
been optimized. The L-shaped DRA is made of a microwave material with dielectric
constant of 32 and loss tangent of 0.0017. Dimension of one arm are L; of 10 mm, W of
2 mm, H of 3 mm, while second arm are Ly of 12 mm, W of 2 mm, H of 3 mm used. A
50 2 microstrip is placed on the grounded substrate which has dimension L, of 25 mm,
Wy of 25 mm and h of 0.76 mm. The dimensions of wrist watch are L of 25 mm mm, H;
+ h equal to 5.76 mm with a plastic material. Copper foil as a L-shaped patch is placed
on top side of the L-shaped DRA. Initial dimensions of patch is Lz of 12 mm, L, of 10

mm, W of 2 mm are used.

Simulations are carried out for placing the L-shaped patch on top , outer, top + in-
ner, top + outer, top + inner + outer sides of the L-shaped DRA, and without patch
(only the L-shaped DRA). For each case, a length of the microstrip line is optimized
for better return loss characteristics. Return loss characteristics of patch on DRA for
all five cases are shown in Figure 6.4. Resonant frequency, return loss characteristics,

impedance bandwidth (S;; -10 dB) and % of bandwidth for all cases are tabulated in
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Table 6.1: Parametric study of patch placed on sides of DRA

Patch on the L-Shaped DRA | Fr.(GHz) | Return Loss (dB) | BW (MHz) | % of BW
Outder Side 2.30 -10.50 — —
Top + Outer Sides 2.55 -18.25 16 0.62
Top Side 2.67 -23.84 20 0.70
Top + Outer + Inner sides 2.72 -26.41 18 0.64
Top + Inner sides 2.77 -33.93 20 0.70
Without Patch 7.56 -12.95 240 3.17
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Figure 6.4: Return loss characteristics of patch placed on different combination of sides
of the antenna

Table 6.1. From Figure 6.4 and Table 6.1, it is observed that the L-shaped DRA without
patch is resonanted at 7.56 GHz with 240 MHz impedance bandwidth and has 3.17 %
of impedance bandwidth. By placing the L-shaped patch on outer side of the antenna,
resonant frequency drastically decrease to 2.30 GHz with narrow bandwidth operation
are observed as compared to without metalization of the L-shaped DRA. This kind of
observation is also noticed for the L-shaped patch is placed on top, top + inner, top +
outer and top + inner + outer side of the L-shaped DRA. From these study, it is noticed
that by metalization on the top surface of the L-shaped DRA, there is decreased of reso-
nance frequency from 7.56 GHz to 2.55 GHz and decreased of impedance bandwidth from
240 MHz to around 16 MHz. Figure 6.5 shows the co- and cross- right handed circular
polarization (RHCP) and left handed circular polarization (LHCP) radiation patterns at
2.30 GHz for the L-shaped patch placed on the outer side of the L-shaped DRA.
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wall

Table 6.2: Parametric study of different arm length of patch on inner side of the antenna

Ls, Ly (mm) | Fr.(GHz) | Return Loss (dB) | BW (MHz) | Gain (dB)
3 5.45 -17.42 80 6.60
4 4.72 -21.95 40 2.34

6.77 -12.31 80 2.33
) 4.13 -21.72 35 1.33
6.23 -13.12 50 2.18
6 3.63 -25.44 25 0.39
5.74 -18.64 60 2.32
7 3.29 -18.05 25 0.32
5.34 -27.76 60 2.28
8 3.00 -29.46 20 -0.8
4.96 -21.28 45 1.92

Simulations are carried out for different values of length of arm (Ls and L4) of the L-

shaped patch which is placed on the inner side of the L-shaped DRA while keeping other
dimensions of the L-shaed DRA invariable. Both the arm length (L3 and L,) of the

L-shaped patch are vary from 3 mm to 8 mm. The return loss characteristics are shown

in Figure 6.5 for differetn values of length of arms of the L-shaped patch. Various param-

eters of the antenna are listed in Table 6.2. By increasing the length of both the arms of

the L-shaped patch from 3 mm to 8 mm, the antenna is operated in dual band. From
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Figure 6.5 and Table 6.2, It is observed that resonant frequency of first and second band,

impedance bandwidth and gain at boresite are decreased as increased in arm length. For

all case, length of the microstrip line is optimized for better return loss. It is concluded

that by placing the L-shaped patch of shorter length compared to full length of L-shaped

patch on the inner side of the L-shaped DRA, two different resonant are excited with

higher impedance bandwidth as compared to full length of the patch.

Table 6.3: Parametric study of different arm length of the L-shaped patch placed on the
outer side of the L-shaped DRA

Ls, Ly (mm) | Fr.(GHz) | Return Loss (dB) | BW (MHz) | Gain (dB)

2 7.30 -12.00 150 5.57
3 D.77 -22.39 60 3.17
4 4.72 -20.31 30 2.11
5 4.11 -17.00 20 1.11
6 3.60 -20.68 20 -0.28

6.45 -10.00 - 2.64
7 3.19 -23.03 20 -1.15

5.90 -11.16 40 2.75

Also, simulations are carried out for different values of length of both arms of the L-

shaped patch which is placed on an outer side of the antenna while other dimensions of
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Figure 6.7: Return loss characteristics for different arm length of L-shaped patch placed
outer side of L-Shaped DRA

the antenna are unchanged. Length of both the arms of the L-shaped patch are vary
from 2 mm to 7 mm. The return loss characteristics for different values of length (L
and L4) of both arms of the patch are shown in Figure 6.6. Various required parameters
are listed in Table 6.3. Based on numerical studies carried out by varying the arm length
of the patch on the outer side of the L-shaped DRA, it is noticed that dual band oper-
ation is observed with proper selection of arm length of the patch. From Table 6.3 and
Figure 6.6, it is seen that by an increasing arm length of the L-shaped patch, there are
decreased in resonant frequency, impedance bandwidth and gain. It is observed that arm
length is increased from 2 mm to 7 mm, the resonant frequency is decreased from 7.30
GHz to 3.19 GHz as compared to without metalization of the L-shaped DRA at cost of
decreased in impedance bandwidth from 150 MHz to 20 MHz. For L3 and L, equal to 6
mm and 7 mm, two resonances are excited . Thus, dual narrowband is achieved by partial
metalization on the outer side of the L-shaped DRA. It is also noticed that for shorter
length of the both arms of the L-shaped patch, only single band is excited in the antenna.

Extensive numerical study has been carried out on the L-shaped patch which is placed
on the different surfaces of the L-shaped DRA. As compared to without metalization of
the L-shaped DRA, there are drastically decreased in resonant frequency and impedance

bandwidth are observed when, the fully metalization on the any surfaces of the L-shaped
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DRA. Simulation is carried out for different vlaues of length of both the arms of the
L-shaped patch, which is planced on the inner and outer surface of the L-shaped DRA.
From these simulations, it is observed that by proper selection of the length of the arm of
the patch, dual band is excited in the antenna. It is noticed that by increasing the length
of arm of the patch, there is decreased on resonant frequency of the both bands. This indi-
cates that both the resonance are due to DRA itself. It is noticed that both the band have
a narrow impedance bandwidth. Thus, the partial metalization on the L-shaped DRA
leads a dual narrowband DRA. Also the radiation patterns of the proposed antenna are
circular polarized at the both resonance. As described in chapter 5, the metalization on
the top surface of the rectangular DRA, the linear and broadside radiation patterns are
obtained, whereas, by metalization on the top surface of the L-shaped DRA, the circular
polarized radiation patterns are achieved. Volume of the dual band L-shaped DRA is 132
mm?. Thus, the proposed antenna has dual naroowband operation, circular polarized ra-

diation patterns and compact in size, single feed, single layer and high radiation efficiency.

With proper selection of dimensions, the proposed antenna can be resonated at 2.4 GHz
and 5.8 GHz free ISM bands for RFID applications. The proposed antenna has circular
radiation pattern, high radiation efficiency, dual mode operation and enough bandwidth.
It is easy to fabricate and integrate with microwave circuits. The proposed antenna
has single feed, single layer technology. The size of the antenna is very small. In [20],
rectangular dielectric resonator antenna (dielectric constant of 37) as a RFID tag is
reported with 18 x 18 x 9 mm? with a planar area of 324 mm? and volume of 2916 mm?
operated at 2.4 GHz. The proposed L-shaped DRA with metalization has dimensions
22 x 2 x 3 mm? with a planar area of 44 mm? and volume of 132 mm?. As compared to
the reported RDRA RFID tag, volume of the proposed antenna is decreased by a factor
of 95 %, whereas the planar area is decreased by a factor of 86 %. Thus, the proposed
antenna is miniatruzed as compared to the reported DRA. These features of the proposed
antenna make major candidate in the field of RFID application to work as reader and

tag.



6.3 Conclusion 140

6.3 Conclusion

In this chapter, a L-shaped patch on L-shaped dielectric resonator antenna (DRA) has
been proposed around 2.4 GHz and 5.8 GHz free ISM bands. A simple microstrip line
is used as a feeding mechanism. Metallic patch is placed on side of the L-shaped DRA
to achieve compact in size. By properly choosing arm length of the L-shaped patch,
dual band operation can be achieved. And also improvement in impedance bandwidth is
observed. Radiation patterns of the proposed antenna are circular polarization. Due to
absent of conductor loss in proposed antenna, high radiation efficiency can be achieved.
Volume of the antenna is 132 mm? with a planar area of 44 mm2 which is miniaturized as
compared to the reported RFID antennas as a dielectric resonator antenna in literature.
Thus the proposed antenna has all require characteristics of RFID reader and tag antenna.
This type of antenna has a potential in RFID application such as human identification

for military use.
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Chapter 7

Conclusion and Future Research

Work

7.1 Conclusion

In this thesis, bandwidth consideration in a RDRA is addressed. Two aspects of band-
width namely, wideband and narrowband in the RDRA are considered. At the same
time, the RDRA has to be miniaturized. Objective of the thesis is to validate experi-
mentally proposed designs of the miniaturized RDRAs. Two designs of the RDRAs are
for wideband operation, whereas, two designs of the RDRAs are for narrowband oper-
ation. Theoretical analysis, numerical study and experimental validation are performed
and discussed for all the designs of the RDRA. For the numerical study, a 3-D FEM based
electromagnetic simulation tool, HFSS, by Ansoft is used. These designs are compared

with other reported DRA designs to claim miniaturization of the designs.

It is seen that, the resonance frequency of the RDRA depends predominantly on physical
parameters such as length, depth and height, dielectric constant, aspect ratios (length/depth
and width/depth). It is also noticed that impedance bandwidth depends on the dielectric
constant, and aspect ratios. It is seen that maximum bandwidth is possible for a longer
and wider RDRA, whereas, minimum bandwidth is possible for a square DRA. From this,
it is concluded that at specific resonance frequency and dielectric constant, a design of

miniaturized and wideband and /or narrowband RDRA is a challenge for the researcher.
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A literature survey is conducted on various designs of DRA for wideband and narrowband
operation. Survey is conducted on various methods of bandwidth improvement such as
merging of modes, stacking/embedding of DRAs, modified shaped of DRAs, and hybrid
DRAs with various feeding schemes. From this, it is seen that there is a need of opti-
mization of various parameters of feeding schemes and DRAs to achieve a specific wide
bandwidth. This leads to extra degree of freedom, difficulty in fabrications and complex
design methodology. From the literature survey on the single narrowband DRA designs,
it is seen that narrowband can be achieved by metallization on the surfaces of the DRA
and using high dielectric constant material ( of the order of 82-100). From the survey on
dual narrowband DRA designs, it is seen that one of the dual band is due to the feeding
method. Thus, the feeding method works as a feed for the DRA as well as the radiator.
It is also noticed that to achieve a dual narrowband in the DRA, various physical pa-
rameters of the DRA and feeding method have been optimized. Thus, it is very complex
and hard-to-design for dual narrowband DRA. Recently, dual band are achieved by the
RDRA itself.

In this thesis, the 50 €2 microstrip line is used as feeding scheme in all proposed RDRAs.
A dual mode and miniaturized RDRA had been proposed using the novel way of exci-
tation by the microstrip line. After the parametric study, the optimized and fabricated
RDRA had 13 % impedance bandwidth in the range of 5.68 GHz to 6.48 GHz. It is seen
that the both modes, TEYs; and TEY,,, are of the RDRA. Measured gain of 3.9 dB and
3.0 dB is observed for TEY;, and TEY,,, respectively. It is also seen that over the band-
width, measured radiation patterns are broadband and linear polarized with HPBW of
90° and 92° in E- and H- plane, respectively. The measure of compactness and wideband
bandwidth, the figure of merit of the proposed RDRA is 27. As compared to the reported

designs, the proposed design is miniaturized, easy to fabricate and simple to design.

The stacked RDRA, made of two different materials with dielectric constants of 32 and
10.2, operated at 5.2 GHz has been proposed. It has 6-dB return loss bandwidth of 710
MHz with broadband radiation patterns. Measured gain is 5.23 dB of the antenna. It

is seen that the conventional RDRA operated at 5.2 GHz has less impedance bandwidth
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(560 MHz) and low profile.

A narrowband antenna is proposed by metallization on top surface of the RDRA. A new
radiating T'Ef,, mode is observed in the proposed antenna. From simulated field dis-
tributions, it is confirmed that the new mode has been excited in the proposed RDRA
design. Theoretical analysis also confirms the new mode in the RDRA. By parametric
study, resonant frequency of the T'Ef,, mode is mainly determined by length, little af-
fected by depth, and stable with change in height. The proposed design is fabricated,
measured and compared with a conventional T'Ef,; mode. For the T'Ef,, mode, all criti-
cal measured results are compared with the simulated results and show good agreement.
From the measured results, the new mode is confirmed. It is observed that the T'EY,,
mode works at lower frequency (2.24 GHz) than the TEf,; mode which works at higher
frequency (5.39 GHz) in the RDRA with the same dimensions. The proposed antenna
has 35 MHz (1.56 %) bandwidth, whereas, the conventional antenna has 165 MHz (3.56
%) bandwidth. TEf,, mode has a broadside (HPBW equal to 90°) radiation patterns
similar to the conventional mode. Compared to T'E§;; mode, the proposed mode can
be excited in a more compact structure, and lower impedance bandwidth when both the

modes work at the same frequency.

An L-shaped patch on an L-shaped DRA has been proposed around 2.4 GHz and 5.8
GHz ISM bands. Metallic patch is placed on side of the L-shaped DRA to achieve
compactness. By properly choosing arm length of the L-shaped patch, dual narrowband
operation can be achieved. Radiation patterns of the proposed antenna show circular
polarization. Volume of the antenna is 132 mm? with a planar area of 44 mm? which is
miniaturized as compared to the reported RFID antennas as a DRA in literature. Thus,
the proposed antenna has all required characteristics of RFID reader and tag antenna.
The proposed antenna has a potential in RFID application such as human identification

for military use.
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7.2 Future Research Work

During this research work, several research studies were conducted to understand the
effect of several modifications to the RDRAs, with regard to their resonance frequency,
impedance bandwidth, and radiation patterns using the simulation tool. Yet due to
limitation of time, some aspects have been left for more investigations, some of them are

listed below.

e By using a novel way of placing a microstrip line beneath the RDRA, dual mode and
miniaturized RDRA has been investigated. It has potential to excite three modes
in the RDRA with other possible dimensions. This may provide larger bandwidth
and miniaturized RDRA.

e Asof today, the tri-narrowband DRA is not reported yet. By using the same concept
of the dual narrowband L-shaped DRA, it is possible to design tri-narrowband with

some other shapes of DRA with metallization.

e In this work, four RDRAs are used with the microstrip line feeding. It is suggested
to explore idea of these designs with other possible feeding schemes, namely, coaxial
probe, CPW, aperture, etc. By these, it is possible to have different aspect on
bandwidth of the RDRA.

e In this work, rectangular cross section of DRA is taken for all designs. It is suggested
that these concepts can be applied to other basic shapes as well as modified shaped

DRA. It may have more compact and wide bandwidth DRA.



Appendix A

Simulation Tool and Experimental

Setup

A.1 Simulation Tool

A 3-D finite element method (FEM) electromagnetic simulation tool, High Frequency
Structure Simulator (HFSS), by Ansoft, is used to determine optimum dimensions of the
DRA. HFSS is a high-performance full wave electromagnetic (EM) field simulator for
arbitrary 3-D volumetric passive device modeling. It integrates simulation, visualization,
solid modeling, and automation in an easy-to-learn environment where solution to 3-D
EM problems are quickly and accurately obtained. Ansoft HFSS employs adaptive mesh-
ing and brilliant graphics to give performance and insight to all of 3-D EM problems.
The Ansoft HFSS can be used to calculate parameters such as S-, Z-, Y- parameters,
resonant frequency, fields, radiation patterns, gain, directivity. It includes package mod-
eling, printed circuit board (PCB) modeling, electromagnetic compatibility / interference

(EMC/EMI), antennas/mobile communication, connectors, waveguides and filters [1].

HF'SS is an interactive simulation system whose basic mesh element is a tetrahedron.
This allows to solve any arbitrary 3-D geometry, especially those with complex curves
and shapes in a fraction of the time. HFSS uses tangential vector finite elements, adap-
tive meshing, and adaptive Lanczos-Pade Sweep (ALPS). HFSS offers multiple state-of

the-art solver technologies based on finite element, integral equation or advanced hybrid
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methods to solve a wide range of microwave, RF and high-speed digital applications.
The software includes a linear circuit simulator with integrated optimetrics for input and

matching network design [1].

Each HFSS solver incorporates a powerful, automated solution process, so there is need
only to specify geometry, material properties and the desired output. From there, HF'SS
automatically generates an appropriate, efficient and accurate mesh for solving the prob-
lem using the selected solution technology. With HFSS, the physics defines the mesh;
the mesh does not define the physics. Engineers rely on the accuracy, capacity, and
performance of HFSS to design high-speed components including on-chip embedded pas-
sives, IC packages, PCB interconnects and high-frequency components such as antennas,

RF /microwave components and biomedical devices [2].

With HFSS, engineers can extract matrix parameters (S,Y, Z parameters), visualize 3-D
electromagnetic fields (near- and far-field) and generate ANSY'S Full-Wave SPICE models
that link to circuit simulations. Signal integrity engineers use HFSS within established
EDA design flows to evaluate signal quality, including transmission path losses, reflection

loss due to impedance mismatches, parasitic coupling and radiation [2].

ANSYS HFSS software contains the technology, solvers and capabilities needed to model
RF and microwave as well as signal- and power-integrity issues. HF'SS includes following
main features: - Automatic Adaptive Meshing - Solver Technologies - Advanced Finite Ar-
ray Simulation Technology - Mesh Element Technologies - Advanced Broadband SPICE
Model Generation - Optimization and Statistical Analysis - EDA Design Flow Integration
- High-Performance Computing - Powerful Post-Processing Capabilities [1, 2]

Within the context of HFSS, boundaries exist for two main purposes: 1) to either cre-
ate an open or a closed electromagnetic model or, 2) to simplify the electromagnetic or
geometric complexity of the electromagnetic model. A closed model simply represents
a structure, or a solution volume, where no energy can except through an applied port.
For an Eigen mode simulation, this could be a cavity resonator. For a driven modal

or terminal solution, this could be a waveguide or some other fully enclosed structure.
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An open model represents an electromagnetic model that allows electromagnetic energy
to emanate or radiate away. Common examples would be an antenna, a PCB, or any

structure that is not enclosed within a closed cavity.

While most HFSS simulations deals with models that are open, by default, HFSS initially
assumes that any given model is closed. HFSS assumes all outer surfaces of the solution
space are covered, or coated, by a perfect electric conductor boundary. In order to create
an open model, a user will need to specify a boundary on the outer surfaces that will

overwrite the default perfect electric conductor boundary.

The second reason why boundaries are used within HFSS is to decrease the geomet-
ric/electromagnetic complexity of a given structure or model. These boundaries should
only be used internally to a model or possibly on a symmetry plane. A user should
exercise caution when using boundaries as they can create unintended results if applied
incorrectly. Every HFSS model, a user creates will use boundaries on the outer surfaces
of the solution space. This is direct result of the fact that a user must specify whether a
given model is open or closed. As a result, any given HFSS model will always either have

Conducting, Radiation or Perfectly Matched Layer boundary (PML) on all outer surfaces.

Conducting boundaries are the PEC, finite conductivity, or impedance boundary. Radi-
ation boundaries are used to create an open model. PML boundaries are used to create

an open model and preferred for antenna simulation.

A radiation boundary is used to simulate an open problem that allows waves to radiate
infinitely far into space, such as antenna designs. HFSS absorbs the wave at the radiation
boundary. Radiation boundaries must be applied to outer faces of a model. If modeling
an antenna, these faces must be at least a quarter wavelengths away from any radiating

surface.

At the radiation boundary surfaces, the second-order radiation boundary condition is
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used:

= jkOEO - ivtcm X (vtan X Etan) + _ivtan (vtan L Etom) (Al)
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where, Fy,, is the component of the E-field that is tangential to the surface, kg is the
free space phase constant w,/p€g. The second-order radiation boundary condition is an
approximation of free space. The accuracy of the approximation depends on the distance

between the boundary and the object from which the radiation emanates.

Radiation boundaries, also referred to as absorbing boundaries, enable you to model a sur-
face as electrically open: waves can then radiate out of the radiation boundary, essentially
ballooning the boundary infinitely far away from the structure and into space. Radia-
tion boundaries may also be placed relatively close to a structure and can be arbitrarily
shaped. This condition eliminates the need for a spherical boundary. For structures
that include radiation boundaries, calculated S-parameters include the effects of radia-
tion loss. When a radiation boundary is included in a structure, far-field calculations
are performed as part of the simulation. The radiation boundary needs to be placed at
least A/4 from radiating devices. In our simulation setup, A radiation box, whose height
from the ground plane is more than A/4 distance for all proposed RDRAS, is created with

radiation boundary conditions [3].

A.2 Experimental Setup

Various parameters such as return loss, scattering parameters, standing wave ratio, re-
flection coefficient, impedance, radiation patterns, gain, directivity, radiation efficiency
are measured for validation of fabricated RDRAs. Two-port vector network analyzer
(VNA) shown in Figure A.1 is the most powerful kind of a measuring device and can
measure frequencies from 5 Hz up to 110 GHz. It measures and display complete am-
plitude and phase characteristics of an electric network. These characteristics include
scattering parameters, magnitude and phase, standing wave ratio, insertion loss, gain,
attenuation, group delay, return loss and reflection coefficient. Dynamic range is gen-

erally defined as the maximum power the receiver can accurately measure minus the
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Figure A.1: Agilent Technologies: N5230A (10 MHz to 50 GHz), PNA series vector
network analyzer

receiver noise floor. There are many applications requiring large dynamic range. One of
most common is measuring cross polarization performance of the antenna. At least 80
dB dynamic range is needed to properly characterize the antenna performances. Before
measurement, calibration of the VNA is necessary, because accuracy of measurement is
greatly influenced by sources of errors such as systematic, random, and drift. Systematic
errors are due to imperfections in the analyzer and test setup. Random errors, instru-
ment noises, are unpredictable and vary with time in a random process. They cannot be
removed by calibration. Drift errors are primarily caused by temperature variation. For
antenna measurements, one-port calibration is required. The calibration is carried out
with standard load, open and short circuit load at desired frequency range [4]. Reflection
coefficient | I' is defined as ratio of reflected voltage divided by incident voltage. Return
loss is defined as - 20log(I") in dB [5]. Return loss measurement of the fabricated antenna

can be obtained by the VNA after proper calibration. [4]

Practical antenna do not radiate uniformly in all directions. Radiation pattern is a
graphical representation of the distribution of radiation energy as a function of angle

about the antenna in the 3-D space and is generally measured in far field region. Strength
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of radiation is usually measured in terms of field strength, power density or decibels (dB).
Thus a complete radiation pattern gives relative field strength (or power radiated) at all
angles elevation (¢) and azimuthal (f) in spherical coordinate system and requires a
3-D presentation. However, in practice, it is common to present cross sections of the
radiation patterns in two principal planes of interest. For linearly polarized antennas,
these planes are E- and H-planes. E-plane is the plane passing through the antenna in
the direction of beam maximum and parallel to the far-field E vector. H-plane is the
plane passing through the antenna in the direction of beam maximum and parallel to the
far-field H vector. The far field region is defined as that region of space where angular field
distribution of the antenna is essentially independent of the distance from the antenna.
If maximum dimension of the antenna is D, then the far field region is commonly taken
to exist at distance greater than 2D?/) from the antenna where, A is the wavelength [6].
As mentioned in Chapter 4, the proposed stacked RDRA is resonated at 5.23 GHz.
Wavelength (\) is 0.057361 m. The largest dimension of the stacked RDRA (D) is 80
mm. For the stacked RDRA, the far-field region is 0.223 m. During measurement of
radiation patterns of the stacked RDRA, the separation between the horn antenna and
the stack RDRA is 3.48 m. This ensures that the radiation patterns are measured in

far-field region.

Radiation patterns are measured in an in-house anechoic chamber (shown in Figure A.2.)
by a swept frequency measurement using the vector network analyzer. Setup of radiation
patterns measurements is shown in Figure A.3. Where, an antenna under test (receiving
antenna) will be placed in front of a standard wideband horn antenna (transmitting
antenna). The transmitting antenna is fixed for each polarization (E- and H- planes) and
the receiving antenna is rotated from -180° to 180° in azimuth direction with the help of
stepper position controller. The horn antenna is connected to one port of the VNA and
the testing antenna is connected to second port of the VNA. The VNA acquires data for
each degree step of rotation and store in the computer. Polar plot is obtained using a

MATLAB program.

Most important figure of merit that describes performance of an antenna is the gain.

Gain of the antenna is defined as ”the ratio of the intensity, in a given direction, to
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a7

Figure A.2: A photograph of an anechoic chamber

the radiation intensity that would be obtained if the power accepted by the antenna
were radiated isoropically”. Usually, there are two basic methods that can be used to
measured the gain of the antenna: absolute-gain and gain-transfer (or gain-comparison)
measurements. The absolute-gain method is used to calibrate antennas that can then be
used as standards for gain measurements, and it requires no a priori knowledge of the
gains of the antennas. Gain-transfer methods must be used in conjuction with standard
gain antennas to determine the absolute gain of the antenna under test. The two antennas
which are most widely used and universally accepted as gain standard are a resonant \/2
dipole and pyramidal horn antenna. All of these methods are based on Friss transmission

formula as given below [6]:
P A
g G.Gr A2
= ()G (A2)
where, P, and P, are received power and transmitted power in watt, respectively. G,
and G, are gains of the receiving antenna and transmitting antenna, respectively. R

is separation between the two antennas in meter. A is operating wavelength in meter.

Equation (A.1) can be written in a logarithmic decibel form as

47 R P,
(G)a + (Gr)az = 20log(——) + 10log (A.3)

2
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Figure A.3: Setup of radiation patterns measurement

Following care must be utilized to avoid error in gain measurement. 1) The system is
frequency stable. 2) The antennas meet the far field criteria. 3) The antennas are aligned
for boresight radiation. 4) All the components are impedance and polarization matched.
5) There is a minimum of proximity effects and multipath interference [6]. Gain transfer
method is used for gain measurement of the RDRAs. Two identical horn antennas and
the test antenna are used to measure gain of the test antenna. Two almost identical
horn antennas are placed in anechoic chamber and separated by a distance of 3.48 m.
One horn antenna works as a transmitting antenna, whereas, the other one works as a
receiving antenna. The VNA is used to measured Sy, ratio of received power (P,) and

transmitted power (). For identical two horn antennas, equation (A.2) reduces to

(Cap = (Gr)ap = %[zo m@) + 1010g(%)] — (Crom)as (A4)

t

After obtaining gain of the horn antenna, (Gpyom)as, at given frequency, the receiving

horn antenna is replaced with the antenna under test. Then, equation (A.2) becomes

(GUT)dB = [20 log(@) + 10 10g(%)] — (GHOTn)dB (A5)

t

where, (Gyr)qp is gain of the antenna under test. (G g )ap 18 gain of horn antenna which
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is obtained from equation (A.3). Again, Sy is measured and gain of the antenna under
test is obtained using equation (A.4). As desribed in Chapter 4, gain measurement result
at resonant frequency of 5.23 GHz for a stacked RDRA is mentioned below. Wavelength
(A) is 0.057361 m. Distance (R) between the transmiting antenna and receiving antenna

in the anechoic chamber is 3.48 m. Path loss (PL) in dB is defined as below,

AT R
(PL)as = 2010g(T) (A.6)
Measured Sp; is -39.42 dB at resonant frequency when two identical horn antennas are
connected to the VNA. From (A.3), gain of the horn antenna is 9.11 dB. When the re-
ceiving antenna is replaced with the stacked RDRA, measured Ss; is -43.91 dB. From

(A.4), gain of the stacked RDRA is 4.61 dB.

Beamwidth is a parameter associated with the radiation pattern of the antenna. The
beamwidth of the pattern is defined as the angular separation between two identical
points on opposite side of the pattern maximum. In the antenna, there are a number of
beamwidth such as half-power beamwidth (HPBW) and first-null beamwidth (FNBW).
One of the most widely used beamwidth is the HPBW, which is defined by IEEE as: ”In
a plane containing the direction of the maximum of a beam, the angle between the two
directions in which the radiation intensity is one-half value of the beam”. The beamwidth
of the antenna is a very important figure of merit. Beamwidth is used a tradeoff between
it and side lobe level; that is, as the beamwidth decreases, the side lobe increases and
vice versa. It is also used to describe resolution capabilities of the antenna to distinguish
between two adjacent radiating sources or radar targets. From Figure 4.7, HPBW is 90°

and 70° for E-plane and H-plane, respectively [6].

Another important parameter of the antenna is directivity. The directivity is defined as
"the ratio of the radiation intensity in a given direction from the antenna to the radiation
intensity averaged over all directions”. Directivity of the antenna can be computed using
measurements of its radiation patterns. Simplest, but least accurate, method requires
the following steps : 1) Measure the two principal E- and H- plane patterns of the test
antenna. 2) Determine the HPBW (in degrees) of the E- and H- plane patterns. 3)
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Compute the directivity using following equation:

D Am(180/m)? 41253
9,0, = 0,6,

(A7)

where, ©1 and ©, are HPBW (degree) in E- and H- plane, respectively. The method is
usually employed to obtain rough estimates of directivity [6]. It is more accurate when
the pattern exhibits only one major lobee, and its minor lobes are negligible. From (A.6),

directivity is 6.54 dB for the stacked RDRA.

Radiation efficiency (n) is defined as the ratio of the total power radiated by the antenna to
the total power accepted by the antenna at its input terminals during radiation. System
factor, such as impedance and/or polarization mismatches, do not contribute to the
radiation efficiency because it has very small contribution [6]. One of popular technique
to estimate radiation efficiency is the Wheeler Cap method [7]. This method is based on
the Q-factor of the antenna. The total power lost (P) can be divided into two components:

radiated power (P,,q) and power dissipated (Pys):
P = Prad + Pdis (A8)

The Q-factor ((Qg) can be decomposed into a radiation Q-factor (Q,.q) and a dissipation

Q-factor (Quis):
1 o Prad + Pdis 1 1

— = = -
QO wW Qrad Qdis

where, w and W are radian frequency and average energy stored. The radiation efficiency

(A.9)

of the antenna is the ratio of the radiated power to the total power which can also be

expressed in terms of Q-factors as

o Prad o QO
n= -
P'rad + Pdis Qdis

(A.10)

The values of Qg and Q45 can be determined experimentally by measuring the return
loss of the antenna with and without a metallic radiation shield also known as a Wheeler
Cap. Without the shield, the measured bandwidth represents (). When the shield is

placed over the antenna, the radiation of the antenna is suppressed and the measured
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bandwidth represents ) gs.

The radiation efficiency is also given by following equation [6],

where, gain and directivity are measured in the direction of maximum radiation. In our
study, radiation efficiency is calculated by using (A.10). The radiation efficiency of the
stacked RDRA is 71 %.
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