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ABSTRACT
School of Graduate Studies
The University of Alabama in Huntsville

Degree: Master of Science Dept.: Electrical and Computer
in Engineering Engineering

Name of candidate: Saininad Chandrakant Naik

Title Miniaturization of Higher Order Mode Circular Microstrip Patch Antennas

Microstrip patch antennas operating at higher order modes are suitable for
applications in satellite communications, global positioning systems and anti-jamming
systems. Such antennas are capable of generating conical radiation patterns when excited
at certain higher order modes, making them excellent candidates for satellite systems,
especially for lower elevation angles. However, the radius of circular patch antennas
increases, as higher order modes are excited, which has hindered its applications in tightly-
space antenna and array configurations. More specifically, based on the cavity model the
patch radii are proportionally related to the eigenvalues of the equivalent cavity enclosing
the patch, corresponding to the zeros of the derivative of Bessel functions of first kind. The
modes of interest in this thesis are the TM2i and TM31 modes, generating conical patterns
as well as the TM 2 mode, producing broadside radiation patterns. The thesis is focused on
reducing the eigenvalues of the TM21 and TM31 higher modes close to that of the dominant
mode, as well as decreasing the resonant frequency of the TMi2 mode. Herein, the proposed
miniaturization is realized by a proper geometrical alteration in the patch layer which is
inspired by associated surface current distributions of the aforementioned modes. As for
the TMj2 mode, which inherently has unwanted sidelobes in one of the principal planes,
attempts are made to simultaneously reduce its resonant frequency to realize a dual-band
antenna and obliterate the undesired sidelobes.
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CHAPTER 1

Introduction

1.1 Preface

IEEE defines an antenna as “That part of a transmitting or receiving system that is
designed to radiate or to receive electromagnetic waves” [1]. An antenna acts as a
transducer, facilitating the conversion of electric currents and voltages to electromagnetic
waves and vice versa. Antennas came into existence to support the military needs in the
late 19" century. In successive decades, they were employed for commercial purposes such
as telephone and radio services. Since then, research has been conducted to design antennas
with their rising applications for the telecommunication, military, and commercial

purposes.

To facilitate a wireless communication link between two systems, antennas are
needed to transmit and receive signals. Different applications brought challenges to the
design of antennas. Over the years, various types of antennas have been designed to meet
specific requirements. For example, parabolic reflector antennas are preferred for high-
gain satellite and space applications. In contrast, light-weight and compact antennas, such
as microstrip patch antennas, are much preferred in mobile wireless communication
systems. Over the years, the ever-increasing demands for higher data rates and versatile
communication channels have driven antenna engineers to develop multi-function and

compact antennas that can easily be adapted with the growing needs in modern wireless



systems. In compact wireless units, for example, miniaturized and small antennas are

needed, which is the main focus of this research.

As of now, microstrip patch antennas are one of the most prominently used
antennas, as they are low profile, lightweight, and cost-effective [2]. Their applications
range from satellite communications and military requirements to cellular and portable
wireless communications. The antenna characteristics such as gain, polarization, radiation
patterns, impedance, and bandwidth can be controlled by altering the dimension and design
of the patch antenna. Different feeding mechanisms can be used to excite the patch
antennas, namely probe feed, microstrip line feed, proximity feed, and aperture coupling
feed [3]. A microstrip patch antenna excited at its dominant mode is commonly used in
mobile wireless communication systems, as it is compact in size and can readily be
conformed to both planar and curved platforms. Depending on the operating mode,
microstrip patch antennas produce different radiation patterns. In particular, when excited
at the Transverse Magnetic TMn1 modes, they generate broadside and conical radiation
patterns for n=1 and all other integers of n>1, respectively. In particular, the TMn1 modes
with n>1 radiate efficiently at low elevation angles, thus making patch antennas suitable
for satellites at the horizon. Such multimode microstrip patch antennas are useful in Global
Positioning System (GPS) and satellite systems [4]. Apart from the various advantages
offered by microstrip patch antennas, antenna designers face challenges such as impedance
matching, narrow bandwidth, unwanted sidelobes in radiation patterns, and poor cross
polarization discriminations [3]. There has been growing research to address these

limitations, while maintaining the antenna dimensions as small as possible.



1.2 Motivation

As mentioned in Section 1.1, microstrip patch antennas have become an integral
part of wireless communication systems because of their distinct advantages. Recent
advancements in compact and mobile wireless communication systems necessitate the
need to design compact and miniaturized antennas. Many compact antennas with enhanced
gain, dual-frequency operation, improved polarization purity, and wideband characteristics
have been reported in the literature. However, the main emphasis has been placed on
microstrip patch antennas with broadside radiation patterns, excited at their dominant
mode. Due to the attractive features of the higher order mode patch antennas, which are
capable of generating conical patterns well suited for wireless applications in off-boresight
communications, an investigation is undertaken here to miniaturize patch antennas at their
higher order modes. The main drawback of higher mode antennas is that they need a much
larger patch size, compared to their dominant-mode counterparts, to resonate at a given

frequency.

The motivation of this study derives from the need to design cost-effective patch
antennas excited at higher modes with miniaturized and compact patch sizes, comparable
to the one operating at the dominant mode at a given frequency. The potential challenges
faced on miniaturizing higher mode antennas are discussed in the following chapter along

with a review on compact, cost-effective higher mode patch antennas.



1.3 Research Objective

The research presented in this thesis focuses on the miniaturization of higher mode
circular patch antennas to be used as an element in scanning phased array configurations.

The following steps define the scope of the research presented in this thesis:

e Miniaturization of the TM2, circular patch antenna with conical radiation patterns using
the full-wave electromagnetic solver [31], especially reducing the eigenvalue of the TM2;
mode to that of the dominant mode. Verifying the numerical results by testing a prototype
of the fabricated antenna.

» Numerically investigating the miniaturization of the TM3; circular patch antenna with
conical radiation patterns and reducing the TM3; mode eigenvalue close to the eigenvalue
of the dominant mode.

e Study a dual-band circular patch antenna with a low frequency ratio and identical

broadside radiation patterns with no sidelobes.

1.4 Structure of the Thesis

In this thesis, research was conducted to miniaturize the higher mode circular
microstrip patch antennas close to the size of the dominant mode. The research objective

and the motive behind the research topic are explained in this chapter.

Chapter 2 describes the background theory and a literature review on circular
microstrip patch antennas. The cavity model will be explained and the general equations

governing the model will be provided. A review of some miniaturization techniques will



also be provided in Chapter 2, followed by some existing challenges in developing

miniaturized antennas.

Chapter 3 presents the methodology to design the TMa circular patch antenna. A
new antenna design is put forth to reduce the area occupied by the patch operating at the
TM21 mode to that of the dominant mode. A parametric study is conducted on the proposed

antenna. The designed antenna is fabricated and tested in an anechoic chamber.

In Chapter 4, a miniaturized TM3; circular microstrip patch antenna is designed. A
parametric study is conducted to understand the miniaturization impact on the frequency

and radiation characteristics of the antenna.

In Chapter 5, a dual-band circular patch antenna will be investigated. The newly
designed antenna upholds the characteristics of dual-band antennas such as identical
radiation patterns and almost similar polarization on the patch. The research focuses on
realizing a small frequency ratio for this dual-band antenna. An extensive parametric study

is conducted to finalize the design.

Culminating the thesis, the closing chapter presents the concluding remarks and
summarizes the results of all the research undertaken in the thesis. A future scope of work

is also briefed in Chapter 6.



CHAPTER 2

Literature Review and Background Theory
2.1 Introduction

Microstrip patch antennas were first proposed by Deschamps in 1953 [5] and took
shape in the mid-1970s [6]. Microstrip patch antennas are well known for their lightweight,
small profile and inexpensive fabrication compared to other types of antennas. The size
and shape of the microstrip patch and the dielectric substrate determine the resonant
frequency, radiation patterns, and other characteristics. The adaptive features of microstrip
patch antennas make them suitable for numerous applications such as satellite
communication, anti-jamming, and phased array applications in radar. However,
microstrip patch antennas have some drawbacks, including narrow bandwidth, low gain,
and polarization impurity.

A microstrip patch antenna comprises of three regions, namely the radiating patch,
the dielectric substrate, and the ground plane. The dielectric substrate is placed between
the radiating patch and the ground plane and provides mechanical support to the antenna.
The ground plane reduces the unwanted back lobe in the radiation pattern. The patch size
determines the resonant frequency and also controls the operating mode. In general, a
microstrip patch antenna supported by a thin grounded dielectric slab excites the transverse
magnetic modes, i.e. TMam modes, due to fact that electric fields are mainly perpendicular
to the patch [7]. A circular microstrip patch antenna generates a broadside radiation pattern,

when excited at its dominant mode. Certain higher order modes, such as the TMn; with



n#1, produce conical radiation patterns with a null at the boresight direction of 6 = 0°,
which are useful for anti-jamming applications [7]. As the mode index number 7 increases,
the main beam of the antenna moves farther away from the boresight direction of 6=0°,
making the antenna well suited for communications with satellites at the horizon. However,
the drawback of using higher order modes is that the required aperture area is much greater

than the dominant mode.

2.2 Background Theory on Circular Microstrip Patch Antennas

Microstrip patch antennas came into commercial use in the 1970s with the
development of photo-lithography fabrication techniques, along with dielectric substrates
with low loss tangent. The low-cost fabrication and easy integration of patch antennas with
microwave circuits contributed to their wide usage in multitudinous applications, such as
mobile wireless systems, satellite communications, marine radar, medicine and
surveillance radar to name a few. Over the years, immense research has been conducted to
overcome the limitations of microstrip antennas such as low efficiency, narrow frequency

bandwidth, and poor scanning performance.

The radiating patch of a microstrip antenna can assume any shape, however, well-
defined geometrical shapes are preferred such as rectangle, square, circle, etc. The circular
patch is preferred over other shapes. The radiation function of circular patch antennas is
the product of two independent mathematical functions of azimuth and elevation angles,
thus facilitating controlling the radiation patterns in the aforementioned angular ranges.
The far-field equations of circular microstrip patch antennas can be determined using three
models, including the cavity model, the transmission model, and the full wave model [7].

The cavity model is favored as it is more accurate than the transmission model and less

7



complex than the full wave model [2]. In the cavity model, the volume confined between
the radiating patch and the ground plane is considered as a cavity, surrounded by a
peripheral magnetic wall. The top and bottom of the substrate is surrounded by electric
walls [7]. Therefore, the fields are uniform along the height of the substrate, provided its
thickness is small compared to the operating wavelength, exciting the TM modes. The sum
of the resonant modes of the two-dimensional cavity resonator contributes to the fields

underneath the patch of the antenna [8].

Due to the finite size of the microstrip patch, the electric field ceases to continue at
the periphery creating fringing electric fields. The fringing fields make the electrical

dimensions of the patch look larger than its physical dimensions.

2.2.1 Fields and Currents

Typical geometry of a probe-fed circular microstrip patch antenna is shown in Fig.
2.1. The patch and the supporting ground plane are made of perfect electric conductors
(PEC). The patch is printed or etched on a thin dielectric slab. The radiating patch is excited
by a probe feed, which is placed along the x-axis in Fig. 2.1. As a result, only the transverse
magnetic (TM) with respect to the z-axis will be excited, whose electromagnetic fields
inside the cavity are obtained by solving the wave equation in the cylindrical coordinates
and satisfying the proper boundary conditions in the cavity. The fields inside the cavity are

given by,

E; = Eg Un+1(ka) + Jn-1(ka)) cosng 2.1



j dE, jn

H, = v = _w—upEo Uns1(€@) + Jn_1(xa)) sinng (2.2)
i dE,
H¢ = wiu- dp = —i%Eo (In+1(lca) _]n—l('ca)) cos n¢ (23)

where & is the propagation constant in the dielectric, @ is the angular frequency, i.e. @ =
2xf, J, is the Bessel function of the first kind and order n, and a is the radius of the patch.
Ey is the strength of the electric field at the edge of the patch. An induced electric current
is developed on the inner surface of the radiating patch due to the magnetic fields inside
the cavity. The electric surface current J, should vanish at the edges as per the magnetic
field boundary condition. Hence, there exists a certain radius, associated with each of the

TM modes, which is determined by the zeros of the derivative of the Bessel function [7],

as further detailed in the next section.

Ay

B substrate

PEC Probe PEC

Location / patch

Probe
e
X \ PEC
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Fig. 2.1: (a) Top view and (b) side view of a typical microstrip patch antenna fed by a 502 SMA probe
that excites the TM modes.



2.2.2 Resonant Frequencies

The resonant frequencies of different TMam modes are calculated by equation (2.4)

[7].

XnmC (2.4)
2ma Seff

(fdnm =

%am, also known as the eigenvalue, is the m™ zero of the derivative of the Bessel function
of order n of the first kind and satisfies the magnetic boundary conditions; n and m are the
mode index numbers. In Equation (2.4), a is the radius of the radiating patch, C is the speed
of light in free space, and eefris the effective dielectric constant of the substrate. The first

six eigenvalues of ynm are listed in Table 2.1 [7].

Table 2.1: Roots of derivative of Bessel function for determining the patch radius at different TM

modes [7]
Mode TMu TM2; TMo2 TM3, TMa TMi2
X 1.84118 3.05424 3.83 4.20119 5317 5.331

2.2.3 Radiation Fields

The E. field from equation (2.1) is used to derive the equivalent magnetic current,
expressed by equation (2.5). The auxiliary electric vector potential is then calculated over
the antenna aperture by integrating the derived equivalent magnetic current to determine
the radiated electric field in the far-field region, whose & and ¢-components are given by
equations (2.6) and (2.7), respectively. This approach of deriving the electric far fields of

the antenna is known as the aperture field approach. Equations (2.8) and (2.9) give the final
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electric far field expressions for x-polarized waves. These equations are calculated after
considering the contribution of only a single mode at a particular frequency [7], assuming

an infinite ground plane.

v - O 3 (]n+1(Kanm) +]n—1(Kanm))Kanm

M=EXp=E,p = (I);En o cosng (2.5)
i p=JKeT (2T (p

By =22 [ ["My(p.9") cos(9' — #) explixopsingeos(@’ — #)] pdpdd’  (26)

o Jo

—jicp e INe" g fp .

Ep = 0 Mg(p, P’ ’

» =225 cos fo Ma(p,9") sin(y =
— @) expljropsinfcos(¢p’ — ¢p)] pdpd’

. VaanO e_jKOT . .

Eg =j" B o (Jn+1(Kapm Sin(8)) = Jn—1 (KGpp, Sin(6))) cos ngp (2.8)

Vanm’co e"jKoT . . .
Ey =j" . —cos 0 (Jns1(KQnm Sin(0)) + Jn—1 (Kaym sin())) sinng (2.9)

where V is the edge voltage along the feed axis and is equal to hE, [, (Xnm)-

Based on the far-field radiation equations of (2.8) and (2.9), it is clear that the
radiation patterns of a microstrip circular patch antennas depend on its operating mode. As
mentioned previously, the higher order modes of TMn with n#1 have a conical pattern
with a null at the 6=0°, whereas the dominant TM; mode has a broadside pattern with its
main beam at the 0=0°. Typical radiation patterns of the first three modes in a circular

microstrip patch antenna are illustrated in Fig. 2.2 at their respective principal planes [9].
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(a) (b) (¢)

Fig. 2.2: Typical radiation patterns of a circular patch antenna operating at the (a) TM1; mode (b)
TMz; mode (¢) TM3; mode; E-Plane — and H-Plane — —

2.3 Physical Limitations on Electrically Small Antennas

A microstrip patch antenna resonating at a specific frequency is designated as
‘miniaturized’ when the linear dimensions are smaller than the reference patch designed at
the same frequency. The miniaturization of an antenna deals with the best compromise in

bandwidth, volume, and gain when most of the assigned volume is utilized in the radiation.

The miniaturization of an antenna affects its radiation characteristics, bandwidth,
polarization, gain and eventually the efficiency of the antenna. Feeding small antennas also

present a different challenge to antenna designers.

In the 1940s, the effect of miniaturization was studied by Wheeler [10] on radiation
properties. A ratio between the antenna resistance and antenna reactance was used to define
radiation power factor to measure the radiation of an antenna. Wheeler showed that the
product of the bandwidth and efficiency is equivalent to the radiation power factor using a
simple lumped-circuit model, where the antenna is matched. He confirmed that this product
was directly related to the area occupied by the antenna, as the reactance increases with

any decrease in size and eventually the radiation resistance becomes small.
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This work was taken forward by Chu [11], who derived a relation between
minimum quality factor, using omnidirectional antennas, and the antenna volume based on
an equivalent circuit of lumped elements using the spherical wave impedance functions
around the antenna. The computation of the quality factor, i.e. O, was simplified further in
[12-14] and the smallest possible Q for a linearly polarized antenna was given by equation

(2.10),

1 1

0" Gy ha

(2.10)

Harrington [15] extended the work done by Wheeler and Chu and incorporated the
effects of losses. Harrington proposed a straightforward formula to determine the normal
gain that a miniaturized antenna can attain having a reasonable bandwidth. Equation (2.11)
gives an upper limit for the gain, i.e. G, for small antennas. Electrically small antennas
cannot reach the limit as the radiation region of the antenna becomes very small as losses

may increase drastically. Nevertheless, the equation stands good for paradigm antennas.

G = (ka)? + 2(ka) (2.11)

The miniaturization of an antenna impacts its bandwidth, efficiency and gain. Apart
from these characteristics, miniaturization also has a negative impact on polarization
purity. In [16], a planar inverted-F antenna was miniaturized by meandering the surface
currents so that the antenna looked electrically larger than its physical size, however it led
to unwanted cross-polarized radiation. Lastly, feeding an electrically small antenna
becomes challenging in practice. The overall size of the microstrip patch antenna also
depends on the size of the ground plane. As the size of the ground plane is cut down as a

result of miniaturization, it becomes a cumbersome process to feed the antenna efficiently,
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which consequently affects the accuracy of measurement results for gain and bandwidth

[17].
2.4 Miniaturization Techniques

Different miniaturization techniques have been developed over the years to
alleviate the aforementioned shortcomings and improve radiation efficiency of the antenna.
Techniques used in mobile communications include using high-contrast dielectric
materials, shorting vias, incorporated lumped elements within antenna structures, and
slotted patch to influence the radiation of the antenna [18-22]. Some of these techniques

will be briefly reviewed in the following sections.

2.4.1 Lumped-Element Loaded Antennas

This method is a relatively straightforward method of making antenna smaller in
size compared to other methods without disrupting any resonant features. It is usually
applied to antennas that are smaller than half a wavelength in order to neutralize the strong
reactive impedance. A major drawback of the lumped element method is the limited
bandwidth, as reported in [18], wherein a novel idea was proposed to use distributed
lumped elements within the antenna geometry to modify the input impedance of the
antenna and thus miniaturize its size over a broad frequency range. A resonant transmission

line loop antenna with a 43% miniaturization was developed without altering its original

field behavior.
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2.4.2 Antennas Loaded With Materials

The resonating frequency of a circular microstrip patch antenna depends on the
dielectric permittivity based on equation (2.4). Therefore, loading the patch antenna with a
high-contrast dielectric material reduces its resonant frequency. Microstrip patch antennas
with thick substrate and dielectric constant of 10 to 13 were examined in [19] for
miniaturization purposes. Their radiation performances were found different from those of
conventional antennas. It was observed that the measured input impedances were lower
than their theoretical values for thin substrates. In [20], ceramic substrates with the
dielectric constant of 58 were used to reduce the size of a square ring microstrip patch
antenna. Circular polarization was achieved by a simple microstrip feed line through the
aperture coupling method operating at 1.573 GHz. The new size of the microstrip patch

antenna with the dielectric loading was 50% smaller than the conventional antenna.

In addition to ceramic substrates, magneto-dielectric substrate was also used for the
miniaturization of microstrip patch antennas [21]. Compared to the reference antenna, the
area of the magneto-dielectric-loaded antenna was reduced by 65% at 2.45 GHz. High
permittivity dielectric materials reduce the antenna directivity, which may be useful in wide
angular coverage applications. The material loading technique, however, increases the
mass of the antenna unit and also makes it expensive [22]. By using high-contrast dielectric
constant materials, the surface wave propagation will increase within the substrate,

lowering the radiation efficiency and the bandwidth due to the increased losses.
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2.4.3 Antenna Loaded With Shorting Vias

Another cost-effective approach to miniaturize an antenna is to use shorting posts
or metallic vias, which connect the ground plane to the radiating patch. This method
reduces the resonating frequency and thus shrinks the dimensions of the antenna patch.
This methodology of reducing the antenna size was first used by Waterhouse [23]. In [24],
it was shown that the resonant frequency depends critically on the position and the
dimensions of the shorting posts. These observations were largely made on a
phenomenological basis, i.e., on experimental or simulation results. A circular microstrip
patch loaded with shorting vias was presented in [24], which provided conical beams
identical to higher mode antennas. Based on the parametric analysis, it was stated that
decreasing the radius of the vias reduced the resonance frequency. Narrower vias provided
further miniaturization of the microstrip patch. A parametric analysis was conducted to
examine the effects of numbers of vias, from which it was concluded that the
miniaturization factor of the antenna could potentially improve with more shorting vias.

However, the antenna gain would be compromised.

2.4.4 Meandering Method

This technique is based on the conception of lowering resonant frequency by
increasing the effective electrical path of the surface currents using slots or slits to meander
the current path. Representative meandered currents in a rectangular patch are illustrated
in Fig. 2.3, where the current path is elongated by the insertion of several slits within the

patch, which consequently reduce the resonance frequency.
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(a) (b)

Fig. 2.3: Surface current distributions for (a) ideal rectangular patch (b) rectangular patch loaded
with slits.

The slit loading technique is also used to generate desired polarization. A circular
polarization can be generated by placing slits symmetrically to the center. The
miniaturization ratio depends on the dimensions and position of the slits on the radiating
patch. R. Pascaud et al. [22] designed a slit-loaded antenna at 161 MHz for satellite
applications. Multiple slits were incorporated on the ring shaped patch structure to reduce
the resonant frequency. A parametric analysis was undertaken to finalize the length and the
number of slits. The authors achieved a maximum reduction in resonant frequency by a
factor of 1.73 with a good impedance matching of below -20 dB. Meandering the current
path to miniaturize antenna is a robust and inexpensive method, however it may have a

detrimental impact on the polarization purity of the antenna.
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2.5 Summary

In this chapter, circular microstrip patch antennas made of perfect electric
conductor were analyzed and the governing equations based on the cavity model were
reviewed for higher order modes. The benefit of operating the patch at a higher mode is
that it provides a null at the boresight direction, subsequently reducing the impact of
interference on the signals. A major drawback of using higher order mode antennas is their
enlarged aperture areas. With advancements in the miniaturization of communication
systems, many techniques have been developed to decrease the size of the antenna
structure, which also adversely impacts it radiation efficiency, gain, bandwidth, and other
characteristics. Based on the required miniaturization factor, proper techniques, some of
which were reviewed in this chapter, can be employed to reduce the antenna size. In this
thesis, the slit loading method will be utilized in order to decrease the radius of circular

microstrip patch antennas excited at higher order modes close to that at the dominant mode.
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CHAPTER 3

A Miniaturized TM2; Mode Circular Microstrip Patch
Antenna

3.1 Introduction

Microstrip patch antennas (MPAs) have become an appropriate candidate for
portable antenna systems, due to their compact and low-profile configurations. A
microstrip patch antenna, backed by a thin grounded dielectric slab, mainly supports
transverse magnetic (TM) modes, as discussed in Chapter 2. Certain higher order TMum
modes produce conical radiation patterns with a null at the boresight direction, providing
numerous advantages in satellite communications, wireless local area network (LAN),
tracking and guiding systems, and anti-jamming applications, where the null can be
directed towards the source of the interference. However, the main issue with these higher
order modes is that they require much larger aperture size compared with the dominant
TM 1 mode, whose radius is 0.293A4[7], where A4 is the guided wavelength. For the mode
of interest in this chapter, i.e. the TM2; mode, the radius of the patch should be enlarged to
0.486A4 [7], which has hindered its applications in tightly-spaced antenna and array
configurations. Thus, this chapter focuses on miniaturizing a circular microstrip patch
antenna operating at the TM»2; mode, such that its radius is reduced to that of the TM,
modes, i.e. 0.293A4. The proposed method is based on a judicial alteration in the patch
geometry, which is inspired by the surface current distributions of the TM2; mode. As such,
a cost-effective miniaturization technique is developed without adding any extra mass to

the antenna unit.
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3.2 Conventional TM,1 Mode Circular Patch Antennas

Based on the cavity model discussed in Chapter 2, the radius of a circular patch is
governed by Equation (2.4), using the eigenvalues of each mode, as listed in Table 2.1.
These eigenvalues are determined by applying the magnetic wall boundary condition. That
is, at the periphery of the radiating patch the magnetic field should vanish. For the TMa;
mode under investigation, the corresponding eigenvalue, i.e. %21, is 3.05424, and thus the

radius of the patch is given by [7],

3.05424 7 34
e B DABE A )
27T,[£eff

where eefris the effective dielectric constant due to the fringing electric fields, Ao is the free-

az1 =

space wavelength, and A4 is the dielectric wavelength expressed by,

C (3.2)

f\/geff

where C is the speed of light in free space and f'is the operating frequency of the antenna,

ld=

which is 5 GHz for the conventional TM2; mode patch antenna. As presented in Chapter 2
using the cavity model assuming an infinite ground plane, the spherical components of the
radiated electric fields are given by the following equations for a circular patch antenna, of
radius a1, operating at the TM2; mode at the far-field region [7].

Va, k, e~ /¥

Eg = ———2——— (Ja(Katzy sin(8)) — J1 (xatzy sin(6))) cos 2¢ o
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Vay 1k, e /%"
Ey = —%Tcos 0 (J3(kay, sin(0)) + J; (kay, sin(@))) sin 2¢ (3.4)

Typical far-field radiation patterns for the TM2; mode are plotted in Fig. 3.1. As
expected, the main beam is split and the antenna generates a conical radiation pattern with
a null at the boresight direction of 6 = 0°. Due to the infinite ground plane size, the back

radiation is zero.

E-plane ¢ = 0°
= = =H-plane ¢ = 45°

90 *

Fig. 3.1: Typical far-field radiation patterns of a TM,; mode circular patch antenna with
a21=0.486Mq, backed by an infinite ground plane.

For a reference case, a conventional microstrip patch antenna at the TM21 mode,
whose geometry is depicted in Fig. 3.2, is designed to resonate at 5 GHz. For practical
applications, a truncated ground plane size that is sufficiently large to reduce the back
radiation needs to be used. As such, the reference TMa patch is mounted on a circularly
shaped grounded dielectric slab with a radius of 60 mm, which is equal to one wavelength
at 5 GHz. The radius of the patch, denoted by a2 in Fig. 3.3, is 19.25 mm. The antenna is
fed by a 50-Q coaxial probe with a feed point offset 10 mm from the center of the circular

patch. The substrate is RT Duroid 5880 [25] with &=2.2 and a thickness of 1.6 mm. The
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design specifications of the reference TMa1 mode circular patch antenna is listed in Table

3:1.

Table 3.1: Design specifications of a circular microstrip patch antenna operating at TM2; mode.

Design Parameters Design values

Frequency 5 GHz

Height of the substrate (h) 1.6 mm
&r 2.2

Loss Tangent 0.0009

Substrate Material RT Duroid 5880
Radius of the patch (a21) 19.25 mm
Radius of the ground (Rg) 60 mm
Probe feed from the center (p) 10 mm
ty

Probe
Location

- Substrate

PEC o

/ patch

Probe
e
\ PEC

ground

(@) (b)

Fig. 3.2: (a) Top- and (b) side-view of a conventional TM»; mode circular patch antenna at 5 GHz
with az; = 19.25 mm, Rg = 60 mm, p =10 mm, and h = 1.6 mm.
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3.3 Proposed Miniaturized TM>; Circular Microstrip Patch Antenna

As per Equation (3.1), if a conventional TM21 mode is to be used in an array
configuration, a minimum element spacing of 0.972A4 would be required, which would
cause grating lobes. Therefore, there is a need to reduce the size of the patch at this specific
mode. The proposed method [26] in this thesis is based on a geometrical alteration in the
patch layer, leading to an inexpensive miniaturization method. The technique is inspired
by the surface current distributions of the patch antenna at its TM21 mode, illustrated in
Fig. 3.3. As it is observed, there are four distinct peak intensities of the surface current
distributions in each of the four quadrants of the disk. Therefore, if one places a radial slit
in each of these quadrants, the current path will be meandered, which eventually

miniaturizes the antenna size.

1

----- Surface Current
B Dielectric
1 Patch

Fig. 3.3: Typical surface current distribution of a circular patch antenna operating at the TM2:
mode.

23



The proposed antenna [26] is depicted in Fig. 3.4, where four slits are radially cut
from the patch in each quadrant. The slits are curved trapezoids to intercept most of the
current path and are symmetrically arranged with a 90° angular spacing. The slit is defined
by its length and angular opening, denoted by L and «, respectively, as shown in Fig. 3.4.

These two parameters play a key role in miniaturizing the TM2; patch size.

1y

. Dielectric substrate

Radiating patch

Fig. 3.4: Geometry of the proposed slit-loaded TM,, circular patch antenna with a2; = 19.25 mm;
Rg =60 mm, p=4.2 mm, &=2.2, and h= 1.6 mm.

Similar to the reference antenna, the radius of the patch, denoted by a>; in Fig. 3.4,
is 19.25 mm, and the ground and substrate have a diameter of 120 mm. Due to the presence
of the slits, a slight adjustment needs to be made in the probe location to improve the
impedance matching. That is, the 50-Q coaxial probe is now offset 4.2 mm from the center
of the circular patch. When L=13 mm and a=4.2°, the resonant frequency of the TM2; mode
will reduce to about 3 GHz, which is equal to the resonant frequency of the dominant TM;
mode, implying that one may excite the TM2; mode within the same aperture area required
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for the conventional dominant-mode patch antennas. The values of L and & were concluded

based on the parametric study, as will be detailed in the following sections.

3.4 Effect of the Slits on Antenna Miniaturization

An extensive parametric study has been conducted to finalize the design, resulting
in about 40% reduction in the radius of the radiating patch. In the following sections, the
effect of the slit length and slit opening on the resonance frequency of the antenna will be

investigated.
3.4.1 Varying Slit Length

In this section, the impact of the slit length, denoted by L in Fig. 3.4, on the
resonance frequency is investigated by analyzing the proposed antenna with the finite-
element based full-wave electromagnetic solver ANSYS HFSS v.18 [27]. The reflection
coefficients are plotted in Fig. 3.5, where L changes from 0 mm to 13 mm for a fixed & of
4.2°. As can be seen, the resonant frequencies of the TMi; and TM21 modes of the unloaded
patch, i.e. the L=0 case, occur at 3 GHz and 5 GHz, respectively. By placing four
symmetrical slits in each of the quadrants of the patch, the resonant frequency of the TM»;
mode starts decreasing as the slits force the current to meander, helping in increasing the
electric size of the patch. Consequently, the resonance frequency decreases as the slit length
increases. In particular, the frequency reaches to that of the TM 11 mode, when the slit length
is 13mm. As for the dominant mode, its resonant frequency is slightly impacted by the slits.
That is, it shifts down from 3 GHz to 2.3 GHz when L=0 and L=13mm, respectively. This

allows one to design a TM2; mode circular patch antenna with the same aperture size as
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the conventional dominant mode. The reflection coefficient is reasonably in the acceptable

limit of below -10 dB level for different slit lengths for the TM2; mode.

S, | (dB)

-30 ‘ ' ' ' ' '
27U B WIRT Ve i il 5 RS

Frequency (GHz)

Fig. 3.5: Reflection coefficients of the proposed antenna in Fig. 3.4 for different slit lengths with
o=4.2°.

For the TM21 mode, a summary of the resonant frequencies, gain, and size reduction
of the conventional and miniaturized TM>; patch antennas is listed in Table 3.2 for different
slit lengths. The resonant frequency of the TM2; mode reduces from 5 GHz to 3 GHz,
resulting in about 40% and 64% reductions in its radius and area, respectively. Similar to
other miniaturized antennas, the gain is compromised, as expected. That is, the peak gain

drops by about 4.5 dB and 1.35 dB at the E- and H-planes, respectively.
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Table 3.2: Impact of varying L on resonant frequency, Si1, and gain of the slit-loaded patch

antenna shown in Fig. 3.4, when o = 4.2°.

% reduction

% reduction

i Frfglfzr;cy Si1 (dB) Sraln of radius of area
¢=0"° | ¢=45
0 5 -25.38 7.25 3.75 N/A N/A
5 4.44 -10.04 5.37 5.28 11.2% 21.23%
10 3.57 -31.02 4.42 4.34 28.6% 49.3%
13 3.0126 -17.8 2.63 2.39 39.7% 64%

3.4.2 Varying Slit Opening

As depicted in Fig. 3.4, each slit has an angular opening, which is defined by a.
The effect of « on the resonance frequency is investigated in this section. The reflection

coefficients are shown in Fig. 3.6, when the opening angles vary from 0 to 4.2° for a fixed

length of L = 13mm.

s
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Frequency (GHz)

Fig. 3.6: Reflection coefficients of the proposed antenna in Fig. 3.4 for different slit angles with
L=13mm.

The opening angle (@) provides another degree of freedom to further control the

miniaturization such that it finely tunes the resonant frequency of the TM21 mode to 3 GHz,
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which results in an eigenvalue of 1.841 for the miniaturized TM21 mode. As it is shown in
Fig. 3.6, the resonant frequency of the TM2; mode decreases as « increases. The decrease
in resonant frequency due to the change in « is not as significant as varying the length of
the slot. The slight shift in resonance frequency is also seen on the dominant mode of the
antenna. A summary of the résonant frequencies, gain, and size reduction of the
conventional and miniaturized TM>; patch antennas is provided in Table 3.3 for different

slit angles.

Table 3.3: Impact of varying « on resonant frequency, Sii, and gain of the slit-loaded patch
antenna shown in Fig. 3.4, when L = 13 mm.

: y % %
o Frzzgt;lezn)cy Si1 (dB) Gainighy reduction | reduction
$=0° o =45 of radius of area
0° 5 -25.38 7.25 375 - -
20 3:17 -19.5 2.88 2.87 36.6% 56.7%
32 3.10 -15.92 2.65 2.80 38% 61%
4.2° 3.0126 -17.8 2.63 2.39 39.7% 64%

3.5 Comparison of Conventional and Miniaturized TM2; Patch
Antennas

3.5.1 Full-Wave Numerical Results

As presented in Section 3.4, the proposed antenna with the finalized slit size of L =
13mm and o= 4.2° results in about 40% reduction in the patch radius. Thus, it is instructive
to further investigate how the antenna performs after miniaturization by comparing its
characteristics, including radiation patterns and surface current intensities, with a
conventional TMj; patch antenna. In this section, the numerical results of such

comparisons are provided.
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Fig. 3.7 compares the reflection coefficients of the conventional antenna and the
proposed antenna. The resonance frequency of the TM2; mode in the slit loaded patch has
reduced by almost 40%, equivalent to a 64% reduction in the patch area, which is quite
significant. The geometrical alteration of the radiating patch has reduced the frequency of
the dominant mode by 23.3%. These results are also summarized in Table 3.4 for both

dominant TM1; and the higher TM2; modes.

Table 3.4: Reduction in frequency for different modes unloaded case and slit loaded case for

TMa; circular patch antenna

Mode TM1 TMy;
Before After Before After
Miniaturization | Miniaturization | Miniaturization | Miniaturization
Frequency
(GHz) 3 2.36 5 3
Radius 0.293A, 0.230%A, 0.486A, 0.293X,
X 1.841 1.445 3.054 1.841

= = =sglit-Loaded patch

Unloaded patch

_30 L 1 1 I 1 1
2 2.5 3 3.5 4 4.5 5

Frequency (GHz)

Fig. 3.7: Reflection coefficients of the unloaded patch and slit-loaded patch antenna in Fig. 3.4
with L =13 mm and a=4.2°
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Radiation patterns of the conventional antenna and the proposed miniaturized
antenna are also compared at both TM;; and TM2; modes. Fig. 3.8 shows radiation patterns
before and after miniaturization for the dominant TM; mode at their respective resonant
frequencies of 3 GHz and 2.36 GHz. They both have broadside radiation patterns with the
peak at the 6=0° direction, as expected. Due to the smaller miniaturization factor for this
mode, the peak gain only drops by 1.2 dBi. To shed light on this, the corresponding surface
current distributions of the TMi; mode are illustrated in Fig. 3.9, before and after
miniaturization at the aforementioned resonant frequencies. The peak gain at this mode is
affected insignificantly. This is because only a small fraction of the current path, which is

almost vertically aligned, is impacted by the four diagonal slits.

Unlike the dominant mode, the gain drop is expected to be significant for the TM2;
mode as the slits are placed to influence TM2; mode, whose radiation patterns are plotted
in Fig. 3.10 before and after miniaturization at their respective resonant frequencies of 5
GHz and 3 GHz. More specifically, the peak gain now drops by about 4.5 dB and 1.35 dB
at the E- and H-planes, respectively. This is mainly attributed to the fact that the effective
aperture area of the antenna becomes smaller after miniaturization. As such, the gain is
compromised, based on the aperture theory [2]. For further clarification, the associated
surface current distributions are depicted in Fig. 3.11 for the TM2; mode before and after
miniaturization. For the latter, the meandered current path is clearly visible around the
radial slits, which subsequently decreasing the resonant frequency of the TM>; mode
circular patch antenna. The novelty of the proposed design is that one may use the same
eigenvalue of the conventional TM1; mode, equal to 1.841, to design such a miniaturized

TM2; patch antenna.
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The three-dimensional radiation pattern of the finalized miniaturized patch antenna
with Z=13mm and &= 4.2° is shown in Fig. 3.12 for the TM2; mode at the frequency of 3
GHz. The main beam is split and the pattern has a null at the boresight angle of 8=0°, as

expected.

5.00

0.00

-5.00

-10.00

-15.00

Fig. 3.12: The three-dimensional radiation pattern of the miniaturized TM>; circular patch in Fig.
3.4 of L=13mm and a. = 4.2°at 3 GHz.

3.5.2 Measurement Results

To validate the full-wave numerical results shown in preceding sections, the
proposed miniaturized circular patch antenna loaded with four identical slits of L = 13 mm
and o=4.2° was fabricated using the printed circuit board (PCB) technology. In this section,

the simulation and measurement results of reflection coefficients and radiation patterns will

be compared and discussed.

Fig. 3.13 (a) shows the top view of the fabricated antenna. A photograph of the
antenna under test inside the spherical near-field anechoic chamber of the University of

Alabama in Huntsville is also shown in Fig 3.13 (b).
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Fig. 3.14 compares the resonant frequencies of simulated and measured results of
the proposed slit loaded antenna, which are in good agreement. As can be seen, the
frequency of the miniaturized TM2; mode is reduced to that of the dominant mode with no
slits. This confirms that the eigenvalue and the size of the patch have been reduced

accordingly.

(a) (b)

Fig. 3.13: (a) Top view of the fabricated miniaturized circular patch antenna and (b) a photo of
the antenna under test with Z = 13 mm and o= 4.2°.

- = =Simulation
—— Measurement

1 1

4 5
Frequency (GHz)

Fig. 3.14: Simulated and measured reflection coefficients of the fabricated antenna, with L = 13
mm and o =4.2°.
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The radiation patterns of the prototype antenna were measured at 3 GHz in the
spherical near-field anechoic chamber. The results are plotted in Fig. 3.15 and compared
with the simulated results at the E- and H-planes. Overall, the results are in good agreement,
except there is a slight difference in the right-hand side of the pattern, which is mainly due
to the reflections from the connecting cable to the antenna, contributing to the asymmetry
observed in the patterns. Nonetheless, a conical radiation pattern is obtained with a null at
the boresight direction of 6=0°. The null at the center of the radiation pattern and the overall

profile of the pattern confirm that the antenna operates at the TM2; mode.

(a) (b)

Fig. 3.15: Measured and simulated normalized radiation patterns of the fabricated antenna in Fig.
3.13 at 3 GHz, when L = 13 mm and « = 4.2°. (a) E-plane at the ¢ = 0° plane (b) H-plane at the
¢ = 45° plane; — Measured ---- simulated.

3.6 Summary

A novel miniaturized circular patch antenna operating at the TM2; mode was

introduced. The miniaturization was realized by placing four radial slits to elongate the
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current path and thus reduce the aperture size of the antenna. A parametric study was
conducted to understand the effects of the slits on the size reduction, gain, and reflection
coefficients. It was concluded that size of the patch can be controlled by changing the radial
and angular dimensions of the slits. Reduction up to 40% and 64% has been achieved in
the patch radius and area, respectively, which makes its aperture size equal to that of the

conventional dominant mode.
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CHAPTER 4

A Miniaturized TM3; Mode Circular Patch Antenna

4.1 Introduction

Microstrip patch antennas have been widely used in satellite communications and
anti-jamming applications as mentioned in previous chapters. Microstrip patch antennas
when excited at the dominant mode will have a broadside radiation pattern, resulting in a
low resolution at low elevation angles [3]. Although the planar arrays of these elements
provide high gain at the boresight region, the radiation intensity reduces towards lower
elevation angles. This is undesirable for low-elevation satellites. Hence, antennas with
conical radiation patterns are needed, which facilitate effective communications with
satellites and transmitters at low elevation angles. Among planar antennas, circular
microstrip patches operating at the TMn modes are excellent candidates for such
applications, as their main beams move towards the horizon as the mode index number n

increases. The TM3; mode is studied in this Chapter for miniaturization.

To excite the TM3; mode in a circular patch, the radius of the patch should be
enlarged to 0.668\4 [7], which imposes even more spatial limitation than the TM2; mode
in compact antenna and array units. Therefore, similar to Chapter 3, the main objective is
to miniaturize the TM31 mode circular patch such that its radius becomes close to that of
the dominant mode, i.e. close to 0.293A4. Inspired by its surface current distributions, the
slit-loading technique will be judicially utilized to realize a cost-effective size reduction

without adding any extra mass to the antenna structure.
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4.2 Conventional TM3; Mode Circular Patch Antennas

The radius of the patch operating at the TM3; mode is determined based on the
cavity model discussed in Chapter 2 and is governed by Equation (2.4). For the TM3; mode,
the associated eigenvalue y3;is 4.20119, as listed in Table 2.1. Thus, the radius of the patch

operating at the TM3: mode is given by [7].

4201192, _ . (4.1)
e (). d
anfgeff

where ec51s the effective dielectric constant due to the fringing electric fields and Aq is the

az; =

dielectric wavelength, expressed by,

C (4.2)

fEerr

where C is the speed of light in free space and f'is the operating frequency of the antenna,

Adz

which is 5 GHz for the conventional TM3; mode patch antenna. As presented in Chapter 2
using the cavity model assuming an infinite ground plane, the spherical components of the
radiated electric fields are given by the following equations for a circular patch antenna of

radius as1, operating at the TM31 mode at the far-field region [7].

.Vaz ik, e~ J*o"
4 r

Eg = - (Ja(xaz, sin(0)) — J,(kasq sin(6))) cos 3¢ (4.3)

Vagz k, e /"
it

cos 8 (J4(kasz; sin(8)) + J,(kas, sin(6))) sin 3¢ (4.4)
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Typical far-field radiation patterns of the TM3; mode are depicted in Fig. 4.1. As
expected, the main beam is split and the antenna generates a conical radiation pattern with
anull at the boresight direction of 6 = 0°, now having the main lobe at much lower elevation
angle 6 compared with the TM2; mode. Due to the infinite ground plane size, the back

radiation is zero.

= E-plane ¢ = 0°
= = =H-plane ¢ = 30°

Fig. 4.1: Typical far-field radiation patterns of a TM3; mode circular patch antenna with
a3;=0.668\4, backed by an infinite ground plane.

Geometry of a conventional microstrip patch antenna operating at the TM3; mode
is illustrated in Fig. 4.2, which is to resonate at 5 GHz. To reduce the back lobe in the
radiation pattern a truncated ground plane needs to be used, which should be sufficiently
large to avoid any edge diffractions. As such, the reference TM3, patch is mounted on a
circularly shaped grounded dielectric slab with a radius of 60 mm, which is equal to one
wavelength at 5 GHz. The radius of the patch, denoted by a3; in Fig. 4.2, is 26.75 mm. The
antenna is fed by a 50-Q coaxial probe with a feed point offset 17 mm from the center of
the circular patch. The substrate is RT Duroid 5880 [25] with £=2.2 and a thickness of 1.6
mm. The design specifications of the reference TM3; mode circular patch antenna are listed

in Table 4.1.
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Table 4.1: Design specification of a circular microstrip patch antenna operating at the TM3,

mode.
Design Parameters Design values
Frequency (f) 5 GHz
Height of the substrate (h) 1.6 mm
& 2.2
Loss Tangent 0.0009
Substrate Material RT Duroid 5880
Radius of the patch (as1) 26.75 mm
Radius of the ground (Rg) 60 mm
Probe feed from the center (p) 17 mm

Probe
Location
PEC

/ patch
N Gl
) \ PEC

ground

(@) (b)

Fig. 4.2: (a) Top- and (b) side-view of a conventional TM3; mode circular patch antenna at 5 GHz
with a3;=26.75 mm, Ry = 60 mm, p =17 mm, & =2.2, and h = 1.6 mm.
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4.3 Proposed TMs; Circular Microstrip Patch Antenna

As detailed in Section 4.2, a circular microstrip patch antenna will need a large
circular aperture with the radius of 0.668A4 to operate at the TM31 mode. If used in an array
configuration, element spacing of 1.3361q would be needed, which results in grating lobes
in the visible region. As such, these higher order mode patch elements are rendered
ineffective in tightly-spaced antenna arrays for satellites and airborne vehicles, despite their
potentials to enhance the resolution for low-elevation satellites. Therefore, there is a need
to reduce the size of the patch at this specific mode and bring it close to the dominant mode,
which has the smallest area among all the modes. The proposed method in this thesis is
based on a geometrical alteration in the patch layer similar to the technique used for the
TM2; mode in Chapter 3. The technique is inspired by the surface current distributions of
the patch antenna at its TM3; mode, as illustrated in Fig. 4.3. As it is observed, there exist
six distinct peak intensities in the surface current distributions on the circular radiating
disk. Therefore, if one places a radial slit in each of these regions where the surface current
intensity is maximum, the current path will be meandered, which eventually miniaturizes

the antenna size.
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----- Surface Current
B Dielectric

Fig. 4.3: Typical surface current distribution of a circular patch antenna operating at the TMs:
mode.

The proposed antenna is depicted in Fig. 4.4, where six slits are radially cut from
the patch at the maxima of the surface current distributions. The slits are curved trapezoids
to intercept the current path as much as possible and are symmetrically arranged with a 60°
angular spacing. The slit is defined by its length and angular opening, denoted by L and &,
respectively, as shown in Fig. 4.4. These two parameters play a key role in miniaturizing

the TM3; mode circular microstrip patch antenna.

Similar to the reference antenna, the radius of the patch, denoted by a3, in Fig. 4.4,
is 26.75 mm, and the ground and substrate have a diameter of 120 mm. Due to the presence
of the slits, a slight adjustment needs to be made in the probe location to improve the

impedance matching. That is, the 50-Q coaxial probe is now offset 8.85 mm from the center
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of the circular patch. When L=16 mm and ¢=2°, the resonant frequency of the TM3; mode
will reduce to about 2.65 GHz, resulting in about 49% reduction in the patch radius. Thus,
the proposed miniaturized TM3; mode patch antenna now occupies approximately half the
aperture size of the unloaded patch, which is remarkable. In addition, this implies that the
radius of the miniaturized TM3; patch now becomes marginally close to that of the
dominant TM;; mode. The values of L and a were concluded based on the parametric

study, which will be detailed in the following sections.

ty

. Dielectric substrate

Radiating patch

Fig. 4.4: Geometry of proposed slit-loaded TM3, circular patch antenna with a3, = 26.75 mm, R,
=60 mm, p = 8.85 mm, &= 2.2, and substrate thickness of 1.6mm.
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4.4 Effect of the Slits on Antenna Miniaturization

An extensive parametric study has been conducted to finalize the design, resulting
in about 49% reduction in the radiating patch radius. In the following sections, the effect
of the slit length and slit opening on the resonant frequency of the antenna will be

investigated.
4.4.1 Varying Slit Length

In this section, the impact of the slit length, denoted by L in Fig. 4.4, on the
resonance frequency is investigated by analyzing the proposed antenna with the finite-
element based full-wave electromagnetic solver ANSYS HFSS v.18 [27]. The reflection
coefficients are plotted in Fig. 4.5, where L changes from 0 to 16 mm for a fixed « of 2°.
As can be seen, the resonant frequencies of the TMi;, TM2; and TM3; modes of the
unloaded patch, i.e. the L=0 case, occur at 2.17 GHz, 3.62 GHz and 5 GHz, respectively.
By placing six symmetrical slits in each of the peak intensities of the surface current
distribution on the patch, the resonant frequency of the TM3; mode starts decreasing as the
slits force the current to meander, helping in increasing the electric size of the patch.
Consequently, the resonant frequency shifts down as the slit length increases. As for the
TM 11 and TM2; modes, their resonant frequencies are slightly impacted by the slits. More
specifically, the resonant frequencies of the TM; mode and TM2; mode reduce from 2.17
GHz to 1.76 GHz and 3.62 GHz to 2.42 GHz when L=0 and L=16mm, respectively. The
[S11] is reasonably in the acceptable limit of below -10 dB for different slit lengths for the
TM3; mode. These modes were numerically confirmed through examining their respective

broadside and conical radiation patterns. After extensive studies, it is found that the purity
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of the TM3; mode will be inversely affected if the slit length exceeds 16 mm, which is

mainly due to the presence of other unwanted modes inside the cavity.

0 T T T - .x"" ﬁ
. Pi o3
8 '10 B 11 TM21 ‘ 7 = / g -i =)
= & Py
= i = - i
— | = | E:
) ‘o0 L=0mm = )‘) 'i'll Y |
---------- L=9mm Y oo 1 M,
""" L=13mm ™ Y Y
= = =L=16mm 2 L4}
_30 Il 1 1 I
1 2 3 4 5

Frequency (GHz)

Fig. 4.5: Reflection coefficients of the proposed antenna in Fig. 4.4 for different slit lengths with
a=2°.

For the TM31 mode, a summary of the resonant frequencies, gain, and size reduction
of the conventional and miniaturized TM3; patch antennas is listed in Table 4.2 for different
slit lengths. The resonant frequency of the TM3; mode reduces from 5 GHz to 2.65 GHz,
resulting in about 49% and 74% reduction in its radius and area, respectively. Similar to
other miniaturized antennas, the gain is compromised, as expected. That is, the peak gain
drops by about 10.8 dB and 8.8 dB at the E- and H-planes, respectively. In the parametric
studies the probe location has been changed by 8.85+/-0.5 mm to compensate for the

impedance matching.

45



Table 4.2: Impact of varying L on resonant frequency, Si1, and gain of the slit-loaded patch
antenna shown in Fig. 4.4, when o = 2°.

: ’ % %
L. (i) Frequency S11 (dB) Dam By reduction | reduction
(GHz) ¢=0 = 30° of pa}tch of patch
radius area
0 5 -13.5 527 4.48 N/A N/A
9 3.82 -14.62 4.84 3.53 26.14% | 45.45%
13 3.08 -12 -0.39 -0.68 40.4% 64.5%
16 2.65 -17.91 -5.95 -5.21 48.74% 74%

4.4.2 Varying Slit Opening

As depicted in Fig. 4.4, each slit has an angular opening which is defined by a. The
effect of o on the resonant frequency is investigated in this section. The reflection
coefficients are shown in Fig. 4.6 with opening angles varying from 0° to 2° for a fixed
length of L=16mm. The parametric study for « was stalled at 2° as good impedance

matching was not achieved for « greater than 2°.

S, .| (dB)

Frequency (GHz)

L=16mm.

Fig. 4.6: Reflection coefficients of the proposed antenna in Fig. 4.4 for different slit angles with
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The opening angle () provides another degree of freedom to further control the
miniaturization. Compared to the length of the slit, the opening angle has lesser influence
on the resonance frequency. As it is shown in Fig. 4.6, the resonant frequency of the TM3,
mode decreases as « increases for the same length. The decrease in resonant frequency due
to the change in « is not as significant as varying the length of the slot. The shift in
resonance frequency is also seen on the dominant mode of the antenna as well as the TM2)
mode. Similar to the previous section the gain drops as the antenna is miniaturized by
increasing the opening angle of the radial slits. Table 4.3 shows the reduction in area as
resonant frequency decreases and miniaturizes the patch size considerably. In the
parametric studies the probe location has been changed by 8.85+/-0.5 mm to compensate

for the impedance matching.

Table 4.3: Impact of varying « on resonant frequency, Sii, and gain of the slit-loaded patch
antenna shown in Fig. 4.4, when L = 16 mm.

gt e [ S0 WG e
o= 0° o= 30° radius

0° 5 -13.5 527 4.48 N/A N/A

].5° 2.69 -16.4 -4.87 -3.52 48.12% 73%

22 2.65 -17.91 -5.95 -5.21 48.74% 74%

4.5 Full-Wave Numerical Results

As presented in Section 4.4, the proposed antenna with the finalized slit size of L =
16mm and o = 2° results in about 49% reduction in the patch radius. Thus, it is instructive
to further investigate how the antenna performs after miniaturization by comparing its

characteristics, including radiation patterns and surface current intensities, with a
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conventional TMs; patch antenna. In this section, the numerical results of such

comparisons are provided.

Fig. 4.7 compares the reflection coefficients of the conventional antenna and the

proposed antenna. The resonant frequency of the TM3; mode in the slit loaded patch has

reduced by almost 49%, equivalent to a 74% reduction in the patch area, which is quite

significant. These results are also summarized in Table 4.4 for the TM3; mode.

Table 4.4: Reduction in frequency for the unloaded and slit-loaded circular patch antennas at the

TM3; mode
% reduction
Mode /(GHz) Radius %1 of patch
area
Before
Miniaturization 5 0.6681, 4.20119 z
TM3;
After ’
Miniaturization 2.65 0.354%, 2.226 74%

/ —
At / /
m 10 e e
2 ™, TI\V/I by \\
s 21 i
= ™
0 20

- = =Unloaded Patch
——Slit-Loaded patch

-30 ; :
1 2 3

4

Frequency (GHz)

Fig. 4.7: Reflection coefficient of unloaded patch and slit-loaded patch antenna in Fig. 4.4 with L

=16 mm and o = 2°.
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Radiation patterns of the conventional antenna and the proposed miniaturized
antenna are also compared at the TM11, TM21 and TM31 modes, which are affected by the
slits. Fig. 4.8 shows radiation patterns before and after miniaturization for the dominant
TM1 mode at their respective resonant frequencies of 2.17 GHz and 1.76 GHz. They both
have broadside radiation patterns with the peak at the 8=0° direction, as expected. The
shape of the radiation pattern of the dominant mode for the conventional antenna is
distorted due to the larger aperture size that can potentially support other higher order
mode. After miniaturization, the peak gain of the TM;; mode drops by 4.8 dBi and its
radiation pattern resumes the standard TM radiation pattern. To shed light on this, the
corresponding surface current distributions of the TMi1 mode are illustrated in Fig. 4.9,
before and after miniaturization at the aforementioned resonant frequencies. After
miniaturization, the currents are concentrated in the patch center, resulting in a well-
defined broadside pattern with lesser peak gain due to the smaller effective aperture area

than the unloaded patch.

Fig. 4.10 shows radiation patterns before and after miniaturization for the TM2)
mode at their respective resonant frequencies of 3.62 GHz and 2.42 GHz. They both have
conical radiation patterns with the null at the 6=0° direction, as expected. The slits reduce
the resonant frequency as they cross the associated surface currents of the mode. The peak
gain now drops by about 2.9 dB and 2.7 dB at the E- and H-planes, respectively. For further
clarification, the corresponding surface current distributions of the TM2i mode are

illustrated in Fig. 4.11, before and after miniaturization at the resonant frequencies.

The gain drop is expected to be significant in the case of TM3; mode, whose
radiation patterns are plotted in Fig. 4.12 before and after miniaturization at their respective
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resonant frequencies of 5 GHz and 2.65 GHz. More specifically, the peak gain now drops
by about 11.1 dB and 9.6 dB at the E- and H-planes, respectively. This is mainly attributed
to the fact that the effective aperture area of the antenna becomes much smaller after
miniaturization. As such, the gain is compromised, based on the aperture theory [2]. The
associated surface current distributions are depicted in Fig. 4.13 for the TM31 mode before
and after miniaturization. For the latter, the meandered current path is clearly visible around
the radial slits, which subsequently decrease the resonant frequency of the TM3; mode
circular patch antenna. The novelty of the proposed design is that the eigenvalue of the
proposed TM3; mode is equal to 2.226, which is much smaller than that of a conventional

TM3; patch antenna.

E-plane ¢ =0°
= = "= H-plane ¢ = 90°

50 60

$ei 90 <80 -t $— 90

420 120 420 1 120

150 | 150 -150 150
180 180

(a) (b)

Fig. 4.8: Radiation patterns of the TM;; mode for (a) the unloaded patch of Z=0 and at 2.17 GHz
(b) the proposed antenna in Fig. 4.4 of L = 16 mm and = 2° at 1.76 GHz.
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Fig. 4.13: Radiation patterns of the TM3; mode for (a) the unloaded patch of L=0 and 5 GHz (b)
the proposed antenna in Fig. 4.4 of L = 16 mm and o= 2° at 2.65 GHz.

The three-dimensional radiation pattern of the finalized miniaturized patch antenna
with L=16mm and « = 2° is shown in Fig. 4.14 for the TM3; mode at the frequency of 2.65

GHz. The peak radiation intensity is clearly scanned and the pattern has a null at the

boresight angle of 6=0°, as expected.
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Fig. 4.14: Simulated 3-D radiation pattern of the TM3; mode exciting at 2.65 GHz for the
proposed miniaturized TM3; mode circular patch antenna in Fig 4.4.

4.6 Summary

A novel miniaturized circular patch antenna operating at the TM3; mode was
introduced. The miniaturization was realized by placing six radial slits to elongate the
current path and thus reduce the aperture size of the antenna. A parametric study was
conducted to understand the effects of the slits on the size reduction, gain, and reflection
coefficients. It was concluded that size of the patch can be controlled by changing the radial
and angular dimensions of the slits. Reduction up to 49% and 74% has been achieved in
the patch radius and area, respectively, which makes its aperture size comparable to that of
the conventional dominant mode. It is also possible to achieve further miniaturization by

modifying the slit geometry.
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CHAPTER 5

Dual-Band Circular Microstrip Patch Antenna

5.1 Introduction

Other than antennas with conical radiation patterns, presented in Chapters 3 and 4,
dual-band antennas are in great demand in wireless communication systems. In particular,
it is desired to have stable radiation patterns at two closely-spaced bands with a frequency
ratio of close to unity. Such dual-band antennas are capable of improving the signal to noise
ratio. This is due to the fact that the frequency bandwidth is broken into two narrower
bands, thus limiting the noise at each band. For microstrip patch antennas, a dual-band
operation may be realized by different methods, some of which will be reviewed in the

following section.

This chapter is focused on designing a compact dual-band microstrip patch antenna
operating at the TMy; and TM;2 modes. The objective is to miniaturize the TM12 mode
circular patch antenna by reducing its eigenvalue from 5.331 close to the eigenvalue of the
dominant mode which is 1.8141, while maintaining stable broadside radiation patterns at
the two bands. An ideal microstrip patch excited at the TM12 mode exhibits broadside
radiation patterns with sidelobes present at the either side of the main beam, which reduce
the antenna gain. The proposed TMi: circular patch antenna design will eliminate the
unwanted sidelobes and its radiation pattern will be similar to that of the dominant mode
circular patch antenna. The emphasis is placed on generating a dual-band microstrip patch

antenna with a frequency ratio close to unity.
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5.2 Review of Dual-Band Patch Antennas with Broadside Patterns

Multi-band antennas with identical radiation patterns and polarization on a single-
layer structure are highly desirable in airborne platforms such as synthetic aperture radar
(SAR), which requires lightweight and low cost multi-band antennas for satellite links and
wireless networks [23]. An earlier study in dual-band antennas was carried out in
rectangular microstrip patch antennas [28]. S. Maci et al. [29] designed a rectangular
microstrip patch antenna operating at the TM3o mode. The proposed antenna consisted of
two narrow slots close to the radiating edges of the antenna patch. The lower modes showed
negligible reduction in frequency with the addition of the slots to the conventional antenna.
There was a considerable reduction in the resonant frequency of the TM3p mode. The
obtained frequency ratio was between 1.6 and 2 by employing the slots. Additionally, the
authors decreased the frequency ratio within a range of 1.1 and 1.4 for global positioning
system (GPS) and radar applications using matching stubs connecting the ground plane
and the radiating patch between the slots. The stubs affected the radiation pattern and
brought ohmic losses to the antenna, which subsequently degraded the efficiency of the

antenna as the frequency ratio decreased.

The slot loading technique used in rectangular patch antennas was applied to
circular patch antennas by Kin-Lu Wong and Gui-Bin Hsieh [30], who designed radial arc-
shaped slots symmetrical to the center of the radiating circular patch. The arc-shaped slots
were natural modifications to the slots used by Maci [29] and were employed with an
objective to reduce the frequency ratio between the TM; and TM12 modes. A study was
carried out to decrease the frequency ratio with the help of the subtending angle of the arc

shaped slots. The observations from the parametric study demonstrated that as the angle
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increased from 80° to 100°, the frequency ratio reduced from 1.58 to 1.38. The radiation
patterns illustrated in [30] were nearly identical to an ideal broadside radiation pattern. The
design can be used in applications requiring dual frequency operation with broadside

radiation patterns.

In [31], an inset-microstrip-line-fed dual frequency circular microstrip antenna with
a single arc-shaped slot was proposed with a tunable frequency ratio of 1.29 to 1.43
between its dominant mode and the TM12 mode. The reported radiation patterns of the
TM i1 and TMi2 modes were broadside with identical polarization planes at the resonant
frequencies. The frequency ratio can be varied by altering the length of the arc-shaped slot
on the radiating patch, which controls the resonant frequency of the TM 12 mode. The work
was extended to a two-element dual frequency microstrip array for base station applications
[31]. The drawback of the work is the unwanted sidelobes present in the radiation pattern

in the E-plane, which reduces the gain of the antenna in the targeted broadside region.
5.3 Analysis of the TM1; Circular Microstrip Patch Antenna

As listed in Table 2.1, the associated eigenvalue of the TM> mode, i.e. 12, in a
circular microstrip patch antenna is 5.331. Thus, based on the cavity model described in
Chapter 2, the radius of the TMi2 mode circular patch is determined by the following

equation [4]:

5.331 1 5.1
———2=0.8481, 21
27T,lfeff

where &5 is the effective dielectric constant due to the fringing electric fields and A4 is the

A2 =

dielectric wavelength, expressed by,
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% (5.2)

f\/ Eeff

where C is the speed of light in free space and f'is the operating frequency of the antenna,

A_dz

which is 5 GHz for the conventional TM ;2 mode patch antenna under study in this chapter.
As presented in Chapter 2 using the cavity model assuming an infinite ground plane, the
spherical components of the radiated electric fields are given by the following equations

for a circular patch antenna of radius ai2 operating at the TM 12 mode at the far-field region

[7]
Vay x, e™I%o" . :
Eg=] 4 " (2(kay2 sin(8)) — Jo(xay2 sin(6))) cos ¢ (5:3)
Vayk, e /%" : . .
Epy=j . ——cos 0 (J,(kay, sin(0)) + Jo(ka,, sin(h))) sin ¢ (5:4)

Unlike the TM2; and TM3; modes with conical radiation patterns presented in
Chapters 3 and 4, the TM12 mode generates broadside radiation patterns, similar to the
TM;1 mode. This is illustrated in Fig. 5.1, where typical far-field radiation patterns for the
TM2 mode circular patch mounted on an infinite ground plane are plotted. Similar to the
dominant TM1; mode, the pattern is broadside with the main beam located at the boresight
direction of 8 = 0°, however it has unwanted sidelobes at the E-plane. These sidelobes are
due to the nulls in the surface current distributions beyond the TM; mode region of the

patch, as depicted in Fig. 5.2.
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-
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Fig. 5.1: Typical far-field radiation patterns of a TM> mode circular patch antenna with
a12=0.848)q, backed by an infinite ground plane.

Compared to the previous cases of TM2; and TM3; modes, where the patch has null
at the center, the TM12 mode now possesses two distinct nulls in the form of two narrow
arcs away from the patch center. These nulls only exist along the E-plane, i.e. the plane
parallel to the electric field, and thus create unwanted sidelobes along the E-plane, as
shown in Fig. 5.1. Therefore, in order to have stable broadside patterns at the two modes,
the unwanted sidelobes need to be eliminated properly. One way to mitigate this is to place
two narrow arc slots in the vicinity of the aforementioned nulls, as reported in [30]. Similar
to the miniaturized TM21 and TM31 modes, this will increase the electrical length of the
TM2 mode and as such the resonant frequency will decrease. It should be noted that since
the arc slots are placed outside the TMi; mode region, the resonant frequency of the
dominant TM;; mode will be almost unchanged. Therefore, the arc slit method
simultaneously addresses the unwanted sidelobes of the TM 2 mode and brings its resonant

frequency close to that of the TM; mode, resulting in a dual-band antenna with stable

broadside radiation patterns.
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— — — Surface Current
. Dielectric
| Patch

Fig. 5.2: Typical surface current distribution of a conventional TM ;> mode circular microstrip
patch antenna.

In this chapter, the reference case is a conventional microstrip patch antenna at the
TMi2 mode, whose geometry is depicted in Fig. 5.3, and it is designed to resonate at 5 GHz.
For practical applications, a truncated ground plane size that is sufficiently large to reduce
the back radiation needs to be used. As such, the reference TM 1> patch is mounted on a
circularly shaped grounded dielectric slab with a diameter of 150 mm. The radius of the
patch, denoted by a1 in Fig. 5.3, is 33.25 mm. The antenna is fed by a 50-Q coaxial probe
with a feed point offset 6 mm from the center of the circular patch. The substrate is RT
Duroid 5880 [25] with &=2.2 and a thickness of 1.6 mm. The design specifications of the

reference TM12 mode circular patch antenna are given in Table 5.1.
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Table 5.1: Design specification of a circular microstrip patch antenna operating at the TM2

mode.
Design Parameters Design values
Frequency 5'GHz
Height of the substrate (h) 1.6 mm
& 2:2
Loss Tangent 0.0009
Substrate Material RT Duroid 5880
Radius of the patch (ai2) 33.25 mm
Radius of the ground (Ry) 75 mm
Probe feed from the center (p) 6 mm
B substrate Probe
s Location

PEC
patch

Probe

Feed
\ PEC
ground

Fig. 5.3: (a) Top- and (b) side-view of a conventional TM1> mode circular patch antenna at 5 GHz
with @;>=33.25 mm, Rg =75 mm, p =6 mm, and h = 1.6 mm.

It will be shown that a dual-frequency operation with a small frequency ratio can
be obtained using the arc slot-loading technique in a circular microstrip antenna, supporting
both TMi; and TMi2 modes. The antenna design and the resonant modes of the proposed
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dual-band antenna are described, and parametric studies are conducted to understand the

effects of arc dimensions on the dual-frequency performance of the antenna.

5.4 Parametric Study of Pre-Designed Antenna

The proposed antenna in this chapter is inspired by the design reported in paper
[30] with a frequency ratio of 1.38. First, attempts are made to further reduce the frequency
ratio from the reported ratio of 1.38. An extensive parametric study is conducted to finalize
the arc dimensions, further reducing the frequency ratio to 1.27. In this section, the effect

of arc-slot dimensions is investigated on the resonant frequencies of the antenna.

- Dielectric ‘34

Patch

Fig. 5.4: Geometry of arc slit-loaded TM > circular patch antenna: a;> = 33.25mm; R, = 75mm,
p=8.5 mm, &~2.2, and substrate thickness of 1.6mm without the extensions to the proposed arc
slots.
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Fig. 5.4 is the redesigned structure of the antenna proposed in [30]. The arcs are
placed closer to the patch circumference to not disturb the surface currents associated with
the TM;1 mode. Each arc is defined by its radius, subtended angle, and width, denoted by
r, 5, and w, respectively, as shown in Fig. 5.4. The reflection coefficients are plotted in Fig.

5.5, when g changes from 55° to 105° for w= 0.8mm and r = 32.25mm.

0 s ;
/ : N
~ My SBE Y
m 10 y "EI ™
© ] g3 21
= ™, g 15 '
S § 3 k
- /"’\2\ _,B=0°
2 Wi P
— -20 B : ! I FTTPTrreTn ,3=85° * ::
s R
- = - 3=105°
-30 : l . :
Frequency (GHz)

Fig. 5.5: Reflection coefficients of the antenna geometry in Fig. 5.4 for different £ with
w=0.8mm and »=32.25 mm.

As can be seen, the resonant frequencies of the TMi; and TMi2 modes of the
unloaded patch, i.e. the #=0° case, occur at 1.74 GHz and 5 GHz, respectively. The TM1;
and TM 2 modes were numerically confirmed through examining their broadside radiation
patterns without and with sidelobes, respectively. A considerable reduction in the resonant
frequency of the TMi2 occurs from 5 GHz to 2.1 GHz when B = 105°. The resonant
frequency of the TM 11, on the other hand, slightly reduces from 1.74 GHz to 1.65 GHz.

For the re-designed patch antenna, the frequency ratio between the dominant mode and

TM 2 mode reduces from the reported ratio of 1.38 in [30] to 1.27. Table 5.2 presents the

63



data from the parametric study. The gain of the antenna at the TM 2 mode increases as the

resonance frequency decreases, due to the eliminated sidelobes at the E-plane.

Table 5.2: Parametric study of the antenna in Fig. 5.4 with different opening angle, when

w=0.8mm and »=32.25mm.

8 Frec}l;:,ncy Fre(g:ncy Gain for TM ), Frequency
TMi(GHz) | TMy(GHz) R ey
0o 5 1.74 7.36 287
850 24 1.65 8.68 1.45
950 222 1.65 8.2 134
105° 2.06 1.62 9.35 127

As depicted in Fig. 5.4, the width of the arc slots is defined by w. The effect of the
width of the arc is investigated on the resonant frequency. The reflection coefficients are

shown in Fig. 5.6 when the widths varies from 0.8 to 1.8 for a fixed f = 105° and

r=32.25mm
0
7 -
\IE
o 10+ 1f
T | 2
o |
= Y
@ g0f M
-30 ' : : '
1 2 3 4 5

Frequency (GHz)

Fig. 5.6: Reflection coefficients of the antenna geometry in Fig. 5.4 for different w with a
constant f=105° and r=32.25mm.
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From Fig. 5.6, it can be observed that there is an inconsequential reduction to the
resonant frequency. Alteration in the width of the arcs does not contribute to the
miniaturization of the antenna significantly as demonstrated in the reflection coefficients
plotted in Fig. 5.6. This is due the fact that the width considered in the proposed antenna is
very small compared to the wavelength of the antenna. Therefore, the width of the arcs
does not play a major role in miniaturization as £. Minute fabrication errors with respect

to the width can be tolerated.

In contrast, the position of the arc on the circular patch is expected to further
miniaturize the TM 2 mode and reduce its resonant frequency. As depicted in Fig. 5.4, the
arc position is controlled by its radius 7, i.e. the distance from the patch center to the outer

ring of the arc. Fig. 5.7 shows the reflection coefficients, when r changes from 27.25 mm

to 32.25 mm.
£\
— o
m -
-
2 Unloaded case | : Ay
.......... r=27.25mm S y/ 1
----- r=30.25mm ™,
- = =r=32.25mm
-30 ' ' J |
1 2 3 4 :

Frequency (GHz)

Fig. 5.7: Reflection coefficients of the antenna in Fig. 5.4 for different » with w=0.8mm and

=105°.
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As observed in Fig. 5.7, the resonant frequency of the TM 12 mode decreases as the
arcs move toward the patch edge. This is because the surface currents associated with the
TM), that are close to the patch edge are meandered by the arcs and subsequently the
resonant frequency decreases. As for the TM1; mode, since its associated surface currents
are mostly populated in the center of the patch, its resonant frequency is slightly impacted
by the arcs. A summary of resonant frequencies and the TM2 gain is provided in Table
5.3. To further reduce the frequency ratio, the antenna reported in [30] needs to be

accordingly modified, as detailed in Section 5.5.

Table 5.3: Parametric study of the antenna in Fig. 5.4 with different arc radii, when w= 0.8mm

and /= 105°

Tt} Frequency for | Frequency for Gain for Frequency
TMlz(GHZ) ™™, 1(GHZ) T™» (dBl) ratio
pulodded 5 1.74 7.36 2.87

case

27.25 2.46 157 8.08 1.44
30.25 2:22 1.65 8.63 1.34
32:25 2.06 1.62 9.35 1.27

5.5 Proposed TM;: Circular Microstrip Patch Antenna

The TM12 mode microstrip circular patch antenna requires a larger aperture area
than the antennas operating at the lower order modes, as discussed in previous chapters.

As seen in Fig. 5.2, an ideal TM; circular microstrip patch has surface current
distributions similar to the dominant mode at its central region, which is enclosed by two
nulls and a ring. These nulls will create an unwanted sidelobes in the E-plane radiation
pattern, as depicted in Fig. 5.3. Hence, the antenna pattern gets disturbed between the main
lobe and the two sidelobes formed at lower elevation angles. To mitigate these unwanted

sidelobes as well as decrease the resonant frequency of the TMi2 mode and bring it close
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to that of the TM;; mode, the arc-shaped slot loaded technique reported in [30] was further
optimized, reducing its frequency ratio from 1.38 to 1.27. In this section, further attempts
are made to lower the reported frequency ratio of 1.38, while simultaneously retaining well-

defined broadside radiation patterns for both TM;; and TM2 modes.

In order to decrease the frequency ratio of the TMi2 to TMj1 modes and maintain
their broadside radiation patterns, the geometry of the arc slots are modified. In particular,
the arc ends are radially extended toward the patch center, to provide more room for further
meandering the TM > currents and thus reducing its resonant frequency. At the same time,
the amount of such extensions should be small enough to not interfere with the associated
currents for the TM;; mode. This is numerically investigated by performing parametric
studies on the length of these extra radial extensions in the arcs. The proposed antenna is

illustrated in Fig. 5.8, wherein the radial extensions are defined by L.

The antenna parameters are kept unchanged. That is, the radius of the patch denoted
by a2 in Fig. 5.8 is 33.25 mm, fed by a 50-Q coaxial probe with a feed point offset 8.5 mm
from the center of the circular patch. The ground and substrate have a diameter of 150 mm.
When =105°, w=2° and L = 6 mm, the resonant frequency of the TM > mode will decrease
to about 1.92 GHz. The values of w, L and #were concluded based on the parametric study

as will be shown in the following section.
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. Dielectric 34

Patch

Fig. 5.8: Geometry of proposed slit-loaded TM; circular patch antenna: a;> = 33.25mm,
r=32.25mm, R, = 75mm, p=8.5 mm, &=2.2, and substrate thickness of 1.6mm.

5.6 Full-Wave Numerical Results

A parametric study is conducted to finalize the design, resulting in a frequency ratio
of 1.21, which is smaller than the previously reported in [30]. The effect of slot length on

the resonance frequencies of the TM1; and TM 2 modes is studied in this section.

The frequency ratio now reaches to 1.13. The reflection coefficients for the

parametric study are shown in Fig. 5.9, when L varies from Omm to 9mm.
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.......... L=9mm
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1 2 3 4 5

Frequency (GHz)

Fig. 5.9: Reflection coefficients of the antenna geometry in Fig. 5.8 for different L with a constant
r=32.25mm, w=0.8mm and S=105°.

From the reflection coefficients shown in Fig. 5.9 it is observed that as L increases
a reduction in the TM; resonant frequency is observed, whereas the TM11 mode slightly
changes. Subsequently, the frequency ratio between TM;; and TM), decreases. The
drawback in having longer rectangular extensions is that the slots start interfering with the
surface current distributions associated with the TM1; mode which are present in the center
of the patch. Table 5.4 summarizes the results and shows that the gain increases with a
decrease in resonating frequency as the sidelobes are eliminated similar to the parametric
analysis conducted in Section 5.2.2. The increase in gain in this section is not as high as

the previous section, as the antenna is highly miniaturized.

Table 5.4: Parametric study of the antenna in Fig. 5.8 with different length, when w= 0.8mm,
r=32.25mm and f= 105°.

FISUenty. o brsauoncy Gain for TMj» Frequency
L (mm) for for (dBi) Cati
TM2(GHz) | TM11(GHz)
0 5 1.74 7.36 2.87
6 1.92 1.58 8.08 |52
9 1.83 1.61 7.9 1213
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Fig. 5.10 shows the reflection coefficients of the finalized slit-loaded antenna and
the reference patch. It is observed that the resonant frequency has decreased considerably
from 5 GHz to 1.92 GHz for the TM;2> mode. A less significant reduction in frequency can
also be observed in the TM1; mode, whose frequency has decreased from 1.72 GHz to 1.58
GHz. Thus, the designed slots have impacted the TM12 more than the other modes. The

final length (L), opening angle () and width (w) are 6mm, 105°, and 0.8mm, respectively.

1S, | (dB)

- = =Unloaded Patch

- Slit-Loaded patch

-30 l ' ' '
1 2 3 4 5

Frequency (GHz)

Fig. 5.10: Reflection coefficients of unloaded patch and loaded patch shown in Fig. 5.8 with
L=6mm, r=32.25mm, /=105°, and w=0.8mm.

Radiation patterns of the conventional antenna and the proposed antenna are also
compared at excited modes, i.e. TM;; and TM > modes, which are affected by the arc-slots.
They are plotted in Figs. 5.11 and 5.13 for the TM; and TM 12 modes, respectively. Their
corresponding surface current distributions are illustrated in Figs. 5.12 and 5.14, which
clearly show the effects of the arcs on the different modes at their respective frequencies.
The TM11 mode retains its broadside radiation pattern at 1.72 GHz in the unloaded case

and 1.58 GHz in the loaded case. The TMi2 mode also has a broadside radiation pattern
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similar to the dominant mode. However, the unloaded patch has sidelobes due to the nulls
on the patch around the center. The arcs force the nulls towards the periphery of the patch
and eliminate the sidelobes from the radiation pattern. The surface currents associated with

the TM12 mode meander around the arcs, decreasing the frequency of the TM 2 mode.

(0)

e £ _plane ¢ = 0°
= = " H-.plane ¢ = 90°

Fig. 5.11: Radiation patterns of the TM;; mode (a) at 1.74 GHz for the unloaded patch and (b) at
1.58 GHz when L=6mm and £ = 105° for the proposed antenna geometry in Fig. 5.8.
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Fig. 5.12: Surface current distributions of the TM;; mode (a) at 1.74 GHz for the unloaded patch
and (b) at 1.58 GHz when L=6mm and = 105° for the proposed antenna geometry in Fig. 5.8.
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Fig. 5.13: Radiation patterns of the TM, mode (a) at 5 GHz for the unloaded patch and (b) at
1.92 GHz when L=6mm and £ = 105° for the proposed antenna geometry in Fig. 5.8.
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The three-dimensional radiation pattern of the finalized miniaturized patch antenna
with L=6mm and A= 105° is shown in Fig. 5.15 for the TMi2 mode at the frequency of
1.92 GHz. The peak radiation intensity is clearly visible at the boresight region and is free
from any sidelobes. The similarity between the radiation patterns of TM1; and TMi2 mode

make this a dual-band circular patch antenna.

Fig. 5.15: The three-dimensional radiation pattern of the proposed TM»; circular patch in Fig. 5.8
of L=6mm and 3 = 105° at 1.92 GHz.

Table 5.5 compares the unloaded and loaded TM2 circular patch antennas. The
frequency ratio between the dominant mode and the TM ;2 mode reduces from 2.87 for the
unloaded antenna to almost 1.21 for the proposed slit-loaded antenna. The frequency ratio

can be set with respect to the needs of the application of the antenna.
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Table 5.5: Final comparison between unloaded case and arc slot loaded case for the TM 2 circular
patch antenna

Frequency for Frequency for 3 : Frequency
Afpanns TM1(GHz) TMu(GHz) | A (dBD ratio
Unloaded patch 5 1.74 7.36 2.87
Designed patch in [30] 2.16 1257 - 1.38
Redesigned patch from 206 1.62 9.35 127
(30]

Proposed arc-loaded 1.58

patch in Fig. 5.8 13 g 13
5.7 Summary

A dual-band circular patch antenna operating at the TMn1 and TMi2 modes was

introduced. Two closely-spaced frequencies were realized by placing arc shaped slots with

inward radial extensions to elongate the current path associated with the TM12 mode,

without interfering with the TM11 surface currents. A parametric study was conducted to

understand the effects of the modified arc slots on the frequency ratio, gain, and reflection

coefficients. It was concluded that the resonant frequency of the TMi2 mode can be

controlled by changing the angular opening of the arc and the length of the extensions

added to the arc. A frequency ratio as small as 1.21 was achieved, which is smaller than

the previously reported frequency ratio of 1.38.
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CHAPTER 6

Conclusion and Future Scope

6.1 Conclusion

In this thesis, the miniaturization of circular microstrip patch antennas operating at
the higher order modes was investigated to reduce the antenna patch size down to the size
of its dominant mode or close to it. This study was motivated by the commercial boom in
wireless communications and the need for antennas with conical radiation patterns and
dual-band antennas with stable radiation patterns. In general, conventional microstrip
patch antennas operating at the higher order modes occupy much larger aperture areas than
the dominant mode. Therefore, miniaturized and compact patch antennas at the higher
order modes are in demand for the aforementioned applications. In particular, this thesis
was focused on miniaturizing the TM21 and TM31 modes in circular patch antennas, which
resulted in conical radiation patterns with aperture areas close to the dominant TM11 mode.
In addition, miniaturization of the TM12 mode was investigated, which resulted in a dual-
band antenna with stable broadside radiation patterns. For all these modes, the slit-loading

technique in the patch layer was utilized to achieve the miniaturization.

First, a TMa1 mode circular patch with conical radiation patterns was investigated,
whose radius was successfully reduced to that of the dominant TM;1 mode, which is
0.293%4. The miniaturization was realized by placing four radial slits in the maxima of the
TM,; mode surface current to elongate the current path and thus reduce the aperture size

of the antenna. A parametric study was conducted to understand the effects of the slits on
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the size reduction, gain, and reflection coefficients. It was concluded that size of the patch
can be controlled by changing the radial and angular dimensions of the slits. Reduction up
to 40% was achieved in the patch radius, which made its aperture size equal to that of the
conventional dominant mode. It is also possible to achieve further miniaturization by
modifying the slit geometry. The antenna was fabricated and tested in the spherical near-
field anechoic chamber of the University of Alabama in Huntsville. The reflection
coefficients and the radiation patterns of the fabricated TM21 mode circular patch antenna

were in agreement with the full-wave simulation results.

Next, the research was extended to the TMsi higher mode in circular patch
antennas, generating conical radiation patterns. The slit loading technique was used to
elongate the surface currents on the patch, which consequently reduced the resonant
frequency of the TM31 mode close to that of the TM 1 mode. Inspired by the surface current
distributions of the TM3 mode, six radial slits were cut from the patch, which reduced the
TM31 mode patch radius from 0.668A4 to 0.3424\q, close to the radius of the dominant
mode. Therefore, the new eigenvalue of the TM1 circular patch is reduced from 4.20119
to 2.1514. Thus, the original radius and area of the TM3: mode patch were reduced up to
49% and 74%, respectively. The radiation patterns and reflection coefficients were
thoroughly investigated for different values of the radial opening angle and the length of
the slits. The effect of the miniaturization on other modes, including the TMi and TM2,
was also numerically studied. It was found that the resonant frequencies of these modes

were slightly changed.

Finally, circular patch antennas operating at the TM11 and TM2 modes were studied

for dual-bad applications with stable broadside radiation patterns. Conventional TMi2
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mode patch antennas not only require larger aperture areas, they also have unwanted
sidelobes in the E-plane. To simultaneously address these issues, two mirror-imaged arc
slots were symmetrically placed near the disk perimeter to miniaturize the TM12 mode
without much affecting the dominant mode, and to eliminate the undesired sidelobes at the
E-plane, similar to the work reported in [30]. The emphasis was placed on further
miniaturizing the TM> mode, without disturbing the dominant TM11 mode, and reduce the
frequency ratio to as close as unity. To this end, the arc-loaded circular microstrip patch
antenna was further investigated by implementing additional radial slots to bring the
resonant frequency of the TMi2 mode closer to that of the TMi1 mode. The proposed
method resulted in a very small frequency ratio of 1.21, outperforming the previously-
published paper [30] with the reported ratio of 1.38. Parametric studies were conducted to
understand the effects of the arc on the frequency ratio, gain, and reflection coefficients. It
was concluded that the frequency ratio can be controlled by changing the opening angle of
the arc and the length of the extra radial slots. The width of the arc had negligible impact
on the frequency ratio. The realized frequency ratio was 1.21 which is less than the reported

ratio of 1.38 from previous research.

This research concludes with new set of eigenvalues to design microstrip circular
patch antennas operating at higher modes. These new eigenvalues need not be strictly

followed and can be altered with application requirements.
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Table 6.1: Summary of new eigenvalues of miniaturized circular patch antennas studied
in this thesis

Mode
(TMnm)

TMy, TM31 TM12

Existing
) 3.05424 4.20119 233
eigenvalues

Modified
eigenvalues,
1.841 2.15148 1.917
studied in

this thesis

6.2 FUTURE WORK

Although the basic concept of miniaturized higher order circular microstrip patch antennas
has been studied in this thesis using the slit-loading technique for single- and dual-band
applications, there are some interesting areas which need further investigation, research,
and development, some of which are listed below:

. Development of miniaturized dual-mode circular patch antennas operating at the
TMi1 and TM21 modes.

. Fabrication and characterization of the miniaturized TM3; patch antenna in the

thesis to confirm the numerical results.

. An investigation on miniaturized antennas by coupling the TM i, modes over a wide
frequency band.
. A study on miniaturized tri-mode patch antennas operating at the TMi1, TM21, and

TM31 mode in a single-layer structure.
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o Study phased array antennas consisting of miniaturized higher order patch antenna
elements.

o An investigation on frequency reconfigurable antennas based on the proposed
miniaturized antennas with embedded PIN diodes.

. Validate the numerical results of the proposed dual-band circular patch antenna at

the TM 11 and TM 2 modes.
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