UNIVERSITY OF KWAZULU-NATAL

HIGH GAIN WIDEBAND MICROSTRIP PATCH
ANTENNAS WITH DEFECTED GROUND
STRUCTURE FOR SUB-6 GHZ 5G
COMMUNICATIONS

Taiwo Oluwafemi Olawoye

2021



HIGH GAIN WIDEBAND MICROSTRIP PATCH
ANTENNAS WITH DEFECTED GROUND
STRUCTURE FOR SUB-6 GHZ 5G
COMMUNICATIONS

Taiwo Oluwafemi Olawoye

218088305

Submitted in fulfillment of the academic
requirements of

Master of Science (MSc) in Electronic Engineering

Discipline of Electrical, Electronic and Computer Engineering
School of Engineering, College of Agriculture, Engineering and Science

University of KwaZulu-Natal, Durban, South Africa
Supervisor: Dr Pradeep Kumar

January 2021



Preface

The research discussion in this dissertation was conducted at the University of Kwazulu-
Natal under the supervision of Dr Pradeep Kumar, Discipline of Electrical, Electronic
and Computer Engineering, College of Agriculture, Engineering and Science, University

of Kwazulu-Natal, Howard College, South Africa.

I hereby declare that all materials incorporated in this dissertation are my own original
work except where acknowledgement is made by name or in the form of reference. The
work contained herein has not been submitted in part or whole for a degree at any other

university.

January 18, 2021

i



Declaration - Supervisor

As the candidate’s Supervisor, I agree to the submission of this dissertation.

Dr Pradeep Kumar
Date: January 18, 2020

1ii



Declaration 1
Plagiarism
I, Taiwo Oluwafemi Olawoye, declare that:

i. the research reported in this dissertation, except where otherwise indicated, is my

original research;

ii. this dissertation has not been submitted for any degree or examination at any other

university;

iii. this dissertation does not contain other person’s data, pictures, graphs or other

information unless specifically acknowledged as being sourced from other persons;

iv. this dissertation does not contain other person’s writing unless specifically acknowl-
edged as being sourced from other researchers. Where other written sources have

been quoted, then
a. their words have been re-written but the general information attributed to
them has been referenced,
b. where their exact words have been used, then their writing has been placed in

italics and inside quotation marks, and referenced;

v. this dissertation does not contain texts, graphics or tables copied from the internet,
unless specifically acknowledged, and the source being detailed in the dissertation

and in the reference section.

Signed:

Taiwo Oluwafemi Olawoye

Date: January 18, 2020

v



Declaration 2

Publications

DETAILS OF CONTRIBUTION TO PUBLICATIONS that form part and/or include
research presented in this dissertation (include publications in preparation, submitted, in
press and published and give details of the contributions of each author to the experi-

mental work and writing of each publication).

Publication 1:

T. O. Olawoye and P. Kumar, ”A High Gain Microstrip Patch Antenna with Slotted
Ground Plane for Sub-6 GHz 5G Communications,” 2020 International Conference on Ar-

tificial Intelligence, Big Data, Computing and Data Communication Systems (icABCD),
Durban, South Africa, 2020, pp. 1-6, (IEEE Xplore) doi:10.1109/icABCD49160.2020.9183820.

Publication 2:

T. O. Olawoye and P. Kumar, ”A High Gain Antenna with DGS for Sub-6 GHz 5G
Communications”, Progress in Electromagnetic Research Journals (Submitted).

Signed:

Taiwo Oluwafemi Olawoye

Candidate name

Date: January 18, 2021



Dedication

This dissertation is dedicated to the glory of God who has bestowed grace, good health,

wisdom to complete this work and the benefit of all mankind.

vi



Acknowledgment

My appreciation goes to Almighty God for grace, strength and courage to begin the pursuit
of this programme and how He made available financial provision to make it possible. I
will also appreciate my Supervisor Dr Pradeep Kumar, a gentle but firm individual for
his professional and excellent supervision, counselling and encouragement throughout the
research study. I am grateful and indebted to him for his assistance, invaluable advice that
has continually propelled me further to carry out this research and get it to a reasonable
conclusion. I take the opportunity to work with such a wonderful person a good fortune.

I will like to appreciate Dr. Patrick Adeyeye, who introduced me to the University
of Kwazulu Natal and through whom I met wonderful people that has been instrumental
to the success of this work. I will also like to appreciate my friends and colleagues at
the University of Kwazulu Natal. They are all beautiful people. I want to appreciate
Oluwafemi Oni, a wonderful gentleman, Ayodeji Bamisaye a dependable friend, Oyedeji
Okikioluwa, Emanuel Ogunwole, Babatunde Adewolu, Oluwole Osaloni and many more
that space will not allow me to mention.

My colleagues at Rufus Giwa polytechnic, Owo deserve some praise as well. People
like Engr. Arobieke O., Mr. Adedeji O., Dr. Oluwajobi 1., Dr. Osafehinti S., Engr.
[jarotimi O., Engr. Idowu A. etc. you are all wonderful people to work with, I appreciate
you all. I should not forget to appreciate the people of God at UKZN. My spiritual father
and Pastor, Dr. Moses Okpeku and the rest of the family of the Lord that space will not
allow me to mention. You are all wonderful people. The family of God in Nigeria, you
are appreciated for your prayers support, encouragement, good wishes etc. I appreciate
you all. God will reward your labour of love in Jesus name, amen.

Finally, I recognize my wife and children for your love and prayers. You have endured
lonesomeness while I am away in pursuit of this noble course. I appreciate you all for

supporting me and creating an enabling environment for me to carry out this research

vii



work. I am most grateful.

viil



Abstract

5G communication utilizes the two frequency ranges i.e. frequency range 1 (FR1) and
frequency range 2 (FR2). The FR1 is the low frequency band with the frequency range
from 450 MHz to 6 GHz. As FR1 contains the frequency range upto 6 GHz, it is also
known as sub-6 GHz frequency band. The FR2, known as mm-wave frequency range, uses
the frequencies above 24 GHz. The lower frequency including electromagnetic (EM) waves
can travel farther as these are less affected by the weather such as rain, snow etc. The low
frequency EM waves can penetrate the solid objects like buildings etc. The sub-6 GHz
5G radio band will handle the wider bandwidth needed for high speed 5G communication
devices. This research work presents the design of 5 GHz microstrip patch antennas for
use in sub-6 GHz 5G communication. Antennas designed for 5G network must have high
gain and necessary wideband capabilities to handle the large data requirements at high
speed.

This research proposes the design of a high gain rectangular microstrip patch antenna
(HGRMPA) for use in sub-6 GHz 5G communication. A HGRMPA, that utilizes the
patch with T-shaped slot, is designed. The defected ground structure (DGS) technology
is used to improve the performance of the HGRMPA. The DGS of the proposed HGRMPA
consists a C-shaped slot. The C-shaped slot along with cuts at its upper and lower parts
is incorporated in the ground plane to further improve the performance of the HGRMPA.
A reflective plate is placed at the back of the proposed HGRMPA to reduce the side
lobes and back lobes produced by the antenna. This will improve the main lobe of the
radiated signal and the gain of the HGRMPA. The proposed HGRMPA is fed using inset
feeding technique and the antenna is mounted on the FR-4 epoxy substrate. The size of
the proposed HGRMPA is 28.03 x 23.45 x 5.35 mm? and it provides the maximum gain
and maximum directivity of 5.49 dB and 7.12 dB, respectively. The bandwidth of the
proposed HGRMPA is from 4.775 GH z to 5.049 GH z, which covers the 48 GHz—5 GHz

X



sub-6 GHz 5G communication band.

Further, a high gain wideband microstrip patch antenna (HGWBMPA), using partial
ground plane with triangular strip, is also presented. The proposed HGWBMPA operates
in the sub-6 GHz 5G wireless networking band. The HGWBMPA utilizes the reflective
plate to reduce the development of the back lobes and increasing the gain. The inset feed
technique is used to feed the antenna and the antenna is mounted on the FR-4 epoxy
substrate. The proposed design is simulated and optimized with commercially available
EM software i.e. CST studio suite. The size of the proposed HGWBMPA is compact with
the patch dimension of 18.43 x 13.85 m/m?. The maximum gain, maximum directivity and
efficiency of the HGWBMPA are 6.21 dB, 7.56 dB and 78%, respectively. The proposed
HGWBMPA works from 4.921 GHz to 5.784 GGH z, which covers the 4.9 GHz - 5.8 GHz

sub-6 GHz 5G communications range.
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Chapter 1

Introduction

1.1 Background

Communication technologies have developed from the days of the wired machine or net-
work to the age of cellular communication. Wireless communication is the preferred means
of communication because of its various advantages such as it can be deployed where the
wired infrastructure is inoperative etc. The antennas is a key device of a wireless commu-
nication system. For long distance communications, high gain antennas are required. The
high capacity wireless systems require wideband antennas. Additionally, practical anten-
nas are necessary to maximize the reception of the transmitted radiation or power in a
particular direction. The antennas with directional patterns are known as directional an-
tennas. The design of antennas play an important role in the performance of the wireless
communications systems. The successful design and implementation of the transmitting
and receiving antennas increase the overall efficiency of the wireless system [1-4].

The invention of the microstrip patch antenna (MPA), that became popular in the
1970s, has given rise to a new generation of lightweight antennas. These antennas consist
of a metallic radiating element and a metallic ground plane with a dielectric material
sandwiched between them. The top metallic layer, the dielectric material and the metallic
material at the bottom are known as patch, substrate and the ground plane, respectively.
The radiating metallic patch may have several different configurations depending on their
function. These antennas have the advantage of the low profile, flat and curve geometry,
and low fabrication cost using the advanced print-circuit technology. Fig. 1.1 shows the

general form of the microstrip patch antenna.
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Figure 1.1: Rectangular MPA [3]

Fig. 1.1 displays a rectangular microstrip patch antenna (MPA). Other examples of
microstrip patch include oval, triangular, square, eclipse, and several different geometries.
Rectangular and circular MPA are commonly used geometries because of their good ra-

diation characteristics and ease analysis [4, 5].

1.1.1 Merits of MPA

MPA has many advantages. These advantages have made these antennas popular for

many lightweight applications. Following are the advantages of MPAs: [5-8]:
(a) Lightweight, low profile, small volume.
(b) These antennas can take the shape of their host such as conformal antennas.
(c) Multi-frequency operations can be achieved.
(d) Ease of fabrication.
(e) Printed-circuit board technology reduces their fabrication cost.
(f) Compact design is possible.
(g) Both linear and circular polarisation are possible.

(h) These antennas can be mass-produced.



(i) Matching networks for these antennas can be easily designed.

(j) These antennas can be mounted on airplanes, missiles, rockets and satellites etc.

1.1.2 Demerits of MPA

The major disadvantages of MPA are stated bellow [7,9]:
(a) Narrow bandwidth.
(b) Low gain.
(c) Feeding for arrays may be complicated.
(d) Polarisation purity may be difficult.
(e) Low power handling capability.

The significant disadvantages of MPA are low gain and narrow bandwidth. To over-
come these disadvantages, several methods of improving gain and bandwidth have been
proposed. Several MPA properties can effectively be strengthened by Defected Ground
Structure (DGS). DGS is created by etching the desired shape on the ground plane of
conventional MPA. The DGS at the ground plane introduces impedance into the antenna
circuit, which, when properly placed, improves the antenna properties [10,11]. DGS is easy
to incorporate in the design as compared to electromagnetic bandgap (EBG). Both, DGS
and EBG, significantly benefit the antenna properties. These technologies have gained the
great recognition for improving the performance of MPAs. In a modern communication
device, the use of DGS in MPAs maintains the compact size of the antennas [12-15]. DGS
is accomplished by etching the required form in the ground plane of the antenna, which
causes disruption in the distribution of current in the circuit. Hence, incorporation of
defects in ground plane increases the inductance and capacitance of the MPA line. DGS
is easy to analyze and integrate with the MPAs, hence it achieved the significant attention
in the MPA technology.

DGS implementation has made MPAs deployment possible for wide bandwidth appli-
cations. It has helped in size reduction, in improving polarisation, in achieving multi-band

operation, and in improving the return loss level.



1.2 Research Problem

Conventional MPA has the major disadvantages such as low gain, large profile size at low
frequencies and narrow bandwidth etc [4,5,7,9]. To improve the properties of traditional
MPA, researchers have proposed several techniques which include stacking, photonic band-
gap (PBG), EBG, DGS, frequency selective surface (FSS), metamaterial, etc. These
techniques address the problem of low gain, narrow bandwidth, and the large size of the
MPA at low frequencies [16-19]. DGS has drawn the interest of researchers over the last
few years and continues to grow in achieving popularity due to its ability to improve the
antenna performance with easy implementation.

DGS improves the antenna’s efficiency by modifying the ground plane metal of the
MPA. DGS deforms the ground plane by deliberately etching the slot(s) or defect(s) into
the antenna’s ground plane. It creates the imperfection or flaw in the circuit. This
resulting the disruption in current flow in the ground plane of the MPA, hence resulting
in the spread of EM waves across the substrate layers [11,20-22]. This interference alters
the capacitance of the line and the inductance of the transmission line. Tuning the
output of the circuit may entail changing the shape from a basic to a complex one. The
DGS technology is utilized in the proposed antennas to improve the performance of the

antennas.

1.3 Research Questions

This research addresses the problem associated with the low gain and narrow bandwidth
of the conventional MPAs. These limitations are improved by designing the antennas

with slotted patch and DGS. The research seeks to answer the following questions:
(a) How can we significantly improve the gain and bandwidth of the MPA?

(b) How can the performance of the antenna be improved with simple and compact

antenna structure?

(c) What motivates the choice of DGS in effecting a simple solution of gain and band-

width of MPA in this design?



1.4 Research Aim and Objectives

Good antennas are desired in wireless communications due to the ever-increasing con-
nectivity of the devices. The aim of the research is to design and develop MPAs with
improved parameters for sub-6 GHz applications.

The following are the objectives in meeting the aim of this research:

(a) To design the compact rectangular MPA operating at the resonant frequency of 5

GHz in the sub-6 GHz frequency band.
(b) To design, simulate and optimize the antennas with high gain, wide bandwidth.

(c) To fabricate and test the designed compact antennas.

1.5 Research Contributions

The research proposes the design and development of MPAs for sub—6 GHz 5G commu-

nications. The research contributions are summarized below:

(a) To understand MPA problem of large size and design the compact MPAs for sub-6
GHz 5G applications.

(b) The wideband MPAs with DGS for 5G communication in the sub—6 G H z frequency
band are proposed. A high gain of 6.21 dB is achieved.

(c) The design is fabricated and tested. The measured results are in agreement with

the simulated results.

1.6 Structure of the Dissertation

This structure of the dissertation is given below:
Chapter 1 presents the introduction of MPAs, background, thesis motivation, thesis ob-
jectives, research contribution etc.

Chapter 2 discusses the fundamentals of MPAs, review of relevant literature that in-

cludes technical expertise in the application of DGS in antenna design. The concept



focuses on the rectangular microstrip patch antenna with DGS. Also, the strategies fol-
lowed to enhance MPA properties are discussed in this chapter. The different techniques
of enhancing the antenna properties are briefly discussed.

Chapter 3 discusses the methodology for HGRMPA and HGWBMPA. The mathemat-
ical calculations and design analysis used in the proposed antennas are discussed. The
methods for improving the antenna performance are presented. The necessary criteria for
evaluating the height and material for the substrate are discussed. Finally, the procedure
for fabrication and necessary software tools are briefly discussed.

Chapter 4 presents the design and development of HGRMPA. The proposed HGRMPA
uses the DGS to improve the radiation properties of the antenna. The antenna is mounted
on the FR-4 substrate. The proposed HGRMPA was fabricated and measured. The
measured results are compared with the simulated results. The simulation is carried out
using the CST microwave studio, a commercial EM antenna tool.

Chapter 5 presents the design and development of the HGWBMPA. The proposed
HGWBMPA utilizes the partial ground plane with triangular strp for improving the per-
formance of the antenna. The antenna is fabricated and tested. The measured results
agree with the simulated results. The proposed wideband high gain antenna is suitable for
sub—6 G Hz 5G communications.

In chapter 6, the conclusions of the work and future scope of the work are presented.

1.7 Summary

The introduction of MPAs, background, thesis motivation, thesis objectives, research
contribution, structure of the thesis etc have been discussed in this chapter. The general
introduction of the research work is given. MPAs have many advantages as compared to
other antennas which make these antennas suitable for many light weight applications.
These antennas suffer with low gain and narrow bandwidth. MPAs have many advantages
which has encouraged a lot of research for improving their disadvantages. This dissertation
presents the design of the compact high gain wideband MPAs for sub-6 GHz 5G wireless

communication systems.



Chapter 2

Basic Antenna Parameters and

Literature Review

2.1 Brief Introduction to the Antenna

An antenna is a metallic device that is typically used to radiate or receive the EM waves.
The behavior of the antenna is same in transmitting mode and receiving mode. This
is referred to as the reciprocal properties of an antenna i.e. the characteristics of the
antenna as a transmitter or as a receiver are the same given that there is no use of non-
linear or unilateral equipment. However, the reciprocity theorem does not ensure that the
distribution of current on the antenna in receiving mode and transmitting mode remains
the same [4,5]. In a smart wireless device, it is expected to maximize or boost the radiation
energy in a specific direction and reduce or eliminate the radiation in other directions.
This requirement for an antenna requires the directional patterns of the antenna. The
antenna must take different forms such as wire antenna, aperture antenna, MPA, an
assembly of elements (array), a reflector etc to satisfy the specific need for the transfer of
the energy. An antenna is a vital part of the wireless communication system.

In 1953, Deschamps first introduced the microstrip antenna [23]. By the 1970s, several
substrates with good thermal and mechanical properties were available for the rapid
production of microstrip patch antennas. Advances in photolithography and progress
in analytic antenna architecture models have lent a hand to the success of MPAs. [5,24].
The first practical microstrip antenna was designed by Munson in 1972 and was first

patented in 1973 [25]. Since then, the practical antenna production has proceeded at an



enormous pace. The researchers are actively making efforts to discover many more of the

benefits of microstrip patch antennas and to minimize the disadvantages.

2.2 Antenna Parameters

For discussing the antenna parameters, we need to look the energy radiated by the an-
tenna. To determine the radiation energy, we need to understand the radiation mechanism
of the conductor first. A conductive wire can radiate when it carries the time-varying cur-
rent or the charge associated with it accelerates (or decelerates). This means that when
there is no charge movement taking place in the wire, there is no radiation occurring, and
there is no flow of current in the wire. Also, the radiation would not occur even though
charges travel over a straight wire at a uniform velocity. However, charges traveling at
a constant velocity over a curved wire can emit the radiation. The changing oscillating
charge over time creates radiation even when moving through a straight wire. [5]. Fig. 2.1
shows a two-wire transmission line with an attached voltage source. When an alternating
voltage is applied to the transmission line, it generates a sinusoidal electric field.

As a consequence, an electrical line of force is developed which works in tangent to
an electric field. The amplitude of the electric field is demonstrated by the bundling of
the electric lines of the force, which passes the free electrons onto the conductors. The
acceleration of these charges produces a magnetic field as a function of the current flowing
in the conductor. The time-varying electrical and magnetic fields produce the EM waves.
These waves are radiated into the free space. Electromagnetic waves are sustained by
the charges inside the transmission line and the antenna. When the waves reach the free

space as shown in Fig. 2.1, these form the closed loop.

2.3 Far Field and Near Field Regions

The antenna is surrounded by two regions i.e. near field region and far field region. In the
near field region, the field patterns change with the distance. The field patterns in near
field region can be represented by the two energy types i.e. radiative energy and reactive
energy. Therefore, we can divide near field region in to two sub regions i.e. reactive near
field region and radiative near-field region. Hence, the space surrounded by the antenna

can be divided into three regional parts:



Figure 2.1: Antenna radiation mechanism [26]

(a) The reactive near field region,
(b) The radiative near-field region, and
(c¢) The far-field region.

Fig. 2.2 shows the antenna field regions in the space.

2.3.1 The Reactive Near-Field Region

The energy here occurs as a reaction because the reactive field is dominant in this region.
There is no dissipation of the energy in this region. Ry = 0.62@ is the distance between
the antenna and the outermost boundary of this region as shown in Fig. 2.2. Where Ry, D
and X are the distance between the antenna surface and the outer boundary, the maximum

antenna diameter and the operating wavelength, respectively.

2.3.2 The Radiating Near-Field Region

This region is also known as the Fresnel region. From the Fig. 2.2, it can be observed that
this region separates the near-field reactive region and the far-field region. The angular
field distribution is dominant in this region. The outermost limit of this region is at a
distance Ry which is given by Ry = %, where IR, is the distance from the antenna surface

to the outer boundary of this region.
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2.3.3 The Far-Field Region

The far-field region is also called the Fraunhofer region. From Fig. 2.2, it can be observed
that this region goes beyond near-field radiating region, i.e. Ry = %. There are no
reactive fields in this region. The angular field distribution of the far-field region does
not depend on the distance from the antenna surface and its power density changes is

inversely proportional to the square of the radial distance.

Far-field (Fraunhofer)
R =062JD*/n i

Radiating near-field
(Fresnel) region

Reactive
near-field region

¥

A DNy

R1

\

Figure 2.2: Antenna field regions [5]

2.4 Radiation Parameters of Antenna

The radiating parameters of an antenna determine the directional capabilities of the

antenna. Some of the important parameters are discussed in this section.

2.4.1 Radiation Pattern

The radiation pattern of the antenna gives the information about the directional behavior
of the antenna. The antenna can radiate or receive a signal when it acts as a transmitter
or as a receiver. The radiation pattern of the antenna is a mathematical relationship or

function that indicates the radiation properties of the antenna. The radiation pattern
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of the antenna is typically calculated in the far-field region and is interpreted using the
spatial coordinate system. The isotropic antennas radiate equally in all directions. The
total radiated power is P is distributed over the radius of sphere r. The power density S

at the distance r in any direction is given by [5]:
P P
S = = (2.1)

area  4mr?

The radiation intensity U; for the isotropic source is given by:
Uy =1r’S=— (2.2)

In reality, however, it is difficult to realize an isotropic antenna. A directional an-
tenna is more practical than an isotropic antenna. A directional antenna produces more
radiation power in one direction while it radiate less power in other directions. The omni-
directional antenna is a special case of the directional antenna. It may have a continuous
radiation pattern in one plane (e.g. in the E-plane) and may differ in the orthogonal plane

(e.g. in the H-plane).

Figure 2.3: Antenna radiation pattern [27]

From Fig. 2.3, we define the following:

(a) Beamwidth: This is the aperture angle from where the antenna radiates most of its

power.

(b) Half Power Beamwidth (HPBW): This refers to the angular separation from where
the full power of the antenna radiation has reduced by half. It is also called the

3dB beamwidth.
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(c) Main Lobe: The main lobe radiates power in the desired direction of maximum

radiation.

(d) Minor Lobes: All lobes that do not radiate power in the direction of maximum

radiation are called minor lobes.

(e) Back Lobe: This refers to a minor lobe that usually radiates in the opposite direction

to the main lobe.

(f) Side Lobe: This is a minor lobe that is usually sideways to the main lobe. They are

generally the largest among the minor lobes.

(g) Null: The null area is the area with no radiation of power.

We want to avoid minor lobes in the radiation pattern because they are generally undesired

and reduce the antenna performance.

2.4.2 Antenna Directivity

The directivity of an antenna is a very important or critical property of the antenna. It

is defined as the ratio of the radiated power by the antenna in a specified direction to the

radiated power of an isotropic antenna. This means that the directivity of an antenna is

the ability to aggregate or focus the radiation power in a specified direction. From [5],

D— U _ AU
UO Prad
Maximum directivity is given by:
U, 4rU,,
‘ UO Prad

where,
D = directivity (dimensionless)
Dy = maximum directivity (dimensionless)
U = radiation intensity (W /unit solid angle)

U, = maximum radiation intensity (W /unit solid angle)

Up = radiation intensity of isotropic source (W /unit solid angle)
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P,.q = total radiated power (W)

Do =Dy + D, (2.5)
47TU9
D, = 2.6
0 (Prad)H + (Prad)¢ ( )
4
Dy = s (2.7)

(Prad)o + (Prad)o

where,

Uy = radiation intensity in a specified direction contained in # field component
Uy = radiation intensity in a specified direction contained in ¢ field component
(Praa)e = radiated power in all directions contained in € field component

(Praa)g = radiated power in all directions contained in € field component

2.4.3 Gain

The antenna gain is the ratio of the power radiated by an isotropic antenna to the input
power of the antenna. The gain of the antenna includes the directional characteristics
of the antennas as well as the efficiency of the antenna. The gain of an antenna can be
determined by using [28]:

Radiated intensity (2.8)

Gain =4
@ m Total power P,

2.4.4 Input Impedance

The input impedance for an antenna is the resistance or impedance as seen at the input
terminals of the antenna. It is the voltage to the current ratio at the antenna terminals.
For an antenna to have maximum power, the characteristic impedance of the transmission
line that feeds the antenna and the impedance of the antenna should be matched. A
mismatch of the impedance will cause the overall efficiency of the system to be reduced
because full power cannot be delivered over the terminals. This is because it generates a
reflected wave at the terminals of the antenna, which causes power to be reflected back
to the source of power. Therefore, the characteristic impedance of the transmission line
and the input impedance must be balanced for maximum power transfer to take place

between the transmission line and the antenna. Mathematically, we write the impedance
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as [5]:

Z; = Ri + jX; (2.9)

Here Z; is the impedance at the input terminal of the antenna,

R; is the resistance of the antenna at the input terminal, and

X, is the reactance of the antenna at the input terminal.

The imaginary part of the input impedance X; indicates the power stored in the near
field region of the antenna. The resistive part of the input impedance, R;, contains two
components i.e. the radiation resistance R, and the loss resistance R;. The power radiated
by the antenna is associated with the radiation resistance while the loss is dissipated as

heat.

2.4.5 Bandwidth

Bandwidth of an antenna is defined as the range of frequencies for which antenna is
operating properly. Optimal antenna bandwidth is one of the major parameters used to
evaluate the performance of the antenna. When an antenna has narrow bandwidth, it can
not be used as a wideband antenna. If the highest frequency and the lowest frequency
of the antenna bandwidth are fy and f;, respectively, the bandwidth of the antenna is
given by [4,5]:

BW = fu— [ (2.10)

Bandwidth can also be defined as fractional or percentage bandwidth. To do this, the
central frequency must be calculated, which is either the arithmetic or geometric mean of

the maximum and minimum frequency [28].

:fH+fL

fo =112

(2.11)

The arithmetic means to produce the centre frequency fo when the frequency is con-
sidered on an arithmetic scale. The geometric average is an alternative to the arithmetic

average.

fe=~Tufo (2.12)

The centre frequency generated by the geometric mean is essential when the centre
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frequency is viewed on a logarithmic scale and is not widely used. Unless otherwise stated,
the arithmetic average or mean should be inferred. The phrase fractional bandwidth,

which is the ratio of the bandwidth to the middle frequency, can also be used.

BW
BW = —~—_ (2.13)
fe
Percentage bandwidth is given by
BW
c

2.4.6 Voltage Standing Wave Ratio (VSWR)

The Voltage Standing Wave Ratio (VSWR) of an antenna is defined as the ratio of the
highest amplitude to the lowest amplitude of the standing wave. The VSWR is a measure
of the efficiency of the antenna. It depicts how efficiently the impedance of the antenna is
matched with the characteristic impedance of the transmission line. The VSWR closer to
1 is better as more power flows from the transmission line to be radiated by the antenna.
Usually, the normal range of values for VSWR to achieve a successful impedance is between

2.0 and 1.0 i.e. < 2. The condition for the matching is defined by:

7= 7% (2.15)

where Z; is the impedance at the input terminals of the antenna and Zg is the complex

conjugate of the impedance of the transmission line.
Zs = Rg+ 7Xg (216)

where Rg is the resistance and Xg is the reactance.
Similarly,
Z; = R; + 1X; (2.17)

R; is the resistance and X; is the reactance at the input terminals of the antenna.

Ri= R, +R, (2.18)
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where R, and Rj are the loss resistance and the radiation resistance, respectively.

The Voltage standing wave ratio is given by [5]

1+]|T|
VSWR = 2.19
V. Zi—Zs
r=-—-r-—-=-—"_=° 2.20
Vi Zi+Zs (2:20)

where I' denotes the reflection coefficient,
V.. represents the amplitude of the reflected wave, and
V; is the amplitude of the incident wave.

A practical antenna design is usually designed for 5082 or 752 input impedance.

2.4.7 Return Loss (RL)

The Return Loss (RL) of an antenna is a measure of the impedance matching of the
antenna. Due to mismatching, the power delivered to the load is not maximum. The
wasted power which returned to the source and not transferred to the load, is called the
Return Loss (RL). When RL is less than or equal to 10dB, the matching is adequate and
the sufficient power is transferred to the load. When I' =1 and RL = 0dB, all the power

fed to the antenna is reflected back to the source. The return loss is given by [29]:

where I is the reflection coefficient.

2.4.8 Antenna Efficiency

In determining the efficiency of an antenna, we must consider the power at the input and

output terminals of the antenna. Following are the various types of losses in antenna:
(a) The reflection losses due to mismatching.

(b) The conductor and dielectric losses.
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Putting these together, the total antenna efficiency of the antenna is given by: [5]
€ = €,6.64 (2.22)

where e; is the total efficiency of the antenna,

e, = (1 —|T?|) is the reflection efficiency,

e. = conduction efficiency,

eq = dielectric efficiency.

The e. and ey together are represented by e.q. The e.4 is known as the radiation efficiency

and is given by:
R,
R, + R,

Cod = €oCq = (2.23)

2.4.9 Polarization

The antenna field consists of the magnetic and electric components. These fields are
always perpendicular to each other and are also perpendicular to the direction of propa-
gation. The direction in which the electric field component oscillates is known as polar-
ization. The direction of the electrical field with respect to the earth’s surface determines
the polarization of the wave, as shown in Fig. 2.4. Common types of polarization includes
the linear polarization, which is horizontal or vertical in nature, and circular polarization,

which is right-hand or left-hand polarization.

2.5 Antenna Types
There are mainly five types of antennas [1,5,30]. Those are:
(a) Wire Antennas,
(b) Aperture Antennas,
(¢) Microstrip Antennas,
(d) Array Antennas and

(e) Reflector Antennas.
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(a) (b)

Figure 2.4: (a) Rotation of a plane electromagnetic wave (b) Polarization ellipse [5]

2.5.1 Wire Antennas

Wire antennas are the most commonly used antennas and are quite familiar. These
antennas are usually mounted on vehicles, houses, spacecraft, etc., and can take any
shape from a straight wire (dipole) to a helix. Fig. 2.5 shows the examples and types of

wire antennas.

(a) Dipole (b) Circular Loop (¢) Square Loop

(d) Helix

Figure 2.5: Wire antenna configurations [5]
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2.5.2 Aperture Antennas

Aperture antennas are required for higher frequency and high power utilization. Some
forms of the aperture antennas are shown in Fig. 2.6. These antennas are suitable for
applications in spacecraft because they can conveniently take the shape of the body or
skin of the craft. Also, protection from hazardous environmental elements can be achieved

by covering them with the dielectric materials.

(a) Pyramidal Horn (b) Conical Horn (c) Rectangular Waveguide

Figure 2.6: Aperture antennas [5]

2.5.3 Microstrip Antennas

Microstrip patch antennas (MPAs) consist of a dielectric material or substrate sandwiched
between the two metallic layers. The upper metallic layer is called the patch and the lower
metallic layer is called the ground plane. These antennas have the advantages of low pro-
file, conformable to planar and non-planar surfaces, inexpensive and straightforward to
design, mass production using advanced printed-circuit technology etc. These antennas
can be designed for multi-band operations, polarization diversity etc. MPAs can be in-
stalled on vehicle bodies or surfaces, high-speed aircraft, satellites, high-speed missiles,

mobile phones, etc.

2.5.4 Array Antennas

Antenna arrays consist of more than one antenna element to achieve the specific propa-
gation characteristics. These antennas are known as the array antennas. The elements
of the antenna arrays are arranged in such a way so that these antennas have maxi-
mum cumulative radiation in the desired direction and minimum radiation in the other

directions.

20



2.5.5 Reflector Antennas

The reflector antennas are parabolic dishes or reflectors to reflect signals over a far dis-
tance. These antennas are employed for communication to outer space or planets. These
antennas are suitable for long distance applications. However, they are always very bulky

because of their large size.

2.6 Feeding Techniques of MPA

Various feeding techniques are used to excite or power the MPA. The feeding techniques
are classified as direct feeding techniques and indirect feeding techniques. In the direct
feeding techniques, the antennas are in direct contact with the feeding line/probe, while in
the indirect feeding techniques, the antennas are not directly in contact with the feeding
line/probe. The four most popular methods for feeding MPA are the coaxial probe feed-
ing method, microstrip line feeding method, aperture coupling feeding method, and the
proximity coupling feeding method. Aperture and proximity coupling are non-contacting
feeding techniques. These techniques use electromagnetic field coupling to transfer power
from the feeding line to the radiating patch. On the other hand, contacting feeding tech-
niques include the coaxial probe feed and microstrip line feed, where the RF feed power is
transferred to the radiating patch using the direct contact between the patch and feeding
probe/line [5,31-33].

2.6.1 Aperture Coupling

Aperture coupled feed consists of a ground plane sandwiched between the two different
substrates. The bottom substrate has a microstrip feed line. The EM energy is coupled
to the patch through a slot that passes to the ground plane. Normally, a low dielectric
constant substrate is used for the upper substrate, while a higher dielectric substrate is
used for the lower substrate in aperture coupling. The ground plane, which separates the
substrates, isolates the feed from the radiation components and reduces the interference
from the spurious radiation. Aperture coupling is the most difficult feeding technique to
fabricate because it requires multi-layer fabrication. The use of aperture coupling usually
results in a narrow bandwidth of the antenna. Fig. 2.7 (a) and Fig. 2.8 (c) show the

aperture coupled MPA and the equivalent circuit, respectively.
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Figure 2.7: Feeding methods for MPA. [5]

2.6.2 Proximity Coupling

Two methods can be used to accomplish proximity coupling or electromagnetic coupling.
The first is to separate the patch and the feed line by a small gap, while the other method
is to mount the patch and the feed line on different substrate layers. This coupling has
the advantage of the wide bandwidth and low spurious radiation. Fig. 2.7 (b) and Fig.
2.8 (d) depict the proximity coupled MPA and its equivalent circuit, respectively.

2.6.3 Microstrip Line Feed

The microstrip line feed is very simple to model and easy to fabricate. Impedance match-
ing is also easy as it can be done by controlling the position of the inset cut into the
patch. There is the possibility of increased surface wave and spurious feed radiation as
the thickness of the substrate increases. Due to high spurious radiation, this method
provides the narrow bandwidth. We have adopted this feeding technique for the work
reported in this dissertation. Fig. 2.7 (c) and Fig. 2.8 (a) show the microstrip feed line
fed MPA and the equivalent circuit, respectively. The dimension, which is opposite to the

feed line of the patch, is the width of the patch.
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Figure 2.8: Equivalent circuits of the feeding methods, (a) equivalent circuit of microstrip
feed, (b) equivalent circuit of Probe feed, (c) equivalent circuit of aperture coupled feed,
(d) equivalent circuit of proximity coupled feed [5]

2.6.4 Coaxial Probe Feed

Coaxial probe feed is another commonly used method for feeding MPAs due to its sim-
plicity in manufacturing and matching. Coaxial feed uses a coaxial cord to energise the
radiating patch. The inner conductor of the coaxial cable is connected to the radiating
patch, and the outer conductor is connected to the ground plane. It has a major draw-
back of narrow bandwidth and is difficult to model. Fig. 2.7 (d) and Fig. 2.8 (b) show
the coaxial probe fed MPA and the equivalent circuit, respectively. Table 2.1 shows the
comparison of feeding techniques of MPA [34].

2.7 Microstrip Patch Antenna (MPA)

As stated early in this dissertation, a Microstrip Patch Antennas (MPA), or Patch An-
tenna, or Microstrip Antenna is made up of a metallic patch that is mounted on the
grounded substrate [5,35]. Due to their inherent advantages, these antennas are used in
low profile applications. These antennas are suitable in aircraft, missiles, satellite, mobile
devices etc [1,5]. Fig. 1.1 shows the typical example of a MPA. Let us briefly see some
of the methods of enhancing the properties of an MPA in the following section.
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Table 2.1: Comparison of different feeding methods [9]

Characteristics ~ Microstrip ~ Coaxial feed ~ Aperture coupled Proximity coupled

line feed feed feed
Configuration Coplanar Non-planar Planar Planar
Spurious feed ra- More More More More
diation
Polarization pu- Good Good Excellent Poor
rity
Ease of fabrica- Easy Soldering and Poor Poor
tion drilling
Reliability Better Poor due to Good Good

soldering

Impedance Easy Easy Easy Easy
matching
Bandwidth 2-5% 2-5% 2-5% 13%

2.7.1 Methods of Improving MPA Properties

Several researchers have proposed different methods in the literature for improving the
properties of MPA. These properties include the size reduction, gain enhancement, band-
width enhancement, improving the radiation efficiency etc. In [36-38], Frequency Selective
Surface (FSS) was implemented to improve the antenna parameters. In [36], a wideband
circular polarised FSS based dual-slot antenna was implemented. The designed antenna
achieves an improved axial ratio bandwidth. It achieves the 56% circular polarization
bandwidth (3.5 GHz, 4.5—8.0 GHz). The 10 dB impedance bandwidth of the antenna is
84.8% (5.48 GHz, 3.72-9.20 GHz). By introducing the FSS into the design, the antenna
achieved a 10 dB peak gain at 5.6 GHz. In [37], a compact ultra-wideband monopole an-
tenna was designed. The antenna achieved a compact size of 52 mm x 62.5 mm x 23.2 mm
and a high gain of 9.4 dB across the entire UWB range of 3.1-18.6 GHz. In [38], FSS
implementation resulted in a wideband and high gain antenna. The antenna has the wide
bandwidth and a maximum gain of 16.8 dB.

In [39-43], metamaterial superstrate was used to improve the gain and bandwidth
of the antenna. Metamaterial superstrate has proved to be very useful in enhancing
antenna properties that recent research has shown. Though metamaterial is non-natural
occurring materials as these materials are artificial to have the properties which are not
found in natural materials. They have the properties that can be utilized in antenna

design for improving the parameters of the antenna. In [39], the performance of a circular
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patch antenna was enhanced with a new dual-layer metasurface material. The design
achieved a maximum gain of 7.5 dB up from 2.31 dB and a 30% increase in the antenna
bandwidth. The dimensions of the antenna are compact at 1.01Ag x 1.01Ag x 0.025\g
over an operating frequency of 2.37 — 2.49 GHz. In [40,41], a 5G antenna was designed.
The antenna achieved a high gain while maintaining a low profile or compact design. An
operating frequency of 3.5 GHz was used in both antennae, while [40] achieves a gain
of 7.43 dB, and [41] achieves the gain of 10.43 dB. [42] presents the novel metamaterial
element. The material shows negative permittivity and permeability characteristics at
distinct frequency ranges. The material exhibited superior electromagnetic characteristics
in the frequency range of 8.5 GH2-10.3 GHz. In [44-46], slots were used to improve the
antenna bandwidth by changing the behaviour of the conventional MPA from a single band
antenna to multi-band antenna while keeping the size of the antenna compact. [44,45]
uses slots to obtain multiple radiating frequencies, thereby creating a multi-band antenna.
In [44], a tri-band antenna was obtained, in [45], a four-band antenna was achieved.
Both antennae performed with good gain in the required frequency band of operation.

In [47-50], antenna arrays were implemented to improve the properties of the MPA.

2.8 Ground Plane Geometry

Various ground plane geometries have been proposed by researchers to improve the proper-
ties of MPA over the years. Using Photonic Band Gap (PBG) [51,52], the Electromagnetic
Band Gap (EBG) [53], and Defected Ground Structure (DGS) [54-56], the performance
of the MPAs can be improved. Table 2.2 shows the comparison of these three technolo-
gies [17].

In the DGS structure, slots are incorporated in the GP for modifying the MPA circuit.
The ground plane of MPA is made defected by etching the slots in the GP. Several shapes
of defects are used to disturb the wave propagation in the MPA. This disruption also
affects the inductance and the capacitance of the transmission line. The defects in the
MPA GP can modify the capacitance and inductance of the antenna. The slots in the
GP of the MPA interrupt the current movement. This interference also influences the

characteristics impedance of the transmission line of the antenna.

25



Table 2.2: Comparison of PBG, EBG, and DGS [17]

EBG

DGS

Definition

Geometry

Parameter
extraction
Size

Fabrication

PBG

Photonic Band Gap
(PBG) is regular
shape and ground-

based structure and
have the ability to
monitor the radiation

properties  of  the
antenna.
Periodic structures

engraved on the GP

Quite  complicated,
very difficult
Large

Difficult

Electromagnetic Band
Gap (EBG) is similar
to PBG technique and
is also periodic com-
pact structure.

Periodic but compact
structures etched on
the GP

Very difficult

It is not as big as PBG
and bigger than DGS
Difficult

Ground Plane (GP)
with slots are known
as Defected Ground
Structure (DGS).

One or a few struc-
tures etched on the
GP.

It is pretty easy

DGS is smaller in size.

Easy

2.8.1 Unit Cell DGS

A unit cell DGS consists the single element /slot in the GP. The dumbbell-shaped DGS

etched on the GP is the first type of DGS model that has been reported in the literature

[57]. Fig. 2.9 shows the unit cell DGS with the dumbbell-shaped structure. It has some

merits over PBG. Table 2.2 shows that the DGS has some significant advantages over the
PBG and EBG. These are given below:

(a) Periodic structures cover a wide area in the PBG structure, while DGS can have

smaller area using few slots in the GP.

(b) The DGS structure is easy to fabricate as slots can be etched easily on the GP.

(c) Better accuracy is obtained in DGS structures.

[58-60] shows the different commonly used geometry forms on the GP under the mi-

crostrip line. The commonly used shapes are rectangular dumbbell [61], circular [62],

spiral [63], U shape [58], C shape [64], H shape [65] etc. Much more complex shapes

continue to appear in literature as technology and analysis allow.
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Dumbbell DGS
Figure 2.9: Dumbbell unit DGS [17]

2.8.2 Periodic DGS

In the periodic DGS structure, the same element /slot is repeated multiple times in a linear
pattern or in a planar pattern. Periodic DGS for microwave components has attracted the
attention of many researchers today. Microstrip antenna with a periodic DGS is presented
in [66,67]. By using the periodic structure, we can achieve a suitable antenna property
as well as a greater degree of miniaturization. Cascading defects or resonating cells in
the GP improve the antenna performance such as minimizes the return loss, improves the
gain and bandwidth. The shape, height, spacing between the units, and the spread are
important factors for improving the antenna parameters. Periodic DGS can be arranged
either vertically, horizontally, or in a planar geometry. The pattern must be repetitive in
order to make a periodic structure. Fig. 2.10 shows the structure of a periodic DGS. Fig.

2.10 (a) and Fig. 2.10 (b) depict the horizontal DGS and vertical DGS, respectively.

(a) HPDGS (b) VPDGS

Figure 2.10: Periodic DGS [17]
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2.9 DGS Equivalent Circuit

The metallic part of the microstrip antenna can be represented as a combination of resis-
tance, inductance, and capacitance. Its equivalent circuit model can then represent the
antenna model. Using the theory of Babinate, any slot or flaw on the antenna is a recip-
rocal of its metallic structure. Also, we can represent it by its equivalent reactance, i.e.,
RLC. A full-wave method is used to evaluate the reaction of the DGS to find an equivalent
circuit model. However, this does not explain the physical measurements and location
of the DGS on the antenna. Usually, conventional trial and error iterative methods were
used to analyse the DGS. These are the time-consuming methods with the probability of
not getting optimum results [68-70]. Fig. 2.11 shows the flowchart of conventional DGS

design.

Figure 2.11: Design process of MPA with DGS [17]

There are four methods used to derive an equivalent circuit of DGS. These methods

are given below:
(a) Inductance capacitance (LC) and Resistance, inductance and capacitance (RLC')
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equivalent circuits,
(b) 7 equivalent circuit,
(¢) Quasi-static equivalent circuit,

(d) Ideal transformer equivalent circuit.

2.9.1 LC and RLC Equivalent Circuits

Fig. 2.12 (a) and 2.12 (b) show the LC, and RLC' equivalent circuit models of the DGS,
respectively. The Butterworth low pass filter equivalent circuit model is given in [71].
The inductance and capacitance of the microstrip line are adjusted effectively by the
rectangular sections of the DGS dumbbell, which elongate the current direction in the
circuit. The two rectangular slots of the DGS dumbbell create the capacitive effect in the
circuit. The thin rectangular defective slot, which joins the two rectangular faults, creates
an inductance through the circuit. The combined effect of the capacitance and inductance
creates a total impedance in the antenna circuit, which causes the shifting in the resonant
frequency. The slotted DGS area size affects the inductance and capacitance of the circuit.
If the DGS area increases, a resultant increase occurs in the effective inductance of the
antenna circuit, which will cause the cut-off frequency to be reduced. On the other hand,
the decrease in the DGS slotted decreases the effective capacitance of the antenna circuit,
thereby an increase in the resonant frequency. The reactance of a Butterworth low pass

filter is given by [56]:

1 wWo w
Xie=—F|—-—— 2.24
NG (w wo) (2.24)

where wy is the resonance angular frequency. To calculate L and C we use:

we 1
C = . 2.25
Zog1 W(Q) - W% ( )
1
L= ——+— 2.26
42 feC (2.26)

where fj is the resonant frequency and f, is cut-off frequency respectively.
DGSs with the same form as the dumbbell DGS have about the same characteristics
as the dumbbell DGS. This implies that they can be studied as the Butterworth low-pass

filter as shown in the Fig. 2.12. A parallel R, L, and C resonant circuit can also be
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Figure 2.12: LC equivalent circuit, (a) equivalent circuit of the dumbbell DGS, (b)
Butterworth-type one-pole prototype low-pass filter circuit [57,71]

used to analyse a DGS unit more effectively. The circuit is shown in the Fig. 2.13 with a
resistance of R applied to the LC circuit, which is modeled for radiation losses, conductor
losses, and dielectric losses. The circuit elements, i.e., capacitance C', inductance L, and

resistance R, can be computed as following:

- 2Zp(wE — w?)

1
L=—
42 feC

27
R = 0 (2.29)
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Figure 2.13: Equivalent circuit of unit DGS RLC' [57,72]

2.9.2 7 Equivalent Circuit Model

Fig. 2.14 shows the m model equivalent circuit which was suggested for use after LC' and
RLC equivalent circuit [71,73] [47], [48]. The 7 model equivalent circuit produces more

accurate results as compared to the LC and RLC circuit models. A circuit similar to the
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7 model was suggested by Park. The model describes the amplitude in comparison to the
frequency as well as the phase-to-frequency properties of the circuit [74]. The extraction of
all the parameters of the circuit is little more complex and difficult using the 7 equivalent
circuit. However, an equivalent circuit formed by 7 provides more precise results. The
equivalent circuit of 7 is shown in Fig. 2.14. To determine the ABCD parameters for this

equivalent circuit model of the DGS unit cell, we use the following:

A B 1+ XL
= Yo oo T (2.30)
C D 2V, + 3 143t
I
Yo= 4 +iB (2.31)
g
I
Yo =4 +iB, (2.32)
P
B,
Cp=—r—"—+ (2.33)
a3
w1 w2y
1
g
B
C, = w—i’ (2.35)
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Figure 2.14: m-shaped equivalent circuit for unit DGS [74]

2.9.3 Quasi-Static Equivalent Circuit

Karmakar et al. proposed a quasi-static equivalent circuit model for a dumbbell-shaped
DGS in [75]. The physical size of a dumbbell-shaped DGS plays an important role in
determining the equivalent circuit model. A quasi-static circuit is shown in Fig. 2.15.

In the quasi-static approach, there is no need for full-wave simulations of the structure
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(except for the qualitative observation of the current path). However, a better outcome
can also be obtained in this case by following an adjustment of the values of the parameters
based on the curve fitting of the full-wave simulations [28]. We use the optimization
approach to compare the various shapes of the DGS since the shapes produce different

characteristics as a result of the different shapes and sizes of the DGS [10].
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Figure 2.15: Quasi-Static equivalent circuit model of unit cell DGS [75]

2.9.4 Ideal Transformer Model

Caloz et al. suggest a precise and straightforward circuit model for a slot-loaded GP with
a microstrip line [76]. The structure proposed in [76] together with its equivalent circuit
model is shown in Fig. 2.16. The inductance L and the capacitance C' represent the
inductance in series and the capacitance in parallel of the microstrip line, and n is the
ratio of the number of turns of the ideal transformer. The ideal transformer was used
to model the coupling between the microstrip line and the slots inserted on the GP of
the microstrip line. The ideal transformer model the microstrip line of length 6. The

positioning of the etched slots inserted into the GP separates the microstrip line into two
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sections of length 6; and 65, where 6; 4+ 05 = 6.

n strip
Ceff

c,=L" -
12 COZ(;)L strip Ns

Lu = (Z{f Smp>20u

Where Ns and [ are the number of cells of the unit corresponding to the number of
slots and the length of the line, respectively. The slots modeling was done by an ideal

transmission line with the characteristic impedance of Zg'.

Ideal transformer: Shunt capacitance:

coupling Series inductance: intrinsic C,

intrinsic L, ¢
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Figure 2.16: Ideal transformer circuit model for the slotted GP MPA [76]

2.10 DGS Applications in Microwave Circuits

DGS is common in microwave circuits and has been used in both active and passive sys-
tems. The various shapes and geometries of DGS have an influence on the efficiency of the
microwave circuit. In [77], DGS was used to fabricate band-pass (narrowband/wideband),
dual-band band-pass, and low pass filters. The design was compact and conventional.
In [78-80], DGS has been widely used to accomplish the desired signal filtering. In [81], a
coplanar waveguide (CPW) band-stop filter tuning was designed by short-cutting shaped
like spirals to modify the resonant frequency. In [82], microwave amplifier size was reduced

by using a new method. The method reduces rejection harmonic by using spiral DGS.
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2.10.1 Applications of DGS in Antenna Design

DGS has been beneficial in improving the different MPA parameters such as gain, band-
width, polarization, etc [11,12]. In [13], DGS has been used to minimize the antenna size
by 32.9% and to enhance the antenna gain. In [14], DGS was implemented to minimize
the size of the MPA with a reduction of 67% in the patch size of the antenna.

In [51], (PBG) was used to boost the radiation properties of the antenna. In [83], slots
were inserted in a parallel position to the patch of an MPA to induce performance improve-
ment in the bandwidth of the MPA. This resulted in an increase of the bandwidth with the
gain of 8 dB. The use of DGS to improve the cross-polarization characteristic has been
shown in [54]. The design aims to create a simple and physically implementable geometry
loaded DGS, with a noticeable effect in the antenna’s cross-polarization (XP) properties.
Bandwidth and antenna gain have been increased in [38] by using the Fabry-Perot cavity
and the printed ridge-gap waveguide technology. The combined effect resulted in a max-
imum gain of 16.8 dB, which is a significant improvement over the slotted configuration
alone. DGS technology was employed to design a dual-band MPA [84,85] and also to
design a triple-band MPA [86]. In [55], the DGS and the reflected surface were combined
to enhance the antenna gain.

In [87], a slotted antenna configuration was proposed for use in wideband applications.
This design achieves a total bandwidth of 4.4 GHz to 7.7 GHz, and the antenna has a
uniform radiation pattern for a circularly polarized bandwidth with a gain of 6 dB. A
compact MPA implementing U-shaped slots for dual-band operations was proposed in [88].
The resultant gain of the antenna is 2.06 dB and 2.46 dB, respectively in both frequency
bands. Tt has excellent efficiency and radiation characteristics. In [89], a high-efficiency
compact size antenna was suggested for wideband applications. The antenna has a unique

slotted design, with an efficiency of about 78% and a gain of 5.72 dB.

2.11 Summary

In this chapter, the introduction to antennas, MPAs, feeding techniques of MPAa, the
literature review of MPA antenna with DGS etc have been presented. The important
parameters of antennas like gain, efficiency, bandwidth etc have been briefly discussed.

The antennas with DGS technology are easy to fabricate. The DGS shapes along with
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the equivalent circuit models have been presented. The DGS technology improves the
antenna performance such as size reduction, gain enhancement, improvement in radiation

properties, improvement in bandwidth etc.
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Chapter 3

Methodology

3.1 Introduction

MPA are popular antennas for various compact wireless applications. They have several
advantages such as compact size, easy to fabricate, easy to mount etc. This chapter
presents the methodology for the design of the proposed HGRMPA and HGWBMPA . The
design analysis is also given to achieve good performance by the antenna. The design pro-
cedure and the software tools used in the design are presented in this chapter. Prototype

fabrication and measurement procedure is also given.

3.2 Substrate Material Selection

In the design of the MPA, we first consider the appropriate substrate for which the
antenna will perform optimally. The substrate properties affect the performance of MPAs
significantly. To achieve the optimum performance, the dielectric material should be
strong for mechanical support and should provide the electrical insulation between the
antenna plates. This influences the efficiency of the antenna and the characteristics of
the transmission line. The substrate must meet the electrical as well as the mechanical

requirements of the antenna.
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3.3 Substrate Selection Criteria

When selecting the substrate material for the MPA, we should consider the following

points:
(a) Surface wave excitation effects,

(b) The implications of the dielectric constant and the loss tangent effect of the sub-

strate,
(c) Effect of losses of the material,
(d) Substrate anisotropy,
(e) Ageing, temperature and humidity effects on the substrate,
(f) Mechanical requirements of the substrate,

(g) Cost requirement of the substrate.

3.4 Surface Wave Excitation Effects

In MPAs, there is generation of surface waves. The surface waves travel within the
substrate of the MPA. This implies that the surface waves keep propagating along the
surface unless a discontinuity appears. These waves give rise to spurious radiation and
produce unwanted coupling in array elements. This effect causes the losses and limit the
performance of MPAs. Surface waves effect depends on the dielectric constant €, and the
thickness of the substrate h. The cut-off frequency of the (T'M,, and T'E,,) modes is given
by [5] :
n.c

) — =12 .. 3.1
fC 4]7,\/87.——1,” ) ) ( )

Where c is the speed of light and the cut-off frequencies for the T'E,, modes are the
odd values of n, whereas the cut-off frequencies for the T'M,, modes are given by the even
values of n. The thickness of the substrate is carefully chosen so that the ratio /\ﬁo is well

h
below NOE

where \g is the free-space wavelength at the frequency of operation.

C
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Where the upper-frequency is denoted as f, and the bandwidth of operation is f;,. It
should be noted that h should be chosen as close as possible to the maximum value of
h obtainable to allow for maximum efficiency without degrading the performance of the

antenna. Also, h has to be cost-effective and can be practically computed using:

0.3
h< ¢ (3.3)

= /e

The T'My mode is always present because it has no cut-off frequency. In general, if
the dielectric constant €, and the height h of the substrate is reduced, it will cause the
suppression of the T'My modes. Unfortunately, when the dielectric constant e, is reduced,
the size of the antenna will increase. Similarly, when the height h of the substrate is

decreased, it causes a reduction in the efficiency and bandwidth of the MPAs.

3.5 Dielectric Constant and Loss Tangent Effect of

the Substrate

The dielectric constant ¢, and the loss tangent of the substrate vary with frequency. This
is known as frequency dispersion. The dielectric constant e, dispersion is practically
negligible at low frequencies. However, as the frequency of operation increases, the losses
begins to be significant. Generally, there is a direct proportionality between frequency

and losses i.e. an increase in frequency results in the corresponding increase in losses [90].

3.6 Design Consideration of Rectangular MPA

This design is focused on a basic MPA with a rectangular-shaped patch operating at
5 GHz resonant frequency. To select a suitably good geometry, considerations must
be made of three properties: the dielectric constant of the substrates material, the loss
tangent, and the thickness or height h of the substrate. The properties of the substrate
help in deciding a good substrate for the design. When the dielectric constant of the
substrate material is low, the fringing fields around the patch of the antenna will increase,
which will lead to an increase in radiated power. Conversely, a high dielectric constant

reduces antenna efficiency as it leads to increased loss tangent value. The effect of the
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Table 3.1: Typical substrates and their parameters [5]

Company Substrate Thickness Frequency e, tand
(mm) (GHz)
Rogers Duroid® 5880 0.127 040 2.20  0.0009
Corporation RO 3003 1.575 040 3.00 0.0010
RO 3010 3.175 0-10 10.2  0.0022
RO 4350 0.168 0-10 3.48 0.0037
0.508
1.524
— FR4 0.05 - 100 0.001 470 —
DuPont HK 04J 0.025 0.001 3.50 0.005
Isola IS 410 0.05-3.2 0.1 5.40 0.035
Arlon DiClad 870 0.091 0-10 2.33 0.0013
Polyflon Polyguide 0.102 0-10 2.32  0.0005
Neltec NH 9320 3.175 0-10 3.20 0.0024
Taconic RF-60A 0.102 0-10 6.15 0.0038

width of the patch on resonant frequency and the radiation pattern is very small, however,
the bandwidth of the antenna is affected considerably. This means that when the patch
width is increased, the bandwidth and radiation efficiency are increased. For a rectangular
antenna, the width of the patch should be more than the length of the patch without
exciting undesired modes. Table 3.1 shows some popular substrates and their parameters.

From [5,28,91], the patch length L is given by:

c

Y e

(3.4)

The fields are not completely limited to the patch of the antenna. The fringing field,
which is a small part of the fields, lies out of the antenna. To include the fringing field

effect, we must compute the effective dielectric constant €,¢¢;.

Cc

L= e (3.5)

To design a good rectangular patch antenna, we need the following essential parameters

for the design:
(a) The resonant frequency f,. of the antenna.
(b) The dielectric constant ¢, of the substrate.
(c) Substrate height h.
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To calculate the width of the patch, we use the following equation:

C

W=—"" (3.6)
2fr /z—:T;—l
c 2
W = 3.7
2/, Ve +1 (3.7)

Where the speed of light is denoted by ¢, the resonating frequency is given by f,., and the
dielectric constant of the substrate is given by ¢,. Fringing causes a small change in the
dielectric constant. Considering the fringing effect, the effective dielectric constant of the

substrate is given by [5,92]:

Ereff (38)
2 12h
I
e+1 & +1 h\ %
reff = 1+12— 3.9
Ereff =~ t 5 < + W) (3.9)
The actual length of the patch is given by [5]:
L = Less —2AL (3.10)
L=-—° 2AL (3.11)
2fr\/ 6Teff '
h(0.412)(erepr +0.3) (% +0.264
AL = MO Eress +03)G ) (3.12)
(€reff - 0258)(7 + 08)
Where h is the substrate thickness.
To calculate the effective length L.y of the antenna, the equation (3.5) is used.
L < (3.13)
ff T 55— -
2fr\/5reff

Total length of the antenna patch is given by equation 3.10. The width of the ground
plane W, is given by:
Wy =6h+W (3.14)
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The length of the ground L, is given by

Ly=6h+1L (3.15)

3.7 Antenna Simulation Software

There are many softwares available for designing and optimizing the antennas. Three of
these software programs are briefly discussed.

IE3D modular EM simulation solution program is developed by the Mentor Graphics,
formerly Zeland Software. It is one of the first scalable EM design and verification tool
that provides the simulation accuracy of choice for high-frequency circuit design. IE3D
was replaced mainly by HFSS and CST studios for high-frequency EM architecture due
to the ease of use and more reliable solvers.

Another commonly used software for antenna engineers is the High-Frequency Struc-
ture Simulator (HFSS). HFSS is a versatile EM simulation program. It uses excellent and
efficient solvers and an excellent user-friendly GUI to produce the satisfactory simulation
performance. It uses an automated adaptive meshing strategy that makes the results
more reliable; thus, it is preferred over IE3D.

CST Studio Suite is an electromagnetic (EM) software for the design, simulation,
study, and optimisation of EM components. CST Studio is an extremely scalable product
used for creative innovation in engineering and science for a wide range of functions.
Dassault Systemes purchased the CST studio in 2016. It is simple to use, scalable, and

iterative GUI. Hence, CST microwave studio is chosen for the study in this dissertation.

3.8 Simulation with CST

Full-wave analysis techniques were used to analyse the whole geometry of the antenna with
no prior assumption as to the field interactions that are most relevant. Full-wave analysis
models is a reliable modular model. It can handle the single antenna elements, stacked
antennas, antennas arrays, randomly generated elements and couplings etc. The CST
microwave studio uses the full-wave methodology which means the electromagnetic wave

analysis of the solution will be generated using Maxwell’s equations for both electrical
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Figure 3.1: Design and fabrication process of MPA [61]
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and magnetic fields in either the time domain or the frequency domain.

In the proposed antennas, the inset feeding method is used. The antennas are matched
to H0€2 at the input by adjusting the position and depth of the inset on the feed line for
a perfect impedance matching. CST microwave studio, a commercially available EM tool
software, is used to simulate the design after the dimensions of the antenna have been
computed. CST studio suite 2019 is the software of choice because of its ease of use and
excellent solvers. Simulation and optimization ensure the optimum design of MPAs. The

Fig. 3.1 shows the flowchart of the design, simulation and fabrication of the MPAs.

3.9 Antenna Fabrication and Measurement

The first step in fabricating the antenna prototype is to extract the Gerber files, which is
then used to create the artwork from the template. The artwork is used to exposing the
photoresist that is spun over the substrate. The mask is mounted on the substrate and
held using a vacuum frame or other technique to ensure the fine-line resolution. When
exposed to sufficient wavelength radiation, the exposed photoresist is polymerized and
make it insoluble in the developer solution. The substrate is produced in a developer,
which removes soluble photoresist material. The substrate is now able to be engraved.
After etching, the excess photoresist is stripped with a stripping solution. The layer is
then rinsed in water and dried. Then the antenna is cut into the small sizes necessary.
Measurement of reflection coefficient is done using the network analyser. The measured
results are compared with the simulation results. The radiation patterns are measured in
an anechoic chamber. RF signal generator is used to feed the fabricated antenna, which is
working as a transmitting antenna. A horn antenna is used as a receiver, and the received
power is obtained using the signal analyzer. The obtained results are compared with the
simulated result, and the antenna agrees largely with simulation with little variations as

a result of losses in the materials and equipment error.

3.10 Summary

In this chapter, the methodology for the design and development of a rectangular mi-
crostrip patch antenna (MPA) has been presented. The criteria for selection of the sub-

strate and substrate thickness for the proposed HGRMPA and HGWBMPA are also
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discussed. The equations for the computation of the antenna dimensions, like width of
the patch, length of the patch etc are presented. The software tool for the simulation and
optimisation of the proposed antennas is CST microwave studio. CST microwave stu-
dio enables the visualisation of the antenna radiation properties before actual fabrication
and testing. Finally, the procedure for fabrication and measurement of the antenna are

discussed.
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Chapter 4

Design and Development of the
HGRMPA for Sub-6 GHz 5G

Communications

4.1 Introduction

This chapter presents the design and development of the HGRMPA. The antenna is
designed on the FR4 substrate which is a widely available and cheap substrate with satis-
factory electrical and mechanical properties. The substrate height A is also an important
design criterion in antenna design. This height and dielectric constant of the substrate are
1.6 mm and 4.3. respectively. The geometry of the proposed design, antenna prototype,
simulated results and measured results of the HGRMPA are presented in this chapter.

4.2 Geometry of HGRMPA

The geometry of the proposed HGRMPA is presented in Fig. 4.1. Transmission model
approach is adopted in designing the antenna [5]. Fig. 4.1 (a) and Fig. 4.1 (b) present
the top view and GP view of the proposed HGRMPA, respectively. Fig. 4.1 (¢) and Fig.
4.1 (d) show the back view and the side view of the HGRMPA, respectively. Fig. 4.1 (e)
shows the complete antenna. As shown in Fig. 4.1 (e), the proposed HGRMPA utilizes
the rectangular patch with the inset feeding. The inset feed is designed such that the

antenna is matched to 502 impedance. The T-slot is etched in the patch to improve the
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radiation characteristics of the antenna. The slot introduces impedance in the antenna
structure, which, when correctly located, contributes to improve the radiation properties
of the antenna. The GP of the antenna has a special lacerated C slot defected structure as
shown in the Fig. 4.1 (b). Finally, a reflective plate is placed at 2 mm below the antenna.
The reflective plate uses the single-sided FR-4 substrate. The top layer copper coating is
etched off. The bottom coating serves as the reflector for minimizing the side lobes and
back lobes of the antenna. The reflective plate helps to enhance the gain and directivity
of the HGRMPA. The spacing between the reflective plate and the antenna is optimised
as 2 mm to obtain the maximum gain and directivity. The dimensions of the antenna are
shown in Table 4.1. The antenna is designed for the 5G Hz broadband applications. The

antenna is designed using the transmission line model equations (3.5) — (3.16).

Table 4.1: Dimensions of HGRMPA

S. No. Parameter Dimension (mm)
1 Wg 28.0289

2 Lg 93.4493

3 h 1.6

4 Gpf 0.08114

D Wit 3.0389

6 Fi 5.1954

7 Wp 19.7189

8 Lp 13.8493

9 a, b, ¢ 6, 0.4, 0.8
10 rog e £ 4,1.2, 8 10

4.3 Antenna Input Characteristics

The proposed antenna is built on the FR-4 substrate as described. The simulation is done
using the CST Studio Suite, which is a commercially available EM software. The antenna
gain is enhanced by using a reflector plate at the bottom of the antenna. The T slot on
the patch helps to improve the performance of the antenna. Fig. 4.3 (a) displays the
simulated and measured reflection coefficient of the proposed HGRMPA. The HGRMPA
shows the good agreement between the simulated and the measured reflection coefficient.
The antenna has the bandwidth of 274 MHz with the frequency range from 4.775 GHz
to 5.049 GHz. The resonant frequency of the HGRMPA is 4.95 GHz. The C slot in

GP introduces more radiation by the antenna that minimizes the reflection losses and
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(e)

Figure 4.1: Antenna geometry, (a) top view, (b) ground plane, (c) antenna back view, (d)
antenna side view, (e) complete antenna

Figure 4.2: Fabricated HGRMPA

o1



Reflection Coefficient S11 (dB)

— Simulated
5 Measured

S11 (dB)

-30

-35 !
4.5 5 5.5

Frequency (GHz)
(a)

Voltage Standing Wave Ratio (VSWR)

—— Simmulated
Measured

VSWR

1 1
4.5 5 5.5
Frequency (GHz)

(b)

Figure 4.3: Reflection coefficient and VSWR of the HGRMPA, (a) reflection coefficient
(S11), (b) VSWR
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improves the antenna performance. Fig. 4.3 (b) shows the voltage standing wave ratio
(VSWR) of the proposed HGRMPA. Fig. 4.3 (b) indicates that the VSWR is less than 2
for the entire bandwidth i.e. from 4.775 GHz to 5.049 GHz.

4.4 Radiation Patterns

Fig. 4.4 presents the radiation patterns of the HGRMPA. The 3-d gain pattern and the
3-d directivity pattern are shown in Fig. 4.4 (a) and Fig. 4.4 (b), respectively. It can
be seen from the Fig. 4.4 that the overall gain and maximum directivity of the designed
antenna are 5.49 dB and 7.12 dB, respectively. The simulated and measured normalized
radiation patterns of the HGRMPA at 4.8 GHz, 4.9 GHz, and 5.0 GHz are presented
in Fig. 4.5, Fig. 4.6, and Fig. 4.7, respectively. From these patterns, it can be observed
that the patterns are constant throughout the bandwidth of the antenna with the high
gain and high directivity.

Table 4.2: Main lobe direction and beamwidth at various frequencies

S./No. Frequency Main lobe direc- Main lobe direc- 3 dB Beamwidth 3 dB Beamwidth

(GHz) tion (phi = 0 tion (phi = 90 (phi=0deg) (in (phi = 90 deg)
deg plane) (in deg plane) (in degrees) (in degrees)
degrees) degrees)

1 4.80 1.0 0.0 88.6 83.9
2 4.85 1.0 0.0 89.4 84.3
3 4.90 1.0 0.0 90.0 84.4
4 4.95 1.0 0.0 90.4 84.5
) 5.00 1.0 0.0 90.6 84.4
6 5.05 1.0 0.0 90.8 84.4

The 3 dB beamwidth and the main lobe direction of the proposed HGRMPA are shown
in Table 4.2. We can observe from Table 4.2 that the HGRMPA presents a good directional
property in the entire bandwith. The main lobe directions in pht = 0 deg. plane and
in phi = 90 deg. plane are at 1 degree and 0 degree, respectively. The maximum gain,
maximum directivity, radiation efficiency, and total efficiency of the HGRMPA are shown
in Table 4.3. From the Table 4.3, it can be observed that the HGRMPA provides the
maximum gain and maximum directivity at the frequency of 4.8 GHz. The total efficiency
and the radiation efficiency of the HGRMPA are shown in Fig. 4.8. The radiation
efficiency and total efficiency of the HGRMPA at 4.8 GHz are —1.625 dB and —1.94 dB,
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(b)
Figure 4.4: 3D patterns of HGRMPA (a) gain, (b) directivity
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Figure 4.5: Antenna normalized patterns at 4.8GHz (a) Phi =90 deg. (b) Phi = 0 deg.
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Figure 4.6: Antenna normalized patterns at 4.9GHz (a) Phi = 90 deg. (b) Phi = 0 deg.
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Figure 4.7: Antenna normalized patterns at 5.0GHz (a) Phi =90 deg. (b) Phi = 0 deg.
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respectively. From the input and radiation characteristics of the proposed HGRMPA, it
can be stated that the HGRMPA is suitable for sub—6 GHz 5G communications.

Table 4.3: Maximum gain, maximum directivity and efficiencies of the HGRMPA

S./No. Frequency Max. gain Max. direc- Total efficiency Radiation effi-

(GHz) (dB) tivity (dB) (dB) ciency (dB)
1 4.80 5.49 7.12 -1.94 -1.63
2 4.85 5.44 7.07 -1.74 -1.64
3 4.90 5.39 7.04 -1.66 -1.65
4 4.95 5.35 7.02 -1.70 -1.67
) 5.00 5.31 7.01 -1.89 -1.70
6 2.05 5.24 6.99 -2.21 -1.75

Antenna Efficiency

0.7

Rad Effi
Tot Effi

0.6

Efficiency
o
3

o
~

0.3

0.2 :
4.5 5 5.5

Frequency (GHz)
Figure 4.8: Radiation efficiency and total efficiency of the HGRMPA

4.5 Summary

In this chapter, the HGRMPA has been designed and developed. The antenna is simulated
and optimized using the CST Studio Suite, which is a commercial EM tool software.
The proposed HGRMPA has a maximum gain and maximum directivity of 5.49 dB and
7.12 dB, respectively. The HGRMPA has utilized the reflecting plane to improve the gain
and directivity of the proposed HGRMPA significantly. Slots in the patch and GP has

o8



improved the performance of the HGRMPA. The complete antenna is compact with the
size of 28.03 x 23.45 x 5.35 mm?>. The proposed HGRMPA is suitable for sub-6 GHz 5G

applications.
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Chapter 5

Design and Development of the
HGWBMPA for Sub-6 GHz 5G

Communications

5.1 Introduction

This chapter presents the design and development of the HGWBMPA. The proposed de-
sign utilizes the DGS to improve the gain and the bandwidth of the antenna. A slotted
triangle plate is attached to the partial GP for achieving the wide bandwidth. A reflec-
tive plane is placed at the back of the antenna to improve the directional properties of
the antenna. The HGWBMPA achieves a bandwidth of 4.9 GHz to 5.8 GH z, which is
quite considerable and makes the antenna suitable for sub—6 GHz 5G wireless applica-
tions. The gain and directivity of the proposed HGWBMPA are 6.21 dB and 7.56 dB,

respectively.

5.2 Design and Geometry of HGWBMPA

The geometry of the proposed HGWBMPA is shown in Fig. 5.1 (a) to (e). The top view,
the ground plane, the side view, the back view, and the combined antenna are shown
in Fig. 5.1 (a), Fig. 5.1 (b), Fig. 5.1 (c¢), Fig. 5.1 (d) and Fig. 5.1 (e), respectively.
The proposed HGWBMPA design utilizes the transmission model approach. By applying

equations (3.4) - (3.16) and optimizing using CST microwave studio, the dimensions of the
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HGWBMPA are shown in Table 5.1. The HGWBMPA is intended to operate at 5.0 GH z
frequency. After considering the importance of DGS in improving the performance of
MPAs as given in literature, DGS is employed in the proposed HGWBMPA to improve
the performance of the antenna. A MPA without DGS produces the narrow bandwidth.
The gain of the antenna is improved by incorporating the triangle strip into the partial
GP to improve the performance of the antenna. The inset feeding method is used to
feed the HGWBMPA. Inset feeding is easy to match with the input impedance of 5082 by
adjusting the inset at the input and it is easy of fabricate. A reflective plate is placed at
the back of the antenna in order to further enhance the gain of the antenna. The position
of the reflector surface is optimized and the optimum radiation properties are obtained for
the gap of 2 mm between the reflector surface and the GP of the antenna. The reflector
plate serves as a reflector to reflect the radiation in back lobes and improves the radiation

properties of the antenna. Table 5.1 shows the optimized dimensions of the HGWBMPA.

Table 5.1: Dimensions of the proposed HGWBMPA

S. No. Parameter Dimension (mm)
1 We 28.03
2 Lg 93.45
3 Wp 18.43
4 Lp 13.85
5 h 1.6

6 Fi 5.2

7 Wi 3.04
8 Gpf 0.1

9 ag 2

10 a 5

11 b 10

12 ¢ 4.5
13 d 5.6

5.3 Results and Discussion

The HGWBMPA is designed on the FR-4 substrate and simulated using the CST Studio
Suite. The three MPAs i.e. the MPA without DGS and reflector surface, the MPA
with DGS and without reflector surface, the MPA with DGS and the reflector plane

are analyzed. The proposed MPA with the DGSs and reflector surface achieves better
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Figure 5.1: Antenna geometry of HGWBMPA, (a) top view, (b) ground plane (c) side
view (d) back view (e) combined antenna

radiation properties when compared to the MPA without DGS and reflector surface, and
the MPA with DGS only. Table 5.1 shows the optimized dimensions of the HGWBMPA.
Fig. 5.2 (a) shows the reflection coefficient of the three different configurations. The MPA
without DGS and reflector surface, the MPA with DGS and without reflector surface, the
MPA with DGS and the reflector plane have the reflection coefficient of —36 dB, —26 dB
and —18 dB, respectively. The MPA with DGS and the reflector plane also achieves
the wide bandwidth from 4.921 GHz to 5.784 GHz. Fig. 5.2 (b) shows the VSWR of
the MPA without DGS and reflector surface, the MPA with DGS and without reflector
surface, the MPA with DGS and the reflector plane.

Fig. 5.3 (a) and Fig. 5.3(b) show the 3D gain pattern and 3D directivity pattern of
the HGWBMPA | respectively. The HGWBMPA has the maximum gain and maximum
directivity of 6.21 dB and 7.56 dB, respectively. This shows that the HGWBMPA has
the high gain at the specified frequency of operation.

Fig. 5.4 (a) and Fig. 5.4 (b) show the normalised patterns of the the MPA without
DGS and reflector surface, the MPA with DGS and without reflector surface, the MPA
with DGS and the reflector plane at 4.8 GHz in phi = 90 deg. plane and phi = 0 deg.
plane, respectively. Fig. 5.5 (a) and Fig. 5.5 (b) present the normalised patterns of
the MPA without DGS and reflector surface, the MPA with DGS and without reflector
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Figure 5.2: (a) reflection coefficient, (b) Voltage standing wave ratio
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surface, the MPA with DGS and the reflector plane at 5.4 GHz in phi = 90 deg. plane
and phi = 0 deg. plane, respectively. Fig. 5.6 (a) and Fig. 5.6 (b) show the normalised
patterns at 5.8 GHz in pht = 90 deg. plane and phi = 0 deg. plane, respectively.

Fig. 5.7 (a) shows the gain of the MPA without DGS and reflector surface, the MPA
with DGS and without reflector surface, the MPA with DGS and the reflector plane for
the frequency range from 4.8 GHz to 5.8 GHz. The MPA with the DGS and reflector
surface has the highest gain over the entire frequency range. Fig. 5.7 (b) shows the
total efficiency of the MPA without DGS and reflector surface, the MPA with DGS and
without reflector surface, the MPA with DGS and the reflector plane for the frequency
range from 4.8 GHz to 5.8 GHz. The MPA with DGS and reflector plane has the highest
total efficiency as compared to the MPA without DGS and reflector surface, and the MPA
with DGS and without reflector surface. The efficiency of the MPA with DGS only seems
good but for a narrow bandwidth when compared to the MPA with DGS and reflector
plane.

Fig. 5.8 (a) shows the radiation efficiency of the three configurations. The MPA with
the DGS and the reflector plane produces the good results due to minimum losses in side
lobes and back lobes. Table 5.2 summarizes the main lobe direction and 3 dB beamwidth
of the MPA without DGS and reflector surface, the MPA with DGS and without reflector
surface, the MPA with DGS and the reflector plane at various frequencies in the frequency
range from 4.8 GHz to 5.8 GHz. The 3 dB beamwidth for the antennas in phi = 0 plane
shows that the three configurations show good 3 dB beamwidth close to 90 degrees. The
3 dB beamwidth in phi = 90 plane shows that the CA configuration has a good directional
property close to 90 degree. Table 5.3 shows the maximum gain, maximum directivity,
and the efficiency of the three configurations. From the results, it can be observed that
the proposed HGWBMPA is suitable for the sub-6 GHz 5G communication band.

The fabricated HGWBMPA is presented in Fig. 5.9. The Fig. 5.10 (a) presents the
simulated and measured reflection coefficient of the HGBWMPA. This figure shows that
the minimum values of measured S11 and simulated S11 are -26 dB and -19 dB, respec-
tively. The Fig. 5.10 (b) presents the voltage standing wave ratio of the HGWBMPA. The
minimum values of simulated and measured VSWR are 1.11 and 1.29, respectively. The
normalized patterns of the HGWBMPA at 4.8 GHz in Phit = 90 deg. plane and Phi =0
deg. plane are presented in Fig. 5.11 (a) and Fig. 5.11 (b), respectively. The normalized
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(b)
Figure 5.3: 3D Patterns of the HGWBMPA, (a) gain, (b) directivity
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Figure 5.4: Normalized patterns of the MPA without DGS and reflector surface-PA, the
MPA with DGS and without reflector surface-DGS, the MPA with DGS and the reflector
plane-CA at 4.8 GHz, (a) Phi =90 deg. plane, (b) Phi =0 deg. plane
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Figure 5.5: Normalized patterns of the MPA without DGS and reflector surface-PA, the
MPA with DGS and without reflector surface-DGS, the MPA with DGS and the reflector
plane-CA at 5.4 GHz (a) Phi = 90 deg. plane, (b) Phi = 0 deg. plane
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Figure 5.6: Normalized patterns of the MPA without DGS and reflector surface-PA, the
MPA with DGS and without reflector surface-DGS, the MPA with DGS and the reflector
plane-CA at 5.8 GHz (a) Phi = 90 deg. plane, (b) Phi = 0 deg. plane
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Figure 5.7: Gain and total efficiency of the MPA without DGS and reflector surface-PA,
the MPA with DGS and without reflector surface-DGS, the MPA with DGS and the
reflector plane-CA, (a) gain, (b) total efficiency
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Figure 5.8: Radiation efficiency of the MPA without DGS and reflector surface-PA, the
MPA with DGS and without reflector surface-DGS, the MPA with DGS and the reflector
plane-CA

Table 5.2: Main lobe direction and beamwidth of the MPA without DGS and reflector
surface-PA, the MPA with DGS and without reflector surface-DGS, the MPA with DGS
and the reflector plane-CA

Frequency  Main lobe direc- Main lobe direc- 3 dB beam- 3 dB beam-

(GHz) tion (phi = 0 tion (phi = 90 width (phi = 0 width (phi = 90
deg plane) (in deg plane) (in deg) (in degrees) deg) (in degrees)
degrees) degrees)

CA DGS PA CA DGS PA CA DGS PA CA DGS PA

4.8 1.0 20 00 10 160 0.0 808 93.0 96.0 883 167.8 92.5

4.9 1.0 20 00 10 150 0.0 827 93.0 956 &87.3 161.7 91.6

5.0 0.0 20 00 1.0 150 00 845 931 95.1 853 155.9 90.7

5.1 0.0 30 00 1.0 140 00 8.0 93.1 94.7 82.6 150.0 89.8

5.2 00 30 10 1.0 130 00 872 932 944 794 144.6 89.0

5.3 00 40 10 20 120 0.0 87.8 934 94.0 76.3 139.9 88.2

5.4 00 50 20 1.0 11.0 00 879 935 938 74.0 1358 87.5

5.5 00 60 20 1.0 100 0.0 876 93.5 935 728 131.7 86.9

5.6 1.0 80 30 10 90 0.0 873 93.7 933 724 127.7 86.3

5.7 1.0 90 30 10 70 0.0 871 938 931 725 124.0 86.0

5.8 20 11.0 40 20 50 00 872 940 93.0 73.0 120.4 86.0

72



Table 5.3: Maximum gain, maximum directivity and efficiencies of the MPA without
DGS and reflector surface-PA, the MPA with DGS and without reflector surface-DGS,
the MPA with DGS and the reflector plane-CA

Frequency Max. Gain (dB) Max. Directiv- Total Efficiency Radiation Effi-
(GHz) ity (dB) (dB) ciency (dB)

CA DGS PA CA DGSPA CA DGS PA CA DGS PA
4.8 5.89 3.07 4.13 7.08 4.16 6.28 -2.25 -1.62 -3.24 -1.18 -1.09 -2.15
4.9 596 3.08 423 7.16 419 634 -1.70 -1.38 -243 -1.21 -1.11 -2.10
5.0 6.00 3.06 4.27v 722 421 639 -1.36 -1.24 -2.17 -1.22 -1.14 -2.12
5.1 6.04 3.01 4.28 7.28 421 645 -1.30 -1.21 -242 -1.25 -1.20 -2.16
5.2 6.10 2.94 4.25 7.37 421 650 -143 -1.29 -3.08 -1.27 -1.27 -2.25
5.3 6.17 2.85 4.12 747 421 6.53 -1.57 -146 -4.02 -1.30 -1.36 -241
5.4 6.21 2.75 3.87 756 420 656 -1.60 -1.71 -5.06 -1.35 -1.46 -2.69
5.5 6.18 2.61 3.55 7.60 4.18 6.57 -1.53 -2.04 -6.05 -1.42 -1.58 -3.03
5.6 6.00 244 320 7.59 4.17 6.58 -1.56 -2.42 -697 -1.54 -1.72 -3.38
5.7 5.84 226 283 7.53 4.15 6.58 -1.80 -284 -7.82 -1.69 -1.89 -3.75
5.8 531 206 238 744 413 6.54 -2.29 -3.27 -8.63 -191 -2.07 -4.17

patterns of the HGWBMPA at 5.4 GHz in Phi = 90 deg. plane and Phi = 0 deg. plane

are presented in Fig. 5.12 (a) and Fig. 5.12 (b), respectively. The normalized patterns
of the HGWBMPA at 5.8 GHz in Phi = 90 deg. plane and Phi = 0 deg. plane are

presented in Fig. 5.13 (a) and Fig. 5.13 (b), respectively. The simulated and measured

patterns show good agreement. The Table 5.4 shows the comparison of the proposed

HGWBMPA with the other antennas in literature. This table shows that the proposed

HGWBMPA is compact in size and provides wide bandwidth and high gain. From the

antenna characteristics, it can be observed that the proposed HGWBMPA is suitable for

sub-6 GHz 5G wireless applications.

Table 5.4: Comparison of the HGWBMPA with the existing antennas in literature

Reference Patch Size (mm?) Bandwidth (MHz) Maximum Gain (dB)
[6] 38 x 22 200 161
[11] 40 x 40 400 491
[40] 35 x 40 100 7.43
[84] 29.50 x 33 170 4.46
[88] 38 x 22 360 2.24
(93] 38 x 16 700 2.5
Proposed 18.43 x 13.85 863 6.21
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(b)
Figure 5.9: Fabricated HGWBMPA, (a) top view, (b) back view.

5.4 Summary

In this chapter, the design and development of the HGWBMPA for sub-6 GHz 5G ap-
plications have been presented. The presented HGWBMPA utilizes the triangular slot
in the partial ground plane along with a reflector surface. The antenna is simulated and
optimized using the commercial EM tool i.e. CST Studio Suite. The antenna provides the
maximum gain and maximum directivity of 6.21 dB and 7.29 dB, respectively. The pre-

sented compact high gain HGWBMPA is suitable sub-6GHz 5G wideband applications.
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Figure 5.10: Reflection coefficient and VSWR of the HGWBMPA, (a) reflection coefficient
(S11), (b) VSWR
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Figure 5.11: Radiation patterns of the HGWBMPA at 4.8 GHz, (a) Phi = 90 deg. plane,
(b) Phi =0 deg. plane
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Figure 5.12: Radiation patterns of the HGWBMPA at 5.4 GHz, (a) Phi = 90 deg. plane,
(b) Phi =0 deg. plane
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Figure 5.13: Radiation patterns of the HGWBMPA at 5.8 GHz, (a) Phi = 90 deg. plane,
(b) Phi =0 deg. plane
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Chapter 6

Conclusions and Recommendations

for Future Work

6.1 Conclusions

In this dissertation, the design and development of HGRMPA and HGWBMPA for sub-6
GHz 5G communications have been presented. The presented antennas utilize DGS to
improve the gain and bandwidth. DGS provides various advantages when used in the
MPAs. DGS technology based MPAs are easy to fabricate and give better performance.
DGS can improve several antenna parameters such as gain, bandwidth etc. After choos-
ing the substrate material and height of the substrate, the antennas are designed using
transmission line model. In the proposed HGRMPA, the slot in the patch, the DGS and
the reflector surface are utilized to improve the performance of the antenna. The reflector
surface helped to suppress the side and back lobes of the antenna. The HGRMPA is
designed and optimized using the CST microwave studio. The HGRMPA with optimized
dimensions is fabricated. The measured results are compared with the simulated results.
The comparison between the simulated and the measured results of HGRMPA shows good
agreement. The maximum gain and maximum directivity of the antenna are 5.49 dB and
7.12 dB, respectively.

To make the HGRMPA suitable for sub-6GHz 5G wideband applications, the design
and development of HGWBMPA has been presented. Wideband behavior is achieved by
replacing the C lacerated ground plane of the antenna by the partial ground plane with

the triangular strip. The HGWBMPA gives the wide bandwidth ranging from 4.9 GH z to
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5.8 GHz. The gain of the HGWBMPA has been improved by using the reflector surface
below the ground plane. The maximum gain and maximum directivity of the HGWBMPA
are 6.21 dB and 7.29 dB, respectively. The prototype of the designed and optimized
HGWBMPA is fabricated. The comparison between the simulated and measured results
of HGWBMPA shows good agreement. The size of the HGWBMPA is 28.03 mm X
23.45 mm x 5.35 mum with the patch size of 18.43 x 13.85 mm?. The bandwidth of the
HGRMPA and HGWBMPA lies in the sub-6 GHz frequency range. The antennas provide
high gain and can be used for various wireless applications such as WiFi, WLAN etc. The

proposed HGRMPA and HGWBMPA are suitable for sub-6 GHz 5G compact devices.

6.2 Recommendations for Future Work

For the future work, the gain of the proposed antennas can be further enhanced by
designing the array antenna using the proposed antennas as the elements of the array. To
enhance the capacity of the wireless communication systems, the design of the proposed
antennas may be extended for multiple-input multiple-output systems. FSS, metamaterial

etc. can also be utilized to further improve the performance of the proposed antennas.
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