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Abstract

Amidst escalating data traffic demands, the fifth generation (5G) of mobile commu-
nication has been launched to curb these demands by providing high data rates,
decreased latency, increased network capacity and large bandwidth. The ambitious
performance expected from the 5G cellular communication network is enabled by
different key technologies including shifting towards the millimeter wave frequency
band. However, the millimeter wave band is accompanied by limitations of signal
pathloss and propagation loss due to small wavelengths. As a result, antenna arrays
with high antenna gain are used to mitigate these signal path and propagation losses
without consuming more power and at a low cost. Antenna arrays have a shortfall
of having a limited angular coverage due to narrow beams. As such, phased array

antennas are adopted to provide electronic beam steering in desirable directions.

This thesis proposes an eight element phased array antenna for 5G wireless appli-
cations. The proposed antenna is designed to operate in the millimeter wave band
specifically at 28 GHz. Antenna element or radiating element is an important as-
pect in designing a phased array antenna, in this thesis a single rectangular patch
antenna is used as a radiating element. Three single patch antennas are designed
using three dielectric substrates. After antenna performance comparison, the single
patch antenna designed using RT 5880 dielectric substrate was chosen as the radi-
ating element for the proposed eight element phased array antenna. The proposed
phased array antenna is composed of two 1 x 4 array antenna which are fed by
two excitation ports and phase shifting is introduced at these ports to achieve beam

steering.

From the simulation results, the proposed phased array antenna achieved reflec-
tion coefficient of -40.19 dB, bandwidth of 1.51 GHz, antenna gain of 15.92 dBi, scan
angle of +41° and mutual coupling effect in the array is -27.97 dB. To reduce mu-
tual coupling, a dumbbell shaped defected ground structure (DGS) is inserted in
the array and a mutual coupling reduction of 6.27 dB is achieved. In conclusion, the
proposed phased array antenna has a limited scan angle and the insertion a dumb-
bell shaped DGS in the array reduced mutual coupling and increased the bandwidth
of the antenna. However, the insertion of DGS did not improve antenna parameters

related to radiation pattern as there is a decrease in antenna gain and directivity.
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Chapter 1

Introduction

1.1 A Brief History on Generations of Mobile Network

Communication

Since 1980, almost every decade marks the deployment of a new generation of mo-
bile communication. The first generation (1G) used analog radio systems, frequency
division multiple access (FDMA) for the division of available bandwidths into spe-
cific frequency channels, circuit switched networks and supported only voice trans-
mission [1,2]. However, this network generation was characterized by issues of
limited network capacity, low security and poor hand-off. Due to the limitations of
1G and the increased need for greater cellular capacity, second generation (2G) was
developed and deployed in 1991 [3]. This generation used digital system technol-
ogy for voice and used time division multiple access (TDMA) scheme [4]. Under
2G, different technologies were introduced and these are, global system for mobile
communications (GSM), general packet radio service (GPRS) also known as 2.5G
and enhanced data rates for GSM evolution (EDGE) also known as enhanced GPRS
(EGPRS) [3]. 2G networks used circuit switched and packet switched domains for
the purpose of voice transmission and; data transmission and reception, respec-
tively [5]. In 2000, the third generation (3G) of mobile networks was deployed and
was also termed IMT-2000. This technology enabled mobile telephony. The technol-
ogy standards under 3G were, code division multiple access (CDMA)-2000, wide
CDMA, universal mobile telecommunications system (UMTS) and time-division
synchronous code-division multiple access (TD-SCDMA) [6]. This generation pro-
vided services such as improved internet speed, digital broadband, global roam-
ing and high quality of service (QoS). In 2010, fourth generation (4G) of mobile
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communication was launched and as compared to its predecessors it is an inter-
net based technology [7]. 4G networks use a new access technique called orthogo-
nal frequency division multiple access (OFDMA) and technology standards intro-
duced under this generation are long term evolution (LTE), worldwide interoper-
ability for microwave access (WIMAX), multi-carrier code-division multiple access
(MC-CDMA) and network link management protocols (LMPs) [8,9]. Today’s LTE
advanced systems are approaching there practical limits and falling short to meet in-
creasing demands of modern wireless communications. Hence the fifth generation
(5G) of mobile networks is upon us. Table 1.1 summarizes the comparison between
the four generations of mobile communications.

Table 1.1: A brief summary of existing generations of mobile communications [1, 3,
6,10]

Generation 1G 2G 3G 4G

Time Period 1980 1991 2000 2010-now

Data rate 2 kbps 64 -144 kbps 2 Mbps More than 200

Mbps

Technology Analog digital, = GSM, | Broadband data | LTE
GPRS, EDGE

Multiple access | FDMA TDMA, CDMA | CDMA OFDMA

Service voice, sms, data | voice, data, | dynamic infor- | dynamic infor-
high  quality | mation access mation access
audio

Switching Circuit Packet, Circuit | Packet Packet

1.2 Fifth Generation of Mobile Communication

In the modern days, there is an exponential proliferation in wireless data traffic and
mobile users demand for improved broadband wireless technology to support ser-
vices such as ultra high definition (UHD) video streaming. Moreover, emerging ap-
plications such as internet-of-things (IoT) and machine to machine communications
(M2M) demands for high data rates, enormous bandwidth and increased network
capacity. These demands of modern wireless communication impose a challenge on
the current cellular networks such as 4G and LTE advanced. As such, fifth gener-
ation (5G) of mobile communication has been launched to meet these demands of
modern wireless by providing services such as efficient energy, high network ca-
pacity, low latency, high data rates, increased bandwidth and a great number of
connected devices [11]. The main of 5G is to curb the impediments of the previous
cellular networks at a low cost. Challenging specifications for 5G networks has been
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set by International Telecommunication Union (ITU) to meet the practical limits of
current wireless networks, as illustrated in Fig. 1.1, 5G networks are envisaged to
provide latency less than 1 ms, cell spectral efficiency of 10 bits/s/Hz, up to 1 Gbps
of peak data rate, 10x cost efficiency as compared to 4G, mobility up to 500 km/h
and more than 1 million simultaneous connections per km?.

Peak Data Rate
[(Gbps]

Cell Edge
Data Rate
(Gbps]

Latency
[ms]

Simultaneous
Connection
[M/km?]

_ Cell Spectral
Efficiency
[bps/Hz]

Cost Mobility
Efficiency [km/h]

FIGURE 1.1: Expected performance of 5G networks [12].

5G networks have been designed to meet specifications of three usage scenarios,
namely, enhanced mobile broadband (eMBB), massive machine type communica-
tion (MMTC) and ultra-realibe low latency communication (URLLC) [13]. The eMBB
usage scenario describes the network capacity enhancements. Due to the ever-
increasing requirements for higher data transfer rates, the eMBB application deals
with data transfers that are in magnitudes of multiple gigabytes for the end-users.
Example sub-use cases of eMBB include hot spots in densely populated areas for
both indoor and outdoor coverage and broadband everywhere. URLLC use case
describes ultra-responsive connections with extremely low latency and high relia-
bility. Furthermore, this use case introduces support for the requirements of mission
critical applications in relatively new industries. These applications include indus-
trial automation, autonomous driving, eHealth and smart energy and grids. The
mMTC use case describes the communication between interconnected machines



Chapter 1. Introduction 4

over a wired or wireless networks where data generation, information exchange and
actuation takes place with minimal or no intervention from humans. In particular,
mMTC involves wireless connectivity and networking between massive quantities
of machines (billions), and is considered a key point in the progress from IoT to In-
ternet of Everything.

The ambitious performance expected from 5G cellular communication network in
order to accommodate variety of applications is enabled by different key technolo-
gies and these include millimeter wave band, massive multiple input multiple out
(MIMO), ultra dense networks, green communication, full or flexible duplex com-
munication, antenna array beamforming etc [14]. To meet the challenging specifica-
tions for 5G networks, the use of new frequencies is required. 5G networks operates
on two sets of frequency ranges. The first range is from 450 MHz to 6 GHz (sub 6
GHz) and the second range from 24 GHz to 52 GHz (millimeter wave band). Mil-
limeter wave frequency band is a band in the electromagnetic spectrum covering
a range of 30 GHz to 300 GHz and wavelength range of 10 - 1 mm [15-18]. This
band is also referred to as extremely high frequency (EHF). MmWave band is a less
congested part of the spectrum and can be used in mobile and wireless networks for
the provision of high data rates and increased network capacity. Benefits of using
mmWave band include large bandwidth for high data rate transmission, implemen-
tation of large number of antennas due small wavelengths which gives high antenna
gain, wideband spread spectrum which yields a reduction in multipath fading, high
antenna directivity and low power transmission as a result of high antenna gain
[19,20]. However, millimeter wave is accompanied by limitations of signal path
loss and propagation challenges [15,21,22]. Fortunately, small wavelengths of mil-
limeter wave band enable the implementation of large number of antennas which
provide high directive gain and beamforming abilities [15]. Beamforming antenna
arrays provide high spatial gain which compensate for losses in the the millimeter
wave band. Also the small wavelengths aid array architectures to be inserted into
portable devices, thus making beamforming an appealing prospect. The combina-
tion of beamforming antenna arrays and millimeter wave communications is a key
enabler in the implementation of 5G. In the development of 5G technology, which
presently is being commercialized around the world [23,24], different advanced an-
tenna array architectures are used. This includes phased arrays, massive MIMO
and beamforming arrays [25-30]. In millimeter wave communication systems, the
antenna architectures of base and mobile stations are affected by random move-
ment of mobile devices, outdoor and indoor propagation in urban environment and
user mobility [28,31]. As such, electronic beam steering provided by phased arrays
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should be present in both mobile and base stations to archive a link with a good
quality. [15,32,33].

1.3 Motivation

Over the years there has been proliferation of data traffic in wireless communica-
tions due to applications such as IoT, mobile cloud computing, ultra high definition
videos and vehicle communications [34, 35]. According to recent studies, wireless
data traffic is expected to experience 1000 fold capacity increase in the foreseeable
future [36,37]. These applications demand wireless networks to have services such
as high data rate transmission, low latency, large bandwidth and high capacity chan-
nels. However, these demands bring challenges to the current wireless network ar-
chitectures, bringing them to reach their practical performance limits. In that regard,
5G mobile communication has been launched to meet these demands. 5G networks
operate in millimeter wave frequency band to provide enormous bandwidths how-
ever this frequency bands is characterized by propagation challenges due to small
wavelengths. Phased array antennas are broadly deployed in 5G networks to com-
pensate for losses in the millimeter wave band by providing high spatial gain and
beamforming capabilities. These advantages of phased arrays include electronic
steering of beams in the desired direction, high antenna gain with reduced side
lobes, beamforming capabilities and miniaturized antenna elements [38]. Nonethe-
less, phased array antennas have an undesirable problem of mutual coupling effect
between radiating elements which limits the overall performance of the array. Over
the years, a lot of research has been undertaken to mitigate mutual coupling effect
associated with phased array antennas. Some of the popular techniques or methods
proposed by researchers to mitigate mutual coupling are; use of electromagnetic
band gap (EBG) structures [39,40], use of defected ground structures (DGS) [41,42]
and metametarials [43—45].

In this thesis, a microstrip patch antenna is used as a radiating element of the pro-
posed phased array antenna. Microstrip patch antennas have advantages such as
low fabrication cost, low weight, easy to feeding process and miniaturized size [46].
Mutual coupling in phased array antennas which are designed with patch antennas
as radiating elements is enhanced by the existence of space coupling and surface
wave coupling between the patches. Furthermore, the overall radiation pattern of a
phased antenna is determined by the product of the electric field of a single antenna
located at the origin and the array factor. Array factor is a function that describes
the position of the antenna elements in the array and the weights used. This factor
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differs for each antenna array. This method of calculating far field pattern in phased
array antennas by pattern multiplication leads to inaccurate design of phased array
antennas because it neglects the coupling effect which exists between adjacent ra-
diating elements. To mitigate mutual coupling in the proposed microstrip phased
array antenna, defects are etched to the ground plane to reduce surface waves real-
izing DGS.

1.4 Problem Statement

The ambitious performance expected from 5G cellular communication network in
order to accommodate variety of applications is enabled by different key technolo-
gies including millimeter wave frequency band. However, the millimeter wave
band is accompanied by limitations of signal pathloss and propagation challenges
due to small wavelengths. In Fifth generation (5G) network, phased array antennas
are adopted to compensate for the propagation losses of the millimeter wave band
by providing high directive gain and beamforming capabilities. Antenna elements
used in phased arrays are compact and miniaturised in size. This leads to antenna
elements being in close proximity to one another and giving rise to an undesirable
problem of mutual coupling between the antenna elements. This problem is detri-

mental to the overall antenna array performance.

1.5 Research Aim and Objectives

The main aim of this thesis is to design and simulate a phased array antenna for 5G
wireless applications which takes into consideration the effect of mutual coupling
between the antenna elements. The specific objectives for the addressed research
problem are listed below;

1. To compare the performance of different substrates under the model of a single

patch antenna.

2. To design and simulate 1 x 4 microstrip patch array antenna operating at 28
GHz.

3. To design and simulate an eight element phased array antenna operating at 28
GHz.

4. To incorporate a defected ground structure (DGS) to reduce mutual coupling
effect in the designed eight element phased array antenna.
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5. To compare the antenna performance of the phased array antenna with and
without DGS.

1.6 Research Publications

The contribution of this thesis is mainly on the design and simulation of an eight
element phased array antenna for 5G wireless applications.This contribution is sup-
ported by various local and international journal publications.

1. R. Ramogomana, K. Koodirle, G. A. Mapunda, L. Marata, B. Basutli, A. M.
Zungeru, and J. M. Chuma “Review of Microstrip Patch Antenna Designs with

Array Configurations,” BIE 16th Biennial Conference, pp.1-10, Nov 2019.

2. R. Ramogomana, B. K. Ledimo, G. A. Mapunda, M. Mosalaosi, A. Yahya and
B. Basutli, “A Survey on the State of the Art of Phased Array Antennas and
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1.7 Thesis Outline

The remaining part of this thesis is structured into four (4) chapters. Chapter 2
provides overview of antenna arrays. This includes different types of antenna ar-
rays and their feeding networks. The chapter also entails the working principles of
phased array antennas and how mutual coupling occurs in these antennas. Differ-
ent methods and techniques used reduce mutual coupling are discussed. A study
on microstrip patch antennas is presented. Furthermore, this chapter presents var-
ious parameters used to measure antenna performance, including gain, return loss,
bandwidth etc.

Chapter 3 discusses the design of a single rectangular patch antenna operating at
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28 GHz. The single rectangular patch antenna is designed using three different sub-
strates and their performance is compared. Furthermore, this chapter compares the
performance of the designed single patch antenna with existing single patch anten-
nas operating at 28 GHz.

In Chapter 4, the focus is on the design of a suitable phased array antenna for 5G
wireless applications. The design process starts with the design of a 1 x 4 array
antenna and then the design of eight element phased array antenna. A dumbbell
shaped defected ground structure (DGS) is embedded on the designed phased ar-
ray to mitigate mutual coupling effect existing in the antenna. Furthermore, this
chapter compares the performance of the proposed phased array antenna without
dumbbell DGS and the one with dumbbell DGS existing single patch antennas op-
erating at 28 GHz.

Finally in Chapter 5, the findings and conclusion of the thesis are presented. Fur-
thermore, the future works of the project are presented.



Chapter 2

Background on Antenna Arrays

This chapter presents the background theory of antenna arrays. The main focus is on
different array configurations, feeding networks for antenna arrays, working prin-
ciples of phased array antennas. Methods used to reduce mutual coupling in arrays
are discussed. Antenna parameters which are used to measure the performance of

phased array antenna are also presented.

2.1 Introduction to Antenna Arrays

An antenna array or array antenna is a system of multiple antenna elements ar-
ranged in a certain electrical or geometric configuration to achieve a directional ra-
diation pattern [46—49]. Different antenna types can be used as antenna elements,
for example microstrip antennas, dipole antennas, aperture and even horn antennas.
An antenna array can be deployed on a small platform or over a large geographical
area, for example; embedded systems or square kilometer array (SKA) [50]. In a
single antenna element, the radiation pattern is characterized by low gain and low
directivity [46]. The performance of a single antenna can be improved by size en-
largement thus; resulting in more directive beams and high gain [46]. In practice,
the approach of using large physical antennas is a disadvantage because it results in
bulky antennas, which are often difficult to modify at a later stage. Antenna arrays
offer an effective way of enlarging antenna dimensions without the need to increase
the individual antenna size. For convenience and more practicality, the antenna el-

ements in an array should be identical.

The total electromagnetic of an antenna array at a point away from its center is
derived by summing the fields of each antenna element, merged appropriately both
in magnitude and phase [46, 51, 52]. With the negligence of mutual coupling be-
tween these antenna elements, the assumption is that the current is the same in each
element and isolated element, but this is not always the case even if the antenna

elements are excited by the same phase and amplitude. In the provision of directive
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patterns there is constructive and destructive interference of fields from individual
antenna elements. With constructive interference, fields sum together to provide a
maximum field in the desirable direction whereas for destructive interference, fields
cancel out in the remaining space. To shape the overall radiation pattern of an an-

tenna array with similar antenna elements the following can be adjusted;

1. The geometrical configuration of an antenna array
2. Relative pattern of the individual antennas

3. Relative displacement between antenna elements
4. Excitation amplitude

5. Excitation phase.

The overall radiation pattern of an antenna array is obtained as the product of the
electric field of a single antenna located at the origin and the array factor. Array
factor is a function that describes the position of the antenna elements in the array
and the weights used. This factor differs for each antenna array. Mathematically,

the total field of antenna array E;, is given by:
E; = [E, x Array factor] (2.1)

where E, is the field of a single antenna. There are different geometric configurations
of antenna arrays and the commonly known ones being linear, planar and circular
[46,53,54].

2.1.1 Linear Antenna Array

This is the most straight forward geometric configuration of an antenna array whereby
antenna elements are arranged in a straight line with equal spacing between them
[54-56] as shown in Figure 2.1. Linear antenna arrays can be classified into uniform
and non-uniform arrays. In uniform linear array antenna, antenna elements are
identical with equal current magnitude, uniform spacing and a progressive phase
shift. With non-uniform linear array, there is non-uniform spacing between antenna
elements and the elements are fed with different phases and amplitude [46].

The array factor of the linear antenna array shown in Figure 2.1 is described by [46]:

AF(0,8) =1+ eV + e/ 4. 4/ N-DY,

N-1
P 22)
n=1
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P(6,0)

FIGURE 2.1: Linear array configuration with dots denoting the antenna elements [57]

where N is number of the antenna elements, ¥ = kd cos(8), d is the distance between
antenna elements, § is the phase difference between antenna elements, k = 27/1 and
A is the wavelength.

Multiplying equation (2.2) by e/¥ and subtracting the resulting product from equa-
tion (2.2) yields

1 - e/
Solving equation (2.3) results in
sin (—1//)
AF(0,¢) = e/lN-D/20 | _\2 ] (2.4)

]

The array factor of a linear array may be normalized so that N is equal to unity.
Therefore the normalized array is given by [46]:

(N
sin 21//
Nsin(%)

AF(6,8) = (2.5)

2.1.2 Planar Antenna Array

In planar array configuration antenna elements or individual antennas are arranged
in one plane as shown in Figure 2.2. They are also called two dimensional (2D) ar-

rays. This geometric configuration offers the advantage of beam steering occurring
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in two planes, that is azimuth and elevation planes and its overall radiation pattern

is characterised by reduced side lobe levels [58].

P(6,9)

FIGURE 2.2: Planar array configuration with antenna elements in both x and y directions
[46].

Planar array offers the design of complicated arrays hence there is an increase in
complexity and cost [59]. In planar array configuration there are N, antenna ele-
ments placed next to one another linearly in the y direction with equidistant of d,.
Another M, antenna elements are aligned in the x direction with equidistant of d,
as illustrated in Figure 2.2. The array factor for this array is given by:

where ”
AF, (0, ¢) = Z 1, ¢/ M=k sin(0) cos(4)) 2.7)
m=1
and
M
AFy(G, ) = Z Inej(n—l)(kdy sin(6) sin(¢)) (2.8)
n=1

Therefore
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N M
AF(@, ¢) — Z I, Z Imej(m—l)(kdx sin(0) cos(¢)) ej(n—l)kdy sin(0) sin(¢) (29)

n=1 m=1
For a uniform planar array, /,, = I, = Iy then the above equation (2.9) is written as
N M
AF(0,¢) = I Z ej(n—l)kdy sin(6) sin(¢) Z ej(m—l)kdx sin(6) cos(¢) (2.10)
n=1 m=1

whereby I,,, I, are the excitation amplitudes, I indicates amplitude excitation at the

origin. The normalised array factor of uniform planar array is given by [46]:

. lﬂx . ¢’y
sin (M;) sin (7)

M sin (%) N sin (%)

where y,, = kd, sin(6) sin(¢) and ¥ = kd, sin(0) cos(¢).

AF, (0,¢) = (2.11)

2.1.3 Circular Antenna Arrays

The geometric configuration of antenna elements in this array is a ring arrangement
as illustrated in Fig. 2.3. This array type generate omnidirectional beams and there
is uniform spacing of antenna elements and elements have identical amplitude and
phase [46].

z P(6,9)

FIGURE 2.3: Circular array configuration with antenna elements [59].

The array factor for this array is described by [59]:
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N
AF(Q, ¢) — Z Inejkr sin ¢(cos8, cosf+sin 0, sin §)
" (2.12)
_ Z I ejkrsin¢cos(9—(9,,)
= n

n=1

2.2 Feed Networks for Array Antennas

Antenna elements in an array configuration can be fed through a single line (series

fed) or by multiple lines (corporate or parallel feeding).

2.2.1 Series Feed Network

In this feed network, a single line is used to fed the antenna or radiating elements
and each antenna as shown in Figure 2.4. As shown by the figure, element feeds
from the previous one. Any change which occur in any antenna element directly
affects the performance of the other element. Advantages of this feed network in-
clude easy implementation and fabrication, reduced feed network losses and low
sidelobe level of the array. However, this feed network is limited by providing a
narrow bandwidth and being used in arrays with a fixed beam or arrays that use

frequency scanning for beam scanning [46].

Radiating elements

]

7
Inpit l

Transmission line

FIGURE 2.4: Series feed network.
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2.2.2 Corporate Feed Network

In this feed network, multiple lines are used to fed the antenna elements as il-
lustrated in Figure 2.5. From the figure, the power splits or feedlines of 2" (i.e
n=2,4,8,16, 32, 64etc) provided by corporate feed network are accomplished by us-
ing multiple section quarter wavelength impedance transformers or using tapered
lines. Advantages of this feeding include equal power distribution to all antenna
elements, ability to provide large bandwidths and have beam scanning properties.
The limitation of this methods is high feed losses to due multiple lines [46].

Radiating elements

LN

— > Feedline

Input

FIGURE 2.5: corporate feed network

2.3 Phased Array Antenna

Phased array antenna is a system of multiple antenna elements arranged in a cer-
tain electrical or geometric configuration each equipped with a specific time delay
to steer electromagnetic beams in a desired direction [57, 60-64]. Fig.2.6 illustrates
a schematic of a basic phased array antenna comprising of antenna elements, trans-
mitter/receiver and phase shifters. Antenna elements such as dipole, slot and patch
antenna are each equipped with phase shifters for the provision of phase shifting.
Geometric configuration of these antenna elements can be linear, planar and circu-
lar [57]. The overall radiation pattern is obtained by the manipulation of the ampli-
tude and phase of the signal emitted from individual antennas. There is construc-
tive/destructive interference of signals to steer beams in desired directions which
results in a combination of some signals forming one strong signal whereas others

partially cancel out in unwanted direction [47,65]. Phased array antennas have the
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advantage to electronically steer beams in desired directions accurately and rapidly
without regarding antenna size or weight thus oviating the need to reposition large
antennas during beam steering [54]. In these systems, the patch difference in free
space is compensated by the introduction of time variation or phase delay in the

signal emitted from each antenna [61].

Desired beam

Equiphase front

Antenna

_— element

Power amplifier

Phase shifter

Attenuator

Q>4

Power Divider

FIGURE 2.6: Phased array antenna in transmit mode [66]

Fig. 2.6 illustrates the block diagram of a phased array antenna in transmit mode
with equally spaced "N” antenna elements in transmitting mode. Each antenna el-
ement in PAA is equipped with a variable time delay to control the phases of the
signals. In reception mode, the same concept is held because phased array anten-
nas obey reciprocity. Due to the separation between antenna elements, the radiated

beam will experience a time delay or phase shift given by:

_ 2rdsin(0)

A 1

(2.13)

where d is spacing between antenna elements, A is the wavelength of the signals and
6 is the boresight angle.
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The geometric configuration of antenna elements in PAAs can also be either linear,
circular or planar. For a linear PAA, antenna elements are identical, with current of
equal magnitude, uniform amplitude, equal interspacing and a progressive phase
shift. The array factor AF (6, ¢) in this geometry is proportional to the radiated field

at a certain point in space and for antenna elements in the x-axis this is given by

N-1
Fa(0,0) = ) Iyelntkdcostso) (2.14)
g

where I, is the current magnitude of the nth element and d is the spacing between

antenna elements.

If elements are in the z-axis, AF (0, ¢) is given by [57]:

N-1
Fo(0,0) = ) Ipelntkdcost=o), (2.15)
n=0

The progressive phase between antenna elements enables the radiation pattern of
PAA to be steered from broadside to the intended direction (6) forming a beam
scanning array. This further explains electronic beam scanning in PAAs. In practical
implementation of PAAs, this is achieved by the use of phase shifters. If the array
geometry is the z-axis, the progressive phase factor responsible for phase excitation

between the antenna elements is given by

A
@ =kdcos or 6 =cos" (;;d) , (2.16)

and the geometry of the array is on the x-axis, the above equation changes to

(2.17)

—a, A
—azka’cos@or@zcos_l( Yx )

2nd

An optimized PAA design in achieved by having both the array factor and maxima
of a single element antenna in the desired direction. Array factor is influenced by
phase excitation and distance between antenna elements. If the distance between
the antenna elements is larger than the wavelength, maximas of the main lobe called
grating lobes will appear and this is not desirable for PAAs [57]. To prevent grating
in PAA, interelement spacing d of the antenna elements must be chosen to fulfill the

accompanying condition:
d 1
- < . 2.18
A < 1+ ]cosfy| (2.18)
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As such, the above equation indicate that the interspacing between antenna ele-
ments in a PAA should be one half-wavelength to prevent grating lobes during

beam scanning.

The concept and principles of beam scanning in linear PAAs is extendable to pla-
nar PAAs. In this array geometry each row has identical current distributions but
with different current levels. There is a uniform phase progression between the an-
tenna elements in both the x and y direction due to the current distributions. The
phase progression in the x direction is given by, a, = kd, sin 6y cos ¢¢ and in the y
direction, @, = kd, sin 0y sin ¢g. The overall array factor of a planar phased array is
given by

N

M
AF(G, ¢) — Z Imej(m—l)(kdx sin 6 cos ¢+ay) Inej(n—l)kdy sin 0 sin p+a,, (219)

m=1

n=1

24 Mutual Coupling in Phased Array Antennas

Modern wireless communication demands for the usage of compact and miniatur-
ized antennas. Hence there is reduction in antenna size resulting in antenna ele-
ments being in close proximity to one another and giving rise to a problem called
mutual coupling [39,46]. This a phenomenon in antenna arrays whereby there is
electromagnetic interaction between antenna elements [67]. It is an undesirable
effect which describe energy transmitted by the transmitting antenna element be-
ing received by the adjacent one and vice versa because antennas obey reciprocity.
Hence, this effect is detrimental to the overall performance of the antenna arrays
because it affects antenna parameters such as gain, directivity, beam width and
overall radiation. Furthermore, other parameters affected are antenna impedance,
steering vector, interference suppression, direction of arrival (DOA), output signal-
to-interference-plus noise ratio SINR [68]. Factors which mutual coupling depend
on are spacing between antenna elements, antenna type used, number of antenna
elements, geometric configuration of antenna elements, feed network components
such as couplers and phase shifters. In relation to space between antenna elements,
low inter-element space leads to decrease in of the array aperture thus reducing
output SINR of the array. This is because mutual coupling affect the steering vector
which is responsible for amplitude and phase manipulation. As a result this will
cause undesirable effect to the desired signal vector and thus altering the array’s
radiation pattern [69]. Mutual coupling effect have driven researchers to research

more into the effect including in adaptive arrays.
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For explanation, consider two antenna elements A and B in an array as illustrated
in Figure 2.7. In transmitting mode illustrated by Figure 2.7a, a source is attached
to antenna element A and it generates energy. This energy travels towards the radi-
ating element and gets radiated into free space. Part of this radiated energy is gets
coupled by adjacent element, element B. A current flow is induced thus re-radiating
the received energy into space whereas the other part of the energy is driven to the
source. The energy gets imposed with the energy generated by antenna element B,
causing a standing wave and changing the input impedance of the antenna. In Fig-
ure 2.7b, the antennas are in reception mode with an incident plane wave stroking
them. The incident wave strikes antenna element A first and causes current induc-
tion. There will be radiation of energy into free space due to the induced current
and the majority of the energy travels towards the load. Some the radiated energy is
coupled by antenna element B. If there is impedance mismatch in antenna element
A, some of the energy is reflected and radiated into space. Furthermore, there will
current induced in antenna element B due to the energy from antenna element A.
As in like antenna element A, there will be radiation of energy. This process will be

same even if the incident wave strikes antenna element B first.

Incident wave
front

///_\\ \

Element A Element B Element A Element B

N

(a) Antenna elements in transmit mode (b) Antenna elements in receive mode.

FIGURE 2.7: Mutual Coupling in transmit and reception mode.
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There are different solutions proposed and implemented to reduce of mutual cou-
pling effect in antenna arrays. One technique which has attracted a lot attraction is
the usage of electromagnetic band gap (EBG) structures [39,40]. EBG have an ex-
traordinary property of suppressing surface waves and accomplishing high seclu-
sion characteristics of antenna array [70,71]. These antenna structures have the abil-
ity to block frequencies of a particular frequency band and have in-phase coefficient
[72]. A huge number of basic EBG applications exists particularly at low mmWave
and microwave frequency regions examples being electronic PAA, bluetooth, mo-
bile telephony and global position systems (GPS) [73-75]. In antennas for mobile
phones this technique has came in handy because it prevents undesired electromag-
netic waves. Presence of surface wave suppersion property in EBG enhance antenna

array performance by incrementing antenna gain and reducing back radiation.

There are various designed and proposed EBG structures for mitigation of mutual
coupling effect in antenna arrays. Authors in [72] designed a microstrip PAA with
a novel mushroom like EBG structure for wireless local area network (WLAN) ap-
plication with a resonance frequency of 5.8 GHz. The patch element had a size of
14x 11.4 mm? using FR4 as its dielectric substrate with dielectric constant of 4.4 and
a height of 1.6 mm. A 2 x 2 array was embedded with a 2 X 5 mushroom-like EBG
structure between the radiating patch elements. The proposed antenna suppressed
unwanted surface waves at frequency stop band between 4.8 GHz to 7 GHz cater-
ing for the resonance frequency. In comparison the antenna array without the EBG
structure indicated a coupling of -21 dB and array with embedded EBG structure
there was a 23 dB mutual coupling reduction. In [76], the authors designed and
tested a microstrip antenna phased array with a uniplanar compact EGB substrate.
The antenna was feed through probe feeding and characterized by an array element
configuration of 7 X 5 with an operating frequency of 5.75 GHz. From both the sim-
ulated and measured results, the proposed antenna successfully reduced mutual
coupling effect between the antenna elements. Authors [77] proposed a microstrip
array antenna for x-band application embedded with EBG structure operating at a
resonant frequency of 10.2 GHz and fed through a coaxial feed. Unit cell of the EBG
structure was designed into an array of 21 x 2 configuration and it was embedded
between the two patch elements separated by a distance of 1/6. The proposed an-
tenna reduced mutual coupling between the elements by 4 dB.

Another way of reducing mutual coupling effect between antenna elements of an
array is through the use of defected ground structures (DGS). DGS are an etched
configuration embedded on a transmission line’s ground plane [41,42]. This ground
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plane defection disarrange current distributions of the ground plane thus bring-
ing a change to transmission line parameters such as line capacitance, resistance
and inductance. Etched ground plane configuration can give effective inductance
and capacitance of the antenna which are key parameters at resonant frequency
[41,78,79]. Authors in [80] designed a four element MIMO antenna array with a
defected ground structure operating at 5.8 GHz for WLAN application. Character-
istics mode analysis was done to design a better DGS unit cell without affecting the
radiation characteristics of the array antenna. In the analysis of measured results,
the proposed antenna array produced a realized gain of 5.3 dB, total radiation ef-
ficiency of 84% and a bandwidth of 200 MHz. Finally the proposed array antenna
produced mutual coupling of -32 dB between the antenna elements. A four element
array antenna with a dumbell shaped DGS to reduce mutual coupling effect be-
tween the radiating elements was designed and fabricated in [81]. The designed ar-
ray antenna was analyzed using a finite integration technique (FIT) and it achieved
mutual coupling reduction of 20 dB, antenna gain of 9.54 dB in both E and H planes
and a radiation efficiency of 88%. In [82], authors proposed a coplanar linear polar-
ized antenna array embedded with three U-shaped DGS at a center frequency of 3.6
GHz. The proposed array obtained a mutual reduction of 10 dB between antenna

elements.

In recent years, metamaterials have emerged as one the methods to reduce mutual
coupling effect in antenna arrays. Metamaterials are artificial structures in nature
and exhibit either a negative permitivity or negative permiability [44,45]. Metama-
terials have the attribute of suppressing electromagnetic waves in certain frequency
bands and as such they can suppress surface wave propagation thus reducing mu-
tual coupling between antenna elements in the array [43]. A metamaterial super-
substrate is proposed in [83] for mutual coupling suppression suitable for a planar
phased array antenna. The metamaterial was Incorporated between the radiating
patches of a 2 x 1 patch array. From the simulation results, the proposed technique
increased the antenna bandwidth by 160 MHz and reduced mutual coupling be-
tween the radiating patches by 5 dB. A slot combined complementary split ring res-
onator (SCCSRR) metamaterial structure is proposed to suppress mutual coupling
in a densely packaged microstrip phased array in [84]. The SCCSRR metamaterial
structure was placed between two radiating elements of microstrip phased array
operating at 3.7 GHz on top side, bottom side, and on both side together. The pro-
posed metamaterial structure achieved a significant mutual coupling reduction of
14.7 dB and total measured return loss of -26 dB. Authors in [85] proposed a slotted
E-shapped metamaterial decoupling slab for densely packed MIMO antenna arrays.
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The metamaterial decoupling slab was made up of two E-shaped slits and an induc-
tive stub. The proposed metamaterial was located between the patch antenna ele-
ments. A propotype for this metamaterial was fabricated on a FR-4 substrate with
a volume of 67.41 x 33.49 x x 1.6 mm3. The proposed metamaterial accomplished
-43.7 dB mutual coupling reduction between the patch elements for 1.6 thick and 4.5
permitivity substrate.

Apart from metamaterials, DGS and EBG, there are various proposed techniques
and methods in existing literature which are used to reduce mutual coupling in
phased array antennas. The authors in [86] proposed a densely packed S-Band mi-
crostrip PAA with a mutual coupling based element. The mutual coupling based el-
ement was used to decrease the coupling effect in the antenna. Despite the radiating
patches being closely placed, the proposed antenna achieved mutual coupling less
than -25 dB. A novel wide-scan angle microstrip phased array antenna is proposed
in [87]. The proposed antenna used two techniques to reduce mutual coupling be-
tween adjacent elements and these techniques are; parasitic decoupling walls and
individual ground planes. The results of the proposed antenna indicates that the
antennas has a scan angle of 65? in E-plane and 60° in H-plane and reduced mutual
coupling to lower than -32 dB between adjacent elements. The proposed antenna
had a VSWR less 2 over 20% operation bandwidth. A finite 544 element phased
array prototype was fabricated from the proposed design and there was agreement
between simulated and measured results over several scan angles. Mutual coupling
between radiating elements can be reduced by a proper design of antenna elements
or by orientating the polarization of antenna elements in the array [88]. The authors
in [89] proposed to compensate for mutual coupling in conformal array antenna
based on the active element pattern method.In the proposed method, the elements
were classified based on the active element pattern and a total active pattern was
achieved. The correction of mutual coupling in the array was done through excita-

tion and active element pattern.

2.5 Microstrip Patch Antenna

There are various antenna types which are used as antenna elements in phased ar-
ray antennas and these include dipole antenna, horn antenna, reflector antenna,
microstrip antenna etc but for this thesis, microstrip patch antenna is used as an an-
tenna element or radiating element for the proposed phased array antenna. The idea
of microstrip patch antennas date back to 1953, with their first patent published in
1955 but these antennas received a lot attention in the 1970s due to the advancement
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of the printed circuit board (PCB) technology. Since then, they have been broadly

deployed in different fields of wireless communication.

2.5.1 Basic characteristics of Microstrip Patch Antenna

A conventional microstrip antenna is illustrated in Figure 2.8 and is made up of
a dielectric substrate, radiating patch, ground plane and feedline [46,90]. In the
configuration shown by Figure 2.8, the patch is etched into the substrate and it is
source for radiation. At this layer, electromagnetic energy fringes off at the edges,
goes through dielectric substrate and gets reflected by the ground plane and pass
through the substrate into the free space. There are different dielectric substrates
which are used in the design of a microstrip antenna and their electric constants
range from 2.2 to 12 [46].

Microstrip Feed

Patch

Substrate

Ground Plane /

FIGURE 2.8: Microstrip patch antenna [91]

In practical applications, geomtery of the radiating patch is either square, circular or
rectangular but the rectangular and circular shapes are the commonly used because
of their advantages such as easy fabrication, easy of analysis and attractive radiation
characteristics. However different geometry are possible to be designed and some
of the geometry is illustrated in Figure 2.9.
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Square circular rectangular
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triangular circular ring

FIGURE 2.9: various geometry for patch antenna

For rectangular patch antenna, the dimensions of the antenna are calculated using

the following steps [46]

1. Determine patch width (W) for a good radiation efficiency

c 2
:—,/— 2.20
W 2f, Ve, +1’ ( )

c represents speed of light and

where,

fr is the operating frequency

2. Determine the effective dielectric constant. Due to the finite dimensions (length
and width) of the radiating patch, fields at the patch edges go through a fring-
ing effect. This makes the microstrip patch appear electrically wider compared
to its physical dimensions. In order to account for the fringing effect, an effec-

tive dielectric constant is introduced and it is calculated based on equation

(2.21)

I
N =

ge+1 & -1
freff:T+ 9

1+ 123} , (2.21)
W
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3. With the value of e, the extended length AL or fringing factor is calculated
using equation (2.22)

w
(Greff + 0.3) (% + 0.264)

A—hL =0.412 W , (2.22)
(€rest — 0.258) (; + 0.8)
4. Determine the length L of radiating patch
L=—""—92AL (2.23)
21 V Ereff . .
5. Determine the ground plane dimensions, length (L,) and width (W,)are calcu-
lated as:
L, =L+6h (2.24)
W, =W +6h (2.25)

Microstrip antennas are broadly deployed in wireless communication because they
exhibit numerous advantages over other antenna types. This advantages include;
they are light in weight, small in size, have a lower cost of production, easy fab-
rication and are compatible with monolithic microwave integrated circuits [90, 92].
These antennas can also provide feed-line flexibility, frequency agility and dual fre-
quency operations. Despite the abundance of patch antennas in modern wireless
communication, their performance are still set back by some major disadvantages
such as inherent narrow bandwidth, lower gain and low power handling capac-
ity. Narrow bandwidth can be improved by increasing the height of the dielectric
substrate, whereas array configuration is used to improve low gain and low power
handling limitations [46].

2.5.2 Feeding Methods of Microstrip Patch Antennas

There are many ways to excite the radiating patch, but the commonly used are mi-
crostrip feedline, coaxial probe feeding, aperture and proximity coupling [46].
Microstrip feed line

This method is concerned with connecting a conducting strip to the radiating patch.
The advantages of the microstrip feedline are ease of fabrication and simplified
matching which is achieved by controlling inset position. However the tradeoff
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which comes with this feeding method is the increment in surface waves and spuri-
ous feed radiation thus limiting the bandwidth [46,92,93].

Coaxial Probe feeding

With this technique, the inner conductor of the coaxial is attached to the patch
and the outer conductor is connected to the ground plane. The coaxial probe feed
method offer advantages such as easy fabrication, easy impedance matching and
low spurious radiation. The limitations of this method is that it still offers low band-
width and it is difficult to model especially for thick substrates [46,92,93].

Aperture Coupling

In aperture coupling feeding scheme, the ground plane separates two different sub-
strates. The low substrate which is on the bottom part has a microstrip feedline
which is used to couple energy to the patch through a slot on the ground plane.
regarding substrates, the top substrate is characterized by a thick low dielectric con-
stant whereas the bottom substrate is characterized by a high dielectric constant.
Apart from separating substrates, the groundplane reduces polarazation purity and
also minimises the formation of spurios radiation pattern. With this feeding scheme
the feed mechanism element is fully optimized [46,92,93].

Proximity Coupling

Proximity Coupling consists of two dielectric substrates with the feedline located be-
tween these substrates. Compared to other schemes, proximity coupling has a low
bogus spurious radiation and offers much larger bandwidth. The shortfall which
acompanies this scheme is difficulty in fabrication because due to the need of proper
alignment of the substrate layers [46,92,93].

2.6 Antenna Parameters

The antenna parameters explained below will be used throughout the thesis and
some are used to measure the performance of phased array antenna. Each of the
terms are briefly explained below.

2.6.1 Radiation Pattern

Radiation pattern is a graphical representation of the radiation properties exhib-
ited by an antenna as a spatial function [94]. Some of the radiation properties of
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an antenna are polarization, directivity, field strength and radiation intensity [46].
Radiation patterns are most commonly represented in the far-field region and are
subsequently plotted as a function of the directional coordinates. Far-field region
also known as Fraunhofer region is a region where the radiation pattern does not
change shape with distance from the source and electric (E) and magnetic (H) fields
are orthogonal to one another and direction of propagation, as with the plane wave
[46]. The radiation pattern describes the E and H field pattern of an antenna [95].
These patterns are represented in various ways with two dimensional (2D) and three
dimensional (3D) being the common plots. For better visualization, the radiation
pattern of antenna is normalized by its maximum value to produce a normalized
field pattern [46].In Figure 2.10 , a radiation pattern of antenna is illustrated consist-
ing of several lobes. These lobes are classified into main, minor, back and side lobes.
Main lobe is the lobe with maximum field strength or radiation. A minor lobe is
any radiation lobe expect the main lobe. Side lobe is a radiation lobe which is any
direction other than the main lobe and are the largest of the minor lobes. Side lobes
are unwanted and should be minimized at all times. Back lobes are radiation lobes

which are in opposite direction of the main lobe.
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FIGURE 2.10: Radiation pattern of an antenna [46]

2.6.2 Beamwidth

Beamwidth which is associated with a radiation pattern of an antenna is defined

as the separating two equivalent points on the opposite sides of the main lobe.
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Beamwidth is measured at any point of the main lobe but common used beamwidths
are halfpower beamwidth (HPBW) and first null beamwidth (FNBW). HPBW is
measured where the radiation intensity of the mainlobe is half the maximum power
(-3 dB) and FNBW is measured between the nulls of the antenna radiation pattern
as illustrated in figure what what [46,96].

2.6.3 Directivity

Directivity of an antenna describes the ratio between radiation intensity of an an-
tenna in a particular direction and averaged radiation intensity over all directions
[46,97]. Directivity entails how well the antenna focuses the mainlobe. If a high
value of directivity is obtained, this implies that there is a strong main lobe with
very few minor lobes and vice versa. Directivity is dimensionless and in mathemat-

ical form is described as [46]:
U 4nU

D=—=
UO Prad

(2.26)

where U is the radiation intensity in a particular direction, Uy is the averaged radia-
tion intensity and P, is the total radiated power.

2.6.4 Gain and Realized Gain

Gain is defined as the ratio of the radiation intensity in a particular to the radiation
intensity of a reference antenna [98]. Reference antenna can be either be a isotropic
or dipole antenna. Isotropic antenna is an antenna that radiates uniformly in all
directions. Antenna gain which is referenced to an isotropic antenna, its units is
expressed in dBi and if its referenced to a dipole antenna, its units is expressed in
dBd. Gain indicates how strong the beam of an antenna can be send or received
in a given. Furthermore, antenna gain does not take into account mismatch and

reflection losses. Mathematically, antenna again is given by:

3 4rU

G
Pin

(2.27)

where U is the radiation intensity in a particular direction and P;, is the total input

power.

Realized gain takes into consideration reflection and mismatch losses. According
to IEEE standard for definitions of terms for antennas, realized gain is defined as

"the gain of an antenna reduced by its impedance mismatch factor" [99].
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2.6.5 Bandwidth

The bandwidth of an antenna is the range of frequencies where the operates with
regards to certain characteristics or standards [46,96]. According to the bandwidth
definition, performance must be acceptable over a range of frequencies around the
design center frequency. The range of frequencies are selected based on the intended
use of the antenna. Bandwidth is measured using antenna and transmission line
parameters such as return loss, antenna impedance or voltage standing wave ratio
(VSWR) [46].

2.6.6 Active Reflection Coefficient

In practical application, antenna elements of the array are excited simultaneously.
Evaluation of the reflection coefficient of each individual antenna element in the ar-
ray does not give a good representation of the frequency response of the array due
mutual coupling, hence, active reflection coefficient is adopted. Active reflection co-
efficient describes the reflection coefficient of a single antenna element present in the
array in the presence of mutual coupling and it also assesses impedance matching
performance of the array [60, 100, 101]. The active reflection coefficient of antenna
element in an array with N and M elements is given [100, 101]:

N-1 a
Tn = Sun—" (2.28)

’
a
m

where S,,, is the transmission coefficient, a, and a,, are the excitation coefficients for
nth and mth element. During beam scanning, the transmission coefficient remains
constant whereas excitation coefficients will change [100]. This may result in having

a high active reflection coefficient indicating impedance mismatch.

2.6.7 Beam Scanning

The practice of beam scanning involves steering a beam of radiation in desirable
directions and phased arrays have the ability to rapidly and accurately scan beams
from the broadside to the desired angle [58]. There are various techniques used for
beam scanning namely; phase scanning, frequency scanning and time delay scan-
ning. Phase scanning is achieved through the use of phase shifters incorporated
in each antenna element of the array. Frequency scanning is used to exploit the
frequency sensitive characteristics of phase scanning because at one particular fre-

quency, all antenna elements will be in phase [102]. Using the schematic of linear
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phased arrays, the phase across the aperture tilts linearly and there is beam scan-
ning. Time-delay scanning is the employment of time delaysin order to achieve
a desired phased relationship between antenna elements. This is done by inserting
variable delay networks in front of radiating elements and varying the inter-element
At because delay lines are used instead of phase shifters [103]. Broadband operations
use time delay scanning because main beam direction does not vary with frequency
[104].

2.7 Transmission Line Parameters

Transmission lines are used to transmit signals from the source to the antenna and
have different parameters which are critical for measuring antenna performance.

These parameters are briefly explained below.

2.7.1 Voltage Standing Wave Ratio

Voltage standing wave ratio (VSWR) also known as standing wave ratio indicates
the amount of mismatch between transmission line and antenna [46]. It is also de-
fined as the ratio of the maximum voltage to the minimum voltage in a standing
wave pattern [46]. If there is a impedance mismatch between and transmission line,
some of the energy is absorbed by the antenna as losses and some is reflected back
to the source [105]. As such, increasing reflection magnitude (I') and the ratio of
the maximum voltage to the minimum voltage increases. Value of VSWR ranges
between 1 and infinity, where 1 indicates a matched load. Equation (2.29) shows
VSWR as a function of reflection coefficient and voltages.
1+

Vmax
VSWR = = 2.29
Vinin =~ 1-T (229)

2.7.2 Impedance Matching

Impedance matching is the process of designing the input impedance so as it cor-
rectly corresponds to its signal source ensuring maximizing power transfer and
minimizing reflections [105]. Common impedance matching techniques are quar-

ter wave transformer and stub matching [46, 105].

2.7.3 Return Loss

Return loss compares the power reflected by an antenna and the power transmitted

into the antenna [46,105]. It is expressed as a logarithmic ratio measured in decibels
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(dB) A small return loss is an indication of poor performance because less power is

transmitted into the antenna. Return loss is measured as follows [105]:
Py
RL[dB] =-101log (P_) = —20 log(|Tnl) (2.30)

where P, is the reflected power, P;, is the incident power and I7, is the reflection

coefficient at the input of the transmission line.

2.8 Conclusion

This chapter presented fundamentals required for the rest of the thesis. It covered
array theory, working principle of phased array antennas, how mutual coupling
occurs, different methods used to reduce mutual coupling, theory of microstrip an-
tennas as a radiating element for an array antenna. Finally, parameters used to mea-
sure antenna performance were discussed. In Chapter 3 of this thesis, basic theory of
microstrip antennas and the presented antenna parameters are used to design and
measure the performance of a single rectangular patch antenna. In Chapter 4, array
theory is used to design a 1 x 4 array antenna and subsequently, an eight element
phased array antenna.
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Chapter 3

Microstrip Patch Antenna Design

Microstrip patch antenna are widely used as radiating elements for phased array
antennas in various wireless applications due to their numerous advantages over
other antenna types. This chapter presents the design of a single rectangular patch
antenna operating at 28 GHz. The selection of a dielectric substrate is an important
aspect in the design of a microstrip patch antenna, therefore, a single rectangular
patch antenna is designed based on three different dielectric substrates with varying
dielectric constants and heights. The single rectangular patch antenna uses a quarter
wave transformer for impedance matching between the transmission line and radi-
ating patch. Furthermore, simulation results of the designed single patch antenna
and how it compares with existing single patch antennas designed for 5G wireless
applications is presented in this chapter. The simulation results are obtained using

computer simulation technology (CST) studio suite software.

3.1 Introduction

Microstrip patch antennas have become prominent in modern wireless communi-
cations due to their various advantages such as realization in a compact form, low
fabrication cost thus mass production, low profile and light weight, support circular
and linear polarization, and capability to support dual and triple band frequency
operations [46,106]. Despite their many advantages, patch antennas have limita-
tions such as narrow bandwidth, low gain and are sensitive to temperature and hu-
midity [46,106]. Different approaches have been developed over the years to curb
drawbacks of these antennas. For example, bandwidth enhancement can achieved
by either increasing the height of the dielectric substrate or decreasing the dielectric
constant of the substrate. Moreover, low gain of this antenna type can be improved
through array configuration [90]. This indicates that microstrip patch antennas can
be used as radiating elements in antenna arrays including phased array antennas.
Microstrip patch antennas are used in numerous applications such as radar, mo-
bile and satellite communications, MIMO, GPS, telemedicine, bluetooth, WiMAX
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etc [46,92,107]. Gradually, the improvement of printed circuit board (PCB) technol-
ogy have made microstrip patch antennas a very viable option for millimeter wave
communications. Recently, there is a growing interest in applying microstrip patch
antennas for 5G wireless applications, especially around 28 and 39 GHz frequency
bands. Furthermore, patch antennas are envisaged to play a role in the sixth gen-
eration (6G) of mobile generation which is predicted to be commercialized in early
2028 by transmitting and receiving terahertz (THz) waves [108,109].

The selection of a dielectric substrate of a patch antenna is a very important aspect
in the design of a microstrip patch antenna because it influences its overall antenna
performance. In this chapter, a single rectangular patch antenna is designed based
on three different dielectric substrates with varying dielectric constants and heights.
The three dielectric substrates are RT /Duroid 5880, FR-4 and RO 3003. The main ob-
jective is to carry a comparative analysis and therefore choose the antenna with the
best performance to be used as a radiating element for the proposed phased array

antenna.

3.1.1 Related Works

Different works have been carried out to perform a comparative analysis regarding
the impact of different dielectric substrates on the performance of microstrip patch
antennas. The authors in [110] designed and fabricated five triangular patch anten-
nas using five different substrates namely RT Duroid 5870, Taconic TLC, RO4003,
Bakelite and FR4 Glass Epoxy. The antennas operated at a frequency of 28 GHz
and used coaxial probe feeding for the excitation of the radiating patches. From
the simulation results, the antenna designed using RT Duroid 5870 presented better
antenna performance as compared to the other antennas. A staircase shaped mi-
crostrip patch antenna is designed and analyzed using four different substrates in
[111]. The dielectric substrates used are RT Duroid, FR4 Glass Epoxy, Bakelite and
Ceramic. Moreover the antenna was used for Ku-band applications and operated
at a frequency of 15 GHz. From the simulation results, the antenna designed using
RT Duroid yielded the best antenna performance. In [112], the authors designed
and analyzed a rectangular microstrip patch antenna based on six different sub-
strates. The used dielectric substrates are glass Pyrex, Styrofoam, Quartz, Ceramic,
Polystyrene and FR-4. These antennas are excited with a strip line feed at a resonant
frequency of 3 GHz. Furthermore, the simulation results of the antenna designed
with Polystyrene indicated a good performance as compared to the antennas de-

signed using different substrates. An analysis of the impact of dielectric substrates
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on the performance of 28 GHz antenna for 5G wireless applications was conducted
by the authors in [21]. A 2 X 2 microstrip antenna array was modelled, simulated
and analysed on five different dielectric substrates namely; Rogers RO4350B, Epoxy
Mold Compound (Mold), FR402, Astra MT77 and Megtron 6. The authors used
coaxial probe for the excitation of the radiating elements. Moreover, inset fed and a
quarter wave transformer were adopted for impedance matching. From the simu-
lation results, the antenna array designed using Megtron 6 yielded the best antenna

performance.

3.1.2 Contributions
This chapter provides the following contributions:

* Design and simulation of a single rectangular patch antenna at 28 GHz appli-

cable for 5G wireless applications.

* A comparative analysis of a 5G microstrip patch antenna based on three dif-

ferent dielectric substrates.

3.2 Design Model

The design of the proposed phased antenna for 5G wireless applications is initiated
by the design of a single rectangular patch antenna. The design procedure for a
single patch antenna involves specifying the dielectric substrate of the antenna, di-
electric constant of the substrate (¢,) height of the substrate (r) and the resonant or
operating frequency. From these specified parameters, the dimensions of the an-
tenna such as the patch length and width can be determined. In this chapter, a sin-
gle rectangular patch antenna is designed using three different dielectric substrates
with varying dielectric constants and heights. The designs are further evaluated to
inform the selection of the best antenna which can be used as a radiating element
for the proposed phased array antenna. In the millimeter wave band it becomes
complex to select substrate due to high conductor loss experienced by substrates as
such a substrate with a low loss tangent becomes very desirable at this band [113].
For this chapter, the three dielectric substrates under consideration for the proposed
patch antenna are RT-5880, FR-4 and RO 3003. This are the commonly used di-
electric substrates for the microstrip antennas designed for millimeter wave band
and 5G wireless applications [114]. Different researchers have proposed microstrip
patch antennas operating at frequency 28 GHz using the three named dielectric sub-
strates. In [115-119], the authors used RT/Duroid 5880 as a dielectric substrate for
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their proposed patch antennas. The authors in [120-124] used FR-4 as a dielectric
substrate and furthermore the authors in [125-128] used RO3003 as dielectric sub-

strate in their designs.

The proposed single rectangular patch antenna in this chapter is illustrated in Figure
3.1. The antenna is made up of rectangular radiating patch, a quarter wave trans-
former and 50 Q feedline. 50 Q is used because it is the most popular in transmission
lines order to minimize reflection and return loss [46]. In this design, the radiating
patch of the single patch antenna is made using copper with a thickness of 0.035
mm. Copper is also used as a conducting material for the ground plane and trans-
mission line of the antenna. Furthermore, the operating frequency for this proposed

single rectangular patch antenna is 28 GHz.

w
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Radiating patch L
Ly
Wmn —f
Ly
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Wr
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50 Q Feedline

FIGURE 3.1: The proposed single element antenna.

3.2.1 Design Process

The design process for the proposed microstrip follows the design of a rectangular
patch antenna described in Chapter 2 under subsection 2.5.1. RT-5880 substrate is
used in the first design with a dielectric constant of 2.2 and a height of 0.5 mm. FR-4
is used in the second design with a dielectric constant of 4.3 and a height of 1.6 mm.
Finally, RO 3003 is used in the final design with a dielectric constant of 3.0 and a
height of 0.76 mm.
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Design using RT/Duroid 5880 Substrate

For the calculations of the first design which use Roger RT/Duroid 5880 dielectric
substrate, the dimensions are calculated using equations (2.20) to (2.25) as described
in Chapter 2. The calculation of the patch width (W), effective dielectric constant
(erefr), extension length of the patch (AL), the actual length (L) of the patch and
ground plane dimensions are indicated below.. Calculations begin with the width
of the patch using equation (2.20).

3x 108 2
W = \/ = 4.232 mm.
2(28x 109 V2.2 +1 mm

The effective dielectric constant is calculated using equation (2.21) as:

|
29+1 22-1 5173
ML 1412-22 | 2 Z 1 95 mm.
2 2 1232

€reff =

The extension length of the patch using equation (2.22) as:

w
(2.3+0.3) (; + 0.264)
=0.74 mm.

AL = 0.412(0.5) 55

(2.3 - 0.258) (W

+ 0.8)

The actual length of radiating patch is calculated using equation (2.23) as:

3% 108

L= —2(0.74) = 3.28 mm.
2(28 x 109)v2.3

Once the size of the radiating patch is determined, the size of the ground plane is
also determined. The dimensions of the ground plane are calculated by equations
(2.24) and (2.25) as:

L, = 3.28+6(0.5) = 6.28 mm,

W, = 4.232+6(0.5) = 7.232 mm.

For the excitation of the radiating patch, the single rectangular patch antenna uses
a microstrip feedline to transmit power from the source to the patch due to its sim-
plicity and easy analysis. For a given characteristic impedance Zj of the feedline,
where £ is substrate height, the width of the microstrip feedline is computed based
on equation 3.1 and is given as [46]:
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The single rectangular patch antenna is excited using a microstrip feed line which
is connected to an input port source with a characteristic impedance of 50 Q. With
this given characteristic impedance, the width of the feedline of the single patch an-
tenna using RT Duroid substrate is calculated using equation (3.1). By using w/h >
2 condition, auxiliary variable B is determined as:

B= 31T _ o ogs1,

T 250)v22

The width is determined from the following relationship as:

2.2
4.

2
Wy = = |7.9851-1-In(2(7.9851)- 1)+

-1 61
7 1n(7.9851—1)+0.39—%)‘0.5 = 1.64mm.

The length is determined from the following relationship:

Ly =3(0.5) =1.5mm.

To match the impedance between the transmission line and the radiating patch,
the proposed single patch antenna use a quarter wave transformer for impedance
matching. Transmission line sections for a quarter wave transformer have a length
of a quarter of the guided wavelength (1,/4) to match a transmission line to a certain

load. The impedance of a quarter wave transformer is given as:

qut = VZ4Zo, (3.2)
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where Z, is the impedance of the patch and is given by:

€2 L 2
Z, = ! — . .
0t (L) o5

The width and length of a quarter wave transformer are given by equations 3.4 and

60
o= (2L, ). o
€Ereff W 4h

3.5 respectively.

The length of the quarter wave transformer is given as:

Ly= , (3.5)
where 1 is the free space wavelength.
For the single patch antenna designed with RT /Duroid 5880 substrate, the impedance

of the quarter wave transformer is calculated using equation 3.2, where Zy = 50 Q.

This is initiated by the calculation of Z, and this is given as:

Zy =90

2.92 ( 3.05

2
—— | =205.68Q. .
22-1 4.232) 09.68 (36)

Therefore the impedance of the quarter wave transformer is

Zawt = V/50(205.68) = 101.41 Q.

The calculated values of W, and L,, are 0.304 mm and 1.917 mm respectively. Fur-
thermore, the above calculations have resulted in the design dimensions of the sin-
gle rectangular patch using a RT/Duroid 5880 substrate and summarized in Table
3.1.

Table 3.1: Dimensions of the single patch antenna using RT/Duroid 5880 substrate.

Parameter Symbol Dimension (mm)
Patch length L 3.28

Patch width w 4.232

Width of transmission line Wy 1.64

Length of transmission line Ly 1.5

Width of QWT W 0.304

Length of QWT L, 1.917

Ground plane length L, 6.28

Ground plane width W, 7.232
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Summary on the designs using FR-4 and RO3003 substrates

The designs of single rectangular patch antennas using FR-4 and RO3003 as dielec-
tric substrates follow the same design procedure used in the design of a rectangular
patch antenna with a RT Duroid substrate and their geometry is also similar to the
one illustrated by Figure 3.1. The calculated design dimensions of a single rectan-
gular patch antenna using FR-4 and RO 3003 as dielectric substrates are presented
in Table , respectively.

Table 3.2: Dimensions of the single patch antenna using RT Duroid and FR-4 substrates.

Dielectric Substrate

Parameter (mm) Symbol FR-4 RO 3003
Patch length L 2.228 2.9927
Patch width w 3.2909 3.7881
Width of transmission line Wf 1.34 1.11
Length of transmission line L f 1.76 1.32
Width of QWT Wi 0.33 0.201
Length of QWT Ly, 1.81 1.783
Ground plane length Wg 7.0228 4.4927
Length of QWT Lg 8.0909 5.2881

3.3 Simulation Results of the Single Patch Antenna

Simulations below are carried out using CST microwave studio. CST studio suite is
a high-performance three dimensional (3D) electromagnetic (EM) analysis software

for designing, simulating and optimizing electromagnetic systems.

3.3.1 Reflection Coefficient

The reflection coefficient of an antenna is indicated by the scattering parameter (S-
Parameter) in this case S1;. This is the relation between the source and antenna
during the operation of an antenna in a single-port circuit. As such, the reflection
coefficient of the single rectangular patch antenna is measured from base value of
-10 dB, which indicates that 10 % of the incident power is reflected and 90 % of the
power is delivered to the antenna. Figure 3.2 illustrates reflection coefficients of the
designed antennas using different substrates. As indicated by Figure 3.2, the rect-
angular patch antenna designed using FR-4 substrate has a reflection coefficient of
-31.85 dB at frequency of 28.248 GHz and for the desired frequency (28 GHz), it has
a reflection coefficient of -18.78 dB. For the R03003 patch, it illustrates a reflection
coefficient of -15.66 dB at frequency of 28.592 GHz and for the desired frequency (28
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GHz), it has a reflection coefficient of -10.9061 dB. The rectangular single patch an-
tenna using RT/Duroid 5880 substrate has a reflection coefficient of -30.76 dB at 28
GHz. These results indicate that antenna designed using RT 5880 substrate operates
at the desired frequency of 28 GHz whereas the other antennas designed using FR-4
and R03003 do not operate at the desired frequency.
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FIGURE 3.2: Comparison of reflection coefficient for antennas designed with different
dielectric substrates.

From figure 3.2, the base value of - 10 dB is used to calculate the bandwidth of
the designed single rectangular patch antenna, which is obtained as the difference
between highest frequency and lowest frequency at -10 dB. At -10 dB, the rectan-
gular patch antenna designed using FR-4 substrate has a highest frequency of 28.
99 GHz and lowest frequency of 27.52 GHz thus the antenna has a bandwidth of
1.44 GHz. For the rectangular patch antenna designed using RO3003 substrate, at
-10 dB, it has a highest frequency of 29. 272 GHz and lowest frequency of 27.912
GHz as such a bandwidth of 1.36 GHz. Finally, the rectangular single patch antenna
designed using RT/Duroid 5880 substrate has a highest frequency of 28. 748 GHz
and lowest frequency of 27.289 GHz thus the antenna has a bandwidth 1.459 GHz
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3.3.2 Voltage Standing Wave Ratio

In the case of a microstrip patch antenna, the voltage standing wave ratio (VSWR)
should be less than 2 to indicate impedance matching between the patch and trans-
mission line. The voltage standing wave ratio for the designed single patch antennas
as a function of frequency is shown in Figure 3.3. As illustrated in Figure 3.3, the
VSWR value obtained for a single patch antenna designed using RT/Duroid 5880
substrate equals 1.05968 at a resonance frequency of 28.00 GHz. For the R03003 sin-
gle patch antenna, VSWR equals 1.8068. The rectangular single patch antenna using
FR-4 substrate has a VSWR of 1.67612 at a resonance frequency of 28.00 GHz.
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FIGURE 3.3: Comparison of VSWR for antennas designed with different dielectric sub-
strates.
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3.3.3 Far Field Pattern

The far field or radiation pattern of antenna represents a standardized distribution
of the electric field, or the relative distribution of surface power density. Figure 3.4
to Figure 3.6 illustrates the far field plots of the designed rectangular patch antennas
based on three different substrates. The far field plots of the patch antenna designed
using a RT/Duroid 5880 are illustrated in Figure 3.4 both in one dimensional (1D)
and three dimensional (3D). The Figure shows that the antenna has a gain of 6.846
dBi as illustrated by Figure 3.4a in 3D and realized gain of 6.74 dBi illustrated by
3.4b also in 3D. Furthermore, Figure 3.4c in 1D indicates that the antenna has a an-
gular beam-width of 78.1°and side lobe level (SLL) of -11.5 dB. The far field plots of
the patch antenna designed using a RO 3003 are illustrated in Figure 3.5 both in 1D
and 3D. The Figure shows that the antenna has a gain of 6.252 dBi as illustrated by
figure 3.5a in 3D and realized gain of 5.877 dBi illustrated by 3.5b also in 3D. Fur-
thermore, Figure 3.5c in 1D indicates that the antenna has a angular beam-width of
103.3° and side lobe level (SLL) of -10.7 dB. Finally, the far field plots of the antenna
designed using FR-4 are illustrated in Figure 3.6. The antenna has a gain of 3.275 dBi
as illustrated by Figure 3.6a in 3D and realized gain of 2.47 dBi illustrated by Figure
3.6b also in 3D. The Figure indicates that the antenna has a angular beam-width of
68.7° and SLL of -7.6 dB. The gains of the designed antennas are referenced to an
isotropic antenna and hence their units are expressed in dBi.
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FIGURE 3.4: Far field plots of a single patch antenna using RT/Duroid 5880.
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FIGURE 3.5: Far field plots of a single patch antenna using R0 3003 substrate.
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FIGURE 3.6: Far field plots of a single patch antenna using FR-4 substrate.
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The above simulation results of the designed single rectangular patch antennas us-
ing three different substrates are presented in Table 3.3, summarizing the perfor-
mance comparison of three designed antennas. From the results, the single patch
antenna designed with RT 5880 substrate offers better antenna performance as com-
pared to other designs hence it is chosen as the radiating element for the proposed
phased array.

Table 3.3: Performance comparison for the three different dielectric substrates.

Dielectric Substrate

Parameter RT/Duroid 5880 RO 3003 FR-4
Operating Frequency (GHz) 28.00 28.592 28.248
VSWR 1.059 68 1.8068 1.67612
Gain (dB) 6.846 6.252 3.275
Realized Gain (dB) 6.74 5.877 2.466
Reflection Coefficient (dB) -30.76 -10.9061 -15.664
Bandwidth (GHz) 1.459 1.36 1.44

The proposed single rectangular patch antenna is compared with existing single
patch antennas for 5G applications. A comparative summary of the proposed an-
tenna with the antennas described in literature is presented in Table 3.4. It shows
that the proposed microstrip antenna in this work is resonates well and it has good
performance when compared to other published works.

Table 3.4: Comparison between the proposed single patch antenna with existing
literature.

Ref S11 (dB) Gain (dBi) VSWR Bandwidth (GHz)
[129] 155 6.9 13 1.94

[120] -39.3682 6.37 1.02 248

[116] -22.51 5.06 1.162 5.57

[130] 4 9.82 1 1.29

[131] 174 6.72 1.2785 1.074

This work -30.76 6.846 1.05968 1.459

3.4 Conclusion

This chapter presented the design and simulation of a single rectangular patch an-
tenna operating at 28 GHz. The antenna was designed and analyzed based on three
different dielectric substrates. From the simulations, the single patch antenna de-
signed with RT/Duroid 5880 substrate offers better antenna performance as com-
pared to other designs because it offered better VSWR, gain, reflection coefficient
and bandwidth. As such, it was chosen as the radiating element for the proposed
phased array.
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Chapter 4
Phased Array Antenna Design

In the previous chapter, three single patch antennas were designed using three di-
electric substrates. After antenna performance comparison, the single patch antenna
designed using RT 5880 dielectric substrate was chosen as the radiating element for
the proposed microstrip phased array antenna due to its n better performance . In
this chapter, the framework for the design and performance of the proposed eight
element microstrip phased array antenna for 5G wireless applications is presented.
Firstly, a 1 X 4 microstrip array antenna is designed and then, this array is used to
design an eight element phased array antenna. To realize a phased array antenna,
phase shifting concept is introduced at the excitation ports and beam steering is
achieved. Finally, a dumbbell shaped defected ground structure (DGS) is introduced

to the array for the reduction of mutual coupling effect in the array.

4.1 Introduction

Due to the rapid advances in wireless mobile communication technologies, services
demanding high data rates have increased over the years. As such, the fifth genera-
tion (5G) of mobile communication has been launched to meet these demands and
is currently receiving considerable attention. This mobile generation is envisioned
to provide high data rates of gigabits per second, high cell edge rates of gigabits per
second and reduced latency [11,132]. One of the key technologies that enables the
services of 5G systems is the use of millimeter wave frequency band [13]. The 3rd
Generation Partnership Project (3GPP) 5G specification have arranged frequency
bands in the millimeter wave band for 5G applications and these include 26 GHz,
28 GHz and 39 GHz bands [133]. However these bands are accompanied by lim-
itations of signal path loss and propagation challenges [15,21,22]. Consequently,
antenna arrays with high antenna gain are used to mitigate losses in the millimeter
wave band without consuming any more power and cost [25-27]. The high antenna
gain provided by antenna arrays provides a narrow radiation beam thus limiting

the angular coverage. Therefore, phased array antennas are adopted due to their
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electronic beam steering capability in desired directions [33].

Phased array antennas are used in various applications such radar, radio astron-
omy, internet of things (IoT), medical applications, mobile and satellite communica-
tions etc. Gradually, the advancements of component technology especially silicon
over the years have made phased array antennas a very viable option for millime-
ter wave communications. Recently, there is a growing interest in applying phased
array antennas for 5G wireless applications due to their electronic beam steering,
high gain and beamforming capabilities. In this chapter, an eight element phased
array antenna for 5G wireless applications operating at 28 GHz is designed. Initially
a 1 x 4 microstrip array antenna is designed and it is used to design the proposed
eight element microstrip phased array antenna by duplicating it into another 1 x 4
array. To realise a phased array antenna, these two 1 x 4 array antennas are simulta-
neously feed by two excitation ports and phase shifting is introduced at these ports
to achieve beam steering. A dumbbell shaped DGS is incorporated to the proposed
phased array antenna to reduce mutual coupling between the radiating arrays. Fi-
nally, the simulation results of the proposed eight element phased array antenna are

compared with the simulations of other works and a conclusion is presented.

4.1.1 Related Works

There are different designs of phased array antennas proposed for 5G wireless ap-
plications [134-144]. In [134] the authors proposed a millimeter wave beam steer-
able planar array for 5G mobile terminal applications. The array consisted of eight
slot antenna units and fed by eight 50 Q discrete ports. In simulation results analy-
sis, the array gave S1; parameter less than -10 dB in the frequency range of 24.2-32
GHz and 37- 42.2 GHz. A millimeter wave phased array antenna with a switchable
three dimensional (3D) coverage for 5G handset terminal application is presented in
[138]. The antenna considered the effect of mutual coupling and was reduced. The
3D coverage was realized by having three subarrays of microstrip patch antennas
along the upper edges of the mobile phone printed circuit board (PCB). The antenna
elements present in each subarray were at distance of 1/2 between one another and
operated at a frequency of 28 GHz. For mutual coupling reduction between adjacent
elements, notches between antenna elements were introduced on the ground plane
and each element of the handset array was rotated by 45° along its axis. The pro-
posed phased array was validated by simulation results which showed that mutual
coupling was less -30 dB.
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Cheng et al. in [136] presented the design of a low cost series feed beam steer-
able millimeter wave antenna for 5G mobile terminal operating at millimeter wave
band. The geometry of the proposed array is a sandwich like structure with two
layers of substrates. Ten uniformly distributed array elements were placed on the
top layer and microstrip transmission feed line on the bottom layer. The proposed
array did not use phase shifters nor power divider, rather switches located along
the microstrip transmission feed line were utilised. The array achieved gain vari-
ation of 3 dB and steerable angle of 121°. In mobile terminals the diversity gain is
improved by the use of multi-polarized antenna arrays to scrub the shortfall of po-
larization mismatch. The study in [145] , proposed the design of a compact phased
planar inverted-e antenna (PIEA) array with four antenna elements operating at a
frequency of 6 GHz for 5G applications. The proposed array took into consideration
mutual coupling effect and deployed three different mutual coupling techniques.
These are dual shorting pins, which is modified planar inverted-f antenna (PIFA),
making slots in the ground plane between array elements and making two slits in
each of these etched slots. The proposed design reduced mutual coupling between
antenna elements by -19 dB, produced a peak antenna gain of 8.36 dBi and maxi-

mum scan angle of +70°.

In [142], Nigam et al. proposed a four element phased array microstrip antenna
for 5G applications operating in the 27-28 GHz frequency band. Initially a single an-
tenna element was designed with a quarter wave transformer used for impedance
matching. The proposed array composed of 8 ports to create more phase varia-
tions at the input enabling the creation of multiple beams in different directions.
After simulation, the proposed array operated with an antenna gain of 13.7 dB and
half power beamwidth (HPBW) of 23.4°. Authors in [140] proposed the design of a
multi-polarized antenna array applicable for 5G mobile terminals. The phased ar-
ray composed of 16 elements and was designed by alternatively deploying the two
antenna elements along the edge of the mobile terminals. The proposed array was
capable of providing real time configuration and polarization of antenna elements

to achieve maximum quality of service (QoS).

4.1.2 Contributions

Some of the discussed designs in the previous subsection, for example [135-137]
do not account for mutual coupling effect in their operation. This thesis proposes
an eight element phased array antenna for 5G wireless applications operating at 28
GHz. This work is motivated by [135]. Unlike the work in [135], this work uses
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corporate feed network for feeding the radiating patches and considers mutual cou-
pling effect between the radiating arrays. This chapter presents the following con-

tributions:

¢ Design and simulation of an eight element phased array antenna operating at
28 GHz with dum bell shaped DGS to reduce mutual coupling between the

radiating arrays.

4.2 Four Elements Array Design

The overall performance of a single antenna can be improved by duplicating into
an array configuration. In this thesis, the designed single patch antenna using RT
Duroid 5880 substrate is arranged into 1 x 4 array antenna as illustrated by Figure
4.1 to increase its gain and overall performance. The 1 x 4 array configuration uses
corporate feeding network due to its advantages over series feed network to feed
the radiating patches and as such, new design parameter such as the space between
the radiating patches is considered. Furthermore, the parameters used in the design
of a single rectangular patch antenna such as the size of radiating patch, dielectric
substrate and its height and impedance matching technique remain unchanged. The
proposed 1 x 4 microstrip array is excited by symmetrical 1D corporate feeding net-
work with a quarter wave transformer for impedance matching between the feed
lines. The microstrip feed line is connected to a 50 Q input port source and therefore
has characteristic impedance of 50 Q (Zp = 50 Q). At the T-junction, the 50 Q mi-
crostrip line splits into two microstrip lines as illustrated by Figure 4.1. As a result,

the resulting characteristic impedance’s of the two lines are given as follows:
Z1 = 50n (4.1)

where the factor n is the number of microstrip transmission lines at the T-junction.
This results in the two lines having a characteristic impedance of 100 Q. Further-
more, the distance between the radiating patches is kept at 0.514. The dimensions of
feed-lines of the array are calculated in the same way as in chapter 3 of this thesis
and are presented in table 4.1 .
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Table 4.1: Dimensions of the 1 x 4 array antenna.

Parameter Symbol Dimension (mm)
Patch length L 3.28
Patch width w 4.232
Width of 50 Q transmission line Wsoa 1.64
Length of 50 Q transmission line Lsoo 3.0
Width of 100 Q transmission line Wiooa 0.50
Length of 100 Q transmission line L1poo 0.438
Width of 70.7 Q line (Quarter wave trans- W, 0.98
former)

Length of 70.7 Q line (Quarter wave trans- Ly, 1.805
former)

Ground plane length L, 6.28
Ground plane width W, 7.232

100 70.7Q 70.7Q Y000

100Q
|- ~
500 — | I~ 500

50Q

FIGURE 4.1: The designed 4 x 1 array antenna.

4.2.1 Simulation Results of Four Elements Array Antenna

The simulation results of 1 X 4 microstrip array antenna are also carried out using
CST microwave studio suite and the results of the array are shown in Figure 4.2 to
Figure 4.5.

Reflection Coefficient

The reflection coefficient of the antenna array is measured the same way as in a
single patch antenna. The designed 1 x 4 array antenna operates at a frequency of
28.25 GHz with a reflection coefficient value Sy; of -31.85 dB as illustrated in Figure
4.2. The base value of - 10 dB is used to calculate the bandwidth of the proposed
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antenna, which is obtained as the difference between highest frequency and lowest
frequency at-10 dB. For this designed array antenna, the obtained bandwidth is 1.47
GHz. This result is an increment since the single patch antenna has a bandwidth
of 1.46 GHz. Furthermore, this proves that the impedance is well matched by the
quarter wave transformer and thus the power is divided equally at the junctions.

Reflection Coefficent

.40 | | | | |
24 25 26 27 28 29 30 31 32

Frequency (GHz)

FIGURE 4.2: Reflection coefficient of the four element array antenna.
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VSWR

The simulated VSWR of the 1 x 4 array antenna is shown in Figure 4.3, and VSWR
is observed at an operating frequency of 28 GHz, the array has a VSWR of 1.26.

Voltage Standing Wave Ratio (VSWR)

29 30 31 32
Frequency (GHz)

FIGURE 4.3: VSWR of the four element array antenna.
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FarField

The far field plots of the designed 1x4 array antenna are illustrated in Figure 4.5 both
in 1D and 3D indicating that the array antenna has a directive radiation pattern. The
figure shows that the array antenna has a gain of 10.8 dBi as illustrated by Figure
4.5a in 3D and realized gain of 6.68 dBi illustrated by 4.5b also in 3D. Also, Figure
4.5c in 1D indicates that the antenna has a angular beam-width of 18.7° and side
lobe level of -1.4 dB. Furthermore, radiation pattern plot illustrated in 4.4 indicates
that the designed antenna has directivity of 11.5 dBi

dBi
115
7.83
4.2
0.562
-3.07
-6.71
-10.3
-14
-17.6
-21.3
-24.9
-28.5

farfield (f=27.92) [2]
Type Farfield
Approximation enabled (kR >> 1)
Component Abs

Output Directivity

Frequency 27.92 GHz

Rad. Effic. -0.6984 dB 2
Tot. Effic. 4794 dB &

Dir. 1147 dBi

FIGURE 4.4: Directivity of the antenna array in 1D.



Chapter 4. Phased Array Antenna Design

55
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(a) Far field plot showing gain in 3D.
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(b) Far field plot showing realized gain in 3D.

Farfield Gain Abs (Phi=90)

— farfield (f=27.92) [2]

Frequency = 27.92 GHz
Main lobe magnitude =
Main lobe direction =

Angular width (3 dB) =
Side lobe level =

10.8 dBi
18.0 deg.
18.7 deg.
-1.4 dB

Theta / Degree vs. dBi

(c) Far field plot in 1D polar form.

FIGURE 4.5: Far field plots of 1 x 4 array antenna.
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4.3 Eight Elements Phased Array Antenna Design

In this section, the design process and simulation results of an eight element phased
array antenna are presented. Figure 4.6 illustrates the antenna array configuration
with eight radiating patches. As shown in the figure, the array uses two identical
1 X 4 antenna arrays with two simultaneous feeding ports. These ports are used
to achieve beam steering and measure mutual coupling of the antenna array. In
this array, all design parameters used in the design of 1 X 4 antenna array remain
unchanged.

4.3.1 Results Analysis of the Designed Antenna

The simulation results of eight element phased array antenna are also carried out
using CST microwave studio suite. Figure 4.6 illustrates the designed array on the
CST software layout and the results of the array are shown below.

F | ]

FIGURE 4.6: The simulated eight element phased array antenna in a CST software lay-
out.
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Reflection Coefficient

The S-parameters of the proposed phased array antenna are measured as in 1 x 4
array and are illustrated in Figure 4.7. On the contrary, this array has two excita-
tion ports which work simultaneously to fed the radiating patches thus results in
the array having four S-parameters. These are Si1, S22, S12 and Sg;. Si1 and Sao
indicate the reflection coefficient of the array whereas Si2 and Sy; indicate the re-
lation between the two arrays (mutual coupling). As shown by Figure 4.7, Sy; is
equal to Sy shown by a magenta dashed line in the figure, this indicates that there
is simultaneously feeding of the array Moreover, S;2 is equal to Sy; to indicate the
existence of mutual coupling between the two 1 x 4 antenna arrays as shown by the
blue solid line in the figure. The proposed antenna array indicates reflection coeffi-
cient of -40.19 dB at 28.28 GHz. The mutual coupling observed between the arrays is
-27.97 dB at 28 GHz. Furthermore, the proposed phased array antenna offers below
-10 dB impedance bandwidth between 27.51 GHz and 29.02 GHz with an overall
bandwidth of 1.51 GHz.

-20 -

m Si1 82
°

o5 = _812’ 821

Y

-30 ——/\/

-35

-40 -

45 | | | | | | | |

24 25 26 27 28 29 30 31 32

Frequency (GHz)

FIGURE 4.7: Reflection coefficient and mutual coupling of the proposed antenna.

VSWR

VSWR of the eight element phased array antenna is shown in Figure 4.8. As depicted
in Figure 4.8, at an operating frequency of 28 GHz, the proposed phased array has a
VSWR of 1.38.
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15 Voltage Standing Wave Ratio (VSWR)

10

&)
I

24 25 26 27 28 29 30 31 32
Frequency (GHz)

FIGURE 4.8: VSWR of the phased array antenna.

FarField

The radiation pattern of the proposed phased array antenna is illustrated in Figure
4.9. Before determining the scan angle of the phased array antenna or before beam
steering is carried out, the main lobe is not maximum at 6 = 0° rather the main lobe is
shifted to the left side (y-axis) by a few degrees. As shown in the figure, the phased
array antenna has a gain of 15.92 dBi as illustrated by Figure 4.9a in 3D and realized
gain of 13.07 dBi illustrated by Figure 4.9b also in 3D. There is a significant increase
on the antenna gain due to many radiating elements as compared to the 1 x 4 array
antenna. Also, Figure 4.5c in 1D indicates that the antenna has a angular beam-
width of 23.0° and side lobe level of -3.3 dB. As shown in the figure, the antenna
has big side and back lobes. This is caused by the coupling effect which exist in
array enhanced by the presence of surface waves. Furthermore, radiation pattern
plot illustrated in Figure 4.10 indicates that the designed antenna has directivity of
16 dBi.
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(a) Far field plot showing gain in 3D.
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(c) Far field plot in 1D polar form.

FIGURE 4.9: Far field plots of the phased array antenna before beam steering.
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FIGURE 4.10: Directivity of the phased antenna array in 3D.

Beam Steering

Over the years there has been broad deployment of phased array antennas in mod-
ern wireless applications due to their advantages which include the ability to rapidly
and accurately scan beams from the broadside to the desired direction. In practical
applications, phase shifting in phased array antennas is achieved through the use of
digital phase shifters to steer the main beam in desirable directions. In this chapter,
phase shifting is carried out at the excitation ports by manipulating the phase of
the ports. The proposed phased array antenna use a uniform excitation distribution
with excitation amplitudes to each radiating are constant with an average power
of 0.5 W. In order to investigate the scanning performance and determine the scan
angle of the proposed phased array antenna, the main beam is steered as illustrated
in Figure 4.11 with a range from 0° to 180°. As shown by the figure, the gain (dB) is
plotted versus theta (degrees) in Cartesian plane. The antenna achieved a scan angle
of + 41° with a scan loss of 3.3 dB as it is scanned from 15° to 90°. As the antenna
is scanning, there is a decrease in antenna gain due to the increase of side-lobes and
appearance of nulls at some angles. In conclusion, this proposed phased array an-
tenna has a very limited scan angle meaning that it is not able to steer the radiation

beam to certain directions.
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FIGURE 4.11: Beam steering performance of the antenna without DGS.

4.3.2 Mutual Coupling Reduction

Mutual coupling in antenna arrays is an undesirable phenomenon because it dis-
torts the radiating behaviour of the elements in the array thus negatively affecting
the overall array performance. Mutual coupling between array elements occurs due
to space and surface waves. In antenna arrays which use microstrip patch antennas
as elements, mutual coupling is increased mostly by the existence of surface waves.
This is because microstrip patch antennas use thick dielectric substrates and this ex-
cites surface waves reflecting off the ground plane. Mutual coupling causes scan
blindness and reduces scan range in phased array antennas. Over the years, many
methods have been developed to reduce mutual effects between array elements.
This includes, usage of electromagnetic band gap (EBG) [72,76,77,146-149] , par-
allel coupled-line resonators [150], metamaterials [83-85, 151], frequency selective
surface (FSS) [152], active element pattern method [89], defected ground structures
(DGS) [80-82,153-155] and many different methods.

Some of the aforementioned methods for reducing mutual coupling are considered
costly and impractical to implement particularly when dealing with surface waves.
Therefore, in this chapter, a dumbbell shaped DGS is used to reduce mutual cou-
pling is used to reduce mutual coupling effect between radiating elements. This

is because DGSs are comparably easy to design and fabricate and their equivalent
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circuits are easy to realize [41]. The proposed dumbbell shaped DGS for the eight
element phased array antenna is illustrated in Figure 4.12. It consists of a slot width
(g), dumbbell head (a) and slot length between the dumbbell (d). The dumbbell
DGS is placed between the two adjacent 1 x 4 arrays of the proposed phased array
antenna to suppress the pronounced mutual coupling. The overall dimensions of
the DGS are a =2 mm, d = 1.64 mm, s = 0.4 mm and g = 2 mm. The dimension of
the designed dumbell shaped DGS are derived from trial and error method. This
because there is no clear analytical procedure to derive DGS dimensions in the mil-
limeter wave band. The authors in [156] proposed an analytical procedure to derive
dimensions pf dumbbell shaped DGS used in a microstrip antenna arrays based on
a genetic algorithm. The authors presented a mathematical formula to calculate the
slot head (a). The limitation with this proposed formula is that, it beneficial for low
frequencies (sub 6 GHz) but for this proposed work, the formulas are not favourable
because the designed phased array antenna operates at 28 GHz hence the calculated
value of (a) is very small and hence not usable. Therefore a trial and error method
was adopted. The value of d is equal to the width of the microstrip feedline, g was

selected between 0.2 - 0.5 mm and « is equal to b.

FIGURE 4.12: Dumbbell shaped DGS.
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4.3.3 Simulation of Phased Array Antenna with DGS.
Reflection Coefficient

The magnitude of S-parameters (Si1, S22, S12 and Sp; in dB) versus frequency (GHz)
of the the proposed eight element phased array antenna with a dumbbell shaped
DGS is illustrated in Figure 4.13. The figure indicates that the insertion of a dumb-
bell shaped DGS between the two arrays reduces mutual coupling by 6.27 dB, that
is a reduction from -27.97 dB to -34.24 dB at 28 GHz. There is a frequency shift in
the operating frequency as compared to the phased array antenna without dumb-
bell shaped DGS. This is due to the slow-wave effects of dumbbell shaped DGS. As
shown in the figure, the antenna has a reflection coefficient of -27.22 dB at a fre-
quency of 28.37 GHz. Furthermore, the proposed phased array antenna offers be-
low -10 dB impedance bandwidth between 27.6 GHz and 29.21 GHz with an overall
bandwidth of 1.61 GHz. This indicates that there is an increment of antenna band-
width. An increment in bandwidth, indicates that range of frequencies over which

the antenna can operate correctly has improved thus an improvement in the overall

system.
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FIGURE 4.13: Reflection coefficient and mutual coupling of the phased array antenna
with dumbbell DGS.
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VSWR

The simulated VSWR of phased array antenna with a dumbbell shaped DGS is
shown in Figure 4.8. The figure illustrates that, at an operating frequency of 28
GHz, phased array has a VSWR of 2.1. This indicates that there is a loss occurring in
the antenna due to the defects made to the antenna configuration. Furthermore, the
losses are enhanced by changing the boundary setting of the ground plane (Z min-
imum) to be open instead of closed in the CST software. Therefore the dumbbell
DGS becomes a radiator and bring more losses to the antenna.
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FIGURE 4.14: VSWR of the phased array antenna with dumbbell shaped DGS.

FarField

The farfield patterns of the proposed phased array antenna with a dumbbell shaped
DGS is illustrated in Figure 4.15. Before determining the scan angle of the phased
array antenna or before beam steering is carried out, the phased array antenna has
a gain of 13.73 dBi as illustrated by Figure 4.9a in 3D and realized gain of 11.75 dBi
illustrated by Figure 4.9b also in 3D. There is a significant decrease in the antenna
gain due to the increased back lobes. This a setback because a reduction in antenna
gain indicates a decrease in antenna coverage. Also, Figure 4.5c in 1D indicates that
the antenna has a angular beam-width of 35.4° and side lobe level of -4.0 dB. As
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shown in the figure, the antenna has big side and back lobes. Furthermore, radia-
tion pattern plot illustrated in Figure 4.10 indicates that the designed antenna has
directivity of 14 dBi.

Beam Steering

The scanning performance of the proposed phased array antenna with dumbbell
shaped DGS is illustrated with a range from 0° to 180° in Figure 4.17. As shown by
the figure, the gain (dB) is plotted versus theta (degrees) in Cartesian plane. From
the figure, the antenna achieved a scan angle of + 35° with a scan loss of 0.5 dB. This
is a decrease in beam scanning performance as compared to the antenna without
DGS. This antenna also has a very limited scan angle. As the antenna is scanning,
there is a decrease in antenna gain due to the increase of grating lobes and appear-
ance of nulls at some angles. Grating lobes are unwanted lobes because they have
larger amplitudes which almost equal to the one of main lobe. Based on the results,
simulations it is illustrated that insertion of dumbbell DGS did not bring merits to

far-zone radiation patterns related parameters.
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FIGURE 4.15: Far field plots of the phased array antenna before beam steering.
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FIGURE 4.16: Directivity of the phased antenna array in 3D.
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In the overall analysis of the proposed phased array antenna, the insertion of a
dumbell shaped DGS came with both benefits and shortfalls in the overall antenna
performance. The insertion of a dumbell shaped DGS increased the bandwidth of
the antenna and reduced mutual coupling between antenna elements. However,
there is a decrease in antenna gain. During beam steering, the phased array an-
tenna without DGS experienced a high scan loss as compared to the one with DGS.
Moreover, the phased array antenna without DGS achieved a scan angle of + 41°
whereas the one with DGS achieved a scan angle of + 35°. The simulation results of
the designed phased array antenna (with and without DGS) are presented in Table

4.2, summarizing the performance comparison of two designed antennas.

Table 4.2: Performance comparison of the phased array antenna with and without DGS.

Phased Array Antenna
Parameter Units Without DGS With DGS
Reflection Coefficient dB -40.19 -27.22
Bandwidth GHz 1.51 1.61
Mutual Coupling dB —-27.97 -34.24
VSWR - 1.38 2.1
Gain dBi 15.92 13.73
Realized Gain dBi 13.07 11.75
Directivity dB 15.96 14.03
Scan Angle o +41 +35

The proposed phased array antenna is compared with existing phased array anten-
nas for 5G wireless applications. A comparative summary of the proposed antenna

with the antennas described in literature is presented in Table 4.3.

Table 4.3: Comparison of the designed phased array antenna with existing works.

Ref S11 (dB) Bandwidth (GHz) Gain (dBi) Scan Angle (o)
[136] - - 10 121

[142] -38 - 137 +22

[141] -32 42 11.59 40

[143] -30 1 8 +45

[145] <-15 0.7 8.36 +70

This work (Without DGS) —-40.19 1.51 15.92 +41

This work (with DGS) -27.22 1.61 13.73 +35
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4.4 Conclusion

This chapter presented the design and simulation of an eight element phased array
antenna operating at 28 GHz. Initially, a 1 x 4 array antenna is designed and ana-
lyzed. From the simulation results, the 1 x4 array antenna has a reflection coefficient
of -31.85 dB, bandwidth of 1.47 GHz, VSWR of 1.28, gain of 10.8 dBi, realized gain
of 6.68 dBi, angular beam width of 18.7° and directivity of 11.5 dBi. The designed
1 x 4 array antenna was used to design eight element phased array antenna. The
simulation results indicated that, the designed phased array antenna has a reflec-
tion coefficient of -40.19 dB, bandwidth of 1.51 GHz, VSWR of 1.38, antenna gain of
15.92 dBi, realized gain of 13.07 dBi, angular beam-width of 23.0 °, directivity of 16
dBi, scan angle of +41° and mutual coupling of -27.97 dB. To reduce mutual coupling
effect, a dumbbell shaped DGS was inserted in the array and reduced mutual cou-
pling by 6.27 dB. Furthermore, the phased array antenna with DGS has a reflection
coefficient of -27.22 dB, bandwidth of 1.61 GHz, VSWR of 2.1, antenna gain of 13.73
dBi, realized gain of 11.75 dBi, angular beam-width of 35.4°, directivity of 14.03 dBi,
scan angle of +35°. However, the insertion of a dumbell shaped DGS came with
both benefits and shortfalls in the overall antenna performance.
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Chapter 5

Conclusions

5.1 Conclusion

The proliferation of data traffic in wireless communication have resulted in a shift
towards millimeter wave frequency band and the launch of 5G networks. Millime-
ter wave band provide high bandwidth which results in achieving high data rates
but this frequency band come with a cost of propagation challenges. Antenna ar-
rays with high antenna gain are used to compensate these challenges. Antenna ar-
rays have a shortfall of having a limited angular coverage due to narrow beams. As
such, phased array antennas are adopted to provide electronic beam steering in de-
sirable directions. In this thesis, an eight element phased array antenna is designed
and simulated, operating at a frequency of 28 GHz for 5G wireless applications. The
designed phased array antenna uses a rectangular patch antenna as antenna ele-
ment and corporate feed as a feeding network. Furthermore, the mutual coupling
effect which exists in the designed phased array antenna is reduced by inserting a
dumbbell shaped DGS between radiating elements. The main findings of this thesis

are as follows:

¢ In Chapter 3, a single rectangular patch antenna operating at 28 GHz is de-
signed and analyzed based on three different dielectric substrates. From the
simulations, the single patch antenna designed with RT/Duroid 5880 substrate
offers better antenna performance as compared to other designs hence it is
chosen as the antenna element for the proposed eight element phased array

antenna.

¢ Chapter 4 proposes an eight element phased array antenna operating at 28
GHz for 5G wireless applications. Initially, a 1x4 microstrip array antenna was
designed and then, the array was used to design the proposed phased array

antenna. The array was fed with two simultaneous feeding ports, which were
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also used to achieve beam steering and measure mutual coupling of the an-
tenna array. The designed eight element phased array antenna used a dumb-
bell shaped DGS to reduce mutual coupling and a mutual coupling reduction
of 6.27 dB was achieved. However, the insertion of a dumbbell shaped DGS
came with both benefits and shortfalls in the overall antenna performance. The
insertion of a dumbell shaped DGS increased the bandwidth of the antenna
and reduced mutual coupling between antenna elements. However, there was

a decrease in antenna gain and directivity.

5.2 Future Works

Phased array antennas are considered key enablers for the next generation networks
due to their characteristics such as electronic beam steering high antenna and beam-
forming capabilities. In the pursuit of achieving the objectives of this thesis, ad-
ditional challenges and ideas that deserve further investigation popped up. The

challenges and the ideas are listed below.

* Fabricate the designed phased array antenna to compare simulation and mea-

surement results.

* Develop a framework for deriving dimensions of a dumbbell shaped DGS in
the millimeter wave frequency instead of using the trial and error method like

in this thesis.

¢ Design a phased array antenna which use both series and feed (hybrid) net-
works with re-configurable antenna elements to achieve a wide beam scan an-
gle. This is because the proposed phased in this thesis has limited scan angle.
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