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Abstract

Micro strip patch antennas are playing an important role in wireless communication systems
because of their many advantages, like light weight, low profile, low cost, easy integration with
planar structures, and easy fabrication. So, it is very essential to know all the aspects of micro
strip antennas. The main objective of this thesis is to discuss the design and analysis issues of
slotted ground plane and slotted patch micro strip array antennas. The design issues include
single element antenna dimensions, feeding techniques, and antenna arrays, whereas the analysis
issues include return loss, bandwidth, directivity, and radiation pattern of slotted microstrip patch
array antennas. In this thesis, a slotted rectangular patch antenna and an array antenna for
wireless communication have been proposed. By developing wide bandwidth characteristics,
long ranges of data transfer are covered with better quality of signal transmission in the
communication system. The creation of slots in both patch and ground plane structures has
influenced the frequency bandwidth. The design, analysis, and optimization of the proposed
work along with parametric analysis were performed using CST Microwave Studio 2019. A
slotted micro strip patch antenna has been designed at a millimeter wave for consistent radiation
patterns and higher gain at operating frequency. A Rogers RT/Duriod-5880 substrate has been
employed in this work with a dielectric constant value of 2.2, a thickness value of 0.254 mm, and
a loss tangent value of 0.0009. The proposed single-element slotted rectangular patch antenna
has achieved a wider bandwidth which is 23.858 GHz with a return loss of-46.294dB at the
center frequency of 28.001 GHz, a VSWR of 1.009 at 28.001 GHz, and a maximum gain of 7.27
dBi with high directivity of 7.65 dBi at 28.001 GHz, and a 4x1 slotted array antenna has
achieved high gain and directivity which is 12.9 dBi and 13.9 dBi at the center frequency of
28.222 GHz. The single slotted antenna results of this work were shown to be useful in fulfilling
the requirements of wider bandwidth, and slotted 4x1 antenna arrays offer higher gain and

directivity for wireless communications.

Keywords: Bandwidth, Gain, CST, Return loss, VSWR, Rogers RT/Duriod.
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CHAPTER ONE

1. Introduction

1.1 Background

Fifth Generation antenna design is currently the most researched subject in communication
systems. As predicted, 5G will be accessible in nearly all countries by 2021 [1]. The Fifth
Generation technology is anticipated to focus on improving the fourth generation technology,
enabling approaches to the 4G shortage such as limited bandwidth and data transfer rate [2].

Since the first generation of mobile network standards arrived in 1982, a new standard
generation has developed every 10 years or so. These standards are being created to meet the
current and future needs of mobile users. However, global mobile traffic is expanding at an

exponential rate each year, and this trend is projected to continue in the near future [3].

Global mobile data traffic will almost definitely continue to increase rapidly in the coming
decade. Naturally, there is a rising fear that the current cellular network capacity will not be
sustainable in the long run. Several research foundations and business partners have been
investigating the concept of a 5th generation (5G) mobile network with improved capacity,
latency, and mobility in recent years [4]. Due to a lack of spectrum in conventional microwave
bands, millimeter wave (mm-Wave) bands have received a lot of interest as an extra spectrum

band for 5G cellular networks [5].

The key concepts of 5G will be aimed at increasing network capacity while providing improved
coverage at a reduced cost. The most significant and critical goal of all is "capacity,” which is
directly related to the increasing customer demand for faster and larger data rates. Massive
MIMO is the technology being researched to reach these high data rate requirements. Massive
MIMO: Extending the multi-user MIMO idea to hundreds of base station antennas is a possible
method for considerably increasing user throughput and network capacity by allowing beam-
shaped data transmission and interference management. Higher antenna gains are required to

compensate for the greatly increased path loss at very high frequencies, which is made possible
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by increasing the number of antennas at the base station. 5G equipment is being researched and

developed for sub-1ms latency and lower battery consumption than 4G equipment [6].

Moving to mm-Wave frequencies for 5G mobile stations necessitates new antenna design
techniques for mobile-station (MS) and base-station (BS) systems. Smaller antennas stacked in
an array can be used to build an effective beam-steerable phased array antenna, which is one of
the most critical components for 5G cellular networks [7].

Due to various new applications outside personal communications, the number of devices could
reach the tens or even hundreds of billions beyond 5G is achieved [8]. In recent years, the
necessity for more spectrum and the demand for high-speed cellular communications have driven
the adoption of millimeter wave (mm-wave) carrier frequencies for 5G cellular networks, where
high-gain adaptive antennas are used [9]. Because of the tremendous amount of bandwidth

available, the mm-Wave spectrum has attracted a lot of attention [5].

The millimeter-wave band is defined as a section of the electromagnetic spectrum spanning from
30 to 300 GHz, with wavelengths ranging from 10 to 1 mm. The recent advancement of silicon
technology, as well as the rapidly growing mm-wave application markets (such as automotive
radars, high-resolution imaging, and high-definition video transfer requirements), necessitate the
development of broadband, highly integrated, low-power, low-cost wireless systems, including
high-efficiency planar antennas [10]. Because of their low cost, ease of manufacture, and
promise of high-efficiency operation, integrated planar antennas have sparked a lot of interest in
mm-wave applications in recent years. The tiny wavelength at mm-wave frequencies helps in the
creation of small and efficient antennas. However, at mm-wave frequencies, losses are often
larger than at lower frequencies; therefore, the antenna designer must carefully construct the
antenna and select a suitable substrate to reduce losses and achieve high radiation efficiency
[10].

Because of their short wave length, mm-wave antennas may be made smaller than traditional
cellular frequency waves. Because of the compact size of the antenna, it is possible to use sharp
beam shaping or massive MIMO technology [11]. Small-sized antennas are in demand in 5G

network infrastructure as they are capable of high frequency applications, which, in turn, makes
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microstrip patch antennas one of the most effective and convenient antennas available for use
[12]. Many types of antennas have been designed to meet the requirements of the 28 GHz band
for 5G technology. Several researchers have proposed microstrip patch antennas to operate at 28
GHz using different substrate thicknesses. Moreover, it is noticed that using a thicker substrate
with a lower permittivity value increases the antenna’s overall efficiency, but it leads to an
enlargement of the antenna’s dimension. Therefore, it is complex to balance the trade-off
between the antenna’s size and performance. In fifth generation technology, particularly in
wireless communication systems, wide bandwidth and smaller geometry are important,

undoubtedly.

The key objective of this thesis is to design and analyze the antenna with slotted ground plane
and slotted microstrip patch antennas that are proposed to be improved with bandwidth, compact
size, and slotted microstrip patch array antennas that need to achieve high gain for wireless
applications. To obtain these objectives, optimizing the slot of the antenna is performed to
identify the slot size and slot position, which play a major role in the antenna’s reflection
coefficient, bandwidth, and resonant frequency. After identification of the slot size and slot
position of an antenna, a new slot shape for single-element antennas and antenna arrays is

proposed, which performs wide bandwidth, high gain, and high radiation efficiency.
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1.2 Motivation

This study included a thorough examination of several aspects that affect antenna performance
(such as antenna type, feeding technique, substrate dielectric constant, substrate thickness,
substrate loss tangent, and so on). The study's utility is demonstrated by the construction of a
slotted MSPA antenna and arrays optimized for wireless communication systems. The proposed
antenna is built for the millimeter wave frequency range and has the following design features:
The proposed antenna has a wide bandwidth of more than 1 GHz, with a strong impedance
matching of S11-10 dB and consistent radiation patterns capable of supporting the expected high
data rates of networks. To compensate for the additional path loss at mm-wave frequencies, the
proposed design of slotted microstrip patch antenna arrays has high gain and radiation efficiency.
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1.3 Statement of Problem

The main limitations of microstrip patch antennas are their narrow bandwidth, low gain, and
radiation efficiency, which affect wireless communication applications. The bandwidth of a
microstrip antenna can be improved by increasing the height of the substrate by using the
transmission line model. At the same time, increasing the height of the substrate also increases
the surface waves, which move from end to end around the substrate and spread at the curves of
the radiating patch, which adopt the energy of the signal, thus declining the antenna’s
performance. In order to avoid this problem, different techniques are used, such as the slotted
ground plane and the slotted radiated patch technique, to achieve wide bandwidth and higher
antenna performance. Further, slotted MSPA plays an important role in the bandwidth of
antennas and arrays to increase the gain of antennas. Antennas having the minimum possible size

are considered efficient.
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1.3 Objectives

1.3.1 General objective
The main aim of this work is to Design and Analysis of Slotted Ground Plane and Slotted Patch

Microstrip Array Antenna for Wireless Communications.

1.3.2 Specific objectives
This study is carried out specifically to accomplish the followings:
» To design single element Slotted Ground Plane and Slotted Patch microstrip patch

antenna.
» To design (4x1) Slotted Ground Plane and Slotted Patch microstrip patch array antenna.

» A comparison of performance with the single and four by one Slotted Ground Plane and

Slotted Patch microstrip antennas design.

» Comparisons of performance proposed antennas with other existing published antenna
design.

» To obtain VSWR, Radiation Patterns, return loss, directivity and Gain of Slotted Ground
Plane and Slotted Patch microstrip antenna analyze by using antenna design software

CST simulation software.
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1.4 Significance of the Study

Wireless technologies are now used in space communication, energy harvesting, inventory
tracking, and streaming entertainment to billions of people worldwide. Because of its simple
geometry, ease of design, compactness, durability, and low production cost, the microstrip
antenna is one of the most popular antennas used in wireless communications today. In the last
few years, the weight and size of mobile phones have been drastically reduced. Because of the
advancement in this trend, the antenna used for mobile handheld devices must be tiny, light-
weight, low profile, and have an omni-directional radiation pattern in the horizontal plane.
However, there are still issues with the antenna's performance when interacting with the user's
head and hand. The movement of the user when using a mobile hand-held device frequently
causes changes in gain, radiation pattern, high return loss, and input impedance. As a result,
antennas used in personal communication hand-held transceivers have been identified as key
elements that can either improve or limit system performance. This is especially true when it
comes to bandwidth and efficiency. As a result, in order to properly build a handset with
exceptional performance, engineers must pay close attention to the design of the mobile

transceiver's antenna systems.

The present wireless communication business is expanding at such a rapid pace that all
communication systems are integrating numerous applications such as WLAN, Bluetooth, and so
on onto handheld devices. Most wireless protocols will be used in mobile devices in 5G.
Antenna isolation is a difficult challenge to tackle due to the near proximity of antennas in space-
constrained devices, particularly MIMO devices. Another issue is the limited space available on
most mobile devices. To meet this problem, we require designs that have a consistent radiation
pattern, are straightforward to integrate with RF circuits, have a low profile, are efficient, and
can be polarized throughout a wide frequency band. Another difficult challenge is modeling
massive antennas to forecast their performance. One solution is to construct a slotted micro strip
patch array antenna to improve antenna gain, directivity, efficiency, bandwidth, and to minimize

antenna array mutual coupling.
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1.5 Scope and limitations of the study

The goal of this proposed research is to create a suitable slotted ground plane and slotted patch
array antenna for 5G applications using antenna design software called Computer Simulation
Technology. The antenna perspective is used to describe the wireless communication idea. The
steps for creating a single rectangular patch antenna are investigated. To facilitate the
development of the basic design of a slotted rectangular patch antenna, a patch parameter was
derived analytically, and antenna parameters were optimized using CST software. Based on a
single patch antenna, an array slotted ground plane and a slotted patch antenna are constructed.
To meet the 5G technology requirements, the antenna must have a wide band width and high
gain. CST software is used to examine the antenna's VSWR, Return Loss, Radiation Patterns,

Directivity, and Gain for 5G wireless communications.
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1.6 Methodology

The methods employing to achieve the objective of this proposed research work are:

>

Literature review: this includes reading of books, articles, journals and simulation tools
and all forms of other resources which are related to slotted microstrip patch antenna.
Design specification: this involves identify of resonate frequency, substrate height,
dielectric constant and microstrip patch geometry.

MSPA parameters: this includes determining mathematical calculation of the microstrip
patches antenna and feeding line parameters.

Simulation: this is the approximation of the modeling slotted ground plane and slotted
patch antenna/array in CST, to investigate performance of the band width, VSWR,
Return Loss, directivity and Gain Simulation.

Performance comparison: this involves the antenna gain, directivity, VSWR, Return
Loss, Radiation efficiency, and radiation pattern used performance comparison and
explanation which is based on the results and findings obtained from the simulated results
CST.
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Figure 1. 1: Flow chart of methodology
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1.7 Contribution

Varied slotted microstrip patch antenna design and modeling have been examined at different
slot shapes and sizes of design parameters in all of the literature seen thus far in the following

chapter. The following points are contributions to this thesis study:

> Single element slotted microstrip patch antennas for wireless communication was
designed in this thesis. Ultra-wide bandwidth, minimum return loss, and high
radiation efficiency have been achieved with the proposed design.

> In this thesis, 4X1 slotted rectangular microstrip patch antenna arrays for wireless
communication were designed. This proposed array operates in dual bands, which
means higher gain and directivity have been achieved.

» The proposed array antenna operates with dual band capabilities.

» The proposed antenna is small in size.
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1.8 Thesis Organization

This thesis work is organized into six chapters. Chapter one is an introductory section. Chapter
two talks about antenna theory, antenna parameters, and related work by researchers. In chapter
three, microstrip patches and arrays of antennas have been discussed. Chapter four designs
slotted rectangular patch antennas and arrays. The fifth chapter is all about simulation and

discussing the results. Chapter six concludes with new research ideas for the future.
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CHAPTER TWO

2. Literature Review and Antenna Theory

2.1 Introduction to Antenna Theory
An antenna is particularly significant in a radio system since it transmits and receives radio

waves. It is intended to convert guided electromagnetic waves in a waveguide, feeder cable, or
transmission line into radiating free space waves and, through reciprocity, to gather power from
passing electromagnetic waves. As a result, antennas should provide radiation efficiency [6]
[32]. Figure 2.1 depicts how an antenna acts as a transition area between directed and

propagating waves.

~\

Source Transmission Line Antenna Radiated free-space wave

Figure 2. 1: The antenna as a transition region between guided and propagating waves [6]

As shown in Figure 2.2, a transmission-line electrical equivalent circuit can be used to mimic the
antenna in transmission line mode. An ideal generator is used to simulate the source, which is
coupled to the antenna through an impedance-controlled transmission line. The antenna
resistance Ra is represented by two elements: the conduction and dielectric ohmic losses Ro and
the radiation resistance Rr, while its reactance Xa represents the imaginary part of the impedance

associated with the antenna radiation, which models the energy stored in the antenna near field.
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Figure 2. 2: Transmission line equivalent circuit of antenna in transmitting mode [6]

High operational frequency is the first issue for 5G networks. On the other hand, Mm-waves
have considerably different propagation circumstances, air absorption, and hardware constraints
than centimeter-waves. These difficulties could be mitigated by employing beam shaping and a
bigger antenna array. To reduce significant path loss, it is widely agreed that the mm-wave band
must be employed with a small cell radius (100 m). When increasing the operating frequency
from 2 GHz to 28 GHz or 70 GHz, there will be an additional path loss of approximately 23 and
31 dB, respectively [54].

A second difficulty is signal attenuation in high frequency bands. This is a significant problem
since it restricts signal propagation. Because the oxygen molecule absorbs electromagnetic
energy at around 60 GHz, the free-licensed band from 57-64 GHz has substantial oxygen
absorption with an attenuation of about 15 dB/km. Furthermore, water vapor absorbs electro-

magnetic radiation with considerably greater attenuation at 164-200 GHz [54].

A third issue is that millimeter-wave transmissions penetrate solid objects with very high losses,
making them too sensitive to obstructions like buildings. Due to high levels of attenuation,
millimeter-wave communication from outside cells may be limited to only outdoor receivers.

Indoor millimeter-wave small cells or Wi-Fi solutions would thus provide coverage.

There is unutilized or underutilized Local Multipoint Distribution Service broadband spectrum at
28 GHz, and given the low atmospheric absorption, the spectrum at 28 GHz has very comparable
open space path loss to today's 1-2 GHz cellular bands, as mentioned in [54]. Furthermore, rain
attenuation and oxygen loss do not considerably increase at 28 GHz, and in fact, when
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considering the availability of high-gain adaptive antennas and cell sizes in the range of 200

meters, 28 GHz may offer better propagation circumstances than today's cellular networks.

2.2 Antenna Fundamentals
The parameters that control the performance of an antenna include: input impedance,

VSWR, reflection coefficient, efficiency, gain, bandwidth and radiation patterns. These

characteristics are discussed in the following sections.

2.2.1 Input Impedance
It is defined as the ratio of the voltage to the current at the input terminal of an antenna. It is a

frequency dependent function. In order to transfer maximum power to an antenna in
accordance with the maximum power transfer theorem, the impedance of the transmission
line or the coaxial cable must be equal to the conjugate of the input impedance of the antenna as

given in Equation 2.1[6]. This is known as proper matching [6]
7= Z, (2.1)

Z; and Z, are the impedance of the feeding line and the input impedance of the antenna

respectively.

2.2.2 Voltage Standing Wave Ratio
It is simply known as VSWR and it can be explained by considering the voltage at

different locations of the coaxial cable feeding an antenna. A fraction of the incident power is
reflected back in opposite direction towards the transmitter from a mismatched antenna, so at
some points along the cable the incident and the reflected waves are in phase and other
points the two waves are out of phase, resulting in standing wave pattern. The ratio of
the maximum voltage to the minimum voltage at these two locations on the coaxial cable

is known as voltage standing wave ratio. VSWR is given by Equations 2.2 [6].

Vmax
VSWR =

2.2
Vmin (22)
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2.2.3 Return Loss
The loss of power in the reflected signal due to impedance mismatch is known as return loss and

is given by [6]:

Pi
RL(dB) = 101 — 2.
(dB) 0logyg Pr (2.3)

Where P; and P, are the incident and the reflected powers respectively. The return loss in
the above equation is indB. Its sign is positive and a high return loss is desirable in case of an
antenna as it represents a good match. In other words, increase in return loss is due to
decrease in the reflection coefficient. However, in literature, it is widely represented by a
negative number [6]. Basically the negative of the magnitude of the reflection coefficient in dB is
the return loss and it is given by Equation 2.4 [6]

RL(dB) = —201log,,|T] (2.4)

IT| represents the magnitude of the reflection coefficient in the above equation. The large
value of the return loss indicates that the reflected power is small as compared to the incident
power and it will be entirely zero if the antenna is perfectly matched to the feeding

line.

2.2.4 Antenna Efficiency
There are two types of antenna’s efficiencies; (i) radiation efficiency and (ii) total

efficiency. The antenna total efficiency is defined as the ratio of the power that is radiated by an
antenna to the power delivered to the antenna. The ratio of the power radiated by an antenna
to the power input of the antenna is called radiation efficiency. The radiation efficiency

eg is given by Equation 2.5 [6].

P, rad

e = (2.5)

P input

While the product of the loss of the antenna due to impedance mismatch i.e. M; and the

radiation efficiency is called total efficiency. The total efficiency is given by Equation 2.6 [6]

eT = MLXQR (2.6)
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Obviously the radiation efficiency is always greater than the total efficiency. The losses in an
antenna are the reflection losses that are caused by the mismatch between the transmitter and the
antenna, the conduction (I°R) losses caused by the conductor and dielectric losses due to the
dielectric of the antenna [6].

2.2.5 Gain
The gain of an antenna is also calculated with reference to the isotropic radiator. It is

defined as the ratio of the radiation intensity of an antenna in the direction of (6,0)to
the radiation intensity of the isotropic radiator if the isotropic radiator is given the same
input power as that of the practical antenna. The gain of an antenna is explained with the help of
Figure 2.3 [6].

U
GO, ¢) = (2.7)

L

The radiation intensity of the isotropic radiator is given by [6]
U =— (2.8)

So finally the gain of the antenna is [6]

41U
G(6, ) = > (2.9)
in
S

-

Practical Antenna

Isotropic Antenna
Figure 2. 3: Concept of an Antenna’s Gain [47]
The gain of the antenna in decibel (dBi) is given by [6]
Ga5=101log,0 G (6, ) (2.10)
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The gain of an antenna combines the efficiency and the directivity. Following is the well-

known relationship between the gain and the directivity of an antenna [6]
G =egxD (2.11)

Basically gain is the ability of an antenna to focus its radiations in a particular direction in the far
field during transmission and its ability to receive the energy in that particular direction during

reception.

2.2.6 Bandwidth
The range of frequencies in which an antenna operates satisfactorily is called the

bandwidth of the antenna. Basically it is the difference between the higher frequency fyand the

lower frequency f;, in the given operating spectrum. Mathematically it is defined as [6]
BW = fy-fi (2.12)

The ratio of the bandwidth to the center resonant frequency is known as fractional

bandwidth. The percentage fractional bandwidth is represented by FBW [6].

BW
FBW = — x 100 (2.13)
fe

fc in the preceding equation is the center resonant frequency of the bandwidth. The
bandwidth of the MSPA is governed by the impedance bandwidth. In the impedance bandwidth
the reflection coefficient of the MSPA is less than -10dB.

2.2.7 Radiation Pattern
The energy radiated by an antenna in space is represented by its radiation pattern. The

graphical representation of the far field radiation of an antenna as a function of spherical
coordinates 8 and @ at a constant radial distance r is known as the radiation pattern [6]. The 3-
dimentional radiation pattern is shown in Figure 2.4. It is represented in spherical
coordinates(r,8,0) with the assumption that the antenna is at the center of the spherical

coordinate system.
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Figure 2. 4: 3D Radiation Pattern [48]

For 2-D radiation pattern, the x-y plane (6 = 90) is the azimuth or horizontal plane.

Figure 2. 5: 2D radiation Pattern [49]

The y-z plane at (@ = 90) that is normal to the horizontal (azimuth) plane is the elevation or
vertical plane. The 2-D radiation pattern has three lobes, main lobe, side lobe and the
back lobe as shown in Figure 2.5[6]. Most of the energy of the antenna exists in the main lobe.
The angle between the half-power points of the main lobe with respect to the maximum
radiated power defines the half power beamwidth of the radiation pattern. Itis represented
by HPBW as shown in Figure 2.6 [6]

max

HPBW

U max 72 /_\ Umex /2

Figure 2. 6: Half Power Beamwidth [50]
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2.3 Related Work
The relevant research literature for the enhancement of the different characteristics of the patch

antennas is illustrated in the following sections. The creation of slots on the patch of the antenna
improves the impedance matching, especially at higher frequencies. It changes the distribution
of current, due to which the current path length and the input impedance of the patch
antenna changes. The addition of slots to the patch of the antenna results in a new
resonance frequency, thus two or more resonance regions are created, which enhances
bandwidth [13]. Different shapes of patches like U-shape, E-shape, M-shape and A-shape
have been designed in [14-17] for the improvement of the impedance bandwidth of
MSPA. According to [18] the substrate material plays significant role determining the size and
bandwidth of an antenna. Increasing the dielectric constant decreases the size but lowers the
band width and efficiency of the antenna while decreasing the dielectric constant increases the

bandwidth but with an increase in size.

Some problems related to MSPA have been addressed with the use of creation of slots on
the ground plane[19]. Slots on the ground plane includes advantages such as decrease in the
patch size and enhancement in gain and bandwidth [20]. A G-shaped slot on ground plane
has been explained in [21] and it has been claimed that the slot had improved both the
return loss and the impedance bandwidth. A compact patch antenna of size 17 x 17 x 1.07 mm3
with slot on the patch and DGS has been investigated in [22] and it has been concluded that
the proposed antenna on FR-4 substrate had a bandwidth of 1.23GHz. The height of the
substrate is 1 and its dielectric constant is 4.9. Two rectangular slots on the patch and rectangular

DGS have been presented in this work.

In [23] this paper aim is to design the MIMO 8x8 MSPA with 2 H-slot rectangular patches array
with 5G radio access system at frequency range 14.5 to 15.25 GHz. However, dealing with
MIMO, there will be great challenge that is mutual coupling here it is affecting the antenna
performance. A compact antenna array design utilizing the concept of connected antenna
arrays has been discussed in [24]. CAA presents wideband antenna responses that can be very
suitable to mm-wave applications as well as provides more compact antenna sizes that can be
integrated within mobile terminals compared to conventional ones. A 100x60x0.76 mm3 slot-

based CAA has been proposed for standard mobile handset size terminals that includes 4G (1.8-
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3.1 GHz) and 5G mm-wave (27.2- 28.5 GHz ) antenna systems. The reported gain for 5G
antennas is about 10 dBi. In [25], a 28GHz 4x4 antenna array has been fabricated for 5G
base station applications, with capability to be connected to a RF front-end allowing
beamforming. The dimensions of the design are 78.5x42 mm2 with 1.5 GHz operating

bandwidth and a reported achievable gain of 18 dBi.

In [26], a millimeter-wave flexible antenna for 5G wireless applications is reported. The antenna
geometry comprises of a T-shaped patch integrated with symmetrically designed slot
arrangements. The measurements of the inkjet-printed antenna prototype depict an impedance
bandwidth of 26-40 GHz, consistent omnidirectional radiation pattern, and a peak gain of 7.44
dBi at 39 GHz.

In [27], a novel capacitive coupled patch antenna array design was positioned in the
mobile phone chassis as a set of 4 sub-arrays each with 12 antenna elements to provide high gain
around 27 dBi with each sub-array providing 90 degree coverage. The antenna array covers the
frequency range of 24-28 GHz, a promising band for future 5G based smartphone services. The
antenna has 12 radiation elements of 3.7x3.25 mm each with a separation between the 12

elements of 6.3mm.

In [28], a novel mm-wave phased array antenna for whole metal covered 5G mobile handset has
been proposed. It consists of eight rotated slot antenna elements arranged on the upper frame of
the metal-body. The proposed antenna operates between 27.1 and 28.6 GHz and has hemi-
spherical beam coverage suitable for 5G mobile communication. The 138x67.1x7.1mm3 antenna

was configured on the metal body of the handset top section with a gain up to 13.7dBi.

In [29], a 12x28.2x0.4mm3 compact, flexible and wideband mm-wave Franklin antenna array
was designed at for upcoming 5G applications. Measurements showed that the designed array
covers the band 24.6-30 GHz with a simulated gain of 8.3dBi at 28 GHz.

In [30], a novel modified compact broadband antipodal Vivaldi antenna array for future 5G
communication systems has been discussed. The proposed structure of 28.823x60x0.787mm3
consists of 8 antenna elements that are fed by a 1-to-8 power divider. Multiple notch structures

were added on the ground plane. Impedance bandwidth was extended slightly from 24.65-28.5
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GHz to 24.55-28.5 GHz, and the gain improved simultaneously. Measurement results showed a

gain of 6.96-11.32 dB in the operating frequency band.

In [31], the design of an 8-element microstrip patch antenna array for dual-band 5G
communications is discussed. The proposed antenna array is compact of size 16x16mm2. The
dual-band responses at 28 and 38 GHz have been achieved by etching an inverted U-shaped slot
from the main radiator. Coupling between elements was about -10dB at 28G and -5.5dB at

39.95GHz, with a narrow bandwidth at each resonant frequency range.

In the above literature, all those methods are proposed to enhance the gain and bandwidth of
MSPA. The proposed methods have advantage as well disadvantages. Some methods have small
bandwidth, low gain and low radiation efficiency. For the proposed antenna, all the advantages
are collected and summarized to design a new slotted ground plane and slotted microstrip patch

antenna arrays for wireless communications.
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CHAPTER THREE

3. Micro strip Patches Antenna

3.1 Introduction
Because it is simple to design and construct, micro strip patches antennas are utilized in a wide

range of applications. The antenna is appealing due to its low-profile conformal design, low cost,
and extremely narrow bandwidth. Low profile antennas are required for applications where size,
weight, cost, performance, ease of installation, and aerodynamics are constraints. Demands for
aircraft, spacecraft, satellites, and missiles, as well as mobile radio and wireless communications,
have recently increased [1]. Micro strip antennas can be utilized to achieve these needs. These
antennas have a low profile, are suitable for planar and non-planar surfaces, are simple and
inexpensive to manufacture, are mechanically robust when mounted on rigid surfaces, are
compatible with MMIC designs, and are very versatile in terms of resonant frequency,
polarization, pattern, and impedance [1]. Furthermore, by inserting loads such as pins and reactor
diodes between the patch and the ground plane, adaptive elements with changeable resonant
frequency, impedance, polarization, and pattern can be created. In its most basic form, a micro
strip antenna consists of a radiating patch on one side of a dielectric substrate with a ground
plane on the other, as shown in Figure (3.1). The patch is often constructed of conductive
material such as copper or gold and can take any shape. Typically, the radiating patch and feed

lines is photo etched on the dielectric substrate.

Patch - >
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Figure 3. 1: Rectangular Patch Antenna [6]
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In order to simplify the analysis and performance prediction, the patch is generally square,
rectangular, circular, triangular, and elliptical or some other common shape as shown in Figure
3.2 below. For a rectangular patch, the length L of the patch is usually 0.3333A0 < L < 0.5)0,
where A0 is the wavelength of free space. The patch is selected to be very thin such that t < A0,
where t is the thickness of patch. The height of dielectric substrate is usually 0.00310 < h <
0.510. The dielectric constant of the substrate (g,) is typically in the range 2.2 <&, < 12 [62].

Rectangle Dipole

Iriangle

Elhipuc

Figure 3. 2: Common Available Shape of Micro strip Antenna [21]

The fringing fields between the patch edge and the ground plane are principally responsible for
the radiation of micro strip patch antennas. A thick dielectric substrate with a low dielectric
constant is preferable for superior antenna performance because it gives better efficiency, a
narrower bandwidth, and better radiation. However, this configuration results in a bigger antenna
size. In order to create a compact Micro strip patch antenna, substrates with higher dielectric
constants must be employed, which results in a bigger bandwidth and reduced efficiency. As a
result, a trade-off must be made between antenna size and antenna performance. Arrays of micro
strip elements with single or multiple feeds can also be employed to provide scanning

capabilities and attain higher directives.
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3.2 Advantages and Disadvantages of MSPA
The microstrip patch antennas have made a great progress in the last few decades as they have

enormous advantages as compared to traditional antennas. These antennas have advantages
like the low profile, small dimensions, low volume, very light weight, economical,
conformable to the planer and non-planer surfaces and easy to fabricate. They occupy a
very small volume during installation. They are manufactured very inexpensively and easily
using modern printed circuit technology. However, a few major disadvantages of these
microstrip patch antennas include low gain, very low impedance bandwidth and low

efficiency.

3.3 Antenna Feeding Techniques
A microstrip patch antenna is excited with a number of techniques as explained in the following

sections [6]. The microstrip line feed, coaxial probe feed, aperture coupling and coupled indirect

feed have been explained in the upcoming sections.

3.3.1 Probe feed
This is a very common method to excite a patch antenna. The inner conductor of the coaxial

cable is connected to the patch while the outer conductor is connected to the ground plane as
shown in Figure 1.4[66]. The advantages of the coaxial cable are that the cable can be placed at a

desirable location for appropriate matching and can be fabricated easily.

substrate H I

1 Y

Ground
Coaxial Cable

Figure 3. 3: Coaxial Probe Feed [66]

3.3.2 Microstrip feeds

A microstrip feed can be fabricated on the same plane as the patch antenna. It is easy to match by
controlling the inset position and easy to model in the design simulations. It can be designed as

an inset feed, a quart-wavelength transmission line feed, or a microstrip line feed. However, the
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disadvantage of this method is that as substrate thickness increases, surface wave and spurious
feed radiation also increase, which limits the bandwidth. A patch antenna is excited with the help
of a microstrip transmission line, as shown in Figure 1.3a. The width of the conducting strip is
small as compared to the patch’s width. The microstrip transmission line is etched on the same
planar surface of the substrate and is connected to the patch [62]. The parameter L represents the
length of the patch, and the width of the patch is represented by W. The microstrip line feeding
technique that is shown in Figure 3.4 is also known as Inset Feed.

Substrate € » »>
A
R
—
| Patch w
—
Microstrip +
Transmission
line V

Figure 3. 4: 2D View of Microstrip Transmission Line Feed [62]

3.3.3 Aperture coupling feed
The aperture coupling feed technology is a newer non-contact feeding method. It is made up of

two substrates that are separated by a ground plane. A microstrip feed line on the bottom side of
the lower substrate couples energy to the patch via a slot in the ground plane Figure 3.5. This
arrangement enables the feed mechanism and the radiating element substrate to be optimized
independently. For the bottom substrate, a high dielectric material is utilized to produce tightly
linked fields that do not cause spurious radiation, while a thick low dielectric constant material is
used for the top substrate to produce generally wide fringing fields that produce better radiation.
The ground plane between the substrates additionally isolates the feed from the radiating element
and reduces spurious radiation interferences for pattern and polarization purity. However, this

feeding strategy will increase the overall thickness of the design, which is undesirable for space-
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constrained mobile devices. It also makes fabrication more complicated, which is not ideal for

commercial mass production [6].

Patch

Substrate-1
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Substrate-2
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v

Transmission Line

Figure 3. 5: Aperture Coupling [62]

3.3.4 Coupled Indirect Feed
This kind of feeding mechanism does not touch the patch directly as shown in Figure

3.6[63].The gap between the patch and the feed line introduces a capacitance that cancels out the

inductance of the feed line. The antenna is excited with the help of Microstrip transmission line.
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Figure 3. 6: Coupled Indirect Feed [62]
3.4 Micro strips Array
The antenna must have a high gain of more than 12 dB and a direct beam that can be guided in a

specific direction for 5G applications [58]. It may be difficult to attain such a high gain with a

single tiny antenna. Several small antennas, however, can be put together in an antenna array to
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generate such a high-gain directional pattern that can be electronically scanned in a certain
direction. The amplitude and phase of the currents feeding individual elements of the array can
be adjusted to shape the array radiation pattern by adjusting the element to element separation
and the excitation adjustment of the magnitude and phase of the currents feeding individual
elements of the array. The array elements can be distributed spatially to form a linear, planar, or
volume array. Linear arrays feature a narrow radiation beam in the plane of the array axis and a
large beam in the orthogonal plane. This feature of linear array patterns is useful in 5G handset
applications because it only takes 1-D scanning to cover a large region. This section begins with
a quick examination of the antenna array factor. Following that, a study of mutual interaction

between nearby elements and feeding strategies is described.

The following are the primary parameters that influence an antenna array's overall

performance [67]:

Distance between adjacent elements.
Geometry (e.g., linear, circular, or planar arrangement of the radiating elements).
Amplitude current excitation of each individual element.

Phase excitation of each individual element.

YV V. V V V

Radiation pattern of each individual element.

3.4.1 The Array Factor for Linear Arrays
The linear array is the most basic design for array elements, as seen in Figure (3.8), where the

variable resistance symbol represents attenuators and the other symbol represents phase shifters.
Because antennas usually satisfy the criteria of reciprocity, the pattern characteristics of an array
may be explained for functioning as a transmitter or receiver. The attenuators and phase shifters
can modify the amplitude and phase of each element's output. Amplitude and phase control allow

for specific sculpting of the radiation pattern as well as scanning in space [56].
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Receiver

Figure 3. 7:A typical linear array [56].

By replacing each element by an isotropic radiator, the array factor corresponding to the linear
array of Figure (3.8) can be found, while maintaining the element locations and
excitations, the array is receiving a plane wave arriving at an angle 0 from the line of the
elements as shown in Figure (3.9), and all the planes with equal phase. Each element is excited
with phase &, due to the spatial phase delay effect of the incoming plane wave. The amplitudes of
excitation are constant, taken to be unity, because a plane wave has uniform amplitude, as
shown in Figure (3.9) . The resulting excitations of leo, 1>, for each element, then The array
factor for this receiving array as in Figure (3.9), is then the sum of the isotropic radiator
receiving antenna responses { 1e’%, 1¢’;...} weighted by the amplitude and phase shift appeared
by complex currents { lo,l1...} introduced in the transmission path connected to each element.

The array factor of the array is thus [56]:
AF = lyel®0 + [ e&1 + [el®2 + - (3.3)
Where &, ¢&... are the phases of an incoming plane wave at the element locations.

The formula equation (3.3) is general for any geometry. Now we consider linear arrays with
elements equally spaced along the z-axis as illustrated in Figure 3.8. The phase of the arriving
plane wave is set to zero at the origin for suitability, thus & = 0. The received waves arriving at

Element 1 lag the received waves arriving at the origin by a distance of dcosf. The
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corresponding phase of waves at Element 1 relative to the origin is & = dcos6 the spatial phase

delay. Using this result in equation (3.3) gives [59]

AF =1, + [1ejB1dCOS<P + Izeiﬁzdcow 4ot Inefﬁndcos‘l’ = Z ]nejﬁndCOS(P (3.4)

~

Reference

Sowavefront™
<

Array factor

Figure 3. 8: Equivalent configuration of the array[56]

Now the array considered to be transmitting. If the current has a linear phase head way [55]
I, = A,em® (3.5)
relative phase between adjacent elements is the same), the phase can be separated explicitly as

Where the n+I" element leads the ™ element in phase by . Then Figure 3.10 become [55]

Figure 3. 9: Equally spaced linear array of isotropic point sources [56].
N-1
AF = A, eJn(Bd cos6+a) (3.6)
N=0
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Define [6]

@ =fdcosO +a (3.7)
Then
N-1
AF = z A, ein® (3.8)
n=0

Generally, the far-field pattern of an array is given by the multiplication pattern of the single

element and the array factor, as in Figure (3.11) [6].

Total Pattern = Element Factor X Array Factor (3.9)

Element AF Totral Array

-
|

Figure 3. 10: Array radiation pattern [55]
3.5 Antenna Array feeding Configuration
The proper configuration selection depends on many factors, such as bandwidth, the
required antenna gain, insertion loss, beam angle, grating/side lobe level, power-handling

capability, and polarization.
3.5.1 Parallel Feed

The basic configuration of a one-dimensional parallel feed consists of a branching network of
two-way power dividers. Figure 3.11 a corporate feed is the most commonly used parallel feed
configuration. The main advantages of parallel feed are that the power is equally split at each
junction, the beam position is independent of frequency provided that the distances from the

input port to each radiating element are identical, and finally, the feed is broadband [59]. The
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bandwidth of a parallel-fed microstrip array is limited by two factors: the patch element's
bandwidth and the impedance matching. Depending on the design, a series-fed array can obtain a
bandwidth of 1% or less, while a parallel-fed array can achieve a bandwidth of 15% or more [6].
The beam direction can be adjusted by inserting suitable line extensions. The downside of
parallel feed is that it necessitates long transmission lines between the input port and the
radiating elements, resulting in high insertion loss and lowering the overall efficiency of the
array [59]. All radiating elements in the design are typically equally matched to the feed lines
using a suitable technology such as a quarter-wave transformer. The number of radiating
elements required to create a symmetrical corporate feed network is 2n, where n is an integer.
The parallel-fed array has the relative ease with which both amplitude and phase for each
element can be designed independently, while in a series-fed array, one element’s change will

generally impact all other elements [6].

Figure 3. 11: Configurations of parallel feed microstrip array [6].

3.5.2 Series Feed

As shown in Figure 3.12, several elements are organized linearly and fed serially by a single
transmission line consisting of a series feed configuration. The Series feed has the lowest
insertion loss but generally has the least polarization control and the narrowest bandwidth. It has
the narrowest bandwidth since the line passes through the patches, and so the phase between
consecutive components is determined not only by line length but also by the input impedances

of the patches. Because the patches are amplitude weighted with varying input impedances, the
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phases will differ for different elements and will change more dramatically when frequency

varies due to the patches' narrowband characteristic [6].

L L L]

Figure 3. 12: Configurations of series feed microstrip array
3.6 Mutual coupling

3.6.1 Introduction
When designing linear antenna array for 5G we aim to have the largest scanning angle without

having grating lobes. This can be achieved by keeping inter-element spacing less than half-

wavelength according to (4.8) [56]

A

1+|cos 6y

d <

(3.10)

Where:
A Wavelength in free space
d : Inter element space, from center to center

6, : is the main beam pointing angle with respect to the line of the array corresponding to the

largest scan angle off broadside.

The goal here is to obtain 180° scanning angle, this can be achieved when 6, =0and

cosO=1 which results in d < 0.5 . This small distance between adjacent elements can cause
an increase in the undesired mutual coupling. This affects the current distribution and hence the
input impedance as well as the radiation pattern of individual elements. The most significant
effects are on the antenna input impedance, which is a very important parameter for a single

antenna as well as for an antenna array [55]. A smaller spacing is more desirable for a compact
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array because it helps to suppress the grating lobes when scanning. On the other hand, a smaller

spacing results in higher coupling.

3.6.2 Mutual Coupling in Antenna Array
The mutual coupling between two radiating elements depends upon the distance between them.

If they are close to each other the mutual coupling will be greater. Thus energy is transferred
between elements and this is called mutual coupling. One can say that the electromagnetic

coupling between the elements is mutual [55].
3.6.3 Reduction of Mutual Coupling

Owing to the recent move toward millimeter wave bands and the massive improvement in
manufacturing technologies, the demand for size reduction in the modern communication
industry has become a hot topic. However, undesirable mutual coupling (MC) effects arise. It is
detrimental to antenna operations through changing the array radiation pattern and the matching
impedance of the radiating elements. Moreover, in phased antenna arrays, strong electromagnetic
(EM) interactions between radiating elements yield scan blindness and efficiency degradation
[64]. Different methods have been used to enhance the isolation between antenna array elements
and electromagnetic band gap (EBG) in the substrate as in, using waveguide metamaterials as in,

and resonators, such as the I-shaped resonator as in [64].

DGS is able to provide a wide band-stop characteristic in some frequency bands with only one or
a small number of unit cells. Due to their excellent pass and rejection frequency band
characteristics and their ease of design and fabrication, DGS circuits are widely used in various
active and passive microwave and millimeter-wave devices such as filters, dividers, couplers,
amplifiers, resonators, and antennas. This defect disturbs the shield current distribution in the
ground plane and changes the characteristics of a transmission line such as line capacitance and

inductance [65].
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CHAPTER FOUR

4. Design of Single Element and 4x1 Slotted MSPA

4.1 Introduction
The basic objective behind this work is to design and analyze slotted microstrip patch antennas

having a wide bandwidth, lower return loss, small VSWR, and higher radiation efficiency. This
antenna can be used for wireless applications. Initially, a basic rectangular patch antenna has
been designed, and then changes have been made to this initial design in light of the literature
survey. Thus, a number of antennas have been designed for the improvement of the different
characteristics of the patch antenna. The ground plane and the patches of all these antennas are

made of pure lossy copper.

Figure 4. 1: Rectangular Microstrip patch antenna

As shown in Figure 4.1 above, MSPA mainly consists of a ground plane, a radiating patch, and a

substrate, where the substrate is used to connect the antenna patch and the ground plane.

4.2 Design Specifications

Before designing the antenna, the first step is to consider the specifications of the antenna based
on its application. In this study, the rectangular patch shape was selected because it has wide
bandwidth by reason of its broader shape as compared to other types. The various parameters
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that are used for the thesis are taken from the data sheet of Roger RT/Duriod and listed in Table
4.1. The frequency range of 24GHz-52GHz was chosen because the frequency is widely used in
high band wireless communications. As for the substrate selection, the major considerations will
be the dielectric constant and loss tangent. A high dielectric constant will result in a smaller
patch size, but this will generally reduce bandwidth efficiency, and a high loss tangent will

reduce the antenna efficiency.

Table 4. 1: Single Patch Antenna Design Specifications.

Parameters Specification

Type of Antenna Rectangular patch antenna
Frequency Range 24GHz — 52 GHz
Substrate Roger RT/Duriod 5880
Dielectric constant 2.2

Loss tangent 0.0009

Substrate height 0.254mm

Conductor thickness 0.008 mm

4.3 Design Equations of MSPA

For the proposed antenna design, an initially rectangular patch is designed with a feed at the
bottom of it. For better performance, the impedance match between the patch and the feed has to
be maintained. For perfect matching, a quarter-wave transformer is designed in between the
patch and the feed. The design equations for a rectangular patch, a microstrip feed line, and a

quarter wave transformer are discussed briefly in the following sections.

4.3.1 Patch dimensions Calculations (Wp and Lp)
The micro strip patch antenna calculation of width (Wp), length, the improve length (L), and

fringe factor L. The width of a rectangular micro strip patch is from equation (4.1) [1]:

C
Wp=—F5 (4.1)
2f, >

The effective dielectric constant of a rectangular micro strip patch is from equation (4.2) [1]:

Thesis, 2022 Page 36



er+1 er—1 /2

h
Ereff = T + > (1 + 12 W_p) (42)

The length extension of rectangular micro strip patch is equation (4.3) [1]:

(erer+0.3)(7+0.264)

AL = 0.412h Cerogy —0259)(Z00) (4.3)
The length of a rectangular micro strip patch is from equation (4.4) [1]:
J— c —
Lp = o~ — 2AL (4.4)

4.3.2 Ground plane dimensions calculation (Lg and Wg)
For infinite ground planes, most of the model is applicable, but for practical considerations, a

finite ground plane is required. Same results for finite and infinite ground planes are obtained if,
in the case of an infinite ground plane, the size of the ground plane around the periphery is
greater than the patch dimensions by six times the thickness of the substrate. Hence, for the

proposed design, the dimensions of the ground plane would be given as: [1]
Lg = Lp + 6h (4.5)
W, = Wp + 6h (4.6)

4.3.3 The Feed line calculation
The feed line will be fed to the patch through a matching network, which is a quarter-wave

transformer. The impedance of the quarter-wave transformer is given by the equations (4.7—
4.10):[6]

902 /Lp\*
Z, = — 4.7
a &1 <Wp) ( )

Where Z, = patch impedance [6]

Zgw = /50 X Z, (4.8)

Width of quarter wave transformer can be calculated by putting the value Z, in equation (4.8)

and solving it for W,
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z, =2 8h+WqW (4.9)
™ Ve Wow  4h '

Length L, quarter wave transformer equation (4.10) [6]:-

ﬂ“g
Low = 3 o (4.10)
Width of 5002 microstrip feed can be found equation (4.11) [21]:-
120m
ZO = (4‘.11)
Wr 2. (W
JéErerr| 1.393 + T+§ln T+ 1.444
Length L, transmission feed line in equation (4.12) [21]:-
Lr = Ao 4.12
N *

4.3.4 Array Calculation
The array antenna consists of a branching network of two-way power dividers. . Figure 4.2

shows the impedance for individual lines in the four element array antenna. The array calculation
consists of two parts. The first is the patch calculation and the second is for transmission lines. In

this thesis, the corporate feed network is chosen for designing four element array networks.

radiating element

1002

Figure 4. 2: Four Elements Array Line Impedance Design Layout
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4.3.5 Calculation of the Impedance for Quarter-Wave Transformer
Using the following equation where by replacing Z, =50Q2 and R,, =100Q2 the transformer

Characteristic impedance as illustrate in equation (4.4) [6]:

Zy =\ RinZ, (4.13)
Z; =V100Q * 50Q = 70Q (4.14)

5002, 70Q2 and 100Q2 Transmission Line Calculation As a single patch, the different impedance
dimensions are obtained by using the same TX line Calculator.

Therefore, by substituting the initial design parameters in the equations, the remaining physical
dimensions of the proposed rectangular MSPA given in Fig 4.2 can be calculated as follows. The
antenna parameters are calculated by substituting C = 3 * 108 m/sec, h = 0.254 mm, €r= 2.2, and

fo = 28 GHz in the equations. (4.1) -(4.12) The dimension of MSPA is:

W, = —C 305 _goasmm

b= —
2f, /% 2428+10%Hz /222—“

1

- -1/ - z
er+1 er 1(1 +12 Wlp) 2 — 2.2+1 + 2.22 1(1 +12 0.254 mm) =179 mm

freff = —,— + 2 4235 mm
rorr+0.3)(%+0.264 (1.79 mm+0.3)(225M™M L 264
AL = 04120 LS )G e ) _ 0.412 % 0.254 il (O-ziggl;lmm ):0.138 mm
(erefs — 0.258)(7 +08) (1.79mm - 0.258) (520 +0.8 )
+108
¢ _oAL= 20 _ 540.138 mm =3.469 mm

lp = 2fvfereff 2%28+10° Hz\/1.79
Ls =Lp + 6h = 3.728 mm + 6 * 0.254 mm =5.252 mm

Wg = Wp 4+ 6h4.235mm + 6 *0.254 mm =5.759 mm

90eZ [ Lp\2  90+2.2°2 [3.728 mm?2
Z,= () = ( ) =810
Er—q1 \Wp 2.2—-1 \4.235mm

Zqw = V50 x 281 =118 Q

_ 60 8h | Waw) _ _ 60 8+0.254 mm Waw
Zqw = VEr In (qu + 4h > =>118 = V22 ln( Waw +4*0.254mm>
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Wyw = 0.304 mm

A0 10.7 mm
Law N Ve 2.002 mm
Zy = 120m —50= 120m

0.254mm ' 3 \0.254 mm

w w w w
/Ereff<1.393+Tf+§ln(Tf+1.444)> 2\/1.79(1.393+ Ltiin( :1.444))

Wf:O.783mm
_ Ao 107 _
Ly = e i =1.804 mm

In this section, the calculated initial dimensions of the proposed rectangular patch antenna using
28 GHz as the resonant frequency and an r of 2.2 are used. The patch is designed using the
overall dimension of the proposed MSPA of 4.235 mm x 3.469 mm x 0.254 mm. The quarter-
wave transformer width and length of the feed line are 0.304 mm and 2.002 mm, respectively,
and also, the microstrip feed line width and length are 0.783 mm and 1.804 mm, respectively.
The values are altered manually, and the effects are observed with the simulator. While tuning
the dimension of the antenna parameters, its impact on all the performance metrics is considered
by the given design. The initially calculated and optimized dimensions of the rectangular patch

antenna are summarized in Table 4.2 below.

R T e —

Figure 4. 3: Antenna Design-1
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Table 4. 2: Design parameters of Antenna Design-1.

Design Parameters symbol | Calculated Optimized
value value
Width of Patch W, 4.235 mm 4.235 mm
Length of Patch L, 3.469 mm 3.335 mm
Width of quarter transformers Wow 0.304 mm 0.228 mm
Length of quarter transformers | Lqw 2.002 mm 2.007 mm
Width of 5002 feed line W 0.783 mm 0.783 mm
Length of 5002 feed line Ls 1.804 mm 1.958 mm
Width of Ground plane W, 5.759 mm 5.692 mm
Length of Ground plane Lq 9.058 mm 8.814 mm
Width of Substrate W, 5.759 mm 5.692 mm
Length of Substrate Ls 9.058 mm 8.814 mm

4.4 Antenna Design-2

It has been discussed in the literature that the creation of slots on the ground plane results in the

enhancement of the antenna’s bandwidth. So the modified design of the initially designed

antenna discussed in the previous section is shown in Figures 4.3a and 4.3b. One triangular slot

dimension Ts1, Ts2, Twl, Tw2, Tsw has been slotted on the ground plane. The parameters of

this antenna are given in Table 4.3. The overall size of the antenna is 5.692 mm x 8.814 mm X

0.254 mm.

Figure 4. 4: Antenna Design-2 (a) Front view and (b) Back view
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Table 4. 3: Design parameters of Antenna Design-2.

Design Parameters symbols | Optimized
value
Width of Patch W, 4.105 mm
Length of Patch Lo 3.51 mm
Width of quarter transformers Wqw 0.228 mm
Length of quarter transformers Lqw 2.007 mm
Width of 502 feed line W; 0.783 mm
Length of 502 feed line Lt 1.958 mm
Width of Ground plane Wy 5.692 mm
Length of Ground plane Lg 8.814 mm
Width of Substrate Wi 5.692mm
Length of Substrate Ls 8.814 mm
Rectangular slot width of ground plane Gsw 1 mm
Rectangular slot length of ground plane GsL 1 mm
Triangular slot outer length of ground plane | Ts; 2.8 mm
Triangular slot inner length of ground plane | Ts; 2.6 mm
Triangular slot outer width of ground plane | Tsw: 2.8 mm
Triangular slot inner width of ground plane | Tsy. 2.6 mm
Triangular slots width of ground plane Tsw 0.2 mm

4.5 Antenna Design-3
In order to enhance the impedance bandwidth, the formerly antenna design-2 has been

modified as shown in Figure 4.5. The Lp has been changed and four rectangular slots on
ground plane have been added to the design. The lengths of the rectangular slots are denoted by
Gsl while their widths are represented by Gsw. The parameters of the antenna desgn-3 are given

in Table 4.4. The overall size of the antenna is 5.962 mm x8.814 mm x0.254 mm.
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Figure 4. 5: Antenna Design-3 (a) Front View and (b) Back View

Table 4. 4: Design parameters of the Antenna Design-3.

Design Parameters symbols | Optimized value
Width of Patch W, 4.235 mm
Length of Patch Lo 3.55 mm
Width of quarter transformers Waw 0.228 mm
Length of quarter transformers Lgw 2.007 mm
Width of 502 feed line W 0.783 mm
Length of 502 feed line Lt 1.958 mm
Width of Ground plane W 5.692 mm
Length of Ground plane Lg 8.814 mm
Width of Substrate W 5.692 mm
Length of Substrate Ls 8.814 mm
Rectangular slot width of ground plane Gsw 1 mm
Rectangular slot length of ground plane GsL 1 mm
Triangular slot outer length of ground plane | Tg; 2.8 mm
Triangular slot inner length of ground plane | Ts; 2.6 mm
Triangular slot outer width of ground plane | Tsw: 2.8 mm
Triangular slot inner width of ground plane | Tsw. 2.6 mm
Triangular slots width of ground plane Tsw 0.2 mm
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4.6 Design of the Proposed Antenna
The width of the substrate and ground of the aforementioned 3 antenna has been

increased from 5.692 mm to 7.6 mm and length of substrate and ground plane has been
decreased by 8.814 mm to 8.8 mm. The length of the radiating patch antenna has been increased
from 3.55mm to 3.6 mm and width of radiated patch antenna has been decreased from 4.235 mm
to 4.105 mm. The quarter wave transformer width has been decreased from 0.228 mm to 0.16
mm. The previous antenna has been modified to achieve improvement in the bandwidth as
well as other characteristics of the antenna. So, two slots have been etched on the radiating
patch and five slots on ground plane. Four equal rectangular slots have been created in ground
plane which width and length of each one is represented by Gsw x Gsl. One triangular slot on the
ground plane dimensions is represented by Ts1, Ts2, Twl, Tw2, and Tsw. Two circular slots of
equal radius r have been created on upper sides of the radiating patch antenna as shown in Figure
4.6. The parameters that have been changed are given in Tables 4.6. The remaining parameters
are exactly the same as 3" antenna. The size of the substrate as well as ground plane is 7.6 mm x
8.8 mm x 0.254 mm.

re ’ - o

(@ (b)

Figure 4. 6: Proposed of the proposed antenna where (a) front view and (b) back view
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Table 4. 5: Design parameters of the proposed antenna

Design Parameters symbols | Optimized
value
Width of Patch W, 4.105 mm
Length of Patch Lo 3.6 mm
Width of quarter transformers Wqw 0.16 mm
Length of quarter transformers Lqw 2.007 mm
Width of 502 feed line W; 0.783 mm
Length of 502 feed line Lt 1.958 mm
Width of Ground plane Wy 7.6 mm
Length of Ground plane Lg 8.8 mm
Width of Substrate Wi 7.6 mm
Length of Substrate Ls 8.8 mm
Circular slot of patch width Sw 0.2 mm
Circular slot of patch length SL 0.2 mm
Rectangular slot width of ground plane Gsw 1 mm
Rectangular slot length of ground plane GsL 1 mm
Triangular slot outer length of ground plane | Ts; 2.8 mm
Triangular slot inner length of ground plane | Ts; 2.6 mm
Triangular slot outer width of ground plane | Tsw: 2.8 mm
Triangular slot inner width of ground plane | Ty 2.6 mm
Triangular slots width of ground plane Tsw 0.2 mm

4.5 Design of 2x1 slotted rectangular MSPA Arrays
A single-element slotted rectangular patch antenna is designed and extended to be a 2x1-element

slotted patch array antenna as shown in Figure4.7. This model was introduced for the purposes of
enhancing the performance of the antenna, such as increasing its gain, directivity scanning the
beam of an antenna system, and other functions that are difficult to achieve in the case of a single
element. A microstrip line of 1:2 power dividers is used to feed the two antennas, and hence the
line widths are adjusted according to the power division. The distance between the two patches is
d.
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Figure 4. 7:2 x 1 array of slotted antenna (a) front view and (b) back view

(@)

(b)

Table 4. 6: Dimension of 2x1 Rectangular Patches Array Antenna.

Design Parameters Symbol | Optimized
value
Width of Patch W, 4.105 mm
Length of Patch Lp 3.6 mm
Width of quarter transformers Wqw 0.024 mm
Length of quarter transformers Lgw 2.08 mm
Width of 5002 feed line W 0.783 mm
Length of 502 feed line L¢ 1.958 mm
Width of 70 matching line W 3.1 mm
Length of 702 matching line Lmi 0.808 mm
Width of Ground plane W, 12.4 mm
Length of Ground plane Lg 10.5 mm
Width of Substrate W, 12.4 mm
Length of Substrate Ls 10.5 mm
Distance between two patch center to center | d 6.2
Circular slot of patch width Sw 0.5mm
Circular slot of patch length S 0.5 mm
Rectangular slot width of ground plane Gsw 1 mm
Rectangular slot length of ground plane GsL 1 mm
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Design Parameters Symbol | Optimized
value
Triangular slot outer length of ground plane | Ts; 2.8 mm
Triangular slot inner length of ground plane | Ts; 2.6 mm
Triangular slot outer width of ground plane | Tsu: 2.8 mm
Triangular slot inner width of ground plane | Tsue 2.6 mm
Triangular slots width of ground plane Tsw 0.2 mm

4.5 Design of 4x1 slotted rectangular MSPA Arrays

In this thesis, the corporate feed network is chosen for designing four-element array networks.

The array antenna consists of a branching network of two-way power dividers. Quarter-wave

transformers (QWT) are used to match the lines to the lines. The design of a single element

slotted rectangular patch antenna is extended to 4x1 linear phase arrays, as shown in the figures

(4.8 (a) and (b)) below, and Table 4.5 shows the dimensions of a 4x1 slotted array antenna.

Referring to the calculation of the distance between the elements, which is half the wavelength

(/2) = d.

Figure 4. 8a: Constructional Details of 4 x 1 array of front view
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Figure 4. 8b: Constructional Details of 4 x 1 array of ground plane

Table 4. 7: Dimension of Rectangular Patches Array Antenna.

Design Parameters Symbol | Optimized
value
Width of Patch W, 4.105 mm
Length of Patch Lp 3.6 mm
Width of quarter transformers Waw 0.304 mm
Length of quarter transformers Lqw 2.082 mm
Width of 5002 feed line W 0.783 mm
Length of 502 feed line L¢ 1.842 mm
Width of 10002 matching line Wit 0.228 mm
Length of 100Q2 matching line Lmf 2.02 mm
Width of 7002 matching line Wi 0.391 mm
Length of 702 matching line Lt 1.987 mm
Width of Ground plane W, 24.8 mm
Length of Ground plane Lg 11.5 mm
Width of Substrate W, 24.8 mm
Length of Substrate Ls 11.5 mm
Distance between two patch d 6.2
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Design Parameters Symbol | Optimized
value
Circular slot of patch width Sw 0.5 mm
Circular slot of patch length SL 0.5 mm
Rectangular slot width of ground plane Gsw 1 mm
Rectangular slot length of ground plane GsL 1 mm
Triangular slot outer length of ground plane | Ts; 2.8 mm
Triangular slot inner length of ground plane | Ts; 2.6 mm
Triangular slot outer width of ground plane | Tsw: 2.8 mm
Triangular slot inner width of ground plane | Tsw2 2.6 mm
Triangular slots width of ground plane Tsw 0.2 mm

Simulation of the proposed antenna’s structure is performed using the simulation tool called CST

Micro Studio 20109.
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CHAPTER FIVE

5. Simulation results and Discussion

5.1 Introduction

The simulation results and discussion of the proposed antenna and arrays are presented in this
section. To analyze the intended antenna, we used CST software to simulate the proposed
antennas design. Different performance indicators are utilized to access an antenna's features.
Among these is the bandwidth, gain, directivity, VSWR, return loss and radiation efficiency. The
size of the return loss is used to quantify the matching quality between the radiating patch and
the feed point. The radiation pattern is another characteristic that is frequently used to
characterize the MSPA. The angular strength of power radiated from the antenna is shown by the
plot of the far-field pattern. It is used to demonstrate the directivity and gain of a given antenna
at a given point in space. And finally, the results will be discussed in term of the selected

parameters for comparison.

5.2 Antenna Design-1 Simulation Results

The antenna's dual band operation is illustrated in Figure 5.1. In the first band, a bandwidth of
0.854 GHz was attained, while in the second band, a bandwidth of 1.301 GHz was reached. The
first band's lower frequency is 27.582 GHz, while its higher frequency is 28.436 GHz. The
second band, on the other hand, has a lower frequency of 43.591 GHz and a higher frequency of
44.892 GHz. Return losses of -33.667dB at the center frequency of 28GHz in the first band and
return losses of-24.44 dB at the center frequency of 44.192GHz in the second band have been

achieved.
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Figure 5. 1: Reflection Coefficient of Antenna Design-1

The VSWRs of 1.0425 and 1.1317 have been obtained at the center frequencies of 28 GHz and
44.192 GHz, respectively. It shows that mismatch loss has been significantly reduced. Definitely,

the ratio is less than 2 in the entire working band.

Volage Standing Wave Ratio (VSWR)
: : : : — VSWR1

27558, 2)| |
28461, 2)[ T
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]
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Frequency / GHz

Figure 5. 2: VSWR of Antenna Design-1

The 3D radiation patterns at the center frequencies of 28GHz and 44.192GHz are shown in
Figures 5.3a and 5.3b respectively. Gains of 7.1dBi and 7.66dBi have been obtained at the center
frequencies of 28GHz and 44.192GHz respectively. Radiation efficiencies of -0.4652dB
(89.84%) and -0.1872dB (95.78%) have been achieved at the center frequencies of 28GHz and
44.192GHz respectively.
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Figure 5. 3a: 3D Radiation Pattern of Antenna Design-1
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Figure 5.3b: 3D Radiation Pattern of Antenna Design-1

The half-power beam widths of 72.8° and 41.0° have been achieved at the center frequencies of
28GHz and 44.192GHz, respectively. The side lobe levels of 13.3dB and -5.7dB have been
achieved at frequencies of 28GHz and 44.192GHz, respectively. They are observed in these 2D

radiation patterns in Figures 5.4a and 5.4b, respectively.
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Figure 5. 4b: 2D Radiation Pattern of Antenna Design-1
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Figure 5.4b: 2D Radiation Pattern of Antenna Design-1

5.3 Antenna Design-2 Simulation Results

The tri-band operation of the antenna is shown in Figure 5.1. A bandwidth of 1.042GHz in the
first band, a bandwidth of 6.587GHz in the second band, and a bandwidth of 2.774GHz in the
third band have been achieved. The lower frequency of the first band is 27.582 GHz, and its
higher frequency is 28.624GHz. The lower frequency of the second band is 37.337GHz, and its
higher frequency is 43.933GHz. However, the lower frequency of the third band is 46.142 GHz
and its higher frequency is 48.953 GHz. Return losses of -26.127dB at the center frequency of
the first band, return losses of-21.600dB at the center frequency of the second band, and return

losses of-20.446dB at the center frequency of the third band have been achieved.
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Figure 5. 5: Reflection Coefficient of Antenna Design-2.

The diagram of VSWR is shown in Figure 5.6. This ratio is less than 2 in the entire operating
bandwidth and the values of 1.1039, 1.1814, and 1.2099 have been obtained at the center
frequencies of 28.07GHz, 41.408GHz, and 47.347GHz, respectively. Definitely, the ratio is
unquestionably less than 2 in the entire working bands.
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Figure 5. 6: VSWR of Antenna Design-2

Another feature that is usually used to describe the MSPA is its radiation pattern. The plot of the
far-field pattern shows the angular strength of the power radiated by the antenna. It's used to
show the directivity and gain of an antenna at a specific location in space. The 3D radiation
patterns at the center frequencies of 28.07GHz, 41.408 and 47.347GHz are shown in Figures
5.7a, 5.7b, and 5.7c, respectively. Gains of 7.28dBi, 2.24dBi, and 6.92dBi have been achieved at
the center frequencies of 28.07GHz, 41.408GHz, and 47.347GHz, respectively. Radiation
efficiencies of -0.4186dB (90.81%), -1.6501 (68.388%) and -0.1872dB (94.11%) have been
achieved at the center frequencies of 28.08GHz, 41.408GHz and 47.347GHz, respectively.

Thesis, 2022 Page 54



dBi

L1
483
109

37

farfield (f=28.07) [1]

Type Farfield
Appraximation enabled (kR >» 1)
Companent  Abs

Qutput Gain

Frequency  2807GHz
Rad.Effic.  -04185dB

Tot, Effic, 04219 08

Gain 7276 dbi

Figure 5. 7a: 3D Radiation Pattern of Antenna Design-2

farfield (f=41.408) [1]

Type Farfield
Approximation enabled (R »> 1)
Component  Abs

Qutput Gain

Frequency  41408GHz
Rad.Effic.  -1630d8

Tot, Effic -1670dB

Gain 237 dBi

Figure 5.7b: 3D Radiation Pattern of Antenna Design-2
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Figure 5.7c: 3D Radiation Pattern of Antenna Design-2

The 2D angular width (3 dB) of 69.3°, 53.4°, and 34.2° has been achieved at the center
frequencies of 28.07GHz, 41.408GHz, and 47.347GHz, respectively. The side lobe levels of
14.2dB, -2.9dB, and -1.3dB have been achieved at frequencies of 28.07GHz, 41.408 GHZ, and
44.192GHz, observed in these 2D radiation patterns in Figures 5.8a, 5.8b, and 5.8c, respectively.
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Figure 5. 8a: 2D Radiation Pattern of Antenna Design-2
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Figure 5.8b: 2D Radiation Pattern of Antenna Design-2
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Figure 5.8c: 2D Radiation Pattern of Antenna Design-2

5.4 Antenna Design-3 Simulation Results

As shown in Figure 4.5 and the simulation results discussed in this section, there are five
rectangular and one triangular slot on the ground plane of the antenna design. The dual band
operation of the antenna is shown in Figure 5.1. A bandwidth of 1.266GHz in the first band and a
bandwidth of 12.913GHz in the second band have been achieved. The lower frequency of the
first band is 27.455GHz, and its higher frequency is 28.721GHz. However, the lower frequency
of the second band is 37.42 GHz and its higher frequency is 50.333 GHz. The fractional
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bandwidths of 4.511% for the first band and 29.685% for the second band have been obtained.
Return losses of -30.202dB at the center frequency of the first band and a return loss of -

28.754dB at the center frequency of the second band have been achieved.
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Figure 5. 9: Reflection Coefficient of Antenna Design-3.
The VSWRs of 1.0425 and 1.1317 have been obtained at the center frequencies of 28 GHz and

44.192 GHz, respectively. It shows that mismatch loss has been significantly reduced.
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Figure 5. 10: VSWR of Antenna Design-3.

The 3D radiation patterns at the center frequencies of 28.064GHz and 43.499GHz are shown in
Figures 5.11a and 5.11Db, respectively. Gains of 7.4dBi and 4.2dBi have been obtained at the
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center frequencies of 28.064GHz and 44.192GHz, respectively. Radiation efficiencies of -
0.2246dB (94.96%) and -0.8397dB (82.42%) have been achieved at the center frequencies of

28.064GHz and 43.499GHz, respectively.
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Figure 5. 11a: 3D Radiation Pattern of Antenna Design-3
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Figure 5.11b: 3D Radiation Pattern of Antenna Design-3
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The half-power beam widths of 66.2° and 124.7° have been achieved at the center frequencies of

28.064GHz and 44.192GHz, respectively. The side lobe levels of 12.2dB and -1.6dB have been
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achieved at frequencies of 28.064GHz and 43.499GHz, respectively. They are observed in these
2D radiation patterns in Figures 5.12a and 5.12b, respectively.
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Figure 5. 12a: 2D Radiation Pattern of Antenna Design-3
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Figure 5.12b: 2D Radiation Pattern of Antenna Design-3
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5.5 Design of the Proposed Antenna-4 Simulation Results

The proposed single element has two circular slots on the radiated patch and one triangular slot
with four rectangular slots on the ground plane, as shown in figure 4.6 and the simulation results
have been discussed in this section. The reflection coefficient of the antenna is shown in Figure
5.13. The BW's final proposed single-element antenna has been enhanced to 23.858GHz. The
lower frequency of the bandwidth is 27.412 GHz and the higher frequency is 51.27 GHz. A
return loss of -46.294814 dB has been achieved at the center frequency of 28.001 GHz. A FBW
of 85.207% has been obtained by this final design.

S-Parameters [Magnitude in dB]
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Figure 5. 13: Reflection Coefficient of ProposedAntenna-4

The VSWR of the antenna is shown in Figure 5.14. The ratio between 1 and 2 has been achieved
in the entire operating band of the proposed antenna-4. As discussed earlier, this ratio would be
equal to 1 if the antenna is perfectly matched. As the return loss at the center frequency is
46.295dB, this ratio is approaching 1 at this frequency. The VSWR of this antenna at the center
frequency is less than that of the above-designed antennas. A VSWR of 1.009736 has been
obtained at the center frequency of 28.001GHz.
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Figure 5. 14: VSWR of ProposedAntenna-4

The radiation pattern is another characteristic that is frequently used to characterize the MSPA.
The angular strength of the power radiated from the antenna is shown by the plot of the far-field
pattern. It is used to demonstrate the directivity and gain of a given antenna at a given point in
space. The gain and radiation efficiency are 7.27 dBi and (-0.3804dB) 91.62%, respectively, as
shown in Figure 5.15a. Similarly, as shown in Figure 5.15b, the 2D side lobe level and half-

power beam width are 11.1 dB and 69.6 degrees, respectively.
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Figure 5. 15a: 3D Radiation Pattern of Proposed Antenna Design-4
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Figure 5.15b: 2D Radiation Pattern of Proposed Antenna Design-4

5.6: Proposed 2x1 slotted antenna arrays

As shown in Figure 4.7 and the simulation results discussed in this section, the slotted 2x1 array
antenna design. The dual band operation of the antenna is shown in Figure 5.16. A bandwidth of
9.554GHz in the first band and a bandwidth of 11.465GHz in the second band have been
achieved. The lower frequency of the first band is 27.509GHz, and its higher frequency is
37.063GHz. However, the lower frequency of the second band is 39.621 GHz and its higher
frequency is 51.086 GHz. Return losses of -41.238dB at the center frequency of the first band

and a return loss of -26.878dB at the center frequency of the second band have been achieved.
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Figure 5. 16: Reflection Coefficient of Proposed 2x1 arrays
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The 3D radiation patterns at the center frequencies of 28.19GHz and 49.578GHz are shown in
Figures 5.17a and 5.17b, respectively. Gains of 9.93dBi and 9.53dBi have been obtained at the
center frequencies of 28.19GHz and 49.578GHz, respectively.
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Figure 5. 17a: 3D Radiation Pattern of Proposed 2x1 array
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Figure 5.17b: 3D Radiation Pattern of Proposed 2x1 array

The half-power beam widths of 67.3° and 38.1° have been achieved at the center frequencies of
28.19GHz and 49.578GHz, respectively. The side lobe levels of -9.6dB and -0.8dB have been
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achieved at frequencies of 280.64GHz and 43.499GHz, respectively. They are observed in these
2D radiation patterns in Figures 5.18a and 5.18b, respectively.
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Figure 5. 18a: 2D Radiation Pattern of Proposed 2x1 array
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Figure 5.18b: 2D Radiation Pattern of Proposed 2x1 array

5.6: 4x1 slotted antenna arrays
The 4x1 array antenna dual band operation is showed in Figure 5.19. In the first band, a
bandwidth of 6.997 GHz was attained, while in the second band, a bandwidth of 12.098 GHz
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was reached. The first band's lower frequency is 27.573 GHz, while its higher frequency is 34.57
GHz. The second band, on the other hand, has a lower frequency of 38.938 GHz and a higher
frequency of 51.036 GHz. Return losses of -43.056dB at the center frequency of 28.222GHz in
the first band and return losses of-35.446dB at the center frequency of 49.578GHz in the second

band have been achieved.
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Figure 5. 19: Reflection Coefficient of Proposed 4x1 arrays

The 3D radiation patterns at the center frequencies of 28.222GHz and 49.578GHz are shown in
Figures 5.3a and 5.3b respectively. Gains of 12.9dBi and 12.2dBi have been obtained at the
center frequencies of 28.222GHz and 49.578GHz respectively.
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Figure 5. 20a: 3D Radiation Pattern of Proposed 4x1 array
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Figure 5.20b: 3D Radiation Pattern of Proposed 4x1 array
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The half-power beam widths of 66.8° and 37.7° have been achieved at the center frequencies of
28.222GHz and 49.578GHz, respectively. The side lobe levels of -7.9dB and -1.3dB have been
achieved at frequencies of 28GHz and 44.192GHz, respectively. They are observed in these 2D

radiation patterns in Figures 5.21a and 5.21b, respectively.
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Figure 5. 21b: 2D Radiation Pattern of Proposed 4x1 array
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Figure 5.21b: 2D Radiation Pattern of Proposed 4x1 array

5.7 Comparisons between Proposed Antennas and existing Work
Table 5. 1: Comparison of proposed antenna-4 and 4x1 arrays with existing works.

Published antenna Elements | Center F(GHz) | BW(GHZ) | S11 (dBi) | Gain(dBi)
[13] 1 28 3.9 -35.73 5.54
[33] 1 28 4.1 -42.25 5.61
[34] 1 28 2.48 -39.37 6.37
[35] 1 28 14.674 -40.14 5.29
[36] 1 28.1 1.02 -24.5 8.03
[37] 1 28 Below -10 | -30.34 3.75
Proposed Antenna-4 |1 28.001 23.858 -46.294 | 7.27
[20] 4 28 -- -23.6 125
[38] 4 29.09 5.2 -18.64 10.8
[39] 4 28 5.47 -32.9 8.85
[40] 4 28 1.45 -21.44 11.23
[41] 4 28 4.127 -31.616 | 7.8
Proposed Antenna 4x1 | 4 28.222 6.997 -43.056 12.9
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Table 5.1 shows performance comparison of the existing works with the proposed antenna-4
results. The proposed single element design overtakes the designs mentioned in [13, 33, 34, 35,
and 37] in terms of beam-gain but it is smaller than the designs reported in [36]. The VSWR of
the investigated proposed antenna is minimal, which is significantly closer to ideal values than
the designs reported in [13, 33, 34, 35, and 37]. The studied antenna shows minimal return losses
at 28 GHz when compared to designs described in [13, 33, 34, 35, 36, and 37]. Finally, the
proposed antenna-4 has an ultra-wide bandwidth than the designs described in [13, 33, 34, 35,
35, 36, and 37]. Therefore, the proposed patch antenna gives a highly performance as compared

to other similar existing works antennas reported.

Finally, the performance comparison of the existing works with the proposed 4x1 linear antenna
results. The return loss, bandwidth, and gain are improved than the other antenna designs. The
proposed 4xlarrays antenna also provides the minimal return loss of -43.056dB, better gain of
12.9 dBi and improvement in the bandwidth of 6.994 GHz which is higher than the existing

works.
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CHAPTER SIX

6. Conclusion and Future work

6.1 Conclusion

This thesis designed, analyzed, and simulated a new slotted microstrip patch antenna for
applications. Parametric optimization was also analyzed and discussed for different slot, such as
triangular and rectangular slots on the ground plane and circular slots on the radiated patch. The
proposed slotted rectangular patch antenna’s optimized simulation result obtained a reflection
coefficient 0f-46.294 dB and a VSWR value of 1.009 at 28.001 GHz. The bandwidth obtained
was 23.858 GHz, from between 27.412GHz and 51.27GHz, which signified the usability and
versatility of the proposed antenna-4. The bandwidth achieved fractional band width was
85.207%, along with a maximum gain of 7.27dBi and a directivity of 7.65dBi. Moreover, the
bandwidth performance of the antenna in this work is observed to be suitable for ultra-wideband
applications and capable of transferring good quality signals too. The proposed antenna-4
efficiency was 91.62% at 28.001GHz. Also, to increase the antenna gain, we designed antenna
arrays based on the single slotted rectangular patch antenna. The proposed 2x1 and 4x1 arrays
have a maximum gain of 9.93dBi and 12.9dBi, respectively. The proposed 2x1 and 4x1 arrays of
maximum directivity of 10.9 dBi and 14 dBi, respectively. To conclude, the proposed antenna
gives to meet the requirements of having an ultra-wide bandwidth, being compact in dimension,
having a stable radiation pattern, and having relatively higher gain, which indicates its potential

for wireless applications, especially when bandwidth and gain are major concerns.

Thesis, 2022 Page 70



6.2 Future work
Modifications to the proposed antenna's various regions are advised for further bandwidth

increases. For matching, a quarter-wave transformer is designed in between the patch and the
feed line has been applied in this work. The employment of other feeding techniques is
recommended to investigate the further enhancement of the different characteristics of the
proposed antenna. Finally we want recommend; they can carry out the research by increase the

array element in order to enhance the performance of the patch antenna.
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