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Abstract

Advancements in wireless communication systems needs a low cost, minimal weight, and
low-profile antenna arrays that are capable of providing high performance over a wide fre-
quency band. With this regard, the patch antenna arrays are preferred to overcome some of
the challenging requirements of the 5G mm-wave communication systems. However, the
bandwidth of microstrip patch antenna (MSPA) is narrow; its directivity, gain, and radiation
efficiency are low. In addition, integrating a large number of patch antenna in the form of
an array leads to increased mutual coupling between the radiating elements that distorts the
field pattern, reduces radiation efficiency, and directivity of the antenna.

Attempting to improve the performance of rectangular MSPA in terms of the direc-
tivity, radiation efficiency, and bandwidth; various design techniques have been reported
in the scientific literature. These are: cutting a resonant slot inside the patch, deflected
ground plane, modifying the physical geometer of the patch, by using changing array ele-
ments and substrate thickness. However, their design considerations were to achieve good
performance only in terms of one or two performance metrics. Also, the main focus of the
studies was only for single element and linear rectangular MSPA arrays, and less study has
been carried out to explore planar array configuration at 28GHz using large number of array
elements. Therefore, in this study the design and comparative performance assessment of
different size of linear and planar rectangular MSPA array configurations have been pro-
posed and simulated using CST antenna simulator. Besides, in order to boost some of the
performance metrics; inset-feed and quarter-wavelength impedance matching techniques,
and tuning the parameters of the antenna have been used.

The simulation results show that directivity of the proposed single element, 2x1, 4x1,
2x2, 4x4, and 8x8 rectangular MSPA arrays are 7.41dBi, 9.451dBi, 11.2dBi, 11.12dBi,
15.80dBi, 19.31dBi; the return losses are -20.24dB, -19.88dB, -27.42dB, -32.688dB, -
33.15dB, -17.75dB. Moreover, the radiation efficiency is more than 94.95% for 1D MSPA
arrays and 79% for 2D MSPA arrays. From simulated antenna structures it has been ob-
served that, tuning the dimension of width of the patch, microstrip feeder line, ground
plane, and inset gap has direct effect on the input impedance, bandwidth, directivity, and
radiation efficiency of the antenna. The overall extensive comparative study of different
antenna array structures using simulation shows that there is no single best design in terms
of all the performance parameters of the antenna. Hence, there is a design trade-off that

should be considered depending on the requirements of a particular application.

Keywords: Fifth-Generation (5G), Microstrip Patch Antenna, 28GHz, Millimeter-Wave.
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Chapter 1

Introduction
1.1 Background of the Study

Over the past few decades, the continuous development of new generations of wireless
communication technology brought a significantly impact on the daily lives of human be-
ing. Therefore, nowadays more and more users have gotten their devices connected to the
networks to access; high-speed data access, high-quality video streaming, intelligent hearth
care, and intelligent transportation which are causing a constant increase in data traffic and
device connections,and also causing the need for enormous capacity in the upcoming years.
However, the allowable frequency ranges of the existing wireless network generations are
too congested. Consequently, this cannot address the current rapid growth in wireless data
traffic. To address the rapid growth of wireless data traffic and to control network traffic
in the near future, the use of currently unused spectra is, therefore, being highly encour-
aged and therefore the next network generation is on emerging stage which is said to be
fifth-generation wireless network [1][2][3].

Wireless communication networks in the fifth-generations (5G) are expected to have;
improved data rate, low latency, high capacity, high throughput, and spectral efficiency.
To realize these expectation, there are five basic enabling technologies that are expected
to appear in 5G wireless communication systems; these are millimeter-wave (mm-wave),
small cell, massive MIMO, beam-forming, and cognitive radio networks. From this pillar,
mm-wave communications systems is much interested in research community and stan-
dardization company, and referred to as 5G mm-wave communication systems [4][5].

The emerging 5G wireless communication systems are expected to highly enhance
communication capacity by exploiting enormous unlicensed bandwidth beyond the normal
licensed wireless microwave band. Specifically, in the mm-wave band. It is also expected
to be ready to provide and support very high rates the maximum amount as 100 times of 4G
capacity which results in a replacement challenge on network requirements as well as in the
antenna designs to satisfy the expected data rate and capacity. The working frequency for
the 5G wireless communication systems continues to be being debated but 6GHz, 10GHz,
15GHz, 28GHz, and 38GHz bands are among the expected one. However, the federal
communication commission approved the allocation of huge bandwidths at 28GHz, 37GHz,
and 39GHz [6][7][8].



Antennas at 28GHz for 5G wireless communication systems are expected to be broad-
band to produce high data rate and also, they must have a high gain to mitigate the effect
of increased path loss due to high operating frequency. In addition, antenna with high gain
is required to mitigate obstructed radio environment where, among others, human bodies
are likely blockers of the mm-wave interface. In this regard, the microstrip patch antennas
are quite and represent a lucid choice for wireless devices due to their low fabrication cost,
light weight and volume, and a low-profile configuration as compared to the other bulky
sorts of antennas. However,the thickness of the dielectric substrate deteriorates the antenna
bandwidth and radiation efficiency, by increasing surface wave and spurious feed radiation
along with the feeding line. Consequently, undesired cross-polarized radiation is led by
feed radiation effects [9][10][11].

Furthermore, the MSPA suffers from losses such as conductor, dielectric, and radiation
which results in narrowing the bandwidth and lowering the gain. This poses a design chal-
lenge for the MSPA designer to meet the broadband requirements. However, the use of the
thick substrate, a low dielectric substrate, multi-resonator stack configurations impedance
matching, slot antenna geometry, and cutting a resonant slot inside the patch are recently re-
ported methods to increase the radiation efficiency and the directivity of the patch antenna.
In addition, to enhance a narrow bandwidth of MSPA, many broadband patch antennas are
designed. Some of these designs include the patch with substrate integrated wave guide,
multi-layer, and multi-patch designs, by incorporating multiple slots on the patch, by using
a deflected ground plane dimension, by increasing dimension of the patch width, and using
series feeding techniques [12][13][14][15].

In generally, the rectangular MSPA arrays have been utilized in a wide range of appli-
cations from communication systems to satellite and bio-medical applications. However,
we cannot utilizes the previously used low frequency design of rectangular MSPA directly
for 5G mm-wave communication systems. Because the system requirements of the 5G
mm-wave communication systems is different from the previous wireless communication
systems. Therefore, rectangular MSPA requires extensive comparative analysis to fulfill all
the requirements of 5G mm-wave communication systems. To address this requirement, in
this study the comparative performance assessments of single element, 2x1, 4x1, 2x2, 4x4,
and 8x8 rectangular MSPA array configuration at 28GHz for mm-wave applications have

been presented.
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1.2 Statement of the Problem

The first challenge to 5G systems is the high operating frequency, i.e., mm-wave bands, to
avoid the already very crowed current 3 - 4G spectrum while benefit the availability of a
wide portion of unused bandwidths in mm-wave bands. However, mm-waves have very dif-
ferent propagation conditions, atmospheric absorption, and hardware constraints compared
to centimeter-waves. Therefore, to overcome the propagation effects of high frequency
communication systems; the smaller antennas arranged as an array are highly required.
With this regard, patch antenna arrays have been preferred for 5G wireless applications due
to their extremely low profiles.

However, the patch antenna suffers losses such as conductor, dielectric, relatively high
feed line and junction losses, and radiation. Which are causing patch antenna to have low;
bandwidth, radiation efficiency, and gain. The performance of patch antenna is highly de-
pendent on the selected substrate material type and thickness. The thickness of the dielec-
tric substrate deteriorates bandwidth and radiation efficiency of the antenna, by increasing
surface wave and spurious feed radiation along with the feeding line. Similarly, selected di-
electric constant, dimension of patch width, number and configuration of considered array
elements determines the radiation efficiency and bandwidth of rectangular MSPA.

In many applications it is necessary to design rectangular MSPA with very high di-
rective and gain characteristics to extend the performance of the antenna. Therefore, the
integration of a large number of rectangular MSPA in the array allows the feasibility of
building large arrays with super directivity properties. However, it increases the effect of
mutual coupling and thereby decreases radiation efficiency and directivity of the antenna.
Furthermore, the impedance mismatch at the feed point, edge of the patch, and feeding
structure of the patch antenna arrays will increases the return losses and voltage standing
wave in the transmission line of the antenna. Consequently, it results in decreased radiation
efficiency and increased extraneous radiation from feeds and junction.

Generally, to increase the performance of rectangular MSPA for 5G mm-wave applica-
tion, several designs have been reported in scientific literature. However, the main focus of
the studies was only for single element and linear rectangular MSPA array to achieve better
performance only in terms of one or two performance metrics. Besides, less study has been
carried out to explore planar array configuration of rectangular MSPA array at 28GHz using

large number of array elements.
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1.3

Objectives of the Study

1.3.1 General Objective

The general objective of this thesis is, to assess comparative performance of different rect-

angular microstrip patch antenna array configuration at 28GHz for mm-wave applications.

1.3.2 Specific Objectives

The specific objectives of this research are:

1.4

To increase the directivity and beam gain of rectangular microstrip patch antenna

array at 28GHz for millimeter-wave application.

To increase the radiation efficiency and bandwidth of rectangular microstrip patch

antenna array at 28GHz for millimeter-wave application.

To minimize power losses due to the return losses and VSWR of rectangular mi-

crostrip patch antenna array at 28GHz.

To minimize the side-lobe level and the impedance mismatch within an array envi-

ronment of 28GHz rectangular microstrip patch antenna array.

Research Questions

In order to attain the above objectives, the study has attempted to answer the following

research questions:

How does the feeding structure part and patch edge impedance mismatch affect the
radiation efficiency, beam directivity and gain, and bandwidth of rectangular MSPA

at 28GHz resonant frequency?

How does the variation of array elements and physical dimension of patch antenna
affect the directivity, bandwidth, and radiation efficiency of rectangular MSPA at
28GHz operating frequency?

How does the magnitude of the return losses and VSWR affect the input power and
radiation efficiency of rectangular MSPA at 28GHz operating frequency?

How does the side-lobe level and the impedance mismatch in feeding structure affect
beam directivity, bandwidth and radiation efficiency of rectangular MSPA array at

28GHz operating frequency?
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1.5 Significance of the Study

In the fifth-generation of wireless communication systems, using mm-wave frequency band
along with compact antenna arrays are the major pillar technologies that are expected to
satisfy the needs of high network capacity, improved data rate, and enhanced spectral ef-
ficiency. However, in the mm-wave frequency band, effective communications generally
require the transmitter and the corresponding receiver to be located in the line-of-sight
range. Under such circumstances, the surrounding buildings and trees may impose a sig-
nificant influence on the performance of mm-wave cellular networks, especially for mobile
device users. Therefore, the best way to overcome this problem is by designing a high-
performance low profile antenna array.

The 5G wireless communication systems are expected to operate in extremely high-
frequency bands. However, in this frequency band, the communication signals are easily
blocked by the obstacle and thereby the path losses are increased. So, in order to mitigate
this problem, antenna array with high gain is highly required. Accordingly, in this paper,
different numbers of rectangular MSPA elements have been studied to increase beam direc-
tivity and gain of the antenna. Also, inset-feed and quarter-wavelength impedance matching
have been simultaneously used to minimize the impedance mismatch at different parts of
the array. Consequently, the radiation efficiency of the antenna is increased. Likewise, the
return losses and VSWR are also minimized.

In this study, the important design parameters which can determine the overall per-
formance of all the studied antennas have been tuned by analyzing the design parameter
performance trade-off. As a result, the narrow bandwidth of rectangular MSPA is improved
and high magnitude of mutual coupling is minimized. Therefore, the proposed inset-feed
rectangular MSPA can be used for 5G mm-wave applications and can provide a high data
rate for the large users. Besides, since the magnitude of the side lobe level of studied an-
tenna is low, the noise level that could occur at the receiver side is highly minimized and
leads to good system efficiency. Another contribution of this thesis is, the paper can be used
as a base to conduct further studies and a reference for other researchers especially for those
interested in the area of rectangular MSPA array design for 5G mm-wave communication

systems. Hence, the proposed design provides a high contribution in all aspects.
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1.6 Scope of the Study

One of the promising technologies in the 5G cellular communication systems is the uti-
lization of mm-wave frequency band by integrating a very compact antenna in the 5G base
stations and mobile devices. However, mm-wave signals are highly susceptible to blocking
and have high propagation loss. Nowadays, researchers are interested in designing a high-
performance MSPA array. To implement the rectangular MSPA array for 5G mm-wave
application practically, basic modifications are needed to meet the requirements. With this
regard, the main concept that is addressed in this paper is elaborated as follows:

The first concept that has been addressed in this paper is the design methodology and
modeling of single element, 2x1, 4x1, 2x2, 4x4, and 8x8 inset-feed rectangular MSPA array
at 28GHz for 5G mm-wave applications. In addition, by tuning the design parameters and
simulating repeatedly, each of the designed inset-feed rectangular MSPA array performance
has been analyzed and also, the simulation results has been compared with design reported
in scientific literature in terms of return losses, beam directivity and gain, and radiation effi-
ciency. Generally, in this thesis work, all of the studied antennas are successfully simulated
using CST-MW studio software. However, to validate whether achieved simulation results
are attainable in real world implementation, their hardware is not manufactured and tested

in the antenna laboratory.

1.7 Organization of the Thesis

The thesis is organized under six chapters. The first chapter consists background of the
study, statement of the problem, objectives of the study, research questions, significance of
the study, scope of the study and organization of the study. The second chapter discusses re-
views of proposed and simulated designs of single element and array of rectangular MSPA,
conceptual frame work of the study, and basics of rectangular MSPA. The third chapter of
the study presents the theoretical explanation of the design parameters and governing equa-
tions of rectangular MSPA. The fourth chapter discusses the design procedure and design
calculations of single element, linear and planar inset-feed rectangular MSPA array. The
fifth chapter is all about the simulation results and discussions of the studied rectangular
MSPA array. Finally, the sixth chapter of the study is the conclusion and recommendation

of future works.
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Chapter 2

Literature Review

2.1 Introduction

In this chapter, the reviews of proposed and simulated designs of rectangular MSPA have
been presented. Specifically, the overall chapter is organized as follows. In the first section,
the detailed review of the single element rectangular MSPA is presented. In the second
section, the detailed review of rectangular MSPA array has been presented. In section
three, the conceptual framework of the study is discussed. Finally, theoretical explanation

of rectangular MSPA and the feeding techniques of patch antenna is presented.

2.2 Review of Rectangular Microstrip Patch Antenna

2.2.1 Review of Single Element Rectangular Microstrip Patch Antenna

The improvement in wireless communication systems requires the development of low cost,
minimal weight, low profile antennas that are capable of maintaining high performance
over a wide spectrum of frequency. To meet the requirement, the technological trend has
focused much effort to enhance the performance of rectangular MSPA array for the 5G
wireless communication systems [12][34][36]. In the following reviews, the proposed sin-
gle rectangular MSPA for the 5G wireless communication system reported in the scientific
literature has been discussed.

Attempting to enhance the performance of rectangular MSPA, a compact inset-feed
rectangular MSPA at 28GHz for 5G wireless application has been proposed in [19]. The
patch was designed using high-frequency laminated RT5880 substrate. From the simula-
tion, it was found that the antenna is resonating at 28.06 GHz with a return losses of -17.4dB,
the bandwidth of 1.1GHz, gain of 6.72dBi, directivity of 6.83dBi, and VSWR of 1.2785.
The simulation result indicate that, wide bandwidth and low VSWR were achieved. How-
ever, the finding may have been more applicable if it had the return losses minimization and
improving the directivity.

Similarly, in [10] the design of low profile MSPA at 28GHz frequency has been pro-
posed for 5G mobile phone applications. The patch was designed using the FR-4 substrate

with a dielectric constant of 4.4 and a thickness of 0.4mm. Also, the overall dimension of



the antenna was 5.5mm x 4.5mm x 0.4mm. The microstrip feeder line as a lumped port was
used to excite the antenna having an input characteristic impedance of 50¢). The simulated
results show that, the antenna is resonating at 28GHz with a return loss of -31.3275dB,
a gain of 2.875dB, and VSWR of 1.1155. The achieved result reveals that, the proposed
MSPA has a minimum return losses and VSWR. However, performance enhancement in
terms of beam gain is not studied. Hence, high path loss encountered due to increased
resonant frequency cannot be mitigated by low gain.

In order to simplify the analysis and performance prediction, the shape of the patch is
generally square, rectangular, circular, triangular, and elliptical. From this, the most popular
shapes are the rectangular, square, and circular patch [11][13][14]. However, for some
applications the shape of the patch can be modified to enhance the performance of MSPA in
terms of one or more performance metrics. In related to both normal and modified geometry
of the patch antenna, the design and analysis of mm-wave MSPA for 5G application has
been proposed in [18].

The patch was designed using laminated RT5880 substrates and to match the impedance
mismatch between the feeder and the edge of the patch, inset-feeding techniques were used.
Before modifying the geometer, from the simulation it was found that the antenna is res-
onating at 27.48GHz with a return loss of -23.67dB, bandwidth of 1.15GHz, a gain of
6.7dB, directivity of 7.39dBi, radiation efficiency of 81.2%, and total radiation efficiency
of 87.1%. However, after the geometer is modified the antenna was resonating at 28GHz
with a return loss of -31.16dB, bandwidth of 1.009GHz, directivity of 7.64dB, side lobe
level of -18.3dB and VSWR of 1.05.

The above result reveals that, a significant outcome has been achieved in terms of
bandwidth and directivity. In addition, by comparing simulation results of both modified
and normal geometry, the modified antenna has low return losses, high directivity, and nar-
row bandwidth. Because of an additional geometer, incompatibility issues will occur and
which needs further design consideration. Besides, return loss minimization and improving
the directivity, and bandwidth is not always evident to have better performance. Therefore,
the study would have been more useful if it had antenna design parameters optimization
techniques for further performance enhancement.

In [7] a 28 GHz rectangular MSPA for 5G application has been studied. In the paper,
a Roger RT5880 substrate with a dielectric constant of 2.2 and a loss tangent of 0.0009
has been used to design the patch. The physical dimension of the antenna was 6.285mm
x 7.235mm x 0.5mm. From the simulation, it was found that the antenna is resonating at
27.954GHz with a return loss of -13.48dB, the bandwidth of 847MHz, a gain of 6.63dB,
the directivity of 8.37dBi, the radiation efficiency of 70.18%, SLL of -15.3dB, and VSWR

of 1.5376. The key implication drawn from this result is that, good performance has been
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achieved in terms of bandwidth, SLL, and directivity. However, the paper fails to take
important antenna design parameter optimization into account to enhance the performance
of the antenna. As a result, the achieved VSWR is large and the radiation efficiency is low.

In [3] design of MSPA at 28GHz for 5G application has been proposed. The patch
was designed using the Rogers RT5880 substrate with a dielectric constant of 2.2, loss tan-
gent of 0.0009 and a thickness of 0.254mm. The overall dimension of the antenna was
14.71mm x 7.9mm x 0.254mm. Moreover, to excite the antenna having an input character-
istic impedance of 50(2, the quarter-wavelength microstrip feeder line was considered as a
lumped port to the edge of the patch. From the simulation, it was found that the antenna
is resonating at 27.91GHz with a return loss of -12.59dB, bandwidth of 582MHz, a gain
of 6.69dB, and VSWR of 1.77. Even though the design was pointing to enhance the band-
width, the achieved VSWR is large which shows that a large input voltage is standing in
the transmission line which leads to low radiation efficiency.

In previous studies, it has been displayed that a decrease in the size of an antenna led
to a direct reduction in its gain and bandwidth [18]. In order to extend the use of MSPA for
5G application, the MSPA suffers losses such as conductor, dielectric, and radiation. Which
result in narrow bandwidth and low gain. To mitigate this limitation, many broadband patch
antennas have been proposed for the bandwidth enhancement. Some of the designs include
patch with substrate integrated wave guide, multi-layer and multi-patch designs, different
shape with multi slotted patch, co-planar parasitic patches, and stacked patches, or novel
shapes patches such as the U and H - shaped patches [13][15][21].

Accordingly, in [21] design of U-slotted rectangular MSPA at 28GHz has been pro-
posed for 5G applications. The antenna was designed using Roger RO4350 substrate with a
thickness of 1.57mm, dielectric constant 3.66 and loss tangent of 0.004. Moreover, coaxial-
probe feeding method has been used to excite the antenna. The simulated result shows that
the antenna is resonating at 28.06GHz with a return loss of -20dB, a gain of 4.06dBi, the
directivity of 4.15dBi, and VSWR value of 1.02. Even though the proposed design plays
a vital role to enhance bandwidth and minimize the magnitude of VSWR, this approach
failed to consider minimization of the impedance mismatch at the feed point targeted to
have a minimum return losses. In addition to this, since 5G devices are expected to have a
very compact size, the selected substrate thickness causes size incompatibility.

Further more, for the future 5SG wireless communication systems the design of MSPA
at 28GHz and 50GHz has been proposed in [20]. The proposed antenna was designed
using Rogers RT5880 substrate with a dielectric constant of 2.2 and a miniaturized size
of 44mm x 3.3mm. The dimensions of the antenna were 11mm x 8mm x 0.5mm. From
the simulation, it was found that the antenna is resonating at 28.3GHz and 50.3GHz with a

return loss of -21dB and -31dB respectively and the gain of 2.6dB. However, the design was
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pointing to the need for minimization of MSPA return losses which failed to take important
performance metrics enhancements into account.

The overall performance of the MSPA is determined by the selected substrate material
type and thickness, the shape of the patch geometry and the dimension of the physical
structure of the antenna. For instance, the thickness of the dielectric substrate deteriorates
the antenna bandwidth and radiation efficiency, by increasing surface wave and spurious
feed radiation along with the feeding line [12][14].

With this regard, the effect of dielectric constant and substrate height on radiation
efficiency, beam directivity and gain, fringing field, and radiation pattern of mm-wave rect-
angular MSPA has been explicitly studied in [12] using polypropylene and alumina as sub-
strate material. For the particular height of 1.5mm of polypropylene substrate, it was found
that the radiation efficiency, directivity, and gain were 99.0257%, 8.688dB, and 8.604dB
respectively. In the paper, it has been concluded that the polypropylene tape shows the
highest radiation efficiency, directivity, and gain than the alumina substrate. The fringing
field created by the patch antenna depends on the relative dielectric constant and height of
the substrate. However, increasing SH leads to low radiation efficiency and directivity.

A novel design of compact 28GHz wide band printed antenna for 5G applications has
been proposed in [40]. In the paper, the patch is designed using Rogers substrate material
with dielectric constant of 2.2, thickness of 0.254mm, and tangent loss of 0.0009. The
antenna is excited using coaxial feeding technique and X-shape slotted deflective ground
surface is used in order to increase the bandwidth. The simulation result shows that, the
return loss, bandwidth, gain, and radiation efficiency of the antenna are -20.03dB, 2.11GHz,
5.23dBi, and -0.8181dB respectively.

In [41] the design and simulation of a 28 GHz rectangular MSPA for 5G technology
has been studied. The antenna is designed using Taconic substrate material with dielectric
constant of 2.2, thickness of 0.12mm, and loss tangent of 0.0009. Using simulation, it was
found that, the return loss of the antenna is -27.7dB, bandwidth is 463MHz, gain is 6.72dB
and radiation efficiency is -1.199dB.

2.2.2 Review of Rectangular Microstrip Patch Antenna Array

From the above reviews, different study of rectangular MSPA structures using simulation
show that there is no single best design in terms of all the performance metrics of the
antenna. In attempting to improve the performance of rectangular MSPA by increasing the
number of antenna elements, many studies have been reported for different applications.
Therefore, in the following reviews, the design approach and achieved simulation result of
the proposed rectangular MSPA array at 28GHz for 5G wireless communication system

reported in the scientific literature have been discussed.
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The design of a single element and 2x2 inset-feed rectangular MSPA array at 28GHz
has been presented in [9]. The patch was designed using Rogers substrate with the dielec-
tric constant of 2.9 and loss tangent of 0.0025. Besides, microstrip inset-feed and coaxial
feeding techniques were used for matching the radiating patch to the 50¢2 microstrip feed
line. Using the simulation, it was found that the proposed single patch antenna is resonating
at 27.98GHz with a return loss, bandwidth, gain, directivity, radiation efficiency, total ra-
diation efficiency, and VSWR of -20.533dB, 400MHz, 6.22dB, 7.966dBi, 65.6%, 64.98%,
and 1.02294 respectively.

In addition, the coaxial feed based 2x2 inset-feed MSPA array which was made from
four single MSPA is resonating at 27.904GHz with a return loss of -19.6611dB, the band-
width of 400MHz, a gain of 8.393dBi, directivity of 10.13dBi, radiation efficiency of
67.096%, total radiation efficiency of 64.476%, and VSWR of 1.232. From the result,
it has been observed that for both designs good performance were obtained in the aspect
of bandwidth, directivity, and VSWR. However, within the feeding networks of the an-
tenna, the impedance matching is poor which results in a large magnitude of the return loss.
Therefore, the simulated results was limited in radiation efficiency and return loss.

Further more, in order to improve the performance of rectangular MSPA in terms of
radiation efficiency and directivity, increasing the number of an array element and changing
feeding techniques has been widely used. Accordingly, in [36] the design and simulation
of directive high gain microstrip array antenna for 5G cellular communication has been
studied. In the paper, single element, 2x1, 4x1, and 8x1 patch antenna array have been
included and the patch were designed using Rogers RT5880 substrate with a dielectric
constant 2.2, loss tangent of 0.0009 and thickness of 0.254mm.

From the simulation, it was found that single element, 2x1, 4x1, and 8x1 arrays are
resonating at 28GHz with a return loss of -59.3692dB, -16.65dB, -37.579dB, and -50.99dB
respectively. Similarly; the directivity of 8.41dBi, 12.44dBi, 16.45dBi, and 20.94dBi re-
spectively; the gain is about 8.5dBi, 12.42dBi, 16.48dBi, and 21.04dBi respectively. The
bandwidth of a single element and 8x1 array were 430MHz and 520MHz respectively. The
key implication of achieved results is the significant outcome has been obtained in terms
of the directivity, return loss, and beam gain. However, the proposed design was limited
because, the physical structure of the proposed antenna may not be compatible due to phase
shifter structure at feeding networks. In addition, the SLL of the linear array is large which
leads to increased interference at the receiver side.

In [13] design and analysis of 28GHz rectangular MSPA array has been studied includ-
ing single element, 2x1, and 4x1 array. The antenna was designed using FR-4 substrate type
with a dielectric constant of 4.35, loss tangent of 0.005, and a thickness of 0.lmm. From the

simulation, it was found that a single element, 2x1, and 4x1 arrays are resonating at 28GHz
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with a return loss of -15.3527dB, -14.7dB, -21.44757dB, and the directivity of 6.921dBi,
9.853dBi, 11.99dBi respectively. Similarly, the VSWR were 1.7871, 1.624, 1.6502 and the
radiation efficiency is about 87.77%, 92.7%, 83.95% respectively. The total radiation effi-
ciency of the designed antenna was 80.77%, 87.43%, and 78.9% respectively. Even though
the result is within the acceptable ranges, the study fails to take precise impedance match-
ing between the feed point and edge of the patch, the radiation efficiency enhancement, and
mutual coupling minimization. In addition, the height of the substrate is varied with array
elements. Generally, design parameter optimization to improve overall performance needs
further studies.

Similarly, the design and analysis of 28GHz mm-wave antenna array for 5G commu-
nication systems has been studied in [15]. In the paper, design of a single element, 2x1,
and 4x1 patch antenna array have been included. The patch was designed using Rogers
RT5880 substrate with a dielectric constant of 2.2 and a thickness of 0.254mm. The overall
dimension of the single patch was 14.7Imm x 7.9mm x 0.254mm. A quarter-wavelength
microstrip transmission line as a lumped port was used to excite the antenna having an input
characteristic impedance of 502.

Using the simulation it was found that, the resonant frequency of single patch, 2x1,
and 4x1 antenna array was 27.87GHz, 27.91GHz, and 27.59GHz respectively. Besides, the
bandwidth was 582MHz, 516.6MHz, and 519MHz respectively. The gain of 2x1 and 4x]1
arrays were 10.07dB and 13.55dB respectively. Due to the lack of accurate design param-
eters, the resonant frequency of the antenna is not exactly at 28GHz. Also, the achieved
performance was limited in terms of directivity and bandwidth.

The performance comparison of rectangular and circular Patch antenna array has been
presented in [22]. In the paper, single element, 2x1, and 4x1 array of both shapes are
designed and simulated. From the simulation, it was found that in both shapes gain and
directivity are increasing as the number of elements is increased. However, planar array
has better suppression for side lobe levels than the circular patch antenna array.

An extensive study of linear array synthesis has been presented in [27]. It was found
that, the side lobe level and null placement in the desired direction are major issues in
antenna array radiation pattern. A linear array has high directivity and it can form the
narrowest main lobe in a given direction, but it does not perform efficiently in all azimuth
directions. Therefore, one of the main constraints of linear array is inability to scan the
beam in more than one dimension [28]. In the next sections, reviews of the proposed
phased array antenna for the future 5G wireless communications have been discussed.

In [23] design of a phased array antenna with sub-array configurations was proposed
to achieve 3D beam coverage. In the proposed design three planar phased sub-array config-

urations were used to switch the beam pattern to their distinct regions using chassis surface
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wave excitation. The whole phased array switches the main beam between sub-arrays in
the ¢ direction and scans the beam in the ¢ direction with variable phase shifts. The 3D
spherical coverage is achieved by merging the beam patterns of sub-arrays with 2GHz 10dB
impedance bandwidth at 28GHz. In the proposed design it was found that all the elements
between sub-arrays have lower mutual coupling, high steering ranges, and moderate effi-
ciency. However, the achieved in terms of directivity, beam gain, and stability is low.

Phased array antenna with switchable three-dimensional scanning for 5G mobile ter-
minals was proposed in [24]. The proposed antenna contains three similar sub-arrays of
patch antennas arranged along the edge of the mobile terminal and each sub-array consists
of eight rectangular MSPA and element with beam scanning capability of £ 90 degree in
the 0 plane. It was found that the proposed design has achieved a 1GHz bandwidth in the
frequency range from 21 to 22 GHz and it has a good beam-scanning range of —90 degree
to +90 degree with a gain of more than 12.5dBi.

In [25] design of a 28GHz phased array antenna for future 5G mobile-phone appli-
cations has been proposed. The proposed antenna was designed on a low-cost substrate
(FR-4) to operate at 28GHz and ten elements of slot-loop antenna elements have been used
to form a uniform linear array on the top region of the cellular handset PCB. Besides, to val-
idate the proposed design, a prototype has been made. The simulated and measured results
found that the antenna has the S1; response less than -10dB in the frequency range of 27
to 29GHz. The radiation and total efficiency of the antenna arrays were higher than -0.5dB
(90%) for the scanning range between O to 50 degrees, while the gains are higher than
13dB. They employed a new air-filled slot-loop structure as the radiator good performance
has been achieved in terms of gain and radiation efficiency.

The design of an 8x8 planar phased array antenna with high efficiency and insensitivity
Properties for 5G mobile base station has been presented in [26]. The proposed antenna
was designed on a low-cost substrate to operate at 21-23.5GHz and 64 elements of slot-loop
antenna elements as eight linear arrays (1x8) have been arranged to build planar 8x8 phased
array antenna. The simulated results show that the proposed phased array antenna has high
efficiency, acceptable gains and good beam steering characteristics at different scanning
angles. However, due to the edge element of the array, the gain and radiation pattern of the
antenna is highly fluctuating, and the steering range of the antenna is minimum.

A 28GHz printed antenna for 5G communication with improved gain has been pro-
posed in [42]. The patch is designed using FR-4 substrate material with thickness of 1.6mm.
To excite the proposed antenna, microstrip quarter-wavelength impedance transformer is
used. From the simulation result, it has been observed that the return loss, bandwidth, and
gain of the 2x2 antenna are -20dB, 0.95GHz, and 7.2dBi respectively.

Furthermore, in [43], design of a novel patch antenna array for 5G mm-wave appli-
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cations has been proposed. In the paper, 1 x 4 linear and 2 x 2 planar multi-band array
antennas are designed using Rogers substrate with dielectric constant of 2.2, thickness of
0.508mm, and tangent loss of 0.0013. The simulated results under six different frequencies
of linear array indicate that return losses are less than -10dB and their radiation efficiency
are in the range of 90%. It is concluded that linear setup has better gain than array of planar

setup whereas bandwidth and return loss of planar array is better than linear array.

2.3 Conceptual Frame Work of the Study

All the papers reviewed above, the design considerations of the proposed single element
and array of rectangular MSPA is to achieve good performance in one of the major per-
formance metrics and to keep the remaining performance metrics in the acceptable ranges.
With this regards, to design rectangular MSPA characterized by wide bandwidth various
designs were proposed and simulated. These include; using slotted patch, modifying the
physical geometer of the patch, increasing the physical structures of the antenna, and by
using different feeding techniques as reported in [7][18][19][21].

Similarly, based on designs reported in [3][9][13][15][21], in order to minimize the
impedance mismatch at the edge of the patch and feeding network structures, they have
used quarter wavelength microstrip feed-line as inset-feed and lumped element to the edge
of the patch. In addition, the width of the microstrip feeder-line has been selected randomly
without analyzing the performance trade-off between the design parameters.

Furthermore, to design rectangular MSPA array characterized with high directivity,
narrow beams, and low side lobe levels, many studies have been carried out. These includes:
by increasing the physical dimension of the patch width and ground plane, and mainly by
increasing the number of array elements. However, the main focus of the studies was only
to design and simulate linear rectangular MSPA array. Therefore, further studies is required
to design and simulate planar configuration of rectangular MSPA array.

In all of the proposed designs of rectangular MSPA arrays, the substrate height is
varied with the array element to reduce the design challenges of the designer. Even though
changing the substrate height with array elements provides good performance for specific
performance metrics, it gives low or unacceptable performance for remaining parameters.
Therefore, system stability and manufacturing complexity issues will occur which results
difficulty in implementation for some of the designs.

Generally, from above the proposed design of rectangular MSPA, one can easily infer
that the studies did not explore the performance comparison of different linear and planar
rectangular MSPA array configuration at 28GHz using inset-feed and quarter-wavelength

impedance matching techniques, and tuning the parameters of the antenna.
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Therefore, to increase the performance of the rectangular MSPA for mm-wave communica-
tion systems, in this study the design and comparative performance assessment of different
size of linear and planar rectangular MSPA array configurations at 28GHz have been stud-
ied.

2.4 Rectangular Microstrip Patch Antenna

A microstrip patch antenna is a single layer design which contains mainly four parts. These
are: patch, ground plane, substrate and feeding part. A microstrip antenna consists of a
radiating patch on one side of a dielectric substrate material which has a ground plane on
another side as shown in Figure 2.1. The basic antenna element is a strip conductor of
length PL and width PW on a dielectric substrate. The thickness of the patch being t with
a substrate height of SH supported by a ground plane. The strip conductor is made from
conducting material such as copper, silver or gold.
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Figure 2.1: Rectangular Microstrip Patch Antenna.

The radiating patch can have any shape but to simplify the analysis and performance
prediction, the shape of the patch is generally square, rectangular, circular, triangular, and
elliptical or some other common shape. From these, the rectangular MSPA is the widely
used of all the types of microstrip antennas that are present. Generally, the patch in the an-
tenna is simple and very versatile in terms of resonant frequency, polarization, pattern, and
impedance. Moreover, patch antennas can be mounted on the surface of high-performance
aircraft, spacecraft, rockets, satellites, missiles, cars, and even hand-held mobile telephones.
Therefore, the MSPA plays a vital role in the fastest-growing wireless communications in-
dustry [11][14][15].

Figure 2.2 given below shows that, voltage, current, and impedance distribution of
patch antenna. As it can be depicted from figure, for particular design when the rectangular
patch antenna is excited, the ratio of E to H-field is proportional to the impedance of the

feed location. At the center of the patch the impedance is minimum and at the edge of the
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patch the impedance is maximum which is around 300¢2. At the end of the patch current is
zero and the voltage is maximum. Also, at the center of the patch the voltage is minimum

and the current is maximum [11][16][30].
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Figure 2.2: Voltage, Current, and Impedance Distribution of Patch Antenna.

The radiation of the rectangular patch antenna occurs from the fringing fields between the
edge of the patch conductor and the ground plane. Therefore, fringing E-fields between
the edges of the rectangular patch and the ground plane is add up in phase due to voltage
distribution and produce the radiation. The produced fringing field around the edges of the
rectangular patch is the extended parts of the electric field which does not abruptly end at
the edge of the patch. Hence, with respect to the ground plane, the fields at the edges of the

patch can be resolved into tangential and normal components as indicated in Figure 2.3.
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Figure 2.3: Side view showing the electric fields [16].

The normal components of the electric field at the two edges along the width are in opposite
directions and out of phase, and they cancel each other in the broadside direction. Because,
the patch is assumed to be Agys/2 long. Where \g), is the wavelength in the dielectric
substrate material. Therefore, in phase tangential components fields are combined to give
maximum radiated field normal to the surface of the patch. In general, the overall perfor-
mance of the MSPA is determined by selected substrate material type, the dimension of
the physical structure and the feeding techniques of the antenna. Moreover, the rectangular
MSPA is used not only as single elements also they are very popular and suitable in the
antenna array [11][16][38].
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2.4.1 Microstrip Feeding Techniques

The patch antenna feeding methods including coaxial feed, aperture coupling, and prox-
imity coupling. Among the methods, the microstrip feed-line is preferred as an efficient
feeding scheme because of its simple fabrication, easy connection to the dielectric sub-
strate and impedance matching property. In microstrip feeding techniques, the antenna
excitation is provided using the microstrip-line. The microstrip feed line is a conducting
strip, usually of a much smaller width compared to the patch. The advantages of microstrip
feed line are easy to fabricate, to model, and simple to match by controlling the feed po-
sition. However, the disadvantage is as the substrate thickness increases the surface waves
and spurious feed radiation is also increases, which limits the bandwidth between 2-5% for
practical designs. Another drawback is the radiation from the feed line leads to an increase

in the cross-polarization level [11][12].
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Figure 2.4: Patch Antenna with Microstrip Feed-Line [11].
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Moreover, the microstrip-line feeding techniques can be extended to feed parallel array of
rectangular MSPA. Microstrip corporate (Parallel) feeding array technique are general and
versatile microstrip feeding techniques for MSPA array. The corporate-feed network is used
to provide power splits of 2" ( i.e. n=2, 4, 8, 16, 32, etc.). This is accomplished by using

tapered lines as shown in Figure 2.5 to match edge of the patch to a 50€) feeder line.

Gﬁ%

Figure 2.5: Corporate Feed of MSPA Array.

In the corporate-feeding techniques, amplitude and phase of each element are more con-
trollable than the element in the series feed. Therefore, the phase of each element can be
controlled using phase shifters while the amplitude can be adjusted using either amplifiers

or attenuators which is a major advantage over other array implementations [11][16].
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Chapter 3

Design parameters of Rectangular Microstrip
Patch Antenna

3.1 Introduction

This chapter presents, the design parameters and governing equation of rectangular MSPA,
transmission line model of rectangular microstrip patch antenna have been presented. Fi-

nally, performance metrics used to analyze the characteristics of the antenna is presented.

3.2 Initial Design Parameters of Rectangular MSPA

The very primary steps to begin the designing of the rectangular MSPA are choosing the
operating frequency, substrate type, and substrate thickness. The frequency of operation is
the frequency at which the antenna can receives or transmits the signals. It can be calculated
when the height of the patch is known or can be selected before the design.

Similarly, a dielectric substrate is a substrate that does not conduct direct current and
therefore used as an insulator. The dielectric constant (g,.) is defined as the ratio of the
permittivity of a substance to the permittivity of free space. The dielectric constants of the
substrate are normally in the range of 2.2 < ¢, < 12, which enhances the fringing fields
that account for radiation [12][14][30][36]. The parameters used to determine the electrical

characteristic of the antenna is substrate type and thickness, and permittivity.

e Substrate Thickness Effects: The substrate thickness (SH) affects dispersion. A
thicker substrate causes more dispersion. From a simple consideration, this seems
to follow from the fact that the in-homogeneity of the transmission line is increased
with more dielectric. A more rigorous approach is to compare the substrate thickness
to the wavelength in the material. As the ratio of substrate thickness to wavelength in

the material is reduced, the dispersion is also reduced.

e Substrate Dielectric Constant Effects: The substrate dielectric constant also affects
dispersion and eye quality. The lower the dielectric constant which is closer to air is

the homogeneous case i.e., no dispersion. In general, lower dielectric constant is used
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to achieve higher bandwidth, better efficiency and low power loss. However, it causes

the surface waves to propagate and spurious coupling.

Generally, in order to give support and protection for the patch element, the dielectric sub-
strate has to be strong enough and able to endure high temperatures during the soldering
process. Hence, the selection of dielectric substrate material with their thickness and di-

electric constant need accuracy.

3.3 Design parameters and Governing Equations of Rect-

angular Microstrip Patch Antenna

The performance characteristics of rectangular patch antenna is mainly defined by the shape
of the patch, the dimension of the physical structure, and the material properties from which
it is made. After initial design parameters are chosen, the following design parameters is
calculated with great attention. These includes; height of the substrate, length and width of
the patch and feeder-line, effective length of the patch, the length extension of the patch,
actual length of the patch, location of the feed point, and dimensions of ground plate. There-

fore, all of these design parameters are discussed as follows.

3.3.1 Height of the Substrate

The height of the rectangular MSPA is associated with the substrate height or thickness.
The patch antenna stops resonating with a very thick substrate. Therefore, it is usually in
the range of 0.003 Ay < SH < 0.05 )\g. The limitation on the height of the substrate for a
given material and F{ is governed by [11][30][36]:

SH < 0.06 3.1)

C
21Fo\E,
The substrate height can be selected before calculating Fq of the antenna or F{ can be used
to find the height or both can be selected before the design but it must meet the condition
given at equation 3.1. If the thickness of the substrate of the MSPA is very small, there is a
reflection of waves at the edge of the patch that is generated in the dielectric substrate. As a
result, a very small amount of energy is radiated [11][16]. The height of the substrate (SH)

is calculated using equation [11][34]:

0.3C
27TF0\/EI,

Where, C, Fp, €, denotes speed of light, operating frequency, and dielectric constant.

SH = 3.2)
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3.3.2 Width of the Patch

The width of the patch has less effect on the resonant frequency and radiation pattern. But, it
greatly affects the radiation efficiency and cross-polarization characteristics of the antenna.
The width of the patch determines the range of antenna bandwidth. The radiation efficiency
of patch antenna increase as the width increases up to half wavelength. The width of the
patch antenna is calculated using [7][12][14][30][34]:

C
PW=—— (3.3)

2Ky [

Where, PW denote the width of the patch, C is the speed of light, Fj is operating frequency,

and ¢, is a dielectric constant.

3.3.3 Effective Dielectric Constant

The effective dielectric constant is unique to a fixed dielectric transmission line system and
provides a useful link between various wavelengths impedance and velocities. The effective
dielectric constant is kept slightly less than the dielectric constant of the substrate so that the
fields not entirely get confined to the substrate but also fringe and spread in the air. There-
fore, the range of the effective dielectric constant is between 1 < €,.¢¢ < &,. After PW and
SH is known the effective dielectric constant can be obtained using [11][12][16][18]:

e +1 e — 1 SH —05
€reff=< 5 )+( 5 )(1+12(ﬁ>) 3.4

Where, ¢y is effective dielectric constant, ¢, is a relative dielectric constant of the sub-
strate, PW is the width of the patch, and SH is the height of the substrate.

3.3.4 Effective Length of the Patch

The effective length of the patch is the sum of the actual length and twice of extended
length or it can be calculated using equation 3.5. Also, effective length of the patch is used

to calculate the original length of the patch and mathematically given by [11][12][30][32]:

C
2F0 \/Ereﬁ'
Where, PL.;y is the effective length of the patch, C is the speed of light, ,..r¢ is effective

PLcg = (3.5)

dielectric constant, and Fj is operating frequency.
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3.3.5 Length Extension of the Patch

In the rectangular patch antenna, due to fringing field effects electrically the patch of the
antenna looks greater than its physical dimensions. Therefore, the dimensions of the patch

along its length is extended on each end by a distance of APL as indicated in Figure 3.1.

i~ APL -+ +—PATCHLENGTH (L) —»|+— APL - Fringing fields

U

GROUND PLANE

Figure 3.1: Length Extension Due to Fringing Effects [31].

The length extension is a function of the effective dielectric constant and a function ratio of
the width-to-height, and calculated using the equation given below [12][14][16][20][32].

(eremr + 0.3)((5F) + 0.264)
(erer — 0.258)((EX) + 0.8)

APL = (0.412SH) 3.6)
Where, APL is the patch length extension, SH and PW, is the height of the substrate and

width of the patch, and €,.¢ is the effective dielectric constant of the substrate.

3.3.6 Actual Length of the Patch

In patch antenna design, the actual length of the patch is a critical parameter. Because it
inherent narrow bandwidth of the patch and controls the resonant frequency. For a rectan-
gular patch antenna the length of the patch is usually between 0.3333\; < PL < 0.5\ [30].
Where, ) is the free-space wavelength. The radiating fields are not confined to the patch
but a small fraction of the radiating fields lie outside the physical dimension of the patch.
Therefore, the actual length of the patch is the difference between the effective length and
twice of patch length extension which computed using [11][12][14][18][36]:

PL =PL.g — 2APL 3.7

Where, PL,; is the effective length and APL is the patch length extension.

3.3.7 Ground Plane Dimension

In practice, the fields are not only confined to the patch i.e. a fraction of the fields lies
outside the physical dimensions of the patch because the dimensions are finite. Since some

of the waves travel in the substrate and some in the air, effective permittivity is introduced
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to account for the fringing field along all the edges of the patch and the wave propagation
in the patch. The length and width of the substrate is more than the length and width
of the patch. Therefore, the overall dimension of the substrate is designed to completely
encapsulated the patch and the feed line. It means the ground plane dimension has to be
large enough to support fringing fields. The ground plane dimension is calculated using the
equation given below [7][12][14][18][36].

GL = PL + 6SH (3.8)

GW =PW + 6SH 3.9

Where, GL, GW, PL, and PW are denotes length and width of the ground plane and the

patch respectively.

3.3.8 Location of the Feed point

In order to match the impedance mismatch between edge of the patch and the feeder, the
location of feed point to the rectangular patch antenna is located in X-Y coordinates as X

and Y7 respectively. The feed point locations is calculated by [11][14]:

PL

X¢ = .
' 2\/greﬁ' (3 10)
Y = ? (3.11)

Where, X and Y} are X-Y coordinates, PW and PL are the width and length of a patch.

3.3.9 Impedance Matching

As the electromagnetic wave travels to different parts of the antenna, they encounter dif-
ferent impedance at each interface. Therefore, whenever there is an impedance mismatch
at any of the interfaces it causes some of the electromagnetic waves to reflect back to the
source. Good matching enhances the performance of the antenna, thereby increasing the
bandwidth of the antenna and reduces the signal loss due to reflection. Hence, the efficient
coupling matching network is used which attempts to match the characteristics impedance
of the two elements over the desired frequency range [11][12][16]. Theoretically, at the
edge of the patch the impedance is around 300€2. However, it can be matched to Z, = 50¢2
transmission lines using different matching networks. The quarter-wavelength impedance
transformer which is shown in figure below is commonly used to match the impedance be-

tween the transmission line and the edge of the patch.
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Figure 3.2: Quarter-wave length impedance Transformer Network.
Generally, the quarter-wavelength impedance transformer can be designed, first by calcu-

lating the impedance at the edge of the patch (Z,.) and load impedance (Z},), using the
mathematical equation given below [12][16][35].

2y, = /2o * Lpe (3.12)

2 PL \?
_ r 3.13
Zpe =90 <gr — 1) (PW) 3-13)

Where, Zy, Z;,, and Z,. denotes characteristic, load, patch edge impedance respectively.

3.3.10 Width and Length of the Microstrip Feeder Line

A microstrip feeder line is positioned between the source and the antenna. The interface
occurs between the antenna and the feed line along the width of the feeder line. Therefore,
the impedance varies with the width rather than its length. Because with a given width of
the feed line the impedance is almost independent of the variation in the length.

A. Length of the Microstrip Feeder Line L/rr)

The length of the microstrip feeder line is calculated using equation given below [12].

Lorry = —— = (3.14)

but, free-space wave length ()\y) is calculated by using :

C

Ao = —
° = F,

(3.15)
Where, C is the speed of light, Fj is the frequency of operation, ), is the free-space wave-
length, Ag), is the wavelength in the substrate, and ¢, is a dielectric constant of the substrate.
B. Width of the Microstrip Feeder Line (W (/r11))

The width of the microstrip feeder line is obtained by [7][12]:

5.98SH (

1
N SR
oxp (20T ) (3.16)
WmrL) = ()

0.8
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Where, SH is substrate height, t is patch thickness, Z, is characteristic input impedance,

and ¢, is relative dielectric constant.

3.3.11 Inset Dimension

A. Inset Length (Y7)

At the edge of the patch, the input impedance is high. However, impedance falls rapidly
if the inset position is moved from the edge of the patch towards the center. In order to
provide impedance matching with a 502 connector, the inset feed depth (Y5) is used. The
inset length is calculated using [11][14][35]:

PL Z
Y, = (-) cos 1/ (52) (3.17)
s ZL
Where, PL, Z,, and Z;, are denotes length of the patch, characteristic, load impedance
respectively.
B. Inset Gap (Gp)

The resonant frequency of the patch antenna depends on the notch gap. The expression

which relates inset-gap and the resonant frequency (Fp) is given by [36]:

4.65 %107 12 x C

Gp = 3.18
¥ Fo(inGHZ) /2 * rorr (3.18)
Where, C is speed of light, and ¢, is effective dielectric constant.
3.3.12 Width and Length of the Feed Point
A. Width of feed point: Is calculated by using the equation given by [16][37]:
2SH r— 1 0.6
Wep) = — |((B—1] —1In[2B - 1)) + (8 . [ln[B —1]+0.39 — 5 ])1
s r r
(3.19)

Where, SH is substrate height, ¢, is dielectric constant, and B is constant.
However, B and Z(/rr1) are calculated before calculating the width of the feed point.

Therefore, Z(rrr1) is calculated by using equation 3.32 and B is calculated by [16]:

6072

B=——
ZnipLiny/Er

(3.20)
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B. Length of the feed point: is calculated by using the equation given by:

Actt (3.21)

Lrp) =

But, effective wave length is given by:

Ao
vV Ereff

Where, ) is free-space wavelength, \.¢; is effective wavelength, and ¢,.¢s is effective

Aeff = (3.22)

dielectric constant of the substrate.

3.4 Transmission line Model of Rectangular MSPA

In the transmission line model, the patch antenna is represented by two radiating slots of
width PW and height SH separated by a transmission line of length PL as shown in Fig-
ure 3.3. The patch antenna is considered as non-homogeneous of two dielectrics (i.e., the
substrate and air). Therefore, most of the electric field lines reside in some parts in the air
and the rest in the substrate which leads to the transmission model does not support the
transverse electric magnetic mode of transmission, as phase velocities would be different
in the substrate and the air [11][14].

«———PL Radiating

Radiating b oslot
slot PW

Figure 3.3: Transmission line model of Rectangular MSPA.

The transmission line model is easy to use and it gives good physical insight. Furthermore,
due to its accuracy and numerical efficiency, transmission line model is used to predict the
input characteristic of the patch. However, all types of configurations cannot be analyzed
using transmission line model. Because, it does not take care of variation of field in the
orthogonal direction to the direction of propagation and does not predict the input charac-
teristic much beyond a fundamental resonance. The rectangular MSPA can be expressed
as an equivalent electrical circuit. The equivalent circuit represents the whole antenna in
the form of two radiating slots modeled using parallel RC circuits and the patch connecting
these RC circuits is in the form of a transmission line whose characteristics are computed
similarly as a normal microstrip transmission line. Therefore, in transmission line mode

each radiating slot is represented by a parallel equivalent admittance (Y) with conductance
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(G) and susceptance (B).

le—2PFL
e PL Do
g P - ke,
Z j‘ B == G, bB= G,
» " ~
e, T <
A. Rectangular patch antenna B. Transmission model equivalent circuit

Figure 3.4: Rectangular MSPA and its Equivalent Circuit in Transmission Line Model.

Considering an infinitely wide and uniform slot, equivalent admittance of slot one is:

Also, for a slot of finite width, conductance G and susceptance B is given by:

PW 1 SH 1
Gi=—[1- —(KoSH)?|,°—= <« — 3.24
! 120)\0[ 24( oSH)7, N 10 (3.24)
PW SH 1
= 1 - 0.636In(K,SH)|, >~ < — 3.25

Where K| is the constant, SH is height of the substrate, )\, is free-space wavelength, PW is
width of patch, B; and (G; are susceptance and conductance of slot one respectively.

The total admittance produced at one radiating slot is determined by transforming the
admittance at the other radiating slot using the transformation equations of the transmission
line. Ideally, the two slots are separated by Agy/2. But, because of fringing effects the
length of the patch is electrically longer than the actual length. Hence, the actual separation
of the two slots is slightly less than A\gy,/2. But, if the length is properly chosen in the range

of 0.48 Mgy < PL < 0.49)\g,,, the transformed admittance of slot two can be written as:

Y5 = Gy +jBy = G; — jB, (3.26)
Gy =G, (3.27)
B; = B, (3.28)

At the feeding network, perfect impedance matching is necessary to transfer maximum
power from the port to the feed line which is connected to it. Hence, the input impedance

plays an important role to determine the amount of power delivered to the feed line. The
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total input admittance and the resonant input impedance is real and it is given by:

Y = Y. + Y5 = 2G, (3.29)
1 1
Zin = = Rin = T~ .
Yo 3G, (3.30)

The resonant input resistance can be decreased by increasing the width of the patch. This
is acceptable as long as the ratio of PW/PL does not exceed two. Because the aperture effi-
ciency of a single patch begins decreasing PW/PL increases beyond two. Therefore, when
slot one is considered as a reference slot, the resonant input resistance is calculated using
the equation 3.30. However, equation 3.30 does not consider the mutual effects between the
slots. So, by considering the mutual effects between the slots, the resonant input resistance

is calculated by using equation given below [11].

Zin = {ﬁ] (3.31)
In the above equation, the plus sign in the denominator is used for modes with odd (anti-
symmetric) resonant voltage distribution beneath the patch and between the slots while the
minus sign is used for modes with even (symmetric) resonant voltage distribution. In order
to change the resonant input resistance an inset feed, recessed a distance Y; from slot one is
also used as shown in Figure 3.5. This technique can be used effectively to match the patch

antenna using a microstrip-line feed whose characteristic impedance is given by [11]:

1207\/2, g WanrLy
Woares) 4 1.393 4 0.667In(~ i 1 1.44)  SH

ZviFLy) = >1  (3.32)

Where, Wiarrr1) is the width of the feeder, SH is the height of the substrate, and e, is
effective dielectric constant.

PL -

=Yo

—

WL

Md

Figure 3.5: Recessed Microstrip-Line Feed [11].

The mutual conductance is defined in terms of the far-zone fields as:

1
Gio = —R E,;xH}.d .
- e//s \xHj.ds (3.33)
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Where, £ is electric field radiated by slot one, H; is magnetic field radiated by slot two,

Vb is voltage across the slot, and the integration is performed over a sphere of large radius.

3.5 Performance Metrics of the Antenna

To describe the performance of the antenna, definition of the various parameter is necessary.
Some of the parameters are interrelated and not all of them need be specified for a complete
description of the antenna performance. Under this section, the parameters that are used to

analyze the performance of the patch antenna is presented.

3.5.1 Return Loss and Voltage Standing Wave Ratio

Return loss (RL) is defined as the loss of signal power due to the reflection at a discontinuity
in a transmission line. The discontinuity can arise from a mismatch between the feed line
and the port or with a device inserted in the line. Similarly, VSWR is a measure of the
efficiency of RF power transmission through a transmission line. For the ideal transmission
line, VSWR is one with the entire amount of input power getting transferred without any
reflection and in practical cases, any value less than two is also considered to be satisfactory.

The return loss is expressed in dB and given by [11][13][16].
RL(dB) = —20log | T | (3.34)

But the reflection coefficient I'can be expressed as:

V, Zi.—7Z
MN=-%Y="—-_"= (3.35)
[T Vi Zi+Zo
Where, va“ is the incident wave, v, is the reflected wave and Z, Z, are the load and

characteristic impedance.

3.5.2 Radiation Pattern

The radiation pattern is a graphical representation of the antenna radiation properties, as
a function of the angular position and radial distance from the antenna. Radiation proper-
ties include power flux density, radiation intensity, field strength, directivity, and phase or
polarization. Radiation pattern is determined in the far-field region and is represented as a
function of the directional coordinates. The radiation pattern is consists of the main lobe,
side lobes and back lobe, and which are indicated in figure below [11][13][16].

Page 28



Side lobes

Figure 3.6: Radiation Pattern of the Directional Antenna.

3.5.3 Directivity

The shape of the radiation beam depends on the directivity while the amount of power-

packed in the beam is due to the gain of the antenna. The directivity is given by [11]:

4\U

DIR =
Prad

(3.36)

Where, DIR is directivity, U is radiation intensity, and P,,q is total radiated power.

3.5.4 Gain

The Gain of the antenna is used to indicates the capability of the antenna to concentrate

energy in a specified direction. The gain of the antenna can be calculated using[11]:

G=n+D (3.37)

Where, 7 is radiation efficiency and D is the directivity of the antenna.

3.5.5 Bandwidth

The bandwidth of an antenna specifies the range of frequencies over which the antenna can
transmit or receive the signal. A practical method of obtaining the bandwidth of the antenna

is to use the -10dB frequencies in the plot of return loss [11].
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Chapter 4

Design of Rectangular Microstrip Patch

Antenna
4.1 Introduction

In this chapter, the design procedures and numerical calculation of six different rectangular
MSPA array have been presented. The over all chapter is organized as follows; in the first
section, design procedure and numerical calculation of single element rectangular MSPA
is presented. The second section, design procedure and numerical calculation of linear
rectangular MSPA arrays are discussed. Finally, in the third section, design procedure and

numerical calculation of planar rectangular MSPA arrays have been presented.

4.2 Design Procedures of Single Rectangular MSPA

The overall goal of any antenna design is to achieve specific performance characteristics
at a desired operating frequency. The very basic steps to begin the design of the rectan-
gular MSPA are, selecting the operating frequency, a suitable substrate type, and substrate
thickness. Moreover, after initial design parameters are chosen, dimensioning of all phys-
ical antenna structure will continue. This includes: calculation of width and length of the
patch, width and length ground plane, width and length of microstrip feeder line, and the
location point. Finally, after all physical dimensioning is done, modeling and simulating
the structure of the antenna will be the next work. Generally, the design procedure of single

inset-feed rectangular MSPA is shown in Figure below.

DECIDING SELECTING DECIDING THE HEIGHT NUMERICAL DESIGN
RESONANT SUBSTRATE |y OF THE SUBSTRATE OF THE PATCH AND
X FREQUEENCY MATERIAL SUBSTRATE FEEDER NETWORKS

DESIGN OF THE ANTENNA FEED POINT

p
VALIDATI MODELING THE STRUCTURE ] MODELING THE NUMERICAL
ONOFTHE |4y| ONSIMULATOR SOFTWARE J- PHYSICAL STRUCTURE || DESIGN OF

Figure 4.1: Design Procedure of Single Inset-Feed Rectangular MSPA.
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4.3 Design of Single Inset-Feed Rectangular MSPA

The proposed single rectangular MSPA is designed using the FR-4 substrate with a dielec-
tric constant (¢,.) of 4.4, a loss tangent of 0.0025, and radiating copper metal thickness of
0.035mm to operate at 28GHz frequency. After above initial design parameters are chosen,
the remaining physical dimensions of single rectangular MSPA is calculated as follows.

1. Height of the substrate

The height of the substrate is calculated by substituting C' = 3 * 10%m/sec, €, = 4.4, and
Fy =28GHz in the equation 3.2 i.e.,

030 0.3 % 3 % 10%m/sec
C2rFyE, 2% 3.14 %28 % 109/sec « /4.4

SH = 0.244mm

2. Width of the patch

Also, by substituting C' = 3 * 108m/sec, e, =4.4 and Fy = 28GHz in the equation 3.3, the
width of the patch is calculated as:

8
pw—_C __ 3xl0mfsec _ goe0s

2Fo\ /=t 2528 % 109 /sec « /%

3. Effective dielectric constant
After, the patch width and substrate height is obtained, effective dielectric constant is cal-
culated by substituting C = 3 * 10%m/sec, ¢, = 4.4, PW = 3.26025mm, SH = 0.244mm and

Iy =28GHz in equation 3.4, then the effective dielectric constant is calculated as:

5.4 3.4 0.244mm \\ "’
= (22 I (112 (T =3
creff ( 2 >+< 2 ) ( * (3.2605mm)> 393393

4. Effective length of the patch
Next, by substituting C' = 3 x 10%m/sec, Ereff =3.93393 and F{) = 28GHz in equation 3.5,
the effective length of the patch is calculated as:

C
PL.tt = ——— = 2.70097mm
1 2F0\/greff
5. Length extension of the patch

After effective dielectric constant is obtained the patch length extension is calculated by
substituting PW = 3.26025mm, SH = 0.244mm and €,.s¢ = 3.93393 in equation 3.6.

(3.93393 + 0.3)(13.3618 + 0.264)

— 0.111397
(3.93393 — 0.258)(13.3618 + 0.8) mm

APL = (0.412 % 0.244mm,)
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6. Actual length of the patch
The actual length of the patch is calculated by substituting PL.ss = 2.700971mm and
APL =0.111397mm in equation 3.7 i.e.,

PL = PL.s; — 2APL = 2.47818mm

7. Ground plane dimensions
By substituting PL = 2.47818mm, PW = 3.26025mm, and SH = 0.244mm in the equation
3.8 and 3.9, the length and width of the ground plane is calculated as follows:

GL = PL+6SH = 3.94217Tmm,GW = PW 4+ 6SH = 4.7245mm

8. Location of the Feed point
The location of feed point along the X and Y axis is obtained by substituting PL. =2.47818mm,
PW =3.26025mm and €,y = 3.93393 in equation 3.10 and 3.11, X ; and Y} are calculated

as follows.

PL 2.4781 P 2602
_ _ 7818mm 0.624726mm, Y; — w _ 3.26025mm
2VE,0p  2%1/3.93393 2 2

9. Impedance matching
To calculate 7y, first Z,. should be calculated by substituting PW = 3.26025mm, PL =

2.47818mm, and ¢, = 4.4 in equation 3.13, Z,, is calculated as follows.

g2 PL\? 4.42\ (2.47818mm\ >
Zo. =90 r — 90 — 296.09549¢)
P (a — 1) (PW) ( 3.4 ) (3.26025mm)

After Z,,. is calculated Z, calculated by substituting the value of Z,,. in equation 3.12, then

Xy = 1.630125mm

the value of Z;, is:

21 =20 % Zpe = V509 * 296.09549 = 121.67487Q

10. Width and length of the Microstrip feed-line

A. Length of the microstrip feeder line

To calculate the length of the microstrip feeder line first )\ is calculated by substituting
Fy = 28GHz and C = 3 % 1()8m/ sec in equation 3.15. Therefore, )\ is calculated as:

C  3x10°m/sec

= — = ——
T F 28%10%/sec

= 10.7143mm

Then, substituting A = 10.7143mm and €, = 4.4 in equation 3.14, the dimension of Ly/rr1)
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is calculated as:

Ao 10.7143mm 10.7143mm
I _ — = = 1.27696
WMFLD = 4 /e~ 4w vA4  8.390471mm i

B. Width of Microstrip Feeder Line

Assuming the characteristic impedance of the microstrip feeder line as 50€2. Then, the
width of the microstrip feeder line can be calculated by using equation 3.16. However,
the impedance of the microstrip feeder line is highly dependent on the width of the patch.
Therefore, it is better to find the impedance of the microstrip feeder line corresponding to
the calculated width of the patch. Then after, calculating the width of the microstrip feeder
line by assuming calculated impedance as the characteristic impedance of the feeder line
(i.e, Zmrr1) = Zo ). Hence, by substituting €, = 4.4, SH = 0.244mm, PW = 3.26025mm
and €,.7y = 3.93393 in equation 3.32 then, Z(y/rr1) is calculated as:

120 % 3.14 % 1/3.93393
Z(MFL1) = i - = 45.15150
13.3618 + 1.393 + 0.667 * In(14.801)

Next, by substituting SH = 0.244mm, Zyspr1) = 45.1515€), €, = 4.4 and t = 0.035mm in
equation 3.16, Width of the microstrip feeder line is calculated as:

5.98 % 0.244mm * (W) — 0.035mm
ll = 0.4783mm

W =
(MFL1) 03

11. Inset Dimension
A. Inset Length (Y))
By substituting PL = 2.47818mm, 7, = 50€2 and Z; = 121.67487¢) in equation 3.17, the

length of inset feed is calculated as:

PL Zy 2.47818mm 50
= —_— _1 —_— pu— _—m _1 _— pu— . 4
Yo ( - ) cos ”(ZL> ( 314 ) cos (121.6748> 0.905498mm

B. Inset Gap (Gp)
Similarly, by substituting the value of C = 3 * 108m/sec, €,cry = 3.93393 and Fy, = 28GHz

in equation 3.18, the inset gap is calculated as:

46510712 % C 46510712 % 3% 10°
Gp=— 2% i _ IR # 3% 10m/sec _ o 0177619mm
Fo(inGHZ)\/2 * €resy 28+v/2 * 3.93393

12. Width and length of the feed point
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A. Width of the feed point
Width of feed point can be calculated by using the equation 3.19 and given below.

2SH r—1 0.6
Wrp) = — (B—=1)—In(2B—-1))+ <6 5 [ln(B —1)+0.39 — 6—] >]
But, B is calculated using equation 3.20 which is:
2 2
B 607 ~60(3.14) 591.576 _ 991.576  6.9462

Zouri/ar  45.1515v/44  45.1515 % 2.0976  914.709

Then, by substituting the value of B in equation 3.19, W rp) is calculated as follows:

Wipp) = m ((5.2462) — In(11.49)) + (% {ln(5.2462) +0.39 — g] ﬂ

Wrp) = 0.665376mm

B. Length of the feed point:
By substituting A\, = 10.7143mm and €,.¢s = 3.93393 in equation 3.22 then, A s is calcu-

lated as:
Ao 10.7143mm

VErerf  1.98341

Next, by substituting the values of . in equation 3.21, the dimension of Ly p is;

Aeff = — 5.40196mm

401
gy _ 5A0L6mm_ e

Lpp) =

4 4

Figure 4.2: Proposed Single Inset-Feed Rectangular MSPA.
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The design parameters of single inset-feed rectangular MSPA 1is explicitly calculated
in above section and the final value of the calculation has been tabulated in Table 4.1. In
general, the above designed single element rectangular MSPA is used as building block to

design all other rectangular MSPA array.

Table 4.1: Calculated Physical Dimensions of Single Inset-feed Rectangular MSPA.

No | Constant Parameter Symbols | Values
1 | Resonant frequency Fy 28GHz
2 | Dielectric constant €y 4.4
3 | Input characteristic impedance Zy 5082
4 | Thickness of metal patch t 0.035mm
No | Design Parameter Symbols | Values
1 | Width of the patch PW 3.26025 mm
2 | Effective dielectric constant Ereff 3.93393
3 | Effective length of the patch PLesr | 2.70097mm
4 | Length extension of the patch APL 0.111397mm
5 | Actual length of the patch PL 2.47818mm
6 | Width of the ground plane GW 4.7245mm
7 | Length of the ground plane GL 3.942177Tmm
8 | Length of inset feed Yo 0.905498mm
9 | Inset gap G, 0.017761mm
10 | Location of the feed point along the x-axis | X 0.624726mm
11 | Location of the feed point along the y-axis | Y 1.630125mm
12 | Length of the microstrip feeder line Lyvrryy | 1.2769mm
13 | Width of the microstrip feeder line Wiurry | 0.4783mm
14 | Length of the feed point Lrp) 1.35049mm
15 | Width of the feed point Wirp) 0.665376mm
16 | Substrate height SH 0.244mm

4.4 Design Procedure of Linear Rectangular MSPA Array

Most compact rectangular MSPA design shows decreased antenna gain owing to the an-
tenna size reduction. To overcome the limitation and enhance the performance of the an-
tenna, several designs with various feeding techniques, patch shapes and impedance match-
ing were proposed. However, the design parameters of rectangular MSPA for 5G wireless
communication systems needs high accuracy. Because since their operating frequency is
within extremely high-frequency band, the size of antenna elements is very small and there-
fore, a small deviation of the design parameter leads to large performance variation. In this
study, the procedure that has been used in order to design all studied linear rectangular
MSPA is indicated below.

Page 35



r -
DECIDING |' SELECTING DECIDING f NUMERICAL DESIGN
RESONANT  |#)! SUBSTRATE |#| HEIGHTOFTHE |#)]| DECIDINGSIZEOF |W9' OF THE PATCH AND
FREQUEENCY l MATERIAL SUBSTRATE LINEAR ARRAY l FEEDER NETWORKS
LN

VALIDATI N MODELING THE NUMERICAL

Norr |dof dovmne e of e sroerne |4 Sickor

DESIGN B ° OF THE ANTENNA FEED POINT
'

Figure 4.3: Design Procedures of Linear MSPA Array.

4.5 Design of Linear Rectangular MSPA Array

4.5.1 2x1 Inset-feed Rectangular MSPA Array

This section introduces the design of linear 2x1 inset-feed rectangular MSPA array to im-
prove the performance of single inset-feed rectangular MSPA. Because by using single
antenna, high performance cannot be obtained for all major performance metrics. A linear
2x1 inset-feed rectangular MSPA array can be designed by connecting one pair of single
element inset-feed rectangular MSPA using 1:2 corporate power divider. In this particular
structure, a microstrip transmission line of 1:2 power divider is used to feed the two and
hence the line widths are adjusted accordingly to optimize the performance trade-offs. The

physical structure of 2x1 inset-feed rectangular MSPA array is indicated in Figure 4.4.
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Figure 4.4: Physical Structure of the Proposed 2x1 Inset-feed Rectangular MSPA Array.

The antenna is designed using FR-4 substrate material with a dielectric constant of €, = 4.4,
a dielectric loss tangent of 0.0025. The substrate height, length of the patch, and width of
the patch are 0.244mm, 2.47818mm, and 3.26025mm respectively. Moreover, in order to
match the impedance to 50¢2 width of microstrip feeder line should be designed properly.
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Because the impedance is highly varies with the width the feeder and almost constant with
the length of the feeder. Therefore, in this paper a microstrip feeder line with a width of
0.4783mm and quarter-wavelength is used to match the impedance to 502 characteristic
impedance. However, the remaining design parameters are calculated by using the above
parameters as initial parameters. After numerical calculation, important design parameters
of the antenna will be tuned during the simulation to find better performance in terms of
directivity, beam gain, bandwidth, and radiation efficiency.
1. The separation distance between the elements
The mutual coupling between the array elements decreases the radiation efficiency of the
antenna by increasing the side lobe level. Therefore, to minimize mutual coupling, the sep-
aration distance has to be greater than half of the free-space wavelength (D > 0.5);). Also,
to avoid grating lobe separation distance (D) should be less than the free-space wavelength
(D < \g) i.e. the selection should be between \y < D < 0.5)¢. In this design separation
distance of 0.504 )\ has been selected.

D =0.504 )\, By substituting Ao = 10.7143mm, D is calculated as:

D =0.504%10.7143mm = 5.4000072mm =~ 5.4mm
2. Length and width of horizontal feed of 1:2 power divider (HFPDW and HFPDL)
A. Width of horizontal feed of 1:2 power divider (HFPDW)

HFPDW =D + 2(0.5PW) + Wyrrr1)
By substituting PW = 3.26025mm, D = 5.4mm and W,/rr1) = 0.4783mm then, HFPDW
is calculated as:

HFPDW = 5.4mm + 3.26025mm + 0.4783mm

HFPDW = 5.4mm + 3.73855mm = 9.13855mm
B. Length of horizontal feed of 1:2 power divider (HFPDL)
With the initial design parameter of Fjy = 28GHz, SH = 0.244mm, ¢, =4.4 and Z, = 502 the
width of the microstrip feeder line is 0.4783mm. But, the HFPDL is a microstrip transmis-
sion line with 100€2. Therefore, HFPDL is half of the width of the 502 microstrip feeder
line. HFPDL = 0.5W ;1) but, the dimension of W;pr1) is 0.4783mm then, HFPDL is:

HFPDL = 0.5Wypr1) = 0.5%0.4783mm = 0.23915mm
3. Length and width of last feed of power divider arm (L(y;rz1) and Wy pr1))
By substituting Ao = 10.7143mm and €, = 4.4, then the dimension of Ly;rr1) is calculated

as follows.

. X 10.7143mm  10.7143mm
MEL) = 4 e " 4%/a4  8.3904T1mm

= 1.27696mm

B. Winrr1) = Winrroy But, the dimension of Wyrrro) s 0.4783mm
W(MFLl) = 0.4783mm
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4. Length and Width of connected 2x1 MSPA (PL;x1) and PW(3x1))

A. Length of connected 2x1 MSPA (PL3x1))

PLox1y = PL+ Lurroy + Lovrryy. But, Liyrroy = Lvrry). Therefore, the equation

is simplified to:
PLi3x1) = PL+2Lyrr)

By substituting PL. = 2.47818mm and L/pr1) = 1.27696mm, PW ;) is calculated as:
PLpx1y = 2.47818mm + 2 * 1.27696mm = 5.032097mm

B. Width of connected 2x1 MSPA (PW(2x1))
PWeox1y =D +2PW

By substituting PW = 3.26025mm and D = 5.4mm, then PW ) is calculated as:
PWax1) = 5.4mm + 2 x 3.26025mm = 11.9205mm
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Figure 4.5: Physical Structure of 1:2 Power Divider.

5. Length and width of the ground plane (G L;x1) and GW 2x1))

A. Length of the ground plane (GLx1))
GLix1) = PWxy)) +6(SH)

By substituting PL>x1) = 5.032097mm and SH = 0.244mm, GL(QXU is calculated as:
G Lx1) = 5.032097mm + 6(0.244mm) = 6.496097mm

B. Width of ground plane GW 5 x1)
GWax1) = PWex) + 6(SH)

By substituting PW(2x1) = 11.9205mm and SH = 0.244mm, GW 2x1) is calculated as:
GWiax1) = 11.9205mm + 6(0.244mm) = 13.3845mm

6. Length and width of last feed of the power divider (LF' L3,y and LFW 1))

A. Length of last feed of the power divider (LFL(le))

But, the dimension of Agys is 5.107842mm, then LF L5 x1) is calculated as:

5.107842mm

B. Width of last feed of the power divider (W F’ L(le)) LFWx1) = Wmrro) But, the
dimension of Wyrro) is 0.4783mm. Therefore, LEF'W ;x1) is equal to 0.4783mm.
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The detail numerical calculation of 2x1 MSPA array design parameters in above section is

tabulated in table below.

Table 4.2: Calculated Physical Dimensions of 2x1 Inset-Feed Rectangular MSPA Array.

No | Constant Parameter Symbols | Values
1 | Resonant frequency £y 28GHz
2 | Substrate height SH 0.244mm
3 | Dielectric constant €y 4.4
4 | Input characteristic impedance Zy 5012
5 | Thickness of metal patch t 0.035mm
No | Design Parameters Symbols | Values
1 | Width of the patch PW 3.26025mm
2 | Length of the patch PL 2.47818mm
3 | Width of the ground plane GWexyy | 13.3845 mm
4 | Length of the ground plane GLiox1) | 6.496097mm
5 | Length of inset feed Yo 0.905498mm
6 | Inset gap G, 0.017761mm
7 | Length of the microstrip feeder line Lvrry 1.27696mm
8 | Width of the microstrip feeder line Wivrryy | 0.4783mm
9 | Length of Horizontal feed power divider HFPDL 0.23915mm
10 | Width of Horizontal feed power divider HFPDW | 9.13855mm
11 | Length of the feed point Lrp) 1.35049 mm
12 | Width of the feed point Wirp) 0.665376mm
13 | Length of last microstrip feeder line LFL@xyy | 1.27696mm
14 | Width of last microstrip feeder line LFW3x1y| 0.4783mm
15 | Distance between the patch D 5.4 mm

4.5.2 4x1 Inset-feed Rectangular MSPA Array

A linear 4x1 inset-feed rectangular MSPA array is proposed to increase the performance
of 2x1 inset-feed rectangular MSPA array. In order to design 4x1 inset-feed rectangular
MSPA array, two pairs of a single inset-feed rectangular MSPA or one pair of 2x1 inset-feed
rectangular MSPA array is required. Therefore, linear 4x1 inset-feed rectangular MSPA
array can be designed by connecting one pair of 2x1 inset-feed rectangular MSPA array
to the second 1:2 power divider. Specifically, in 4x1 inset-feed rectangular MSPA arrays
design, single 2x1 inset-feed rectangular MSPA array is considered as one radiating point
with two-element and connected to one arm of 1:4 power divider (second 1:2 power divider)
as indicated in below figure. Hence, by connecting two 2x1 rectangular MSPA array and
using its calculated design parameters, the remaining design parameters for 4x1 inset-feed

rectangular MSPA array are obtained.
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Figure 4.6: Physical Structure of the Proposed 4x1 Inset-feed Rectangular MSPA Array.

1. Length and width Horizontal feed of the second power divider (SHFPDW and
SHFPDL)
A. Width of Horizontal feed of the second power divider (SHFPDW)
SHEPDW = 2D + 2PW + W(umrro)
By substituting D = 5.4mm, PW = 3.26025mm and W(,srr0) = 0.4783mm, then SHFPDW
is calculated as:
SHFPDW = 2*5.4mm + 2*3.26025mm + 0.4783mm = 17.7988mm
B. Length of Horizontal feed of the second power divider (SHFPDL)
SHFPDL = 0.5(W s rr0))
But, the dimension of W/rr0) 1s 0.4783mm, then SHFPDL is:
SHFPDL = 0.5%0.4783mm = 0.23915mm
2. Length and Width of connected 4x1 MSPA array (PLx1) and PW,x1))
A. Length of connected 4x1 MSPA array (P Lx1))
PLux1) = PL@x1) + Lrrr2yor PLsx1) can be calculated by using:
PLux1) = PL+ Livrroy + Livrry + Lovrre). But, Livrroy = Livrryy = Lvrre)
then it is simplified to:
(PL(4x1) = PL + 3% Lyrr
By substituting PL. = 2.47818mm and Ly/rr1) = 1.27696mm, P L4x1) is calculated as:
PLyx1y = 2.47818mm + 3 * 1.27696mm = 6.309057mm
B. Width of connected 4x1 MSPA array (PWx1))
PWux1)y =4 PW + 3D
By substituting PW = 3.26025mm and D = 5.4mm, then PW,x) is calculated as:
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PWx1) = 4 % 3.26025mm + 3 x 5.4mm = 29.241mm
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Figure 4.7: Physical Structure of 1:4 Power Divider in 4x1 Linear Array.

3. Length and Width of ground plane (G L4 x1) and GW(4x1))
A. Length of ground plane (G'Lx1))
GLx1) = PLux1y +6(SH)
By substituting PL4x1) = 6.309057mm and SH = 0.244mm, GG L 4x) is calculated as:
G Lix1) = 6.309057mm + 6(0.244mm) = 7.773057mm
B. Width of ground plane (GW4x1))
GWax1y = PWux1) +6(SH)
By substituting PW,x1) = 29.54mm and SH = 0.244mm then, GW(4 x1) 18 calculated as:
GWiaxy = 29.241mm + 6(0.244mm) = 30.705mm
4. Length and width of last feed of the second power divider (SL/rr0) and SWrrrro))
A. Length of last feed of the second power divider (5L rr0))

Asm

SLrroy = LF Lux1) = Livrry = =5

But, the dimension of Agys is 5.107842mm then, the dimension of SL/r10) is calculated
as: SLvmrroy = 5.107842mm/4 = 1.27696mm
B. Width of last feed of the second power divider (SW(y/rr0))
SWinmrroy = LEWux1) = 0.4783mm
Generally, the numerically designed parameters of 4x1 inset-feed rectangular MSPA array

has been explicitly presented in above section and summarized in table below.
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Table 4.3: Calculated Physical Dimensions of 4x1 Inset-Feed Rectangular MSPA array.

No | Constant Parameter Symbols | Values
1 | Resonant frequency Ey 28GHz
2 | Substrate height SH 0.244mm
3 | Dielectric constant €y 4.4
4 | Input characteristic impedance Zy 5082
5 | Thickness of metal patch t 0.035mm

No | Design Parameters Symbol Values
1 | Width of the patch PW 3.26025mm
2 | Length of the patch PL 2.47818mm
3 | Width of the ground plane GWigan) 30.705mm
4 | Length of the ground plane G L4z1) 7.773057mm
5 | Length of inset feed Yo 0.905498mm
6 | Inset gap G, 0.017761mm
7 | Length of the microstrip feeder line Linvrr 1.27696mm
8 | Width of the microstrip feeder line Wivrry | 0.4783mm

9 | Horizontal feed length of the first power divider HFLFPD | 0.23915mm
10 | Horizontal feed width of the first power divider HFWFPD | 9.13855mm
11 | Horizontal feed length of the second power divider | HFLSPD | 0.23915mm
12 | Horizontal feed width of the second power divider | HFWSPD | 17.7988mm

13 | Length of last microstrip feeder line LF Lz | 1.27696mm
14 | Width of last microstrip feeder line WF Lz | 0.4783mm
15 | Length of the feed point Lrp) 1.35049 mm
16 | Width of the feed point Wirp) 0.665376mm
17 | Distance between the patch D 5.4 mm

18 | Length of second microstrip power divider SLvrroy | 1.27696mm
19 | Width of second microstrip power divider SWinrroy | 0.4783mm

4.6 Design Procedure of Planar Rectangular MSPA Array

Different size of linear inset-feed rectangular MSPA arrays have been used to scan either the
elevation plane or azimuth plane. However, in many application high-performance antenna
arrays with ability to scan both dimensional planes (i.e. the elevation and azimuth plane) is
highly required. Therefore, the planar array antenna plays crucial role in such applications.
With this regard, in order to design different size of planar inset-feed rectangular MSPA
array, the following design procedure shown in Figure 4.8 is being used. As shown in
above block diagram, after initial design parameters are selected, the next step is deciding
number of array elements to be included in the arrays followed by dimensioning of feeding

networks.
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Figure 4.8: Design Procedure of Planar inset-feed rectangular MSPA Array.

4.7 Design of Planar Inset-feed Rectangular MSPA Array

4.7.1 2x2 Inset-feed Rectangular MSPA Array

The first planar array proposed in this study is 2x2 inset-feed rectangular MSPA array and
needed to improve the performance of linear antenna. To design 2x2 inset-feed rectangular
MSPA array, four single inset-feed rectangular MSPA elements are required. The elements
are grouped into one pair of 2x1 linear inset-feed rectangular MSPA array. From Figure
4.9, it can be observed that planar 2x2 inset-feed rectangular MSPA array is designed by
connecting a pair of 2x1 inset-feed rectangular MSPA linear array using 100¢2 feeder line.
In order to reduce the return loss of the antenna, a quarter wave impedance transformer is
used. The quarter wave impedance transformer improves the matching quality of the radi-
ating element and the feeder line. This is the unique feature introduced in this study and

which is indicated in Figure 4.10.
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Figure 4.9: Physical Structure of the Proposed 2x2 Inset-feed Rectangular MSPA Array.
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The design parameters of 2x1 linear antenna is used to design 2x2 inset-feed rectangular
MSPA array and the remaining design parameters of 2x2 inset-feed rectangular MSPA ar-
ray is calculated as shown below.
1. Length and width of Microstrip transmission line connecting upper and bottom 2x1
MSPA array (CTLW and CTLL)
A. Width of Microstrip transmission line connecting upper and bottom 2x1 MSPA ar-
ray

CTLW = W(rrrry
But, the dimension of W/pr1) is 0.4783mm, then the dimension of CTLW is:

CTLW = 0.4783mm
B. Length of Microstrip transmission line connecting upper and bottom 2x1 MSPA
array (CTLL)

CTLL =D +PL + L(yrr)
By substituting D = 5.4mm, PL = 2.47818mm, and L/rr1) = 1.27696mm, then CTLL is
calculated as:

CTLL = 5.4mm + 2.47818mm + 1.27696mm = 9.15778mm
2. First, second, third quarter transformation length and width
I. Length and width of first-quarter transform (FQTW and FQTL)
A. Width of first-quarter transform (FQTW)

FQTW:O.5*%:%
But, the dimension of Agj; is 5.107842mm, then FQTW is calculated as:

FQTW =5.107842mm/8 = 0.6384803mm
B. Length of first-quarter transform (FQTL)

FQTL = Wrry)
But, the dimension of W;pr1) is 0.4783mm then, FQTL is:

FQTL = 0.4783mm
I1. Length and width of second-quarter transform (SQTW and SQTL)
A. Length of second-quarter transform (SQTL)

SQTL = 0.5 % Asi = Asu
But, the dimension of Agj; is 5.107842mm, then SQTL is:

SQTL = 5.107842mm/8 = 0.6384803mm
B. Width of second-quarter transform (SQTW)

SQTW = Wrrry)
But, the dimension of W;pr1) is 0.4783mm, then SQTW is:

SQTW =0.4783mm
III1. Length and width of third-quarter transform (TQTW and TQTL)
A. Length of third-quarter transform (TQTL)
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TQTL = 2su

But, the dimension of Ag, is 5.107842mm, then TQTL is:
TQTL = 5.107842mm/4 = 1.27686mm

B. Width of third-quarter transform (TQTW)
TQTW =0.5*W(arrr1)

But, the dimension of W/pr1) is 0.4783mm, then TQTW is:
TQTW =0.23915mm

FQTL .

Figure 4.10: Structure of Quarter-Wavelength Impedance Transformer.

3. Length and Width of connected 2x2 MSPA array (P L y,2) and PW 2,9))
A. Length of connected 2x2 MSPA array (P L3x2))
PLix2y =2PL+ D + 2% Liyrn)
By substituting PL = 2.47818mm, D = 5.4mm, Lpr1) = 1.27686mm, PL;x9) is calcu-
lated as:
PLix2y = 2% 2.47818mm + 5.4mm + 2 x 1.27686mm = 12.91356mm
B. Width of connected 2x2 MSPA array (PW(5x2))
PWx9) =2PW +D
By substituting PW = 3.26025mm and D = 5.4mm, then PW,x») calculated as:
PWax2) =2%3.26025mm + 5.4mm = 11.9205mm
4. Length and Width of ground plane (G'L(3x2) and GW(2x2))
A. Length of ground plane (G'L(>x2))
G Lax2)y = PL(2,2) + 6(SH)
By substituting PL 2.9y = 12.91356mm and SH = 0.244mm, G'L(2x2) is calculated as:
G L(2x2) = 12.91356mm + 6(0.244mm) = 14.37756mm
B. Width of the ground plane (GW(2x2))
GWax2)y = PWax2) + 6(SH)
By substituting PW(2,9) = 11.9205mm and SH = 0.244mm, GW/2x) is calculated as:
GWiaxo) = 11.9205mm + 6(0.244mm) = 13.3845mm
5. Length and width of last feed of 2x2 MSPA array ( LF'L2,2) and LEW (2x2))
A. Width of last feed of 2x2 MSPA array (LF'W2x2))
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LFW(3x2) =0.5*GW — (FQTW - SQTW) - 0.25*SQTW - 0.5*CTLW

By substituting GW(QXQ) =13.3845mm, FQTW = 0.63838mm, SQTW = 0.4783mm,
and CTLW = 0.4783mm, then LF'W 3x2) is calculated as:
LFW(3x2) = 6.69225mm — 0.16008mm — 0.11957mm — 0.23915mm = 6.173445mm
B. Length of last feed of 2x2 MSPA array (LF'Lx2))
LFLx2y =0.5%Wipr1y = 0.5 % 0.4783mm = 0.23915mm
6. Width and length of the feed point
Width of feed point for microstrip feeder line of 0.4783mm is calculated in chapter three.

which is equal to 0.665376mm.Therefore, for microstrip feeder line width of 0.23915mm
is half of 0.4783mm which is 0.332688mm. The impedance is less dependent on the length

of the transmission line. Hence, length of the feed point is 1.35049mm.

The above physical dimension calculation of 2x2 inset-feed rectangular MSPA array is tab-
ulated in Table 4.4.

Table 4.4: Calculated Physical Dimensions of 2x2 Inset-Feed Rectangular MSPA Array.

No | Design Parameters Symbol Values
1 | Width of the patch PW 3.26025mm
2 | Length of the patch PL 2.47818mm
3 | Width of the ground plane GWiaxo) 13.3845mm
4 | Length of the ground plane G L2x2) 14.37756mm
5 | Length of inset feed Yo 0.905498mm
6 | Inset gap Gp 0.017761mm
7 | Length of the microstrip feeder line Lvrr 1.27696mm
8 | Width of the microstrip feeder line Wurryy | 0.4783mm
9 | Horizontal feed length of power divider HFLPD 0.23915mm
10 | Horizontal feed width of power divider HFWPD | 9.13855mm
11 | First quarter transform width FQTW 0.63838mm
12 | First-quarter transform Length FQTL 0.4783mm
13 | Second quarter transform width SQTW 0.4783mm
14 | Second quarter transform length SQTL 0.63838mm
15 | Third-quarter transform width TQTW 0.23915mm
16 | Third-quarter transform length TQTW 1.27696mm
17 | Width of transmission line connecting two 2X1 MSPA | CTLW 0.4783mm
18 | Length of transmission line connecting two 2X1 MSPA | CTLL 9.15778mm
19 | Length of last microstrip feeder line LFLix2) | 0.23915mm
20 | Width of last microstrip feeder line LFW3x9) | 6.173445mm
21 | Length of the feed point Lrp) 1.35049 mm
22 | Width of the feed point Wirp) 0.332688mm
23 | Distance between the patch D 5.4 mm
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4.7.2 4x4 Inset-feed Rectangular MSPA Array

Even-though 2x2 inset-feed rectangular MSPA array can improve the scanning capacity of
linear MSPA arrays, the performance which will be obtained by 2x2 inset-feed rectangu-
lar MSPA array may not be large enough for different applications. Therefore, to enhance
the performance of 2x2 inset-feed rectangular MSPA array in this section design of 4x4
inset-feed rectangular MSPA array is proposed. In order to design planar 4x4 inset-feed
rectangular MSPA array, 16 single inset-feed rectangular MSPA elements are required as

shown in Figure 4.11.
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Figure 4.11: Physical Structure of the Proposed 4x4 Inset-feed Rectangular MSPA Array.

During the configuration, all sixteen elements are grouped into two to form two pairs of 2x2
planar configuration as indicated in Figure 4.9. Next, each group of 2x2 planar configura-
tions is placed over each quadrant of the X-Y coordinate axis. So, designed parameters for
2x2 inset-feed rectangular MSPA array is directly used and remaining design parameters

are calculated as follows.
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1. Length and width of Microstrip transmission line connecting two 2x2 MSPA ar-
ray (CTLW and CTLL)
A. The gap between the quarter transform and edge along the length of the patch
0.5HFPDW 3,1y = 0.5W(arpr1) + FQTW + X(gap) + 0.5PW + 0.5W;pr1) which can be
simplified to:
0.5HFPDW 921y = Winrri) + FQTW + X(gap) + 0.5PW
By substituting Wspr1) = 0.4783mm, FQTW = 0.63838mm, PW = 3.26025mm and
0.5HFPDW 3,1y = 0.5%9.13855mm, then gap between quarter transform and left edge of
the patch can be calculated as:
X(gap) = 0.5SHFPDW 1) = Winrpr) + FQTW + 0.5PW)
X(gap) = 0.5%9.13855mm — (0.63838 + 0.4783 + 0.5*%3.26025)mm = 1.82247mm
B. Width of Microstrip transmission line connecting two 2x2 MSPA (CTLW)
CTLW =2PW + 2*X(gap) + 0.5SQTW + 4TQTW + D
By substituting PW = 3.26025mm, SQTW = 0.4783mm, and TQTW = 0.23915mm, then
CTLW can be calculated as:
CTLW =2%3.26025mm + 2*1.82247mm + 0.5*%0.4783mm + 4*0.23915mm + 5.4mm
CTLW = 16.76119mm
C. Length of Microstrip transmission line connecting two 2x2 MSPA (CTLL)
CTLL =0.5 % W(MFLI)
By substituting Wyspr1) = 0.4783mm, then CTLL can be calculated as:
CTLL = 0.5*%0.4783mm = 0.23915mm
2. Length and width of Microstrip transmission line connecting two 2x4 MSPA array
(CCTLW and CCTLL)
A. Length of Microstrip transmission line connecting two 2x4 MSPA array (CCTLL)
CCTLL =D + 2PL + 2Ly F11)
By substituting D = 5.4mm, PL = 2.47818mm and L/rr1) = 1.27696mm, CCTLL is cal-
culated as:
CCTLL = 5.4mm + 2*2.47818mm + 2*1.27696mm = 12.91027 1mm
B. Width of Microstrip transmission line connecting two 2x4 MSPA array (CCTLW)
CCTLW = 0.5Wprrny
But the dimension of Wysrr1) is 0.4783mm then, CCTLW can be calculated as:
CCTLW = 0.5*0.4783mm = 0.23915mm
3. Length and width of connected 4x4 MSPA array
A. Width of connected 4x4 MSPA array
PW(4x4y =4PW + 3D
By substituting PW = 3.2605mm and D = 5.4mm, then PW4x4) is calculated as:
PW x4y =4%3.26025mm + 3*5.4mm = 29.241mm
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B. Length of connected 4x4 MSPA array
PL4x4 =4PL + 3D

By substituting PL. = 2.47818mm and D = 5.4mm, then PL4x4) is calculated as:
PLyx4) =4*2.47818mm + 3*5.4mm = 26.11271mm

4. Ground plane dimension (GW 4,4) and G'L4,4))

A. Ground plane width (GW4x.4))
GWiaxay = PWiaxa) + 6(SH)

By substituting PW = 29.241mm and SH = 0.244mm, then GW 4xy) is calculated as:
GWiaxay = 29.241mm + 6*0.244mm = 30.705mm

B. Ground plane length (G'L(4x4))
GL(axa) = PL(4x4) + 6(SH)
By substituting PL = 26.1127mm and SH = 0.244mm, then G'L(4x4) is calculated as:
G L(4x4) =26.11271mm + 6*0.244mm = 27.576708mm
5. Length and width of last feed of 4x4 MSPA array (L F L(4,4) and LFW 4,.4))
A. Width of last feed of 4x4 MSPA array (LF'Wx4))
LEW 4x4y = 0.5GW 4x4) — 0.5CCTLW
By substituting CCTLW = 0.23915mm and G'W 4,4y = 30.705mm, then L F'W 4,4, is calcu-
lated as:
LFW 4x4y = 0.5%30.705mm — 0.5*0.23915mm = 15.232925mm
B. Length of last feed of 4x4 MSPA array (LF'L(4x4) )
LFLxay =0.5Wnrr
But, the dimension of W/pr1) is 0.4783mm, then the dimension of LF L xy) 1s:
LF Lxs =0.5%0.4783mm = 0.23915mm

The designed parameters of 4x4 rectangular MSPA array is summarized in Table 4.5.
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Table 4.5: Calculated Physical Dimensions of 4x4 Inset-Feed Rectangular MSPA Array.

No. | Constant Parameter Symbol Values

1 | Resonant frequency I 28GHz

2 | Substrate height SH 0.244mm

3 | Dielectric constant Er 44

4 | Input characteristic impedance Zy 5002

5 | Thickness of metal patch t 0.035mm

No. | Design Parameters Symbol Values

1 | Width of the patch PW 3.26025mm

2 | Length of the patch PL 2.47818mm

3 | Width of ground plane GWiaesy | 30.705mm

4 | Length of ground plane G L4z 27.57671mm

5 | Length of inset feed Yo 0.905498mm

6 | Inset gap Gp 0.017761mm

7 | Length of the microstrip feeder line Livrr 1.27696mm

8 | Width of the microstrip feeder line Wrry) | 0.4783mm

9 | Horizontal feed length of power divider HFLPD 0.23915mm
10 | Horizontal feed width of power divider HFWPD | 9.13855mm
11 | First quarter transform width FQTW 0.63838mm
12 | First-quarter transform Length FQTL 0.4783mm
13 | Second quarter transform width SQTW 0.4783mm
14 | Second quarter transform length SQTL 0.63838mm
15 | Third-quarter transform width TQTW 0.23915mm
16 | Third-quarter transform length TQTL 1.27696mm
17 | Width of microstrip line connecting two 2X1 MSPA | CTLW 0.4783mm
18 | Length of microstrip line connecting two 2X1 MSPA | CTLL 9.15778mm
19 | Width of microstrip line connecting two 2X2 MSPA | CTLW 16.76119mm
20 | Width of microstrip line connecting two 2X2 MSPA | CTLW 0.23915mm
21 | Width of microstrip line connecting two 2X4 MSPA | CCTLW | 0.23915mm
22 | Length of microstrip line connecting two 2X4 MSPA | CCTLL 12.91027mm
23 | Length of last microstrip feeder line LFLpq) | 15.2329mm
24 | Width of last microstrip feeder line LFW (4z4) | 0.23915mm
25 | Length of the feed point Lrp) 1.35049 mm
26 | Width of the feed point Wirp) 0.332688mm
27 | Distance between the patch D 5.4mm
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4.7.3 8x8 Inset-feed Rectangular MSPA Array

Attempting to further performance improvement of planar inset-feed rectangular MSPA ar-
ray, in this section numerical design approach of 8x8 inset-feed rectangular MSPA array
has been proposed. Because, by using above proposed 4x4 MSPA array maximum per-
formance may not be achieved. To design planar 8x8 inset-feed rectangular MSPA array,
sixty-four (64) single inset-feed rectangular MSPA elements are required. These all ele-
ments are grouped into two pairs of 4x4 planar configuration and then, each of 4x4 planar
configurations is placed over each quadrant of the X-Y coordinate axis. Therefore, the de-
sign parameter of 4x4 planar array is used to design an 8x8 inset-feed rectangular MSPA

array even though the remaining design parameters are calculated as shown below.
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Figure 4.12: Physical Structure of the Proposed 8x8 Inset-feed Rectangular MSPA Array.

1. Length and width of Microstrip transmission line connecting two 4x4 MSPA array
(F2FCTLW and F2FCTLL)
A. Width of Microstrip transmission line connecting two 4x4 MSPA array (F2FCTLW)
F2FCTLW = 2((0.5D - 0.25W(ar1)) + 2PW + D)) = 29.0018mm
B. Length of Microstrip transmission line connecting two 4x4 MSPA (F2FCTLL)
F2FCTLL = 0.5W pyp1)
But, the dimension of W;pr1) 1s 0.4783mm, then F2FCTLL is calculated as:
F2FCTLL = 0.5%0.4783mm = 0.23915mm
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2. Length and width of Microstrip transmission line connecting two 4x8 MSPA array
(F2ECTLW and F2ECTLL)
A. Length of Microstrip transmission line connecting two 4x8 MSPA array (F2ECTLL)
F2ECTLL = 2((0.5D - 0.25W(yrrr1))) + 4D + 4PL + 4 L(arprny
By substituting Wnsrr1) = 0.4783mm, PL = 2.47818mm, and D = 5.4mm, then F2ECTLL
is calculated as:
F2ECTLL =D - 0.5W(arrro) + 4D + 4PL + 4L (3pr1) Which can be simplified to:
F2ECTLL = 5D + 4PL + 4Ly pr1) — 0.5Warrro)
F2ECTLL =5*5.4mm + 4*%2.47818mm + 4*2.47818mm — 0.23915mm = 41.781158mm
B. Width of Microstrip transmission line connecting two 4x8 MSPA array (F2ECTLW)
F2ECTLW = 0.5W (arrr1) But, Wiarpry) is 0.4783mm, then F2ECTLW is:
F2ECTLW = 0.5%0.4783mm = 0.23915mm
3. Length and width of connected 8x8 MSPA array
A. Width of connected 8x8 MSPA array (PWsxs))
PWsxgy=8PW + 7D =2PW x4 + D
By substituting PW,x4) =29.241mm and D = 5.4mm, then PWgxy) is calculated as:
PWsxg) = 2(29.241mm) + 5.4mm = 63.882mm
B. Length of connected 8x8 MSPA array (P Lsxs))
PLgxg)y=8PL+ 7D+ 8*L(yrpry = 2P L4yza) + D
By substituting PL(4X4) =26.11271mm and D = 5.4mm, then P L sxs) is calculated as:
PLgxg) =2(26.11271mm) + 5.4mm = 57.62542mm
4. Ground plane dimension of 8x8 MSPA (G L3 xs) and GW (gxsg))
A. Ground plane width of 8x8 MSPA (GWsxs))
GWsxs) = PWisxs) + 6(SH)
By substituting PW(sxs) = 65.346mm and SH = 0.244mm, then GW s xs) is calculated as:
GWigxg) = 63.882mm + 6*0.244mm = 65.346mm
B. Ground plane length of 8x8 MSPA (G Lsxs))
GLsxs) = PLxa) + 6(SH)
By substituting PL(4X4) = 57.625416mm and SH = 0.244mm, then G L(sxs) is calculated
as:
G Lsxs) = 57.625416mm + 6*0.244mm = 59.089416mm
5. Length and width of last feed of 4x4 MSPA array (LF'Lsxs) and LW gxsg))
A. Width of last feed of 4x4 MSPA array (LF'Wsxs))
LFWxsg) = 0.5%(GW(gxs) — 0.5*E2ECTLW = 32.55343mm
B. Length of last feed of 4x4 MSPA array (LF'Lgxs))
LF Ligxg) =0.5Wpr1y =0.23915mm.
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The design parameters of 8x8 inset-feed rectangular MSPA array are tabulated in Table 4.6.

Table 4.6: Calculated Physical Dimensions of 8x8 Inset-Feed MSPA Array.

No | Constant Parameter Symbol Values

1 | Resonant frequency Ey 28GHz

2 | Substrate height SH 0.244mm

3 | Dielectric constant Er 4.4

No | Design Parameters Symbol Values

1 | Width of the patch PW 3.26025 mm

2 | Length of the patch PL 2.47818mm

3 | Width of the substrate SWs28) 65.346mm

4 | Width of the ground plane GWigesy | 65.346mm

5 | Length of inset feed Yo 0.905498mm

6 | Inset gap Gp 0.017761mm

7 | Length of the microstrip feeder line Lyria 1.27696mm

8 | Width of the microstrip feeder line Wrrria 0.4783 mm

9 | Horizontal feed length of power divider HFLPD 0.23915mm
10 | Horizontal feed width of power divider HFWPD | 9.23855mm
11 | First quarter transform width FQTW 0.63838mm
12 | First-quarter transform Length FQTL 0.4783 mm
13 | Second quarter transform width SQTW 0.4783 mm
14 | Second quarter transform length SQTL 0.63838mm
15 | Third-quarter transform width TQTW 0.23915mm
16 | Third-quarter transform length TQTL 1.27696mm
17 | Width of microstrip line connecting two 2X1 MSPA | CTLW 0.4783 mm
18 | Length of microstrip line connecting two 2X1 MSPA | CTLL 9.15778mm
19 | Width of microstrip line connecting two 2X2 MSPA | CTLW 16.96119mm
20 | Width of microstrip line connecting two 2X2 MSPA | CTLW 0.23915mm
21 | Width of microstrip line connecting two 2X4 MSPA | CTLW 0.23915mm
22 | Length of microstrip line connecting two 2X4 MSPA | CTLL 13.01027mm
23 | Distance between the patch D 5.4 mm
24 | Width of microstrip line connecting two 4X4 MSPA | F2FCTLW | 29.0018mm
25 | Length of microstrip line connecting two 4X4 MSPA | F2FCTLL | 0.23915mm
26 | Width of microstrip line connecting two 4X8 MSPA | F2ECTLW| 0.23915mm
27 | Length of microstrip line connecting two 4X8 MSPA | F2ECTLL | 41.78116mm
28 | Width of last microstrip feeder line LFW gg) | 32.55343mm
29 | Length of last microstrip feeder line LFLgzg) | 0.23915mm
30 | Length of the feed point Lrp) 1.35049 mm
31 | Width of the feed point Wirp) 0.332688mm
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Chapter 5

Simulation Results and Discussion

5.1 Introduction

In this chapter, the simulation results and discussion of all the studied rectangular MSPA
array configurations have been presented. The over all chapter is organized into two ma-
jor sub-sections. The first sub-section presents, simulation results and discussion of one-
dimensional inset-feed rectangular MSPA arrays. In the second sub-section, simulation
results and discussion of two-dimensional inset-feed rectangular MSPA arrays have been
presented. Besides, under each sub-section, the performance of the studied antenna is ana-
lyzed in terms of; return losses, bandwidth, beam directivity and gain, radiation efficiency,
and side lobe level. Generally, to validate the performance of all the proposed antenna

CST-MW studio antenna simulator software has been used.

5.2 Simulation Results and Discussion of 1D MSPA Array

In this section, the simulation result and discussion of single element, 2x1, and 4x1 inset
feed rectangular MSPA array has been presented. For studied antenna initially calculated
dimensions are summarized in the Table 4.1, Table 4.2, and Table 4.3 respectively. The
tuned dimensions of the design parameters that have been used for the simulations are listed
in the Table 1, Table 2, and Table 3 in the Appendix one respectively. Also, the physical
structure of antenna for the tuned parameters are indicated in Figure 1, Figure 2, and Figure

3 in the Appendix-two respectively.

5.2.1 Single Inset-feed Rectangular MSPA

The return loss versus frequency plot of the proposed single inset-feed rectangular MSPA
is indicated in Figure 5.1. From the plot, it can be observed that the return losses of the
proposed antenna is less than -10dB between 27.71GHz and 28.282GHz. At the resonant
frequency, the return loss is -20.2365dB and VSWR is 1.2156. As compared to design re-
ported in [7][13][40], achieved return loss is minimum. This is because of, the impedance
mismatch at feeder point and the edge of the patch has been minimized using inset-feed

impedance matching techniques, width of quarter-wavelength impedance transformer, and
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tuned antenna parameters. As a result, a large amount of input power is transmitted to the
transmission line and small input power is returned as a return loss which leads to dip Si;
plot at the resonant frequency. The -10dB bandwidth of the proposed antenna is 572MHz.
Using the tuned width of the patch and ground plane dimension, wide bandwidth is achieved
as compared to the design reported in [9][41]. However, achieved bandwidth is narrow as

compared to design reported in [7][40].
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Figure 5.1: Return loss versus frequency plot for the single element rectangular MSPA.

Another parameter which is often used to characterize antenna is the radiation pattern. The
3D radiation pattern of the proposed single inset-feed MSPA is shown in Figure 5.2. As
depicted in the figure, the directivity, gain, radiation efficiency, and total efficiency of the
designed antenna are 7.404dBi, 7.18dBi, 94.95% and 94.27% respectively. Achieved effi-
ciency is higher than simulation result reported in [7][9][13][41]. The radiation efficiency
is significantly higher because of, in the design two impedance matching techniques have
been simultaneously used. As a result, the impedance mismatch at the feeding network and
the edge of the patch is highly minimized. In addition, the effect of the design parameter on
radiation efficiency has been properly analyzed in order to find the dimension where good

radiation efficiency is obtained.
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Tot. Effic. -0.2564 dB

Dir. 7404 dBi

Figure 5.2: 3D radiation pattern for the single element rectangular MSPA.
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From the simulated 2D radiation pattern shown in Figure 5.3, the side lobe level of the
studied single inset-feed MSPA is -12.1dB. The key implication of this result is the pro-

posed antenna radiates highly towards the desired direction and less in other directions. In

addition, half-power beam width of the radiation pattern is occurred at 72.3 degree.

Farfield (Array) Gain Abs (Phi=00)

Phi=90 30

Theta / Degree vs. dBi

30 Phi=270

farfield (£=28) [1]

Frequency =28 GHz
Main lobe magnitude = 7.19 dBi
Main lobe direction = 17.0 deg.

Angular width (3 dB) = 72.3 deg.
Side lobe level= -12.1 dB

Figure 5.3: 2D radiation pattern for the single element rectangular MSPA.

Performance comparison of the proposed single inset-feed rectangular MSPA with reported

designs in literature is shown in Table 5.1. In terms of the directivity and gain, the proposed

design outperforms the designs reported in [7][13][18][19][40][41]. Similarly, in terms of

the radiation efficiency and total radiation efficiency, the proposed design outperforms the
designs reported in [7][9][13][18][40][41]. Lastly, in terms of rhe return losses the pro-

posed design outperforms the designs reported in [7][13][19][40]. Therefore, it can be said

that the proposed single element patch antenna gives highly competitive performance as

compared to other single element patch antenna reported in scientific literature.

Table 5.1: Performance comparison of the reported and proposed single element MSPA.

Ref.| Subs. | Fp St DIR GAIN | VSWR | 9 Nrad BW
Type | (GHz)| (dB) (dBi) (dBi) (%) (%) (MHz)
[7] | ROG 28 -13.480 6.2 4.48 1.5376 70.177 78.9 847
9] | ROG 28 -20.534 | 7.966 6.219 | 1.0289 64.98 65.6 400
[13] | FR-4 28 -15.35 - 6.921 1.787 80.77 87.77 | -
[18] | ROG 28 -23.67 | 7.39 - - 80.77 87.1 1150
[19] | ROG 28 -174 | - 6.72 1.279 | - - -
[40] | ROG 28 -20.03 - 5.23 1.220 95.9 - 21100
[41] | Taco 28 -27.70 | - 6.72 1.220 | 86.73 - 463
This| FR-4 28 -20.24 | 7.404 7.18 1.216 94.27 94.95 572
work

Where, 9,445 Mot S11, ROG, and TAC are denotes radiation efficiency, total radiation effi-

ciency, return loss, Rogers, and Taconic respectively.
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5.2.2 2x1 Inset-feed Rectangular MSPA Array

The simulated return loss of 2x1 inset-feed rectangular MSPA array is shown in Figure 5.4.
From the plot, the return loss is less than -10dB between 27.755GHz and 28.33GHz. At
28GHz, it is -19.8859dB and also, the VSWR is 1.3436. Besides, the -10dB return loss
bandwidth of the proposed 2x1 rectangular MSPA array is 575MHz, which is wider than
that of the single patch antenna described in the above section. In general, as compared
to designs reported in [13][36][42], achieved return loss is minimum. This is because of,
both the inset-feed and quarter-wavelength impedance matching techniques has been used
to minimize impedance mismatch at the edge of the patch and, also important dimensions
of the antenna is tuned.
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Figure 5.4: Return loss versus frequency plot for the 2x1 rectangular MSPA array.

The 3D radiation pattern of the studied 2x1 rectangular MSPA array is indicated in Figure
5.5. From the figure, the directivity and gain of the antenna are 9.451dBi and 9.299dBi1
respectively. Similarly, the radiation efficiency and total efficiency of the antennas are
96.56% and 92.53% respectively. The designed 2x1 MSPA array increases the directivity
and gain of a single patch antenna by 2.047dBi and 2.119dBi respectively. Hence, the

stuided 2x1 MSPA array shows superior performance than the single patch antenna.
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Figure 5.5: 3D radiation pattern for the 2x1 rectangular MSPA array.
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Figure 5.6 shows the 2D radiation pattern of the proposed 2x1 inset-feed rectangular MSPA
array. From the graph, the side lobe level is -16.8dB. Besides, half-power beam width of

the radiation pattern is occurred at 78.9 degree.

Farfield Gain Abs (Phi=90)

| —— farficid (=28 [1)

Frequency =28 GHz

Main lobe magnitude = 9.3 dBi
Main lobe direction= 11.0 deg.
Angular width (3 dB)= 78.9 deg.
Side lobe level = -16.8 dB

Theta / Degree vs. dBi
Figure 5.6: 2D radiation pattern for the 2x1 rectangular MSPA array.
The summarized comparative analysis of 2x1 antenna array designs reported in literature
is shown in Table 5.2. The proposed design achieves better radiation efficiency than the

design reported in [13][42]. In addition, in terms of the return losses the proposed design
outperforms the designs in reported [13][36][42].

Table 5.2: Performances comparison of the existing and proposed 2x1 MSPA array.

Ref. | Subs. | Fp S11(dB) DIR GAIN | VSWR 7,,4(%) | n101(%) | BW
type | (GHz) (dBi) | (dBi) (MHz)

[13] | FR-4 28 | -14.70 | 9.853 -1 1.624 92.7 87.77 | -

[36] | ROG 28 | -16.65 12| 12.40 - - - -

[42] | FR-4 28 | -14.80 | 6.740 | 6.150 - 86.28 - -

This | FR-4 28 | -19.89 | 9451 | 9.299 | 1.344 | 96.56 92.53 | 575

work

Where, 1,44, M:0t» and S7; are denotes; radiation efficiency, total radiation efficiency, and

magnitude of the return loss respectively.

5.2.3 4x1 Inset-feed Rectangular MSPA Array

The simulated S;; plot of 4x1 rectangular MSPA array is shown in Figure 5.7. From the
plot, the return loss is less than -10dB between 27.131GHz and 28.525GHz. At 28GHz, itis
-27.4218dB and also VSWR is 1.1059. The -10dB bandwidth of the antenna is 1.394GHz.
Achieved bandwidth is wider than the bandwidth of single patch antenna and 2x1 MSPA
array by 842MHz and 819MHz respectively. The bandwidth is significantly increased be-
cause of; successive branching of parallel feeding networks with equal path lengths to each
element and tuned width of the patch has been used to minimized input impedance of the

antenna which in turns to increase the radiation efficiency and bandwidth of the antenna.
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Figure 5.7: Return loss versus frequency plot for the 4x1 rectangular MSPA array.

The 3D radiation pattern of the proposed 4x1 MSPA array is shown in Figure 5.8. From
the graph the beam gain, directivity, radiation efficiency and total radiation efficiency of the
designed 4x1 MSPA array are; 11.06dBi, 11.2dBi, -0.1140dB (97.41%) and -0.3170dB
(96.56%) respectively. In general, the proposed 4x1 inset-feed rectangular MSPA array
increases the gain and directivity of single MSPA by 3.88dBi and 3.796dBi respectively.
Similarly, the gain and directivity of 2x1 inset-feed MSPA array are maximized by 1.761dBi
and 1.749dBi1 respectively.
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Figure 5.8: 3D radiation pattern for the 4x1 rectangular MSPA array.

The simulated 2D radiation pattern of the 4x1 inset-feed rectangular MSPA array model is
given in Figure 5.9. The side lobe level of this antenna is -11.8dB and the half-power beam
width of the radiation pattern is occurred at 72.3 degree.

The performance of the proposed 4x1 antenna array structure is compared with an-
tenna of the same structured reported in literature. As shown in Table 5.3, in terms of the

return loss and radiation efficiency the proposed design outperforms the design reported in
[13][15].
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Figure 5.9: 2D radiation pattern for the 4x1 rectangular MSPA array.

Table 5.3: Performance comparison of the existing and proposed 4x1 MSPA array.

Ref. | Subs. | Fp S11(dB) | DIR | GAIN | VSWR | 1,.44(%)| ntot(%)| BW

type | (GHz) (dBi) | (dBi) (GHz)
[13] | FR-4 | 28| -21.4476 | 11.99 -1 16502 83.95| 789 -
[15] |FR-4 | 28| -17.6 - - -1 799 0.540

This | FR-4 28 | -27.4218 11.2 | 11.06 | 1.1059 | 97.41 | 96.56 | 1.394
work

Where, 7,,4 denotes radiation efficiency, n;,; denotes total radiation efficiency, Si;

denotes return losses, and BW denotes bandwidth.

5.3 Simulation Result and Discussion of 2D MSPA Arrays

In this section, the simulation result and discussions of 2x2, 4x4, and 8x8 inset-feed rect-
angular MSPA array has been presented. For proposed antennas, initially calculated di-
mensions are tabulated in the Table 4.4, Table 4.5, and Table 4.6 respectively. The design
parameters that are used for the simulations are listed in the Table 4, Table 5, and Table 6 in
the Appendix-one respectively. Similarly, the physical structure antenna for the tuned pa-

rameters are indicated in Figure 4, Figure 5, and Figure 6 in the Appendix-two respectively.

5.3.1 2x2 Inset-feed Rectangular MSPA Array

Figure 5.10 shows S1; plot of the proposed 2x2 rectangular MSPA array. From the plot,
between 27.823GHz and 28.149GHz the return loss is less than -10dB. At a resonant fre-
quency, the return loss is -32.6876dB and VSWR is 1.04752. Therefore, the reason for

the achieved minimum result is, due to good impedance matching made between the last
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1002 microstrip feeder line and center microstrip transmission of 502 line using a quarter-
wavelength impedance transformer. Also, using inset-feed impedance matching techniques,
the impedance mismatch between the arm of 1:2 power divider and the edge of the patch
is matched to required values. Besides, the obtained -10dB bandwidth of the proposed 2x2
rectangular MSPA array is 326 MHz.

S-Parameters [Magnitude in dB]

i | AT RESONANT FREQUENCY | :

dB
]
=

§ (27.823,-10.001)
g (28.149,-10.001)

27 271 272 273 274 275 276 277 278 279 281 282 283 284 285 286 287 288 289 29
Frequency / GHz

Figure 5.10: Return loss versus frequency plot for the 2x2 rectangular MSPA array.

The 3D radiation pattern of designed 2x2 inset-feed rectangular MSPA array is shown in
Figure 5.11. From the figure, the achieved directivity, gain, radiation efficiency, total ra-
diation efficiency of the proposed antenna are; 11.12dBi, 10.71dBi, -0.4143dB (90.9%),
-0.4677dB (89.79%) respectively. Generally, in terms of radiation efficiency, the proposed
design outperforms the design reported in [9][43]. The improvement is achieved because
of, the impedance mismatch at the feed-point, at the edge of the patch, and microstrip feeder
line have been minimized in addition to the inset-feed impedance matching techniques and

tuning of design parameters, quarter-wavelength impedance transformer is introduced.

dBi
1.1
5.06
-0.998
-7.06
-13.1
-18.2

farfield (f=28) [1]

Type Farfield

Approximation enabled (kR >> 1) =
Component Abs ¥,

Cutput Directivity x
Frequency 28 GHz

Rad. Effic. -0.4143 dB

Tot. Effic. -0.4677 dB

Dir. 1112 dBi

Figure 5.11: 3D radiation pattern for the 2x2 rectangular MSPA array.
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The Simulated 2D radiation pattern of the designed 2x2 inset-feed rectangular MSPA
array is shown in Figure 5.12. From the figure, mutual coupling between the elements of the

array is -15dB which is acceptable and minimum. Performance comparison the proposed

Farfield Gain Abs (Phi=90)

Phi= 90

30 30 ppi=270

farfield (£=28) [1]

Frequency =28 GHz

Main lobe magnitude = 10.7 dBi
Main lobe direction = 2.0 deg.
Angular width (3 dB) = 46.4 deg.
Side lobe level = -15.0 dB

Theta / Degree vs. dBi

Figure 5.12: 2D radiation pattern for the 2x2 rectangular MSPA array.

antenna and previously reported design is given in Table 5.4. In terms of the return losses,
the proposed design outperforms the designs reported in [9][42][43]. Similarly, in terms of
beam directivity and gain the proposed design outperforms the designs reported in [9][42]
but design reported in [43] out performs the proposed antenna. Lastly, in terms of the

radiation efficiency, the proposed design outperforms the designs reported in [9][43].

Table 5.4: Final simulation results of the existing and proposed 2x2 MSPA array.

Ref. | Subs. | Fp S11(dB) DIR GAIN | VSWR | 7,.44(%)| n:0t(%) | BW

type | (GHz) (dBi) | (dBi) (MHz)
[9] ROG 28 | -19.66 | 10.13 | 8.393 | 1.232 | 82.85 - | 400
[42] | FR-4 28 -20 | 6.866 7.2 - - - 1950
[43] | ROG 28 | -21.5 -1 12.51 1.160 | 98.31 - 1940
This | FR-4 28 | -32.69 | 11.12 | 10.71 | 1.0475 90.9 | 89.79 | 326
work

Where, 7,,4 denotes radiation efficiency, 7;,; denotes total radiation efficiency, S; denotes

the magnitude of the return losses, and BW denotes bandwidth.

5.3.2 4x4 Inset-feed Rectangular MSPA Array

The 51, plot of the proposed 4x4 rectangular MSPA array is indicated in Figure 5.13. From
the plot, between 27.819GHz and 28.151GHz the return loss is less than -10dB. At the reso-
nant frequency, the return loss is -33.1499dB and VSWR is 1.04499. The -10dB bandwidth
of the proposed antenna is 332MHz.
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The bandwidth of 4x4 is wider than that of the 2x2 rectangular MSPA array by 6MHz. This
because of the number of the array elements are increased to sixths and thereby overall

radiation efficiency is high and results to significantly improved bandwidth.

S-Parameters [Magnitude in dB]
| AT RESONANT FREQUENCY |

51 : ; 3 : : : i i Is11: 33140016

dB

g (27.819,-10001)
§ (28151,-10.001)

27 271 272 273 274 275 276 277 278 279 281 282 283 284 285 286 287 288 289 29
Frequency / GHz

Figure 5.13: Return loss versus frequency plot for the 4x4 rectangular MSPA array.

The simulated 3D far-field radiation pattern of the studied antenna array is shown in Figure
5.14. From the figure, the radiation efficiency and total efficiency are -0.6277dB (86.543%)
and -0.7019dB (85.08%) respectively. The directivity and gain of the the proposed 2x2
inset-feed MSPA array introduced in above section are 11.12dBi and 10.71dBi respectively.
Whereas, the directivity and gain of the proposed 4x4 inset-feed MSPA array is increased
to 15.8dBi and 15.17dBi respectively. The number of array elements are increased from
4 to 16 element which leads to the directivity and gain of 2x2 inset-feed MSPA array is
improved by 4.68dBi1 and 4.46dBi respectively.

farfield (f=28) [1]

Type Farfield
Approximation enabled (kR >> 1)
Companent  Abs

Cutput Directivity
Frequency 28 GHz

Rad. Effic. -0.6277 dB

Tot. Effic. -07019 dB

Dir. 15.80 dBi

Figure 5.14: 3D radiation pattern for the 4x4 rectangular MSPA array.

The 2D radiation pattern of the designed 4x4 inset-feed rectangular MSPA array is shown
in Figure 5.15. From Figure 5.12, the SLL of the proposed 2x2 inset-feed MSPA array is
found to be -15dB. Whereas, the SLL of the proposed 4x4 inset-feed MSPA is -11.1dB as
indicated in Figure 5.15. Even though the design parameters are properly tuned, the effect

of mutual coupling is increased with array elements. Because minimum mutual coupling
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from each of the quadrant planes is added together to increase the overall mutual coupling

of the array. However, for both design minimum magnitude of SLL is achieved.

Farfield Directivity Abs (Phi=90)

farfield (F=28) [1]

Frequency = 28 GHz

Main lobe magnitude =  15.8 dBi
Main lobe direction = 4.0 deg.
180 Angular width (2 dB) = 25.8 deg.
Side lobe level = -11.1 dB

Theta / Degree vs. dBi

Figure 5.15: 2D radiation pattern for the 4x4 rectangular MSPA array.

5.3.3 8x8 Inset-feed Rectangular MSPA Array

Figure 5.16 shows the Si; plot of the designed 8x8 inset-feed rectangular MSPA array.
From the plot, at the resonant frequency the return loss is -17.797dB and also, the VSWR
of the proposed 8x8 rectangular MSPA array is 1.2977 which is acceptable and minimum.
The -10dB return loss bandwidth of the proposed antenna is 368MHz. As compared to the
proposed 2x2 and 4x4 rectangular MSPA array introduced in above section, bandwidth of
the studied 8x8 rectangular MSPA array is wider by 42MHz and 36 MHz respectively.

S-Parameters [Magnitude in dB]
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P T T SR s S R T e S |
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Figure 5.16: Return loss versus frequency plot for the 8x8 rectangular MSPA array.

The 3D radiation pattern of the designed 8x8 MSPA array is shown in Figure 5.17. From
the figure, achieved radiation efficiency and total radiation efficiency of the antenna are
-0.9836dB (79.733%) and -1.291dB (74.28%) respectively. The directivity and gain of
the studied 2x2 inset-feed rectangular MSPA array were 11.12dBi and 10.71dBi respec-
tively. Whereas, the directivity and gain of the proposed 8x8 MSPA array are 19.31dBi and
18.33dBi respectively.
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Fom achieved results it can be seen that, the designed 8x8 inset-feed MSPA array improves
the directivity and gain of the proposed 4x4 MSPA array by 3.51dBi and 3.16dBi. In addi-
tion, the directivity and gain of the proposed 2x2 MSPA array is improved by 8.19dBi and
7.62dBi respectively.

farfield (f=28) [1]

Type Farfield
Approximation enabled (kR >> 1)
Component Abs

Cutput Directivity
Frequency 28 GHz

Rad. Effic. -0.9836 dB

Tot. Effic. -1.291 dB

Dir. 19.31 dBi

Figure 5.17: 3D radiation pattern for the 8x8 rectangular MSPA array.

Figure 5.18 shows the 2D radiation pattern of designed 8x8 inset-feed rectangular MSPA
array. From the figure, the mutual coupling of 8x8 inset-feed rectangular MSPA array is
-10dB. Whereas, the mutual coupling of 4x4 inset-feed rectangular MSPA is -11.1dB.

Farfield Gain Abs (Phi=90)

m— farfield (f=28) [1]
Frequency =28 GHz

Main lobe magnitude = 18.4 dBi
Main lobe direction= 1.0 deg.
Angular width (3 dB)= 11.8 deg.
Side lobe level = -10.0 dB

180

Theta / Degree vs. dBi

Figure 5.18: 2D radiation pattern for the 8x8 rectangular MSPA array.

In general, simulation results of all the studied inset-feed rectangular MSPA arrays are
summarized in Table 5.5. The performance of the linear antenna array is improved as the
number of radiating elements increases from one to four. However, it has been observed
that the trend cannot be continued further. For instance, the performance of a linear 8x1
inset-feed rectangular MSPA array is significantly lower than that of 4x1 in terms of the
magnitude the return loss and VSWR, and out of the acceptable range.

Besides, linear increment of the antenna array size reduces the compactness of the
structure, which is not desired for many applications. Also, two dimensional antenna array

structure achieves the lowest values of the return loss and VSWR, due to the introduction of
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quarter wave impedance transformer in the matching network design. The planar structures
have lower radiation efficiency as compared to the linear inset-feed rectangular MSPA array
structures. This is because of the increased loss and mutual coupling between the elements
in the planar inset-feed rectangular MSPA array structures. However, their directivity and
gain are significantly higher than that of the linear structures. Overall, extensive study of
different antenna array structures using simulation shows that there is no single best design
in terms of all the performance parameters of the antenna. Hence, there is a design trade-off

that should be considered depending on the requirements of a particular application.

Table 5.5: Simulation results of all studied inset-feed rectangular MSPA array.

Type | Fy | S11(dB) | DIR | GAIN | VSWR | 1,040(%) | 1:t(%) | SLL | BW

(GHz) (dBi) | (dBi) (dB) | (MHz)
1x1 28 | -20.2365 | 7.404 | 7.18 | 1.2156 | 9495 | 9427 |-12.1| 572
2x1 28 [ -19.8859 | 9.451 | 9.299 | 1.3436 | 96.56 | 9253 | -16.8 | 575
4x1 28 | -27.4218 | 1127 11.06 | 1.1059 | 97.41 | 9656 | 11.8 | 1394
2x2 28 | -32.6876 | 11.12 | 10.71 | 1.0475 | 90.9 | 89.79 | -15| 326
4x4 28 [ -33.1499 | 15.8 | 15.17 | 1.0449 | 86.54 | 85.08 | -11.1| 332
8x8 28 | -17.797 | 1931 | 18.33 | 1.2977 | 79.73 | 7428 | -10| 368

Where, 7,,4 denotes radiation efficiency, 7;,; denotes total radiation efficiency, S;; denotes

return losses, and BW denotes bandwidth.
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

In this paper, comparative performance assessment of single element, 2x1, 4x1, 2x2, 4x4,
and 8x8 inset-feed rectangular MSPA arrays have been successfully studied at 28GHz for
mm-wave applications. At the resonant frequency it has been found that, the return loss
and bandwidth of the studied single element, 2x1, and 4x1 inset-feed rectangular MSPA ar-
rays are -20.2365dB, -19.885dB, -27.4218dB and 572MHz, 575MHz, 1.394GHz; the beam
directivity and radiation efficiency are 7.41dBi, 9.451dBi, 11.2dBi and 94.95%, 96.56%,
97.41% respectively. Besides, the return loss and bandwidth of the studied 2x2, 4x4,
and 8x8 inset-feed rectangular MSPA arrays are -32.679dB, -33.1499dB, -17.748dB and
326MHz, 332MHz, 368MHz; the beam directivity and radiation efficiency are 11.12dBi,
15.8dB4i, 19.31dBi and 90.9%, 86.543%, 79.73% respectively.

In the proposed design, the ground plane dimension and inter-element space have been
reasonably chosen in such a way that the radiation from each array elements are construc-
tively added together in the desired direction and destructively in other direction. As a
result, the side-lobe level is minimum which in turns to the increased total radiation effi-
ciency and directivity of the antenna. In addition, in both linear and planar array by tuning
the width of the patch and using successive branching of the parallel feeding networks with
equal path lengths to each of array elements are minimizes the input impedance mismatch
of the feeding part. Consequently, the radiation efficiency and bandwidth of the antenna is
significantly increased.

In this study, the inset-feed impedance matching techniques, quarter-wavelength impedance
transformer method and tuning the parameters of the antenna have been used together. As
a results, all the studied rectangular MSPA arrays configurations at 28GHz shows better
performance in terms of; beam directivity and gain, bandwidth, and radiation efficiency.
Besides, the return losses of the antenna is acceptable and minimum. As compared to an-
tenna array designs reported in the scientific literature, the proposed antenna arrays show
significantly improved performance. Generally, the overall extensive study of different an-
tenna array structures using simulation shows that there is no single best design in terms
of all the performance parameters of the antenna. Hence, there is a design trade-off that

should be considered depending on the requirements of a particular application.
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6.2 Recommendations

In this paper, inset-feed impedance matching, quarter-wavelength impedance transformer,
and tuning the dimensions of the antenna have been simultaneously used to increase the
performance of rectangular MSPA arrays at 28GHz for mm-wave application applications.
For all studied antennas, acceptable simulation results have been achieved with suitable
performance characteristics such as compact size, high beam directivity and gain, low return
losses and VSWR, good radiation efficiency, and wide bandwidth. Therefore, in this paper,
the proposed inset-feed rectangular MSPA arrays are good candidate antenna type for the

5G mm-wave applications. However, still further investigation is needed. These are:

e Analyzing the performance of inset-feed rectangular MSPA by incorporating slot on
the patch and using different patch shapes apart from rectangular shape needs further

studies.

e Analyzing the performance of the Co-planar array configuration to check the feasibil-
ity of the inset-feed rectangular MSPA array for 5G mm-wave base station by using

8x8 inset-feed rectangular MSPA arrays as a sub-array.

e Analyzing the performance of both multi-band linear and planar array configuration
of inset-feed rectangular MSPA array or 5G mm-wave application is another interest-

ing research area.
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Appendix-One

Tuned design parameters of all Proposed MSPA array

Table 1. Tuned parameters of a single inset-feed rectangular MSPA.

Tuned Design Parameters Symbols Values
Width of the patch PW 3.3mm
Length of the patch PL 2.47mm
Width of the ground plane GW 8.5mm
Length of the ground plane GL 8.5mm
Length of inset-feed YO 0.9054mm
Length of inset-gap Gp 0.23915mm
Substrate thickness SH 0.244mm
Length of microstrip feeder line LMFL 2.55mm
Width of microstrip feeder line WMFL 0.4783mm

Table 2. Tuned parameters of 2x1 inset-feed rectangular MSPA array.

Design Parameters Symbols Values
Width of the patch PW 3.2602mm
Length of the patch PL 2.478mm
Width of the ground plane GW 16mm
Length of the ground plane GL 9mm
Substrate thickness SH 0.244mm
Gap of inset-feed Gp 0.23917mm
Length of inset feed YO 0.745mm
Distance between the patch D 5.4mm
Length of microstrip feeder line LMFL 2.0219mm
Width of microstrip feeder line WMEFL 0.4784mm
Length of 1:2 microstrip power divider LFMPD 0.23915mmm
Width of 1:2 microstrip power divider WEMPD I1mm
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Table 3. Tuned parameters of 4x1 inset-feed rectangular MSPA array.

Design Parameters Symbols Values
Width of the patch PW 3.2602mm
Length of the patch PL 2.478mm
Width of the ground plane GW 33.1mm
Length of the ground plane GL 9.92mm
Length of inset-feed YO 0.744mm
Gap of inset-feed Gp 0.2392mm
Substrate thickness SH 0.244mm
Length of microstrip patch feeder LMFL 2.0209mm
Width of microstrip patch feeder WMFL 0.4783mm
Length of 1:2 microstrip power divider LFMPD 0.23915mm
Width of 1:2 microstrip power divider WEMPD I1mm
Length of 1:4 microstrip power divider LSMPD 0.23915mm
Width of 1:4 microstrip power divider WSMPD 22mm

Table 4. Tuned parameters of 2x2 inset-feed rectangular MSPA array.

Design Parameters Symbols Values
Width of the patch PW 3.3mm
Length of the patch PL 2.4781mm
Width of the ground plane GW 13mm
Length of the ground plane GL 11.6mm
Substrate thickness SH 0.244mm
Length of inset-feed YO Imm

Gap of inset-feed GP 0.23916mm
Length of microstrip feeder line LMFL 1.9694mm
Width of microstrip feeder line WMFL 0.478301mm
Length of 1:2 microstrip power divider LFMPD 0.239151mm
Width of 1:2 microstrip power divider WEMPD 10.8mm
Length of last microstrip feeder line LLMFL 0.23915mm
Width of last microstrip feeder line WLMFL 5.9mm

First quarter transform width FQTW 0.2mm
First-quarter transform Length FQTL 0.47825mm
Second quarter transform length SQTL 0.338mm
Second quarter transform width SQTW 0.4783mm
Third-quarter transform width TQTW 0.23913mm
Third-quarter transform length TQTW 1.276mm
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Table 5. Tuned parameters of 4x4 inset-feed rectangular MSPA array.

Design Parameters Symbols Values
Width of the patch PW 3.261mm
Length of the patch PL 2.47819mm
Width of the ground plane GW 31mm
Length of the ground plane GL 33.Imm
Substrate thickness SH 0.244mm
Length of inset-feed YO 0.9054mm
Gap of inset-feed GP 0.23916mm
Length of microstrip feeder line LMFL 2.55mm
Width of microstrip feeder line WMEFL 0.4783mm
Length of 1:2 microstrip power divider LEMPD 0.23915mm
Width of 1:2 microstrip power divider WEMPD 10.8mm
Length of last microstrip feeder line LLMFL 0.23915mm
Width of last microstrip feeder line WLMFL 15.38mm
First quarter transform width FQTW 0.3mm
First-quarter transform Length FQTL 0.47828mm
Second quarter transform length SQTL 0.339mm
Second quarter transform width SQTW 0.47831mm
Third-quarter transform width TQTW 0.23916mm
Third-quarter transform length TQTW 1.276mm

Table 6. Tuned parameters of 8x8 inset-feed rectangular MSPA array.

Design Parameters Symbols Values
Width of the patch PW 3.2602mm
Length of the patch PL 2.4781mm
Width of the ground plane GW 66mm
Length of the ground plane GL 60.5mm
Substrate thickness SH 0.244mm
Gap of inset-feed GP 0.23916mm
Length of inset-feed YO 0.95mm
Length of microstrip feeder line LMFL 2.227mm
Width of microstrip patch feeder WMFL 0.4783mm
Length of 1:2 microstrip power divider LFPD 0.23915mm
Width of 1:2 microstrip power divider WFPD 10.8mm
Length of last microstrip feeder line LLMFL 0.23915mm
Width of last microstrip feeder line WLMFL 32.9726mm
First quarter transform width FQTW 0.3mm
First-quarter transform Length FQTL 0.47831mm
Second quarter transform width SQTW 0.4783mm
Second quarter transform length SQTL 0.338mm
Third-quarter transform width TQTW 0.23915mm
Third-quarter transform length TQTW 1.2769mm
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Appendix-Two

Physical Structure of the Antenna for the Tuned parameters

Figure 1. Single Inset-Feed Rectangular MSPA.

Figure 2. 2x1 inset-feed rectangular MSPA array.

Figure 3. 4x1 Inset-Feed Rectangular MSPA Array.
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Figure 4. 2x2 Inset-Feed Rectangular MSPA Array.
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Figure 5. 4x4 Inset-Feed Rectangular MSPA Array.

Figure 6. 8x8 Inset-Feed Rectangular MSPA Array.
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