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Abstract

The terminal node antenna of a wireless communication device should possess
the ability to perform many roles since modern communication necessitates the
adoption of advanced approaches to address the rapidly evolving needs of end
users. Circular polarization diversity, beam switching, and direction-of-arrival
estimation (DOA) are advanced antenna applications that can enhance power ef-
ficiency and enable lossless transmission, therefore addressing the demands of the
present time. In addition, it is necessary for the devices, especially the antennas,
to have lower dimensions, even when considering long-distance communication,
which typically requires a large-scale array antenna. Integrating microstrip patch
antennas, which have a low profile and are lightweight, into transmitting or re-
ceiving devices can resolve the problem. This thesis study focuses on the design
and simulation of a microstrip patch array antenna. The purpose is to analyze
its applicability in the areas of circular polarization, beam-switching, and DOA
estimation. A microstrip patch array antenna is constructed using both-sided
microwave integrated circuit (MIC) technology to achieve circular polarization
while keeping the feed network simple. A four-element microstrip patch array
antenna is constructed, simulated, and validated to determine the feasibility of
creating a large extensible array with 256 elements. The antenna utilizes a sim-
ple single feed to achieve circular polarization. By making a simple adjustment
to the feed line, the formation of a Magic-T junction enables beam switching.
Additionally, a simple modification in the design allows for direction of arrival
(DOA) estimation. The simulation results demonstrate that the antennas have
the capacity to transmit across long distances with circular polarization, achiev-
ing a gain of more than 26.15 dBic. Additionally, the antennas can alter their
beam direction by up to +17°. Additionally, they have the capability to deter-
mine position by isolating the sum signal and the difference signal by different
ports.

Keywords: Array antenna, Beam switching, Both-sided MIC, Circular polar-
ization, DOA estimation, Left-hand circular polarization (LHCP), Magic-T, Mi-
crostrip patch, Right-hand circular polarization (RHCP).
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Chapter 1
Introduction

Considering the remarkable advancements in wireless communication, it is essen-
tial to embrace antenna technology to keep up with the ever-changing demands
of modern wireless communication systems. To adapt to the rapid changes in the
communication system, antenna technology has evolved to meet the demands
of various wireless communication systems like mobile communication, Satellite
communication, wireless local area network (WLAN), radio frequency identifi-
cation (RFID), and radar technology. Considering these applications, antennas
need to support various applications like circular polarization (CP) diversity,
beam switchability, and source localization and seamlessly integrate them with

communication system circuits for improved performance [1, 2].

1.1 Antenna in Wireless Communication

In the year 1886, German physicist Heinrich Hertz pioneered the development
of a straightforward dipole antenna, which would go on to become an essential
component of the end node of wireless communication systems [3, 4]. Since then
antenna research has evolved in various directions as the need for applications
in various sectors has increased and various types of antennas have entered into
wireless communication systems, for example, horn antennas, parabolic reflector
antennas, wire antennas, radar antennas, Satellite antennas, unmanned Ariel
vehicle (UAV) antennas, etc [5]. With the passage of time and the development
of wireless communication systems, there is an increasing interest in making
electromagnetic (EM) wave launchers or antennas more compact so that they may
be readily integrated into the system and bring agility to the system. However,
there are several traditional antennas that had been evaluated and developed in
the time between the two world wars and are still in use today. Although it

was initially introduced in 1906 with the goal of directivity to realize clear and



1.3 — Importance: Multi-application Antenna

stronger reception at the receiver end of the system over long distances, one of
these antennas is an array antenna, which is a set of several individual antennas

that collectively operate as an antenna [6].

1.2 Motivation: Microstrip Patch Array

At an early period in the history of antenna development, it became necessary to
minimize the overall size of the radiators in order to compensate for the bulkiness
that was present in the design of a wireless system. Since we are currently in
the midst of a generation in communication technology known as 5G, it has be-
come increasingly important to make the antenna more compact, cost-effective
in fabrication, easy to install, and low profile, while also ensuring that it has
excellent directivity, source sensing, and beam agility. Given the presence of
several factors, including antenna orientation sensitivities and multipath fading,
it is essential that the antennas have also the capability to transmit a circularly
polarized signal [7]. One of the many types of antennas, the microstrip patch
antenna was first conceptualized in 1953 and later implemented in the 1970s
when suitable substrate materials became available. Although microstrip patch
array antennas have some drawbacks such as narrow bandwidth and lesser radi-
ation efficiency, they are a fruitful consideration for design and implementation
due to their remarkable advantages like easy installation, easy fabrication, low
profile, cost-effectiveness, and conformal nature, especially considering the above-
mentioned applications and factors associated with wireless communication sys-
tems. Furthermore, as a result of the numerous methods that were developed
by researchers in order to make up for the shortcomings of microstrip patch ar-
rays, they became extremely popular in the communication industry due to the
incredible benefits that they offered [8, 9].

1.3 Importance: Multi-application Antenna

The emergence of 5G technology in the communication sector has led to a signifi-
cant increase in the attention given by antenna engineers to multi-functional array
antennas. This is because these antennas are capable of reducing the complexity
of the circuits at both the transmitting and receiving ends of a communication
system and ensuring a high level of circuit integrity [10, 11]. Figure 1.1 depicts
a general communication scenario involving several applications such as circular
polarization, beam switching, and direction-of-arrival (DOA) estimation.

Long-distance communication, such as satellite communication, necessitates
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Figure 1.1: A general communication scenario where applications of antennas
like circular polarization, beam switching, and direction-of-arrival (DOA) esti-
mation are required.

high-gain, highly directional antennas, achievable by array antennas. The satel-
lite communication signal must be immune to Faraday’s rotation effect caused
by the ionosphere, which rotates the signal’s polarization plane from vertical to
horizontal and vice versa, resulting in unsuccessful transmission at the receiving
end [12, 13]. For optimal communication in this scenario, the radiating signal
should be circularly polarized to minimize the Faraday rotation effect. Circu-
lar polarized signals are necessary for communication in urban or rural areas
where multipath fading is caused by reflections from trees or buildings, as they
are resistant to this type of fading [14].

Modern antennas are required to broadcast their signal in a certain direction
and have the ability to alter the beam in order to track the flow of traffic. This
is necessary in order to accommodate fast-moving traffic as well as an increas-
ing number of users and ensure proper and dependable transmission. This is
something that can be accomplished by beam-switching antennas by adjusting
the emitted beam as required. For an antenna radiating in the broadside direc-
tion, it is more beneficial to electronically regulate the current propagation path
within the antenna or adjust the phase among the radiators of an array, rather
than moving or steering it physically to direct the beam in a specific direction
[15, 16, 17].

Additionally, for tracking purposes, the antenna should have the capability to

tell the location of the source by analyzing the received signal. Therefore, from
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the received signal, determining the source, and establishing proper transmission
by sending a signal to that particular direction where the source is located, the
antenna should perform multiple functions, like the direction of arrival estimation
as well as beam switching, to simultaneously build a stable connection between
the source and the receiver [18, 19, 20, 21].

Considering these applications and the present communication scenario hav-
ing an array antenna that can function in a multi-functional manner is essential
for enhancing the communication system by integrating the transmission system
with ease, improving spectral efficiency, and enhancing multiple-input-multiple-
output (MIMO) performance, a recent development in 5G technology originating

from the 1970s [22], and providing adaptability in a flexible manner.

1.4 Challenges

Multifunctional antennas, such as frequency reconfigurable antennas, are among
the various types of antennas that are capable of functioning at two different
resonant frequency bands. When a single antenna is able to handle two different
frequency bands for uplink and downlink operations, such as in satellite commu-
nication, these antennas are beneficial. They are also useful in situations where
more than one antenna is required. There are antenna systems that are able to
modify the polarization and pattern in order to meet situations that involve mul-
tipath fading, mismatched polarization between the transmitter and the receiver,
and the requirement to direct the beam in a particular direction in order to max-
imize the intensity of the signal. It is possible to find antenna systems that are
able to simultaneously detect the source of the signal and direct the beam that is
being sent in that direction. However, developing an antenna capable of circular
polarization, beam switchability, and direction of arrival estimate concurrently
is a tough challenge due to the potential complexity of the required feed network
or circuitry. Therefore, the development of an antenna that can be used for a

variety of purposes calls for careful study, including the following;:

o The design of such an antenna has the potential to enhance the overall
circuit’s complexity, which is something that should be avoided in a com-
munication system to preserve the integrity of the system, it is essential to

keep the antenna functioning uncomplicated.

o It is possible that this kind of application could be practical for a small ar-
ray; however, for communication systems that are used over long distances,

it might be necessary to have a large-scale array. In considering this, it is

4
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of the utmost importance to make certain that the antenna is capable of
serving a multitude of applications simultaneously while also being able to

accommodate larger-scale activities.

1.5 Objectives

This thesis proposes an analysis of the microstrip patch array antennas that can
operate on circular polarization of both senses and can switch the radiated beam
accordingly while estimating the direction of the received signal. This work also
emphasizes on the fact that the feeding technique remains simple while achieving

those applications. The objectives of this thesis work are as follows:

o Analyzing a single-layer microstrip patch array antenna design containing
three radiators with a simple feed technique using both-sided MIC technol-
ogy and simulating the design to achieve circular polarization of both senses
that is left-hand circular polarization and right-hand circular polarization.

Also, analyzing what factor of the design improves the performance.

o Analyzing a microstrip patch array antenna with four elements on a single
layer using both-sided MIC technology and designing it for a larger array
of 256 elements using simulation. Additionally, investigate the feasibility

of using this antenna for long-distance communication.

o Analyzing single-layer four-element microstrip patch array antenna using
both-sided technology with modification in the feeding mechanism while
keeping the feeding techniques very simple to realize beam switching appli-

cations as well as the direction-of-arrival (DOA) estimation.

1.6 Fabrication Feasibility

In the process of manufacturing a microstrip antenna, it is essential to take
into consideration a range of different variables. Considering the wide variety of
applications that antennas may serve, it is common practice to install them in
outdoor settings that are subject to severe weather conditions or temperatures
that are extremely high. In addition, the antenna could be situated in regions
that contain high concentrations of chemicals; hence, the choice of materials and
substrate for the antenna is of the highest significance [23].

All the antennas proposed and explained in this thesis paper are constructed

using copper patches and Teflon Glass Fiber substrates, which exhibit excellent
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temperature stability and chemical resistance. Additionally, they possess a non-
adhesive quality and feature a smooth surface, hence minimizing friction in the
application area [24, 25].

The works that are presented in [26, 27, 28, 29, 30, 31] showcases many mi-
crostrip patch array antennas that have been meticulously developed and man-
ufactured for various wireless applications. These antennas utilize Teflon as the
substrate material making this thesis work’s proposed and designed microstrip

patch array antenna, which will be detailed later, viable for production.

1.7 Organization of Thesis

This chapter provides an introduction, the inspiration for the thesis, and a
short explanation of the aims of the thesis, along with a comprehensive review
of the microstrip patch array antenna, including the practicality of the design
methodologies and their production.

Chapter 2 includes some theoretical descriptions of microstrip patch ar-
ray antennas related to this thesis work, as well as a literature review on recent
work done on microstrip patch arrays for circular polarization, beam switching,
and direction of arrival estimation.

Chapter 3 describes the design and simulation findings of a three-element
microstrip patch array for circular polarization.

Chapter 4-5 describes the design and simulation findings of a four-element
microstrip patch array for circular polarization with large extensible array.

Chapter 6-7 describes the design and simulation findings of a four-element
microstrip patch array for beam switching and DOA estimation.

Chapter 8 describes the design and simulation findings of two different an-
tennae but with simple feeding techniques for circular polarization and beam-
switching applications.

Chapter 9 concludes the thesis.



Chapter 2
Literature Review

This chapter includes a theoretical analysis of circular polarization reconfigurabil-
ity, beam switching, and Direction of Arrival (DOA) estimations. Additionally,
it contains antenna parameters that are relevant to the work being done on the
thesis and will be utilized frequently as the report progresses throughout its en-
tirety. This chapter also delves into some recent research on microstrip patch
array antennas, which have applications in circular polarization, beam switching,

and estimations of the direction of arrival.

2.1 Antenna Parameter

In this section, several fundamental antenna parameters have been described in
detail for the purpose of continuing this thesis report. This is because the termi-
nology that is discussed here will be utilized rather frequently in the subsequent

portion of this thesis.

2.1.1 Axial Ratio

The term “polarization” refers to the characteristics of electromagnetic waves.
The shape and orientation of the tip of the E vector, as it evolves with time,
is what determines the polarization of an electromagnetic wave [32]. When the
vector of the E field spins in a circular motion, this phenomenon is referred to
as circular polarization. Additionally, the Axial Ratio (AR) is a measurement
parameter of an antenna that is used to determine the amount of circularly
polarized waves that are radiated by the antenna in the far field zone.

Axial ratio is defined as the ratio of major axis and minor axis of polarization

ellipse as shown in Figure 2.1 and can be given by [33],
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Figure 2.1: Polarization ellipse [32].

AR = 8—2(1 < AR < ) (2.1)

The equation (2.10) makes it abundantly evident that the axial ratio must be
equal to one for circular polarization to be considered a perfect or special case.
However, in actual situations, this parameter is measured in terms of decibels,
and the acceptance range for an antenna with a circular polarization has an AR
value that is less than 3 dB [34].

Practically, the far field antenna parameter such as axial ratio is measured by
placing the antenna under test (AUT) in an anechoic room, facing the boresight
direction of an auxiliary antenna, which is a horn antenna as depicted in Figure
2.2. The auxiliary antenna is rotated about its antenna axis, and the received
power signal from the AUT (Antenna Under Test) is evaluated using a vector

network analyzer.

2.1.2 Co and Cross-Polarization

Co-polarization is the alignment of an antenna’s transmitting and receiving ele-
ments in the same direction. For instance, when both elements have their electro-
magnetic waves oscillating in the same horizontal direction, they are considered
to be co-polarized.

Cross-polarization refers to the situation where the transmitting and receiv-
ing elements of an antenna are positioned at right angles to each other. Conse-
quently, if one element is polarized in a horizontal direction, the second element

is polarized in a vertical direction.
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Horn
Antenna

Figure 2.2: A general antenna setup in a standard anechoic chamber for far-
field radiation pattern measurement where AUT stands for antenna under test,
VNA stands for vector network analyzer, # means azimuth rotation axis and ¢
means antenna axis rotation and horn antenna is standard gain horn [33].

2.1.3 Relative Power

Relative Power is also a far-field measurement parameter of the antenna defined
by the co-polarization and cross-polarization power level difference measured in
dB of the propagating field components.

Azimuth Angle (deg)
180 135 90 45 0 45 90 135 180

AAAAAA

B
T

Dipole Orientation

Relative Power (dB)
£
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- @- Measured RHCP
o Predicted RHCP
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~30-

Figure 2.3: Relative power of a circularly polarized dipole antenna. At foresight,
the power level difference between co and cross-polarization is greater than -14
dB, and the polarization sense of the antenna reverses at 180° [35].

According to the illustration in Figure 2.3, For an antenna to achieve proper
circular polarization, the power level difference between co-polarization and cross-
polarization should exceed -15 dB. The diagram illustrates the disparity in power

levels between cross-polarizations of a dipole antenna with circular polarization

9
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[35]. In this scenario, the antenna is rotated along its rotation axis to monitor the
power levels. From the graphic, it is evident that the power level overlaps beyond
+90° because of the physical rotation of the dipole, and at 180°, the polarization

S€enses reverse, as expected.

2.1.4 Return Loss

The antenna, being the terminal point of a transmitting device, functions as
a load and requires efficient power from the input. The effectiveness of power
transmission from a transmission line to an antenna input is measured by return

loss measured in unit decibels (dB). And, the return loss is defined as [36]

“(data transmission) (A) At a discontinuity in a transmission system
the difference between the power incident upon the discontinuity. (B)
The ratio in decibels of the power incident upon the discontinuity
to the power reflected from the discontinuity. Note: This ratio is
also the square of the reciprocal to the magnitude of the reflection
coefficient. (C) More broadly, the return loss is a measure of the
dissimilarity between two impedances, being equal to the number of
decibels that corresponds to the scalar value of the reciprocal of the

reflection coefficient.”

Figure 2.4: A general case of a transmission circuit where, Z,, Zy, and Z, are
generator impedance, transmission line impedance, and load impedance respec-
tively [37].

The return loss (RL) equation can be expressed as follows: P, represents the

power delivered to the load input from the transmission line, and P,.; denotes

the power reflected from the load input.

P
RL = 10logy, (P—”) dB (2.2)
ref

10
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The ratio Pin/P,.; in equation (2.2) represents the degree of mismatch be-
tween incident and reflected power. However, if the complex reflection coefficient

power at the input of load is denoted by p, then the equation becomes,

RL = 10log,,

%‘ dB (2.3)

= —201logy, |p| dB (2.4)

If a transmission line circuit comparable to the one depicted in Figure 2.4
is taken into consideration, and equation (2.4) is written in terms of impedance
rather than the corresponding reflection coefficient, then the return loss is calcu-
lated as follows [37]:

Zg+ 7y,

RL =201 =
Oglo Zg . ZL

dB (2.5)

Considering the equations and analysis presented above, it is possible to assert
that the return loss is the negative of the reflection coefficient. There is also an
option of expressing it as the voltage standing wave ratio (VSWR). When stated

in terms of voltage standing wave ratio (VSWR), the equation (2.4) becomes,

VSWR+1

RL=20logw | ey —1

‘ dB (2.6)

However, for a multi-port network, scattering matrix analysis [38] is done and
denoted by the formula of the equation (2.7).

Vim St Sz -0 Siv | |V
O 27
Vel [Svooo Swn| Vv
or
Vo] =1s] [v] (2.8)
Equation (2.8) can be written as
V-l
Sl = 2.9
5] = 57 (2.9

where VT and V'~ are the amplitude of the incident voltage wave and reflected

voltage wave respectively. That is [S] matrix, which can be also called an S-
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parameter is the ratio of amplitude of the reflected and incident voltage wave at

any port of a multi-port network.

2.1.5 Gain and Directivity

Checking the antenna’s gain and directivity is a crucial parameter to do in order to
acquire an understanding of the antenna’s performance. Both gain and directivity
are measures that show the amount of power that is emitted in a certain direction.
The term "directivity” refers to the ratio of the antenna’s maximum power
density to its average value over a sphere in the far field of an antenna.
The gain of an antenna is a description of the amount of input power that
the antenna is able to convert into radiated power in a particular direction.

Thus, Efficiency is a component of the equation, and it may be expressed as

follows [39]:

G=nxD (2.10)

Where G represents gain, D represents directivity, and 7 represents the efficiency
of the antenna. The efficiency values range from 0 (zero) to 1 (one) where 1 being
100% efficient antenna which in practice is not possible due to some internal loss

always being present in the antenna.

2.1.6 Radiation Pattern

The radiation pattern of the antenna as a function of spatial coordinates, either
as a mathematical function or as a graphical representation of the behavior of
the antenna. The radiation pattern is typically determined in the far-field region
and is represented as a function of the directional coordinates [40].

Main
lobe

Radiation
Intensity
Main
lobe
Side )
/ lobe Side Back
Back Ay lobe lobe
lobe < >
s m 3 0 7 m
3D Radiation Pattern 2D Radiation Pattern

Figure 2.5: 3D and 2D radiation pattern of directive antenna [40].
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Figure 2.5 represents both the three-dimensional and two-dimensional radia-

tion pattern of an antenna where the main beam is in the foresight direction.

2.1.7 Other Important Parameters

Some other important antenna parameters are used in antenna performance anal-
ysis like impedance bandwidth (BW), axial ratio bandwidth (ARBW), and iso-
lation. These parameters are described as follows:

Isolation: In the case of any network that contains many ports, it is essential
to check whether or not there is any interference between the ports, as this might
result in a decline in the performance of the signal transmission. Isolation is the
phrase that is used to ensure that a multi-port network performs at its maximum
potential. Within the context of multi-port devices, an isolation value that is
lower than -20 dB at the working frequency is considered to be satisfactory [41].

Impedance Bandwidth: The impedance bandwidth of an antenna is the
range of frequencies throughout which it is able to maintain efficient impedance
matching. This range of frequencies is often referred to as the antenna’s fre-
quency range. Generally speaking, it is defined as the frequency span that ex-
tends from resonance values on the S-parameter graph that are lower than -10
dB [42]. Through the use of the equation (2.11), it is possible to ascertain the
percentage bandwidth of an antenna.

_Ifu— It

BW = =L % 100% (2.11)
2

Where fy and f;, represent higher and lower frequency bands respectively.
From a practical standpoint, impedance bandwidth is absolutely necessary
for ensuring that antennas are capable of transmitting and receiving signals in an
effective manner. In order to determine the frequency range in which impedance
matching is most successful for signal transfer, it measures the frequency range.
ARBW: One definition of axial ratio is the ratio of the major axis of po-
larization ellipse to the minor axis. With regard to bandwidth, it is a term
that describes the range of frequencies that an antenna is capable of radiating
or receiving CP energy in an appropriate manner. The axial ratio bandwidth
(ARBW) is a popular measurement that is determined by calculating the ratio of
the frequency range to the center frequency. This ratio is produced exactly like
the equation shown in (2.11), the difference is the highest and lowest frequency

span is the 3dB axial ratio values in dB.
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2.2 Theoretical Analysis

The purpose of this section is to provide an overview of the fundamental concepts
of circular polarization, beam switching, and direction of arrival, all while keeping
in mind the proposal for this thesis report. There is also a brief description has
been carried out on microstrip antenna feed types and both-sided microwave

integrated circuit (MIC) technology in this section.

2.2.1 Circular Polarization

In the process of wave propagation, the orientation of the electric field is referred
to as polarization. When the field line is in the vertical plane along the path of
propagation, this phenomenon is referred to as vertical polarization. On the other
hand, horizontal polarization refers to the phenomenon in which the electric field

oscillates in a direction that is orthogonal to the vertical plane.

y Person

\ facing the
incoming
wave

v —>E,

Figure 2.6: A conceptual diagram of right-hand circular polarization (RHCP)
where green and blue colored arrow denotes horizontal and vertical electric field
lines respectively. The red arrow inside the dotted circle on the right side denotes
the rotational resulting field vector.

When the resulting vector rotates in a circular motion while it continues its
propagation, this phenomenon is known as circular polarization. Circular polar-
ization requires two orthogonal electric fields to have the same amplitude, but
there must be a quarter wavelength phase difference between them. This is the
prerequisite for developing circular polarization [43]. In the field of circular po-
larization, there are two distinct types: the first is known as left-hand circular
polarization (LHCP), while the other is known as right-hand circular polarization
(RHCP). This is because the rotation direction of the resulting rotating vector as

they propagate is the reason they were given their name. If a person is facing the
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incoming wave and notices that the rotating vector that results from the wave has
a rotation in the opposite direction of clockwise rotation, then this phenomenon
is referred to as right hand circular polarization. Figure 2.6 illustrates this phe-
nomenon. Also, the left-hand circular polarization happens for rotation in the
clockwise direction as shown in Figure 2.7. The rotating vector that is produced
as a result of two orthogonal electric field vectors is represented by the red arrow

that is located inside the circle in both graphical representations.

y Person LHCP
facing the

incoming
wave

4

Figure 2.7: A conceptual diagram of left-hand circular polarization (LHCP)
where green and blue colored arrow denotes horizontal and vertical electric field
lines respectively. The red arrow inside the dotted circle on the right side denotes
the rotational resulting field vector.

When looking at the figures (Figure 2.6 and Figure 2.7), it is evident that
the red arrow rotates in a circular motion with time, with the clockwise direction
for the LHCP and the anti-clockwise direction for the RHCP cases. On both
occasions, the red arrow will finish one spin once a length of time denoted by the

letter "T" has passed.

2.2.2 Polarization Mismatch

This subsection demonstrates an overview of the necessity of a circularly polarized
signal in the communication medium. Because the environment surrounding the
communication medium can be a factor that interferes with a successful trans-
mission, it is essential to take into consideration the environment in which the
signal is being transmitted from the transmitter to the receiver to ensure that the
transmission is successful. If the signal from the transmitter antenna is trans-
mitted in linear polarization, it is necessary for the receiver antenna also to be
linearly polarized to achieve successful reception. The reception antenna must be

circularly polarized to receive a signal that features circular polarization. A basic
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communication system is one in which the transmitter antenna and the receiver
antenna are in line-of-sight (LOS). In this scenario, the transmitter antenna is re-
sponsible for transmitting the signal, while the receiver antenna is responsible for
receiving it. Nevertheless, even though the antennas are in the line of sight, the
transmission is made somewhat more complicated by elements such as buildings,

the earth’s surface, and trees that come into the scene.

Transmitter Receiver

-————

— "
-

Figure 2.8: A general graphic representation of a communication scenario where
polarization mismatch happens and a proper transmission can be hampered.

In a condition similar to Figure 2.8, field polarization changes. If the sig-
nal travels in a direct channel and the transmitting signal is linearly polarized,
proper reception occurs only when the receiver antenna is aligned with the incom-
ing signal field orientation. This is a disadvantage of linearly polarized antennas.
However, if the receiving antenna is circularly polarized and the incoming wave
is linearly polarized, there is no problem with reception. Another situation is
that the signal will reach the receiver after being reflected by buildings, trees,
or the ground. The polarization of the signal will be altered, and the receiver
will additionally receive signals with different phases and strengths, resulting in
a mismatch at the receiving ends. This phenomenon is known as multi-path fad-
ing. To address this issue, the transmitting antenna should likewise be circularly
polarized, as a RHCP receiver would reject an LHCP signal and vice versa. As a
result, the RHCP receiver will reject a RHCP transmitting signal that has been
converted to LHCP via multi-path.

2.2.3 Beam Switching

Beam switching involves directing a radiating beam in a certain direction for bet-
ter communication. If a user is not facing the broadside of a transmitting device,
the user may not receive the full strength of the transmitting signal. A simple

method is to point the electronic device or transmitter antenna in the appropriate
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direction to achieve optimum signal transmission. Mechanical steering involves
rotating or guiding the transmitter antenna in a specific direction which end up
requiring external mechanical devices like motors. To compensate for the exter-
nal rotatory devices, it can be done electronically by arranging several antenna
elements in a pattern to operate as one antenna, known as an array antenna, and
providing the individual radiators with a phase difference between them. Pro-
viding a phase difference among an array’s radiators causes the radiating wave
to tilt in a direction other than broadside, which can be employed to optimize

transmission. Figure 2.9 shows four antenna elements arranged in series, each of

User
User ; User

e

Ant #1 Ant#2 Ant#3 Ant #4

Figure 2.9: A conceptual diagram of beam switching where an array of four
radiators is placed in series orientation with several phase differences among them.

which is fed with a phase difference. By regulating the phase difference between
radiators, the radiated beam can be regulated and directed to the intended users.
The theta symbol in the images represents the inclination angle of the radiated

beam with regard to the broadside direction.

2.2.4 Direction-of-Arrival Estimation

The process of calculating the angles from which signals reach an array is referred
to as direction-of-arrival (DOA) estimation. This is accomplished through the
utilization of complex algorithms that extract directional characteristics from re-
ceived data despite the presence of noise and a large number of signal sources.
Various techniques, including beamforming, Multiple Signal Classification (MU-

SIC), and monopulse trackers, are utilized in the process of estimating the lo-
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cation of the source. It is possible to determine the direction of radiating or
reflecting sources with the assistance of these approaches by analyzing the data

that is received at an array. One of the techniques is monopulse trackers which

\—> Yor A <—1

Y

Arrival angle, 6

Figure 2.10: A conceptual diagram of the direction of arrival estimation using
monopulse technique, where the green colored wave coming towards the antenna
with an inclined angle of 6 [44].

utilize radio signal encoding to provide accurate directional information. The
trackers are used in modern radar systems. They derive both range and direction
from a single pulse, thereby avoiding rapid fluctuations in signal intensity. Am-
plitude monopulse and phase-comparison monopulse were the two classifications
of monopulse radars. To obtain accurate directional data, monopulse antennas
are an indispensable component of monopulse radar systems. The antennas are
designed to generate sum and difference channels from the energy that is flowing
in, which enables precise tracking of the targets.

The phase comparison monopluse technique is illustrated in Figure 2.10. This
technique involves the extraction of two vector components from an incoming
signal, namely the sum signal () and the difference signal (A), and then sending
these components to a detector to determine the angle of the wave that is coming
in [44]. As seen from the figure, if the antenna element is separated by a distance
'd’” and the incoming wave is inclined at an angle 6, The phase difference between

the waves denoted as A¢, can be expressed by following the equation, phase
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difference = 27” x path difference as,

2
Agp = TW x dsinf) (2.12)
Therefore, the arrival angle, § can be calculated using equation (2.12), that
is,

0 = sin~! (%) (2.13)

The A¢ in equation (2.13) is expressed in terms of A and ¥ signal, then

replaced into the equation to determine the direction of arrival estimation.

2.2.5 Microstrip Antenna Feeding Techniques

The feeding of microstrip patch antennas can be accomplished by a variety of ap-
proaches, which can be classified as either contacting or non-contacting processes.
Contacting methods include microstrip line feed and co-axial feed whereas non-
contacting method includes aperture coupled feed [45]. Figure 2.11 illustrates a

diagram that describes several strategies for feeding.

Microstrip
line

Microstrip line feed Coax feed

Upper
substrate

Aperture

Lower
substrate S

\

Microstrip
line

R

Aperture coupled feed
Figure 2.11: Microstrip patch antenna feeding techniques.

Microstrip Line Feed method involves connecting a conducting strip straight
to the edge of the microstrip patch. This procedure makes it possible for the feed
to be etched on the same substrate, resulting in a planar structure.

A coaxial cable is used to feed the patch, with the inner conductor making
contact with the patch and the outer conductor being linked to the ground plane.

This type of feed is referred to as a coaxial feed.

19



2.3 — Related Antenna Work

An aperture-coupled feed is a type of feed that makes use of two dielectric
substrates that are separated by a ground plane and has a slot in the middle of
it. This feed provides superior polarization purity and a higher bandwidth.

However, each feeding strategy has a unique set of benefits and drawbacks,
which can have an effect on several aspects of the antenna, including its band-
width, return loss, gain, and impedance matching specifications [46]. To maximize
antenna performance following particular criteria, the selection of the feeding

technique is of the utmost importance.

2.2.6 Both-sided MIC technology

Microwave integrated circuit (MIC) technology, also known as both-sided MIC
technology, is an innovative approach that is applied in the design of antennas.
When both sides of the substrate of an antenna are used to integrate a microwave
circuit is called both-side MIC or double-sided MIC technology. It has several

design flexibilities along with improved antenna performances [47].

Figure 2.12: Some examples of hybrid dividers (Magic-T). Blue-colored ® and
red-colored ® denote in-phase and out-of-phase signals respectively.

Both-sided MIC technology has the capability to form in-phase dividers (H
port) and out-of-phase dividers (E port), and it can combine these two types of
dividers to form a hybrid tee that is referred to as Magic-T [48]. This capability
is illustrated in Figure 2.12.

2.3 Related Antenna Work

Within this section, a concise overview will be provided of the scientific work
that has been conducted on circular polarization, beam switching, and DOA

estimating antennas, with a particular focus on microstrip antennas.
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2.3.1 Circularly Polarized Antennas

Circularly polarized antennas are a common choice among antenna engineers
because they are resistant to the rotation of faradays and have the capacity
to correct for interference caused by multi-path fading. The circular polarized
microstrip patch has been the focus of research for a considerable amount of
time due to its low profile, simplified manufacturing process, cost-effectiveness,
and lightweight nature. Moreover, the inherent low gain problem is compensated
for by array arrangement, microstrip patch array antenna has been utilized in a

variety of wireless applications [49, 50, 51, 52].

Port 1

Port 1

Figure 2.13: Typical circularly polarized square-shaped microstrip patch an-
tenna with dual feed and with single feed associated with an external splitter.

The fundamental T'M;, resonant mode of a simple microstrip patch is acti-
vated when it is fed with a radio frequency signal. This occurs when the patch
form is rectangular [53]. A simple microstrip patch radiates along its width.
To achieve circular polarization, it is necessary to provide two orthogonal electric
fields of equal amplitude, with a phase shift of 90° between them. However, there
is only one resonant mode that can be excited by a single microstrip patch with
a single feed, which results in either vertical or horizontal polarization [54, 55].
Therefore, to achieve circular polarization through the use of a microstrip patch
antenna, it is necessary to stimulate two orthogonal resonance modes. Dual feed,
as depicted in the Figure 2.13, is one method that can be utilized to accomplish
this. In order to obtain this through a single feed, it is necessary to have an ex-
ternal splitter that has one arm of the splitted microstrip lines that is a quarter
wavelength longer than the other arm, as depicted in the pictorial representation
[56]. In this way, the microstrip patch is able to excite two orthogonal resonant
modes within the patch, which in turn allows it to generate circularly polarized
waves. It is possible that the complexity of the design will expand as a result

of this external circuit or dual feed arrangement, increasing the total volume of
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Truncated Corner

> Stub

Figure 2.14: Typical single feed circularly polarized square-shaped microstrip
patch antenna with corner truncation and with stub extension diagonally.

the design. Therefore, there is another method that involves dividing the fun-
damental resonant mode of a microstrip patch into two orthogonal degenerative
modes in order to acquire circular polarization employing a single feed without
the need for an external circuit configuration. This criterion is met when the
corner of the patch is cut off and the feed is placed along the center axis near the
edge of the patch [57, 58, 59|, as depicted in Figure 2.14.

Corporate Corporate feed for Sequential rotation
feed boresight pattern feed

Figure 2.15: Some general examples of circularly polarized microstrip patch
array antenna feeding arrangement. The green-colored arrow represents the field
lines of the patch when excited.

On the other hand, with a microstrip patch array antenna that is circularly
polarized, there is an intuitive way to utilize every individual radiator as cir-
cularly polarized by either corner truncation or extending stub and to set up
a feeding network to transfer power among individual radiators in an effective
manner. The employment of the series feeding method, which is capable of effec-
tively distributing power across radiators, is one of the feeding approaches that
may be used for array antennas [60, 61, 62, 63]. One more method for feeding the
array is to make use of a parallel or corporate feed network to distribute power
across radiators in an effective manner [64, 65, 66, 67]. This feeding necessitates

the placement of certain individual radiators in order to achieve the same field
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distribution across the elements, as seen in Figure 2.15. If this is not accom-
plished, the elements will end up with a radiation pattern that is bi-directional
and does not have a boresight radiation pattern [68]. Other feeding arrangements,
including the sequential rotation feeding method [69] and the series-fed gap cou-
pled feeding [70] technique, are also available for use with the microstrip patch
array antenna. The sequential rotation feeding, on the other hand, requires a
complicated calculation about the width and length of the feed line, in addition
to ensuring that the orientation is symmetrical [71, 72].

Since a microstrip patch antenna is a low gain antenna that makes use of
numerous of the feeding techniques stated above in case of array design when
gearing up to big-scale array antennas to battle long-distance wireless commu-
nication, it becomes fairly complicated to maintain a single-layer simple feed
network. Both-sided MIC technology is a concept that can be utilized in the
process of array-making [73]. This technology makes the structure very simple
to feed efficiently, and it also makes the structure very simple in such a way that
it can be easily extended for large-scale arrays. Additionally, it provides design
flexibility by allowing for the incorporation of several internal circuits into the

design, which enables simple options for polarization diversity [74, 75].

2.3.2 Beam Switching Antennas

In addition to polarization mismatch, it is essential for better communication
to be free of interference, to have increased channel capacity, and to prioritize
power efficiency, which means achieving maximum power reception at the re-
ceiver end. This is especially important in this day and age of rapidly moving
and continuously growing traffic. In this particular scenario, it is of the utmost
importance to guide a radiated beam emitting from the transmitting antenna
in the desired direction without shifting the antenna itself. In this particular
circumstance, beam switching or beam steering antennas, which are defined as
antennas that are able to steer their radiating beam, have the potential to be
successful [76, 77]. It is possible to mechanically guide a radiated beam in a
certain direction by continually switching or guiding the antenna into the desired
direction [78, 79]. This process needs the use of an external controller, which
ultimately results in the complexity of the system. Therefore, beam switching
results in benefits when it is carried out electronically [80, 81, 82]. The use of
microstrip patch antennas for beam switching is attractive because of the advan-
tages of being lightweight, having a simplified manufacturing process, and having

an easier installation [83, 84, 85].

23



2.3 — Related Antenna Work

4

Figure 2.16: A general architecture of switched-beam microstrip patch array
antenna with butler matrix in the external circuit. Green arrow indicates the
feed point [86].

In the event that an array antenna is taken into consideration, the primary
purpose of a switched beam antenna is to implement a phase difference between
the radiators. To produce an equi-phase wavefront in the distant zone at a tilted
angle with the axis perpendicular to the antenna plane, it is necessary to have
a phase difference among the elements of the array. This phase difference causes
electromagnetic waves to be emitted with phase differences among the elements.
It is possible to do this by providing each radiator of a microstrip patch array
with its distinct input port, which comes equipped with its phase signal [87].
However, in order to construct a circuit component that has such capabilities
inside the device, it would be too complicated to do so for large-scale arrays.
However, in the case of a microstrip patch array antenna, the general method
of introducing a phase difference between the components of the array is by
employing a phase shifter and diodes into the design [88, 89, 90, 91, 92, 93]. On
the other hand, one of the most typical methods for achieving beam switching by
means of a microstrip array antenna is to make use of an external butler matrix
circuit in order to generate a phase difference among the array radiators [94, 95,
96, 97]. A beam-switching array antenna with a butler matrix is represented in

Figure 2.16, which is a schematic illustration of the antenna [86, 98].
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One additional method for configuring beam switching in a microstrip array
is to make use of switches or diodes in parasitic patches that circulate a centrally
driven patch [99]. Controlling the configuration of the diodes results in beam
switching to different directions, which is also a complex process when dealing
with large-scale arrays. The switch or diode configuration may also be utilized in
a single patch, and depending on how they are configured, altering the current
flow inside the patch can result in an inclined radiated wave [100]. Also, a single
element with a multi-port can switch beams with deviation from the general
patch shape like star patch [101]. Nevertheless, since a single patch antenna is
a low-gain device that has the potential to fail in long-distance transmission, an

array antenna is a more desirable option.

2.3.3 DOA Estimation Antennas

A crucial component of wireless communication, including smart antennas, sonar,
radar, and surveillance, is the calculation of the direction of arrival, also known as
DOA is an act of determining the direction from which a propagating wave arrives.
The monopulse tracker is a technology that is often used to find the direction
of arrival (DOA). When compared to other methods, such as MUSIC (MUltiple
Slgnal Classification) and ESPRIT (Estimation of Signal Parameters via Rational
Invariance Techniques), the monopulse tracker is preferred since it requires less
sophisticated computations and offers extremely precise information about the
direction of travel [102, 103, 104]. The monopulse concept involves comparing the
received signal beam by the components of the receiver antenna array using two
different techniques: the pulse monopulse concept and the amplitude monopulse
concept [105]. The use of microstrip patch arrays with both-sided microchip
technology for the monopulse phase comparison technique is a new area of study
that is being focused on in the field of wireless communication. This technology
has several advantages, including a low profile, a lightweight construction [106],
and the option of incorporating microwave circuits into the whole structure [107,
108].

Recent research has highlighted the effectiveness of microstrip patch anten-
nas in improving the precision and resilience of DOA estimates. As a result,
these antennas have emerged as a potentially useful choice for a wide range of
applications that require accurate direction-finding capabilities. It was specu-
lated in [109] that a four-element microstrip patch array may be used for DOA
estimate; however, the practicality of this array for extensible arrays has been

put into doubt due to the fact that the comparator circuit for phase comparison
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Figure 2.17: A general architecture of DOA estimating microstrip patch array
antenna with comparator circuit made of rat-race [109].

is situated around the patch array as shown in Figure 2.17. It is necessary to in-
corporate a comparator circuit in the middle of the array in order to compensate
for this, despite the fact that this results in blockage and raises the sidelobe level
[110]. To eliminate blockage and achieve a reduced sidelobe level, a 256-element
array for DOA estimation is presented, with a central comparator and four out-
put ports connected to the sum signal, difference signal, and the matching load.
However, this antenna suffers from spurious radiation in the sidelobe level, as well
as feed network loss [111]. This phenomenon can be addressed by using an RF
multiplier and a Magic-T, which is an application of both-sided MIC technology
(112, 113, 114].
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Chapter 3

Circularly Polarized
Three-Element Patch Array

This chapter describes a single-fed, three-element patch array antenna that op-
erates in a linear polarized sense but a simple modification in the quarter wave-
length transformer microstrip line enables the antenna to radiate a circularly
polarized signal of both senses. The proposed design distributes a single port
input signal across three patches. The signal can be routed to each patch by
taking advantage of both-sided MIC technology’s design flexibility. Element #1
is fed orthogonally, whereas the following patches (Element #2 & #3) are fed in
a single direction but with orthogonal orientations. Section 3.1 delves into the
design process and includes the materials used, as well as technical specifications
and an explanation of how the antenna works. Section 3.2 offers the findings,

which validate the concepts’ successful application.

3.1 Design Method

3.1.1 Antenna Structure

Figure 3.1 demonstrates the arrangement of three square microstrip patches,
labeled #1, #2, and #3, on a Teflon substrate with a relative dielectric constant
of €, = 2.15. These patches are capable of resonating at frequencies within the X-
band range. The figure also shows a cross-sectional view of the planned antenna
along AA’. To produce the microstrip-to-slot junction and the slot-to-microstrip
junction, which function as equal dividers of the input signal from the port, a
U-shaped slot line with flared arm ends, measuring 0.2 mm in width, is cut in the
ground plane. The microstrip lines that connect the patches and the flared ends

of the slot form the slot-microstrip junction. Two signals originating from slot-
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Figure 3.1: Geometry of proposed three-element microstrip patch array an-
tenna.

microstrip junctions are directed towards patch #1 in an orthogonal manner,
whereas signals from the same junctions are sent towards patches #2 and #3
through edge feeding. To enhance the isolation of the divided signals from those
indicated as [, in the figure, the slot line in the ground plane was extended by a
distance of A/4 at the slot-microstrip junction. The size and specifications of the

antenna are provided in Table 3.1.

Table 3.1: Design parameters of the proposed microstrip antenna array.

Parameter | Value
Substrate Teflon Glass Fiber
Relative dielectric constant, e, 2.15
Patch length, L 9.7 mm
Microstrip line width, w,, 2.1 mm
A/4 slot line length, [ 4.8 mm
Slot line width, w 0.2 mm

Four red circles with black boundary lines at the microstrip line’s four ex-
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tremities serve as ports to measure the feed networks’ asserted phase difference.
The simulation was run in Advanced Design System (ADS) by putting four ports

(Port #2, Port #3, Port #4, and Port #5) at the right spots, as shown in Figure
3.2(a) and Figure 3.2(b).

3.1.2 Antenna Mechanism

The basic operation of the three-element microstrip patch array antenna’s feed
network without a meander line and with a meander line are shown in Figure
3.2(a) and Figure 3.2(b) respectively. The signal splits into two identical signals
at the microstrip-slot junction after passing via the 50 {2 microstrip line from the
input port (port #1). On the ground plane, these signals are transferred along
the 0.2 mm slot line. Signals split into two equal-amplitude reverse phase signals
at the slot-microstrip junction. Signals are sent to the microstrip line’s ends via
a quarter wavelength transformer.

As shown in Figure 3.2(a), Two electric vectors that are perpendicular to each
other and have the same magnitude can be produced from port 2 and port 3. Fur-
thermore, port 4 and port 5 are positioned in an orthogonal direction. Therefore,
they can collectively generate two electric field vectors that are perpendicular to
each other. However, this orientation results in a phase difference of 0° between

the ports. Ultimately, they generate +45° linear polarization.

2 % ® ®
+ e = )=
3 S Port#2 & P~
Port#2 =
Port #4
Port #4 5
Meander
Port #1 line Port #1

(a) Without meander line (b) With meander line

Figure 3.2: Basic behavior of the feed network of the proposed array antenna
without meander line and with meander line.

Figure 3.2(b) depicts the feed network in the design, which includes a meander

line. A meander line is incorporated into the design to ensure that there is a

29



3.2 — Result Analysis

quarter wavelength phase variation between the ports. This allows the patch
to be stimulated by two signals of equal amplitude, with a 90° phase difference

between them.

3.2 Result Analysis

The findings of the simulation are presented in this section. Initially, an anal-
ysis was conducted on the feed network to ascertain the phase difference of the
network. This was achieved by substituting pins in place of the patch edge
and performing simulations. After inserting the patch, the antenna is simulated
and examined to determine its linear and circular polarization, as well as its
impedance matching. Ultimately, the radiation pattern for circular polarization
(CP) is analyzed, and the impact of varying meander line lengths on CP is in-

vestigated.

3.2.1 Phase Difference

Figure 3.3 illustrates the phase difference of the feed network. Four pins were
placed at the extremities of the microstrip line, excluding the meander line, and
then simulated using ADS. The simulation was rerun after the inclusion of me-

ander lines. From the figure, it is evident that the network does not have any
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Figure 3.3: Phase difference of the feed network.

meander lines. At around 10 GHz, the phase difference between pins #2 and
#3, as well as pins #4 and #b5, is precisely zero, when there is no meander line
in the design. At a frequency of 10.04 GHz, the phase difference in the network

is precisely 90°, when there is a meander line in the design. Consequently, the
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assertion of successfully achieving quarter wavelength phase differences across

ports is validated.

3.2.2 Return Loss and Axial Ratio

Following analysis of the feed network, particular patches of appropriate length
for resonating at the X-band frequency are added to the design. These patches

are then simulated and their results analyzed. Figure 3.4 depicts the proposed
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Figure 3.4: Simulated return loss and the axial ratio of the proposed three-
element microstrip patch array antenna.

antenna’s return loss and axial ratio. The figure clearly shows that the suggested
constructed antennas can emit linear polarization (LP) when there is no meander
line in the design and circular polarization (CP) in both senses when there is
meander line in the design respectively. The reflection coefficient curve in Figure
3.4 shows an increase and drop at 10.04 GHz, showing that the antenna can
produce two independent degenerative modes that are orthogonal to one another.
Figure 3.5 shows a dip around the value of one on the Smith chart, which indicates
the formation of two orthogonal degenerative modes. Figure 6 shows that at a
frequency of 10.04 GHz, the axial ratio is less than 3 dB for both clockwise
and counterclockwise circular polarization. The antenna has a linear impedance
bandwidth of 300 MHz and a circular impedance bandwidth of 600 MHz. The
antenna’s axial ratio bandwidth (ARBW) measures 112 MHz.

3.2.3 Radiation Pattern

Figure 3.6 shows the antenna’s three-dimensional (3D) and two-dimensional (2D)
radiation patterns. The measurements show that the antenna produces a highly

focused beam in the boresight direction. The 2D radiation pattern represents a

31



3.2 — Result Analysis

m1
freq=10.04GHz
/_fleq 10.04GHz / 41.765
i O e 1mpedance—/ 32 ?13 %64 j0.057) /—D.c 'ml’mﬁ\” (1.080 - j0.077)
/ ; \
/ | o |
J |
\ f /
/
/
\ //
\\*’///
(a) RHCP (b) LHCP

Figure 3.5: Input impedance of the array antenna on Smith chart.
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Figure 3.6: Simulated 3D (a and b) and 2D radiation pattern of the proposed
three-element patch array antenna.

plane that has been split at a phi angle of 90 degrees. The pattern’s maximum
strength occurs at zero (0) degrees on the polar plot, indicating that the antenna
transmits a strong signal perpendicular to its axis for both left- and right-hand
circular polarization.

Figure 3.7 shows the computed gain in decibels (dBic) relative to an isotropic
circular radiator at various frequencies, for both senses of circular polarization.
The antenna, which has a meander line design, produces a gain of 11.25 dBic for
left-hand circular polarization and 11.35 dBic for right-hand circular polarization
at the resonance frequency. Furthermore, it achieves a maximum gain of 11.65
dBic for circular polarization over the whole frequency range.

Figure 3.8 shows the cross-polarization level for left- and right-handed circular

polarization. The graph’s red color represents the LHCP level, whereas the green
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Figure 3.7: The gain of the array antenna for a range in the X-band frequencies.

color represents the RHCP level. The square marking represents left-handed

[ |—® —& Epucp
0 —8— —8— Egycp

L NN
/A

NI el V7R \\ ;
f / \V/ e\
w e / \V [ K
B A S Y

-100 -50

Relative Power [dB]

Theta [Deg.]

Figure 3.8: Relative power level difference for the antennas operated at LHCP
and RHCP mode.

circular polarization, while the circle marker indicates right-handed circular po-
larization. The statistics demonstrate that the cross-polarization level exceeds 20
dB in all circumstances, ensuring the antenna’s capability of circular polarization

emission in both senses.

3.2.4 Effect of Meander Line Length

The previous section explained how the design’s meander lines provide the req-
uisite quarter-wavelength phase difference between equal amplitude orthogonal
signals, resulting in the transmission of circular polarization. As a result, chang-
ing the length of the meander line affects the antenna’s circular polarization

performance in a variety of ways. This can be estimated by looking at the axial
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ratio of the proposed antenna. Figure 3.9 shows how changing the length of the
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Figure 3.9: Axial ratio performances for different meander line lengths of the
antenna operated at LHCP mode.

meander line in the design affects the axial ratio. The graphic shows that includ-
ing a meander line in the design has a considerable effect on the antenna’s CP
performance. The axial ratio increases with length, and for line lengths greater
than 13.6 mm, it exceeds 3 dB. Reducing the length of the meander line improves
the axial ratio. However, when the length is smaller than 12 mm, the axial ratio
appears to decrease. As a result, choosing the suitable length assures the cor-
rect phase difference between signals, resulting in accurate CP radiation. The

antenna has a maximum axial ratio bandwidth of 140 MHz.

3.3 Summary

An antenna with three elements is designed and simulated using ADS software.
The antenna utilizes both-sided MIC technology and operates at X-band fre-
quency. The design without a meander line results in a linear polarization of
45 degrees, while the version with a meander line achieves circular polarization.
The position of the meander line determines whether the signal is left-hand circu-
larly polarized (LHCP) or right-hand circularly polarized (RHCP). The proposed
layout achieves a gain of 11.25 dBic. Using a single input simplifies the struc-
ture’s feed network, and a Co-pol and X-pol level differential greater than -15

dB indicates excellent circular polarization performance.
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Chapter 4

Orthogonal Excitation
Four-Element Patch Array

This chapter describes a 2x2 microstrip patch array antenna, in which each patch
is excited orthogonally. The aim is to achieve circular polarization using a simple
feed mechanism. The microstrip feed line transmits signals to each patch through
the structure, employing both-sided MIC technology. The antenna consists of a
four-element array, and the diagonal patches propagate in the same polarization
direction. The inclusion of the meander line in the modified design effectively
resolves the limitation. This chapter is conducted using simulation techniques
and is structured in the following manner: it begins with a description of the

structure, followed by an analysis of the outcomes.

4.1 Antenna Design Method

4.1.1 Antenna Structure

Figure 4.1(a) shows the design structure of the proposed antenna array. Four
microstrip square patches have been etched on top of a 0.8 mm thick Teflon Glass
Fiber substrate with a relative dielectric constant of 2.15. A 0.2 mm wide slot
line is created in the ground plane. The 50 €2 impedance microstrip line receives
an input signal from the port and propagates it to a slot line via a microstrip-slot
branch (shown by a solid line circle in the image). The array is energized by two
microstrip lines that connect each patch via slot-microstrip junctions.

The illustration shows these intersections as dotted line circles. All the slot-
microstrip junctions draw power from the same slot line. The microstrip-slot
junction acts as a parallel divider, hence the slot line impedance must be double

that of the microstrip line impedance. As a result, the slot line has an impedance
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Slot Line

Microstrip
Feed Line

(a) Proposed design

(b) Schematic without meander line (¢) Schematic with meander line

Figure 4.1: Geometry (a) and schematic diagram of the basic behavior of the
proposed array antenna (b) without meander line (vertical linear polarization)
and (c) with meander line (circular polarization) of the proposed array antenna.

of 100 2. The slot-microstrip junction functions as a series divider. The symbol
l; represents a quarter wavelength extension of the slot line. The D variable
represents the distance between two slot-microstrip junctions. W,, denotes the

width of the microstrip line. The variables [; and [;, denote the lengths of two
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orthogonal quarter wave transformers formed at slot-microstrip junctions. And,
the relation between [, and [y, can be expressed as, l,, = l; + A\/4. Table 4.1

shows the design’s dimensions parameters and their optimal values.

Table 4.1: Dimension and design parameter of the proposed microstrip antenna
array.

Parameter ‘ Value
Patch dimension, Lx L 9.7 x 9.7 mm?

Copper thickness (ground, patch) 0.018 mm
Slot-line width, w, 0.2 mm

Microstrip feed line width, w,, 1.6 mm
Quarter-wavelength transformer width, w; 0.6 mm
Quarter-wavelength transformer length, [, 7.8 mm

Orthogonal transformer length, Iz, 15.44 mm
Slot-line stub length, I 4.8 mm

Line to line distance, D 10.5 mm

Line to line distance, D,, 4.4 mm

4.1.2 Working Principle

As the signal travels along the microstrip line, it splits into two identical sig-
nals with the same phase at the microstrip-slot junction. At the slot-microstrip
junction, these signals are divided again into two identical signals with oppo-
site phases (shown by a dotted circle). Figure 4.1(b) shows that the red arrow
represents the in-phase signal, while the blue arrow indicates the out-of-phase
signal. Two microstrip lines that arise from adjacent slot-microstrip junctions
on the same slot line are perpendicularly coupled to each patch. The signals are
the same amplitude, but the U-shaped microstrip lines are longer than the other
lines, ensuring a 90° phase shift between the two perpendicular signals. As a
result, each element of the array can propagate in a circularly polarized manner.
Furthermore, the feed network is constructed so that patches #1 and #4, as well
as patches #2 and #3, receive the same field distribution. Patches #1 and #4
emit radiation in a counterclockwise direction, while patches #2 and #3 emit
radiation in a clockwise circular fashion.

This design approach demonstrates that the antenna can generate both right-
and left-handed circular polarization in a single array. However, because they
propagate in different directions, this type of propagation is mutually exclusive.
This issue can be resolved by properly examining the field lines in the patches.

The two arms of the U-shaped microstrip line are in opposite direction to each
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Figure 4.2: Feed network analysis. (a) Reflection coefficient and transmission
coefficient of the feed network. (b) The phase difference between ports of the
feed network when the meander line is inserted into the design.

other because they originate at a slot-microstrip junction, as shown in Figure
4.1(b). As a result, the horizontal electric fields F, in patches #3 and #4 run in
opposite directions, as opposed to the horizontal electric fields, F,., in patches #1
and #2. The feed network’s orientation causes the orthogonal patches to emit
in two separate polarization senses. Since dual circular polarization is happening
due to horizontal electric fields being opposite to each other, the antenna ends
up producing only a vertical polarized signal.

Implementing a meandering path may help to alleviate this issue. Figure
4.1(c) shows that the £, field line is aligned in the same direction for all patches
as the meander line has been inserted in the arm of the U-shaped microstrip
line. Figure 4.2 shows the impedance matching and phase differences among

ports for the feed network. Figure 4.2(a) shows that the input signal is nicely
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carried out from the input port as the transmission coefficient are above -10 dB.
Also, it is clear from the Figure 4.2(b) that, the meander lines can transform
out-of-phase signals to in-phase signals at the U-shaped microstrip line’s ends.
This simulation was carried out by inserting ports (Ports #2, #3, #4, #5, #6,
#7, #8, and #9) in place of a yellow-colored black line circle as shown in Figure
4.2(c). However, A meander line in the arms of the microstrip lines supplying
patches #2 and #3 generates left-hand circular polarization (LHCP). But, a
meander line in the microstrip lines that feed patches #1 and #4 gives right-
hand circular polarization (RHCP). In addition, the U-shaped microstrip line

has been extensively adjusted to accommodate the meander line in the design.

4.2 Results and Discussions

In this section a parametric analysis presented which has been carried out for the
design without meander line in the design, Once an optimized results has been
visualized, meander line has been inserted into the design and rest of the design

and results has been speculated.

4.2.1 Parametric Analysis

This study examines the slot stub length (), orthogonal microstrip length (),

and different lengths for microstrip line spacing (D,,) above the slot line. Figure

[Sy| [dB]

-255
30F ‘ﬁ
-35 g —e— 4.6mm —8 4.7 mm —— 4.9 mm|

f |~ 5.0 mm —e— 5.1 mm ‘

9.0 9.5 10.0 10.5 11.0
Frequency [GHz]

Figure 4.3: Parametric analysis for various stub length, [, of the proposed four-
element microstrip patch array antenna without meander line in the design.

4.3-4.6 illustrates the return losses for different dimensions. Figure 4.3 demon-
strates that the changes in quarter wavelength slot line stub length have little

effect on the whole array. However, different lengths of the U-shaped microstrip
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line which are denoted as [;,. have an effect on impedance matching as well as the

impedance bandwidth of the array as shown in Figure 4.4. The antenna’s circu-
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Figure 4.4: Parametric analysis for various stub length, [;, of the proposed
four-element microstrip patch array antenna without meander line in the design.

lar polarization capability is compromised for U-shaped microstrip line lengths

shorter than 15 mm due to its inability to achieve a 90° phase shift. Figure
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Figure 4.5: Parametric analysis for various distances of D,, of the proposed
four-element microstrip patch array antenna without meander line in the design.

4.5 displays the return loss for different spacing lengths between two microstrip
lines positioned above the slot line. Furthermore, Figure 4.6 provides return
losses for various spacing parameters between microstrip lines. Additionally,
presents several microstrip line lengths, [;,, that can be used to maintain a square
shape for the array. From this analysis, the optimum dimensions for the array

are selected and simulated based on these evaluations.
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Figure 4.6: Parametric analysis for various parameter variations of the proposed
four-element microstrip patch array antenna without meander line in the design.

4.2.2 Optimized Results

By incorporating two meander lines into the arm of the U-shaped microstrip
line, the direction of the horizontal electric field can be reversed, resulting in
the propagation of the complete array with the same-handed polarization. This
section provides the optimized results obtained after the inclusion of a meander
line. In addition, a slight adjustment is made to the size of the array to achieve
circular polarization at a frequency of 10 GHz. The inclusion of meander lines
in the patch array increases its size by 1.2 x 1.2 mm?, resulting in a total array

size of 41 x41 mm?.

4.2.2.1 Return Loss, AR, and Gain

Figure 4.7 shows the simulated return loss for the proposed antenna design
without a meander line as well as with meander lines with the axial ratio in
the frequency band. The data clearly shows that the antenna has outstanding
impedance matching in the X-band frequency region, as seen by a return loss
of -41.86 dB at 9.88 GHz. The curve’s rise and fall around 10 GHz show the
presence of two orthogonal modes with closely separated resonance frequencies,
which is necessary for circular polarization. The diagram also shows that the
antenna has an impedance bandwidth of 460 MHz, with a return loss of -10 dB
between 9.72 GHz and 10.18 GHz.

The axial ratio is 0.12 dB as seen from the figure at 10 GHz, which is around
the dip regions of the return loss curve. This shows the existence of two separate
resonant modes that are perpendicular to one another. As a result, the antenna

is capable of producing circularly polarized radiation at a frequency of 10 GHz.

41



4.2 — Results and Discussions

I SRR

£ -2
40

F [—e— LP -m- LHCP —A— RHCP

£ |—e— LHCP ---- RHCP
1 ) S ————— . o 0

9.0 9.5 10.0 10.5 11.0

[Su| [dB]

[gp] oney [eixy

Frequency [GHz]

Figure 4.7: Optimized return loss and axial ratio of the proposed four-element
microstrip patch array antenna with meander line incorporated into the design.
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Figure 4.8: Gain and directivity versus frequency for RHCP of the proposed
four-element microstrip array antenna.

Figure 4.8 depicts the simulated gain and directivity characteristics of the
proposed antenna for right-hand circular polarization (RHCP). The antenna has a
directivity of 13.30 dBi and a gain of 12.87 dBi at 10 GHz, which is its resonance

frequency.

4.2.2.2 Radiation Pattern

Current distributions of the designed antenna array with the meander line and
without the meander line are shown in Figures 4.9-4.10. It is clear from the
figure that the meander line in the design helps field lines to reverse and act as
one sense of CP. Patches #2 and #3 radiate similarly to #1 and #4. This gives
the array antenna right-hand circular polarization. When there are no meander
lines in the microstrip line that feed patches #1 and #4, but in the arms of
U-shaped lines that feed patches #2 and #3 causes the array to radiate in a
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4.2 — Results and Discussions

left-hand circular polarized (LHCP) manner. It is also clear from the figure that
the surface current for RHCP antennas moves in the opposite direction to that
of LHCP antennas as well as the feeding network shows small changes from the
design without the meander line. As mentioned earlier these adjustments are

made to include the meander line in the design.

|

)

Figure 4.9: Current distribution of the proposed circular polarized microstrip
array antenna without meander line operated in linear polarization mode where
diagonal patches polarization senses cancel out each other.
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Figure 4.10: Current distribution of the proposed circular polarized microstrip
array antennas with meander line operated in RHCP and LHCP mode.

According to Figure 4.11, the cross-polarization level for both right-hand cir-
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cular polarization (RHCP) and left-hand circular polarization (LHCP) operation

exceeds 42 dB. Hence, it is clear that the proposed circular polarized array an-
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Figure 4.11: Radiation pattern of the proposed design for LP, RHCP, and
LHCP operation.
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tenna has exceptional radiation capabilities for both right-hand circular polar-

ization (RHCP) and left-hand circular polarization (LHCP) operations.

4.2.3 Effect of Meander Line Length

The study found that the meander line in the design is critical for ensuring ac-
curate CP array performance. It can be confidently stated that the length of the
meander line has a direct impact on the array antenna’s overall CP performance.

Figure 4.12 shows how the length of meander lines influences the performance of

[Syy| [dB]

Axial Ratio [dB]

—o— 124 mm

—v— 12.8 mm 4
—&— 132 mm 42
—=— 13.6 mm ]
—d— 14.0 mm

10.1 10.2 10.3

Frequency [GHz]

Figure 4.12: Effect of meander line length on the microstrip array antenna
operated in LHCP mode.

array antenna circular polarization (CP) and impedance. The graph shows that
the antenna performs best in terms of circular polarization (CP) and impedance
matching when the meander line length is 13.2 mm. When the line length reaches
14 mm or falls below 12.4 mm, both the CP and impedance performance deteri-
orate, but the percentage of bandwidth remains constant. The bandwidth of the

axial ratio is approximately 140 MHz.

4.3 Summary

This section summarizes this chapter’s designed work simulation findings and
compares them with previous work. Table 4.2 presents a comparison between
the performance of the proposed work as well as of the previous chapter’s three-
element array antenna and that of other works. The data unequivocally demon-
strates that the antenna exhibits significantly superior performance when con-
figured as a three-element array as well as a four-element microstrip patch array

antenna. The proposed antenna exhibits a maximum gain of 11.65 dBic for the

45



4.3 — Summary

three-element array antenna and 15.02 dBic for the four-element microstrip patch
array antenna, which surpasses the performance of prior designs. Additionally,
it offers a much wider axial ratio bandwidth of 140 MHz.

Table 4.2: Comparison of the proposed 3-element and 4-element circularly po-
larized microstrip patch array antenna with other works.

[Ref] No of Elements No of Ports Gain ARBW

[55] Four(2x2) Single 8.11 dB < 1%

[58] Four(2x2) Single 483dB < 1%

[60] Four(4x1) Single 10 dBic 0.4%
[62] Four(2x2) Dual 451 dB 160 MHz
This Thesis Three Single 11.65 dBic 140 MHz
Four(2x2) Single 15.02 dBic 140 MHz
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Chapter 5

Large Scale Circularly Polarized

Array

The previous two chapters explore the utilization of both-sided MIC technology in
the design of microstrip array antennas. This technology offers flexibility in design
and the potential for easy scalability to larger arrays. This chapter explores the
potential by using a simple feed single-layer 256-element (16x16) microstrip patch
array antenna for circular polarization. This chapter provides a comprehensive
explanation of the construction of a large-scale array. The array is constructed
using a similar approach as before but with a different arrangement of the feed.

Additionally, the simulation data are thoroughly analyzed and discussed.

5.1 Design and Mechanism

In the beginning, a feed network is built and then fine-tuned for a 2x2 array that
is running at a central frequency of 5.8 GHz. Once it is complete, four patches
are combined in the feed circuit to create a 2x2 array, which is then simulated
for additional optimization. The larger arrays are built with the basic array and
simulated for optimization. A substrate composed of Teflon with a thickness of
0.8 millimeters and a relative dielectric constant of 2.15 is used in the construction
of the antennas. The patches are situated on the surface that is facing upward.
Due to the presence of a slot line in the ground plane that is 0.2 millimeters wide,
the antenna has the potential to utilize both-sided MIC technology. Because of
this, the construction of the feed network is made easier, and it ensures that the
amount of power provided to each array is the same. The antenna configuration
that is being analyzed is shown in Figure 5.1.

It is essential to have two electric fields that are perpendicular to each other

and display a phase difference of one-quarter of a wavelength to achieve circular
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Figure 5.1: Geometry of proposed 256 element microstrip array with the basic
feed network. Ant #1 (4), Ant #2 (16), Ant #3 (64), and Ant #4 (256) are the
four array antennas (with several numbers of elements).

polarization. This situation must be present in order to achieve circular polar-
ization. In order to accomplish this task by utilizing the proposed 2x2 array,
the feed network is created in a manner that enables the bend in the microstrip
line that connects patch #1 and patch #3 to be aligned perpendicularly with
patch #2 and patch #4. To ensure the manufacture of the necessary 90° phase
difference between them, the microstrip line is curved or bent, which assures its

production.

5.2 Result and Discussion

5.2.1 Imepedance Matching

The feed network of the antenna is emulated by connecting a 50 2 microstrip
line to the input.

Four ports, namely port#2, port#3, port#4, and port#b5, are linked to the
microstrip line ends where the patch would be attached. Each port has an
impedance of 190 Q2. Figure 5.2 depicts the simulated reflection coefficient and
transmission coefficient of the feed network for the 2x2 array. Based on the
illustration shown in 5.2(a), it is clear that the input impedance |Si;| of the feed
network is outstanding as shown by a return loss of less than -40 dB at the cen-

tral frequency of 5.8 GHz. other scattering parameter value above -10 dB level
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Figure 5.2: Simulated return loss for the feed network and array antennas’
designed for circular polarization.

indicates proper transmission. Figure 5.2(b) shows the phase difference between

the microstrip line ends ports. It is clear from the figure that the phase differ-
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ence between ports are 180° when there is no bend (Lpe,q) in the microstrip line
that is feeding to patches but has a phase difference between ports or 90° when
there is a bend in the microstrip line. Figure 5.2(c) depicts the return losses
for Ants #1-#4 showing that the antennas efficiently match the input signal,
with return loss levels below -10 dB. The simulation findings show that the four
antennas have impedance bandwidths of 260 MHz, 380 MHz, 240 MHz, and over
440 MHz, respectively.

5.2.2 Radiation Pattern

The antenna functions with a left-hand circular polarization (LHCP) configu-
ration. Figure 5.3 illustrates the comparative power of the suggested antennas.
Based on the image, it is clear that all the antennas (Ant#1- Ant#4) have cross-
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Figure 5.3: Relative power of the proposed circularly polarized microstrip patch
array antenna operated in LHCP mode.

polarization power level differences of more than 20 dB, indicating a strong ra-
diation pattern in the LHCP mode.

Figure 5.4 and figure 5.5 demonstrate that the proposed antenna has a high
level of gain and directivity, with a side lobe level difference of over 20 dB relative
to the main lobe. Additionally, it is capable of efficiently radiating in the circular
polarization (CP) sense since the antennas have axial ratios that are well below 3
dB, with the minimum value being 0.70 dB for a 256-element antenna operating
at a resonance frequency of 5.79 GHz. The highest directivity of antennas with
2x2, 4x4, 8x8, and 16x16 components is 13 dBic, 18.34 dBic, 23 dBic, and 27
dBic, respectively.

The 3D radiation pattern of the proposed antennas is seen in Figure 5.6.

Increasing the size of the array with the radiator number causes the beamwidth
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Figure 5.4: Simulated Broadside gain of the proposed circularly polarized an-
tenna.
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Figure 5.5: Simulated directivity and axial ratio of the proposed microstrip
patch array antenna.

of the suggested arrays to become narrower. On top of that, the beam becomes
highly focused in the boresight direction. Therefore, it can be concluded that
based on the information provided, the 256-element array antenna is suitable for

long-range signal transmission with optimal power efficiency.

5.3 Summary

This chapter presents the design and simulation of a 256-element microstrip patch
array antenna. The objective is to verify the effectiveness of employing both-sided
MIC technology in simplifying the construction of the feed network for large-scale
arrays. In addition, a microstrip patch array antenna consisting of 4, 16, and

64 elements was built as part of the process to ultimately construct the 16x16
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(Ant #1) (Ant #2) (Ant #3) (Ant #4)

Figure 5.6: Simulated 3D radiation pattern of the proposed microstrip patch
array antenna.

array. The presence of a single input port verifies the intended uncomplicated
configuration, characterized by a foresight gain of 48 dB and a relative power

differential above -20 dB. The axial ratio values of all the antennas were below 3
dB.
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Chapter 6

Beam Steering Four-Element
Patch Array

This chapter presents a microstrip array antenna with four elements that are
used for beam steering operations by utilizing both-sided MIC applications. This
chapter also details the inclusion of a planar phase shifter into the design and
acheive beam switching with the same array arrangement. The feeding network
of the proposed design is quite simple because of the design flexibilty of the
both-sided MIC technology. The array antenna is designed to be simulated at
the resonance frequency of 3.5 GHz in the sub-6 GHz 5G frequency range, in
response to the growing number of smartphone users and the increasing demand
for streaming. In the period of widespread 4G usage, it is necessary to make the
switch to the next generation of technology to ensure the successful installation
of new systems. The sub-6 GHz frequency range is the immediate frequency band

used for the efficient implementation of the 5G frequency band.

6.1 Beam Steering as a Concept

6.1.1 Design and Working Mechanism

The microstrip line has an impedance of 50 (2. The slot impedance in the
microstrip-slot branch circuit must be precisely 100 2 due to its function as
a parallel power divider. This device splits the signal into two signals of equal
amplitude and in phase. The strip impedance in the slot-microstrip branch cir-
cuit must be 50 €2, as it functions as a series power divider [115]. This divider
splits the signal into two signals of equal amplitude that are out of phase with
each other. To achieve improved impedance matching, quarter wave transformers

are employed, with an impedance of precisely 92.95 ), as determined by equation
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Figure 6.1: Configurations of the proposed array antenna which contains four
radiating square patches, microstrip lines, quarter wave transformers, slot line.
Where, W;=W,,=2.6 mm, W,=0.8 mm, W,=0.2 mm, Fy =15.2 mm.
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6.1 — Beam Steering as a Concept

The slot line at the slot-microstrip branch extends by a quarter-wavelength
to improve the antenna’s characteristics. Similarly, the quarter-wavelength mi-
crostrip line is also extended at the microstrip-slot branch. Figure 6.1 displays
the arrangement of the suggested array antenna, revealing the use of two slot-
microstrip branches to connect the four antenna parts. The impedance of a slot-
line is equal to double the impedance of a microstrip line. Two input ports with
a 50 € impedance are connected to two microstrip lines with a width of 2.6 mm.
Four additional ports, each having an impedance of 172 €2, are connected to the
terminals of four quarter wave transformers, as seen in Figure 6.1(b). And, Fj,

which represents the distance between two input microstrip lines.

LAY &7 &F

a) Only port #1 b) Only port #2 ) Port #1 & #2 with A¢

Figure 6.2: Hybrid coupler structure with schematic electric fields for several
conditions.

The T-type slot line in the ground plane incorporates a quarter wavelength
slot, enabling the design to operate in a hybrid divider configuration. Figure
6.2 provides a schematic representation of the behavior of field lines on the slot
line and microstrip line, which helps to understand the operation of the proposed
antenna’s working operation. Two parallel microstrip lines and an inverted T-
shaped slot in the ground plane form a hybrid divider, which is a signal division
technique that uses both-sided MIC technology to divide a signal into two equal
amplitude signals that may be either in phase or out of phase depending on the
input signals provided phase. The slot lines allow for the transmission of both in-
phase and out-of-phase signals, as depicted in Figure 6.2. The schematic electric
field distribution is depicted in Figures 6.2(a) and 6.2(b) when the input signal
is applied to ports #1 and #2 individually.

When an input signal is received exclusively by port #1, it travels along
the microstrip line and is split into two equal amplitude in-phase signals at the
microstrip-slot branch, since the microstrip-slot branch functions as a parallel
power divider. The quarter wavelength stub functions to prevent the signal from
propagating towards the right side of the slot lines. Consequently, port #1 func-
tions as the H port or in phase divider. The signal only travels in the leftward
direction along the slot line. When activated separately, port #2 also functions

as an H port of the divider, as seen in Figure 6.2(b).
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6.1 — Beam Steering as a Concept

When two ports are stimulated concurrently with a phase difference, the hy-
brid junction functions in a way that two different mode signals travel along the
two microstrip lines and reach up to the hybrid junction. This different mode
signal is sent then to slot lines, which travel along the slot line and reach the
slot-microstrip junction separeatly, as seen in Figure 6.2(c). Since, these differ-
ent mode signals propagate down the slot line and reach the patches eventually,
induce a phase difference between patch #1, #2, and patch #3, #4, resulting in

a tilted beam.

6.1.2 Simulation Findings
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Figure 6.3: Input impedance response of the feed network and the proposed
four-element microstrip patch array antenna.

Figure 6.3 illustrates the reflection coefficient of the feed network and the

beam steering array antenna. Figure 6.3(a) clearly indicates that the feed network
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6.1 — Beam Steering as a Concept

exhibits optimal performance at a distance of 15.2 mm between input ports,
denoted as Fy in the design geometry. Figure 6.3(b) demonstrates the antenna’s
input impedance response (|S11]), revealing a return loss of less than -40 dB at
a resonant frequency of 3.5 GHz.

This indicates that the input impedance matching is excellent. The fig-
ure indicates that the impedance bandwidth range of -10 dB is between 3.47
GHz and 3.53 GHz. Although this antenna has a narrow bandwidth, it works
in the center frequency of the sub-6 GHz frequency band used in 5G. The an-
tenna also exhibits a high level of isolation between its two input ports. Figure
6.3(b) clearly demonstrates that |Sjs| achieves a return loss of less than -10 dB,
which guarantees excellent port isolation. Therefore, it may be concluded that

the antenna exhibit excellent impedance matching and superior isolation between

0000009

) Port #2 phase is varied

19999

) Port #1 phase is varied

Figure 6.4: Simulated 3D radiation pattern of the proposed microstrip array
antenna.

Figure 6.4 depicts the 3D radiation pattern of the antenna in two different
scenarios while the ports are being fed. Figure 6.4(a) displays the pattern of
phase variation for port #2. The phase of port #1 has been retained, while the
phase of port 2 has been increased by a step of 15°. Figure 6.4(b) shows the
pattern for the second scenario when the phase of port #1 has been increased
by a step 15°, but the phase of port #2 has remained unaltered. Both scenarios
exhibit a phenomenon where the emitted beam is observed to be inclined at
a specific angle. In the first instance, the emitted beam tilts in the opposite

direction compared to the second situation. This ensures that the radiation is
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6.1 — Beam Steering as a Concept

directed along the elevation angle, as seen in the illustrations.

Figure 6.5 illustrates the two-dimensional (2D) radiation pattern of an an-
tenna that has been clipped at ¢ = 0°. Figure 6.5(a) illustrates the radiation
pattern that occurs when port #1 is supplied with a signal that has a phase
variation of zero degrees and port #2 is supplied with a signal that has a given
degree of phase shift. In order to alter the phase of the port #2 signal, an incre-
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