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ABSTRACT

Each new generation of wireless technology improves connectivity and speed, which has
resulted in a revolution in the way in which we communicate with one another and gain
access to information. The rapid development of wireless technology has been an
essential factor in the rise of modern society. This has made it possible to communicate
and interact with people all over the world in a seamless manner. The fifth generation of
wireless networks, often known as 5G, stands out from the other iterations of wireless
networks as a disruptive force that holds the possibility of reshaping our digital
landscape. It introduces higher data transfer rates, lower latency, and superior reliability,
all while supporting a vastly increased number of connected devices. 5G, functions
within various frequency bands, each with distinct attributes and practical uses. The sub-
6 GHz spectrum and the millimeter-wave (mm Wave) spectrum are widely recognized as
the primary frequency bands employed in 5G networks. The band below 6 GHz,
sometimes referred to as the sub-6 GHz spectrum, offers a favorable combination
between coverage and capacity. Conversely, the millimeter-wave spectrum, spanning
from 24 GHz to 100 GHz, offers exceptional data transmission rates and little latency.
However, its coverage is constrained, and signal attenuation can occur in the presence of
impediments such as buildings and trees. The optimization of 5G's capabilities is heavily
reliant on the utilization of Multiple-Input Multiple-Output (MIMO) technology.
Multiple-Input Multiple-Output (MIMO) is a communication method that employs
multiple antennas at both the transmitting and receiving terminals of a system. The use of
spatial diversity, multipath propagation, and beamforming techniques is employed to
enhance signal quality, mitigate interference, and augment data rates. In the context of
5G networks, Multiple-Input Multiple-Output (MIMO) technology is commonly utilized,
wherein a multitude of antennas are employed to cater to the needs of multiple users
concurrently. This technological advancement improves the total capacity and
dependability of networks, hence guaranteeing the fulfillment of high-speed, low-latency

connectivity as promised by 5G networks. But the use of a greater number of antennas



resulted in an increase in the total size of the antenna construction. Therefore, the
microstrip patch antenna emerges as the most viable option for use with the MIMO
technology in order to circumvent this issue. Microstrip patch antennas play a crucial role
in enabling effective and adaptable wireless communication within the framework of 5G
and MIMO systems. The small and simple design of these antennas, together with their
simplicity of integration into a wide range of devices, is well recognized. The
adaptability of microstrip patch antennas enables engineers to create antennas that are
specifically designed to meet the demands of particular frequency bands, bandwidths,
and polarization needs. This level of customization is of utmost importance in the
multifaceted realm of 5G communication. Due to their small dimensions, these devices
are deemed appropriate for integration within smart phones, tablets, and other
interconnected gadgets. Moreover, the capacity to function across many frequency ranges
is in accordance with the multi-band specifications of 5G networks. In the field of
literature, scholars employ various methodologies such as fractal geometry, insertion
slots, slits, notches structures, diverse feeding approaches, and faulty ground structures
etc to enhance the bandwidth, gain, and efficiency of microstrip patch antennas, while

also achieving compactness and multiband features.

The primary goal of this thesis is to build two antennas prototypes optimized for mobile
5G networks, one operating in the mid-band and the other in the millimeter range. The
first antenna is a modified circular disk-shaped microstrip patch antenna with multiband
and wideband resonance characteristics has been developed for use in 5G mid band
mobile applications. The proposed antenna incorporates a number of circular slots, the
radii of which are optimized through a variety of iterative processes in order to realize
the resonant frequency bands that are sought while maintaining a satisfactory impedance
match. The proposed antenna receives its feeding via a recessed microstrip line that has a
basic plane ground configuration. The HFSS electromagnetic simulation software was
used to carry out the antenna modeling and corresponding simulation studies. In terms of
differences in the thickness of the substrates, feeding techniques, substrate material and

the number of design iteration stages, a comprehensive parametric analysis has been
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carried out. The suggested antenna is innovative due to its multiband characteristics and
increased wide operational bandwidth in a compact size without a monopole or any
ground plane deflection. The prototype of the intended antenna was constructed on a
33.56 x 33.56 mm? physical foot print of FR-4 substrate and measured using vector
network analyzer to corroborate the simulated findings. This was done so that the
designed antenna construction could be validated. The suggested antenna has a resonant
frequency of 3.35 GHz, 8.84 GHz, 12.62 GHz, and 15.68 GHz, with a reflection
coefficient of -17.01 dB, -21.93 dB, -14.68 dB, -35.49 dB, and -20.63 dB, and an
impedance bandwidth (IBW) of 100, 630, 540, 990, and 6390 MHz, respectively. In
addition to this, the developed antenna exhibits characteristics of a steady radiation
pattern as well as an attractive gain over the frequency band in which it operates. The
recorded measured results are in good agreement with the results of the simulation.
Because of its miniaturized size, good radiation parameters, and capability to handle
numerous operating bands while maintaining good impedance matching and improved

bandwidth, the antenna that has been suggested is appropriate for use in 5G applications.

The second antenna provides a comprehensive description of a MIMO antenna designed
for 5G mm-wave mobile applications, utilizing fractal-based principles and micro-strip
feeding. The proposed configuration consists of a fractal-based spherical structure that
comprises spherical slots of varying iterations on the patch, along with rectangular slots
on the ground plane. The purpose of these additions is to mitigate the phenomenon of
patch isolation. The MIMO antenna under consideration consists of two closely spaced
antenna elements that exhibit resonance at numerous frequencies within the range of 8 to
28 GHz. Specifically, these frequencies are 9.5 GHz, 11.1 GHz, 13.4 GHz, 15.8 GHz,
21.1 GHz, and 26.6 GHz. The operational frequency range of the antenna extends from
17.7 GHz to 28 GHz, with a bandwidth of 10300 MHz. Therefore, it is highly suitable
for implementation in the millimetre wave (mm wave) domain, particularly for the 5G
new radio frequency band n258. Additionally, it provides partial coverage for other
frequency bands, namely X (8.9 - 9.9 GHz, 10.4 - 11.4 GHz) and Ku (13.1 - 13.7 GHz,
15.4 - 16.2 GHz). The isolation levels of all the resonating bands fall below the permitted
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threshold of (|S12/>-16 dB). The antenna under consideration employs a FR4 material
with dimensions of 28.22 mm x 44 mm. A study is undertaken to assess the efficacy of
several factors of the antenna, encompassing radiation pattern, surface current
distributions, and S parameters. Moreover, a comprehensive analysis and assessment are
carried out to evaluate the effectiveness of the diversity system inside the Multiple-Input
Multiple-Output (MIMO) framework. This assessment involves the examination of
important performance measures, including the envelope correlation coefficient (ECC),
diversity gain (DG), and mean effective gain (MEG). The antenna characteristics have
been assessed and found to fall within an appropriate range for the proposed MIMO
configuration. The antenna design was subjected to experimental validation, and the

simulated results were subsequently confirmed.
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CHAPTER 1
INTRODUCTION

The wireless technology essentially relies on the transmission and reception of
information through the use of radio waves rather than cables and wires. Using a
variety of electronic devices such as computers, tablets, mobile phones, pagers, and
the like, billions of people are able to communicate with one another and share
information, thanks to the development of wireless technology [1]. At this point,
every organization is either sharing information or accessing it through a digital
network. The market for wireless technology has had rapid expansion over the course
of the most recent few years, and projections indicate that this method will continue to
expand at a rate of twenty-five percent over the next ten to fifteen years. The wireless
technology that is available now has the capability of reaching almost anywhere on
this planet. It is anticipated that the volume of mobile information traffic would
increase by 45 percent over the next few years, which will translate to a tenfold
increase between 2016 and 2023 [2]. This swift progress is being made with the goal
to make phone and data services available at any time and in any location. Despite the
fact that wireless technologies have been in use since the 1970s, the growing demand
for wireless networking technology has prompted researchers to focus their efforts on
developing faster wireless communication systems. These systems will not only boost
the capacity of the system but also give a higher data transfer rate. The best choice for

a high-speed wireless communication system is 5G technology.
1.1 Fifth Generation Mobile Technology

The utilization of 5G technology enables the instantaneous transmission and reception
of signals. This technology will enable the rapid downloading of documents. The
advent of instant communication technologies has revolutionized the way individuals
and organizations interact with their colleagues, friends, and clients. This
advancement has eliminated the challenges associated with dropped calls and poor
connections [3]. The fifth generation (5G) of wireless networks effectively addresses
the current requirements of seamless coverage, improved bandwidth, minimal latency,

large data rates, and dependable communication. The utilization of 5G technology
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enables the interconnection of numerous devices at a rapid pace. The frequency bands
allocated for 5G New Radio (5G NR) band are categorized into two distinct frequency
ranges [4]:

e The initial frequency range, known as Frequency Range 1 (FR1), includes all

frequencies below 6GHz.

e Another frequency range, known as Frequency Range 2 (FR2), encompasses
frequency bands ranging from 24.25 GHz to 71.0 GHz.

Table 1.1 Frequency range 1 (FR1) bands [5]

Frequency (MHz) Band
470 - 698 n71l
698 - 960 nS, n8, n12, n15, n20, n25, n28, n29, n81 - n83, n89, n91 - n94
1427 - 1518 n50, n51, n74 - n76, n91 - n94
1710 - 2025 nl-n3, n 34, n39, n65, n66, n70, N84, n86, N95
2110 - 2200 n65, Nn66
2300 - 2400 n30, n40
2500 - 2690 n7,n38, n41, n90
3300 - 3400 n77,n78
3400 - 3600 n48, n77,n78
3600 - 3700 n48, n77,n78
3700 - 4200 n77
4400 - 4990 n80

As per the telecommunications regulatory body, predominant attention has been
directed towards the 3.5 GHz frequency range (specifically 3.3 - 3.8 GHz) in order to
facilitate the early deployment of 5G networks. Subsequently, there has been a

subsequent allocation of mm wave spectrum in the 26 GHz and 28 GHz bands [6].



Table 1.2 Frequency range 2 (FR2) bands [7] [8]

Frequency (GHz) Band
28 n257
26 n258
41 n259
39 n260
28 n261
47 n262
60 n263

The antenna is a crucial element in a 5G device, necessitating operation at increased
gain, wider bandwidth, and reduced radiation losses. The design of an antenna
assumes significant importance in order to attain the aforementioned characteristics.
According to the reference provided [4], the design of 5G antennas can be broadly
categorized into two classifications i.e. Input output ports and antenna type as shown

in Figure 1.1.
1.2 Input Output Port

The system is partitioned into a port with a single input and single output (SISO) and

a port with multiple inputs and multiple outputs (MIMO) for the antenna.
1.2.1 Single Input Single Output (SISO) System

A single antenna is employed for transmission and another for reception, rendering
the design and implementation process straightforward in SISO system. Furthermore,
it can be seamlessly included into 5G communication equipment. However, while
operating in frequency bands above 6 GHz, the signal experiences significant
propagation losses and a decline in signal quality [4]. This is because the free-space
path loss is proportional to the square of the frequency. Higher frequencies thus
experience greater losses over the same distance compared to lower frequencies.

Along with this, higher frequency signals are more susceptible to absorption by
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atmospheric gases and water vapor. For instance, frequencies above 6 GHz,
particularly those in the millimeter-wave bands (30 GHz to 300 GHz), experience
significant absorption by rain, humidity, and other atmospheric conditions. This effect
is more pronounced at higher frequencies. Even, at higher frequencies, the signal
wavelength is shorter, which makes it more likely to be scattered by obstacles and
irregularities in the environment. This scattering can cause additional losses and

degrade signal quality.

5G Antenna Classification

[

“ T

Antenna Design Input Output Port
~ r r r T T
Magneto Monopole Dipole SISO MIMO
Electric Antenna Antenna
Loop Patch
Antenna Antenna

Figure 1.1 Classification of 5G antenna

In order to attain consistent and optimal performance, it is necessary to substitute a

singular antenna element with multiple antenna elements.

% >

Figure 1.2 SISO Port

1.2.2 Multiple Input Multiple Output System

Wireless communication is susceptible to various challenges like interference,



multipath fading, and radiation losses. Moreover, the challenges become more critical
as the frequencies increase. In order to address these challenges, the incorporation of
MIMO antennas assumes significant importance as it effectively extends the
broadcast coverage without necessitating an increase in signal power. Basically,
MIMO, is a wireless communication method that employs multiple transmitters and
receivers to facilitate the concurrent transmission of a greater amount of information
[9]. The process involves the division of a singular data stream into numerous distinct
streams, which are then sent using multiple antennas. This technique greatly improves
the performance of a specific channel due to the use of multiple antennas. In this

technological context, the inclusion of each pair of antennas leads to an automatic rise

I><L
TX .“..._..T_

Figure 1.3 Multiple input multiple output port

in the output of the channel.

MIMO technology has emerged as a highly significant wireless approach in recent
years. The utilization of MIMO systems enhances the reliability of the communication
link, resulting in a reduction in the occurrence of fading phenomena [10]. Therefore,
the utilization of MIMO design in the context of 5G can facilitate the attainment of
reduced latency, enhanced throughput, and improved efficiency.

Wideband Multiple Input Multiple Output Antenna System

Wideband MIMO, is a wireless communication method that makes use of numerous
antennas in order to send and receive signals across a wide frequency range. This
strategy improves data speed and reliability by enabling the simultaneous
transmission of numerous data streams. It does this by utilizing both spatial diversity
and frequency diversity. Wideband MIMO antennas are designed to operate across a
wide frequency range while supporting several communication standards. It provides
additional bandwidth, allowing for faster data rates and more adaptable applications

across several systems. The development of wireless communication technology is
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significantly aided by the utilization of both wideband MIMO and standard MIMO
antennas. While MIMO antennas improve data capacity and signal reliability,
wideband MIMO antennas provide flexibility across different frequency bands
Together, they make it possible for wireless communication to be as effective and
reliable as possible across a wide range of applications, like 5G, mobile devices and

many more.

By amalgamating the attributes of both MIMO and wideband functionalities into a
singular design, adaptable antennas may be developed that proficiently satisfy the

requirements of modern wireless communication systems.
1.2.2.1 MIMO Diversity Technique

The frequency diversity, time diversity, and antenna diversity are commonly
employed techniques to mitigate the spatial correlation between antennas and to
create signal replicas for the aim of enhancing diversity. This section exclusively
focuses on antenna diversity approaches, such as pattern, polarization and spatial, as
they pertain to the subject matter of this thesis. All multi-element antennas use these
diversity strategies in order to attain great performance when employed in MIMO

systems.

Antenna 1l Antenna 2

Pattern

Antennal Antenna 2
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Figure 1.4 Spatial diversity
e Spatial Diversity

Spatial diversity is the most elementary and prevalent representation of diversity in
wireless communications, as illustrated in Figure 1.4. The introduction of antennas at
distinct spatial locations enables the utilization of phase delay to achieve uncorrelated

fading signals between the second antenna and the first antenna. To attain satisfactory



decorrelation, it is necessary for the antennas to be spaced adequately, taking into
consideration environmental factors, such as multipath angle of arrival width.
Previous research has demonstrated that in metropolitan areas, a distance of at least
10A is necessary to achieve complete decorrelation. Conversely, in indoor
environments characterized by rich scattering, a minimum spacing of 0.5 suffices, as
indicated by [11].

e Polarization Diversity

Polarization diversity is a method employed in MIMO wireless communication
systems with the objective of enhancing the dependability and efficiency of wireless
connections. This technique offers notable enhancements in terms of data throughput
and resilience against fading and interference. Polarization diversity enhances the
aforementioned concept by leveraging the polarization properties of electromagnetic
waves [12]. Electromagnetic waves possess both amplitude and polarization
properties. Typical polarizations encompass horizontal (H) and vertical (V), however

alternative polarizations such as circular or diagonal may also be employed.
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Figure 1.5 Polarization diversity

Polarization diversity involves the utilization of antennas that are equipped with
distinct polarizations as shown in Figure 1.5. The transmitter simultaneously transmits
data using various polarization antennas. Similar to this, the receiver gathers and
combines the incoming signals using antennas with various polarizations. The
receiver can enhance signal quality and raise the likelihood of correctly decoding the
transmitted data by doing this. The process of combining can be executed using a
range of strategies, including maximal ratio combining (MRC) and selection
combining [13]. It is noteworthy to mention that the utilization of polarization



diversity is frequently employed in conjunction with spatial diversity within multiple-

input multiple-output (MIMO) systems, hence enhancing overall performance.

e Pattern Diversity

The potential for significant diversity gain arises when many antennas exhibit distinct
radiation patterns. Having multiple antennas in close proximity to one another that
radiate in different directions is what is meant by "pattern diversity" in an antenna
system. Antenna patterns encompass the characteristics of directionality and gain
shown by the antenna over various spatial angles. Several typical antenna patterns that
are commonly encountered in the field include omni-directional, directional, and
sectorized patterns. In pattern diversity, the transmission of data is facilitated by the
utilization of antennas with distinct radiation patterns in a concurrent manner [14]. At
the receiver, antennas with distinct patterns are utilized to gather incoming signals
originating from diverse spatial orientations. Each antenna is designed with a distinct
pattern that is optimized for capturing signals from particular directions. The selection

of these patterns aims to maximize diversity in order to enhance signal reception.
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Figure 1.6 Pattern diversity

At the recipient end, the signals obtained from antennas exhibiting distinct radiation
patterns are integrated. This can be achieved through the utilization of several
strategies, including but not limited to maximal ratio combining (MRC), selection
combining, or other diversity combining methods. The amalgamation of signals
originating from diverse patterns contributes to the enhancement of signal quality and

augments the probability of effectively deciphering the transmitted data.



1.2.2.2 MIMO Key Parameters

The adoption of MIMO technology has caused a dramatic shift in the focus of
research towards the creation of several antennas at both the transmitter and the
reception portion. The implementation of many antennas in compact sizes presents
new design challenges, and furthermore, introduces additional performance criteria
compared to a standard single antenna system. In order to fully characterize MIMO
antennas, it is necessary to include many metrics. These metrics include overall
radiation efficiency, radiation patterns, reflection coefficient, and operating
bandwidth, which are commonly used for single antenna analysis. However,
additional metrics like as ECC, DG and MEG have been introduced to account for the

unique characteristics of MIMO antennas.
e Envelope Correlation Coefficient (ECC)

ECC assessment is important to assessing antenna system component isolation. ECC
can be calculated by two methods depending on antenna configurations. The main
method uses antenna component far field emission patterns and in second method, S
parameters are used which is a simpler strategy that uses fewer processing resources.
The second way is often, making the s-parameter approach the best. The value less
than 0.05 is recommended criterion for ECC [15]. The equation presented employs s-

parameter techniques for MIMO systems comprising two elements.

IS11S12+5S31 S22l?
ECC = 1.1
(1-1S1112=182112)(A—IS121%~IS221%) ( )

e Diversity Gain (DG)
The evaluation of the effectiveness of diversity can be measured using a quantitative

metric called diversity gain, as defined by equation (1.2). For optimal practical

implementation, the value more than 9.95 dB is recommended criterion for DG [16].
DG = 10V1 — ECC? (1.2)
e Mean Effective Gain (MEG)

Mean Effective Gain (MEG) compares diversity antenna power to isotropic antenna
output under fading conditions. [17]. The computation is performed using equation
(1.3),



MEG, = 05 {1 — ¥*_|s;|} (1.3)

In this context, the variable "i" is used to denote a specific antenna being discussed,

whereas the variable "k" represents the total count of antennas.
MEG; = 0.5 {1 — [Sy;|*> — [S121*} (1.4)

MEG, = 0.5 {1 — [Sy;[* = [Sz21° } (1.5)
As shown by the citation [18], For best diversity performance, the suggested two-port

element antenna's MEG1/MEG?2 ratio should not exceed 3 dB.
1.2.2.3 Benefits of MIMO System

Improve data rate.
Improve coverage area.
Excited by the same radio energy as that of single antenna.

Improve the reliability of connections that are less fading.

o ~ w0 N

Redundancy of system gets improved.

1.2.2.4 Concerns in MIMO System

MIMO systems improve communication, reliability and capacity; however they raise

several issues, such as;

1. Real-world capacities are lower due to antenna correlation, inaccurate channel
estimate, and potential synchronization issues.
2. Equipment size and processing capacity are the key limitations.

3. The price of equipment grows with number of antenna used.

Another significant approach to classification might be founded on the many types of

antennas, as illustrated in Figure 1.1.
1.3 Antenna Types

According to reference [4], various types of antennas have been identified as being

suitable for 5G applications. These include:
Monopole Antenna

A quarter-wavelength microstrip line is employed in the structure. According to the

existing literature, several modifications have been suggested to alter the fundamental
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structure into different forms such as conical, spiral, and others based on specific uses
and needs. It is easy to design and build but requires more ground surface and

performs poorly in bad weather [19], [20].
Dipole Antenna

The structure is comprised of two microstrip lines that are straight and have a length
of A/4. The feeding mechanism is positioned between these two microstrip lines. The
overall length of a dipole antenna is equal to half of the wavelength (A/2). Design and
fabrication are easy, but long-range communication is not suggested [21], [22].

Magneto Electric Antenna

A planar magnetic dipole and planar electric dipole make up this structure. The
magnetic dipole is fed from the underside of the substrate. It has a wider bandwidth
but is complicated and expensive to make [23], [24].

Loop Antenna

The structure is comprised of a ring shape, which might be circular, rectangular,
square, or any other geometric form Loop antennas have a smaller radius than

wavelengths. It is simple to design but cannot meet 5G specifications as a single loop
[3].

The development of a MIMO antenna for 5G devices, such as contemporary wireless
devices including laptops, phones, and tablets, necessitates the utilization of compact
antenna designs due to the limited space available within these devices. Microstrip
patch antennas have gained significant appeal in the design of MIMO antennas due to
its advantageous characteristics such as lightweight construction, low profile, cost-
effectiveness, ease of mass production, and simplified installation. This section of the
thesis exclusively focuses on microstrip patch antenna as it pertains to the subject

matter at hand, among all the other 5G antenna types.
1.3.1 Microstrip Patch Antenna

In today's world, there exists a substantial demand for an antenna that possesses
compact dimensions, lightweight composition, superior operational capabilities,

effortless installation, and streamlined design. The microstrip antenna is considered

11



the most suitable choice that satisfies all essential criteria [25]. The structure has 3
No's layers: the bottom plane (last layer), dielectric substrate (middle layer), &
radiating patch (top layer) (Figure 1.7). A copper patch is usually the top layer,
sandwiched between a dielectric substrate layer and a conductive ground plane. [26].
The radiating patch can assume several geometric shapes, such as rectangular,
triangular, circular, elliptical, or ring-shaped configurations. Microstrip patch
antennas emit due to fringing fields between the patch edge and the ground plane.
[27].

Patch

Substrate ]

Figure 1.7 Microstrip Patch Antenna
1.3.2 Feeding Techniques

Contacting and Non-contacting are the main feeding methods for MPA. A microstrip
wire sends RF power to the radiating patch in the first way. Power is transferred
between the microstrip line and radiating patch using electromagnetic field coupling
in latter method. [11]. The microstrip line, coaxial probe, aperture coupling, and
proximity coupling are widely employed feed techniques in many applications. These
techniques encompass both contacting schemes, such as microstrip line and coaxial
probe, as well as non-contacting systems, such as aperture coupling and proximity

coupling.
1.3.2.1 Microstrip Line Feed

Figure 1.7 shows a conducting strip attached directly to the Micro-strip patch edge in
this feed. Etching the feed on a comparable substrate creates a planar structure,

making this feed configuration advantageous. [27]. Compared to the patch, the
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conducting strip is narrower. The junction inset cut in the patch matches the feed line

and patch input impedances without a matching device.
1.3.2.2 Coaxial Probe Feed

In coaxial probe feed, the inner conductor of the cable crosses the dielectric material
and solders to the radiating metal patch. As seen in figure 1.8, the ground plane
connects to the cable's outer conductor. [28]. One of the main advantages of this
feeding method is its ability to set the feed at any location on the patch, hence
allowing for the matching of cable impedance with the antenna input impedance. This
particular feeding method yields a minimal quantity of extraneous radiation [29].
However, a notable limitation of this approach is its limited bandwidth and the
challenges associated with its modeling. This is due to the requirement of drilling a
hole in the substrate, which allows the connector to extend beyond the ground plane.
Moreover, when dealing with substrates of greater thickness, an elongation of the
probe length leads to a higher degree of inductance in the input impedance, hence

resulting in impedance matching challenges.

Patch
Pin /

. . ]

Coaxial Ground
Waveguide

Figure 1.8 Coaxial Probe feed
1.3.2.3 Aperture Coupled Feed

A slot or aperture in the ground plane joins the radiating patch and microstrip feed
line in Figure 1.9. Due to configuration symmetry and decreased cross-polarization,
the coupling aperture often appears under the patch. Feed line-patch coupling varies
on aperture position, shape, and size. The ground plane between the patch and feed
line reduces spurious radiation. Bottom substrates have strong dielectric and top

substrates are thick and low dielectric constant to maximize patch radiation. Multiple

13



layers increase antenna thickness and are difficult to make. This feeding method has
restricted bandwidth [30].

Patch Antenna

v

Ground Plane with

aperture

f

Transmission Line

Figure 1.9 Aperture Coupled feed
1.3.2.4 Proximity Coupled Feed

This feed method is called electromagnetic coupling. Figure 1.10 shows two dielectric
substrates with the feed line between them and the radiating patch on top. This feed
method eliminates spurious radiation and provides high bandwidth. (as high as 13%)
[31], due to microstrip patch antenna thickness enhancement. Fixing feed line length
and patch width-to-line ratio matches. This feed method is difficult to build because

two dielectric layers must be aligned. Also, antenna thickness rises.
1.3.3 Microstrip Patch Antenna Key Parameters

Parameters must be defined to describe antenna performance. Bandwidth, radiation
pattern, gain, input impedance, efficiency, polarization, VSWR and others are often

utilized antenna properties.
Bandwidth

The operational effectiveness of an antenna is determined by its bandwidth, which
refers to the range of frequencies within which it can function optimally. The typical
characterization of a device is based on the frequency range in which its performance
parameters, such as gain and impedance, satisfy the specified criteria.
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Figure 1.10 Proximity Coupled feed
Radiation Pattern

The characterization of an antenna's electromagnetic radiation in terms of its
directionality is referred to as its radiation pattern [32]. This shows how the antenna

radiates energy horizontally and vertically.
Directivity

The concept of directivity pertains to the degree of radiation concentration in a certain
direction relative to that of an isotropic radiator. The term is frequently employed in a

manner that is interchangeable with the concept of gain.
Gain

The concept of antenna gain pertains to the capacity of an antenna to concentrate or
steer its emitted power in a specific direction [33]. Typically, it is denoted in decibels
(dBi or dBd).

Input Impedance

Antennas possess an input impedance that necessitates alignment with the impedance
of the transmission line and accompanying equipment, often set at 50 ohms or 75
ohms in numerous instances [34]. Ensuring a correct impedance match is essential for

achieving optimal power transfer.
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Efficiency

Antenna efficiency is its ability to convert electrical power into electromagnetic

waves. Increased efficiency results in reduced power loss inside the antenna structure.
Polarization

Antennas have linear, circular, or elliptical polarization. [35]. Ensuring the alignment
of the polarization between the transmitting and receiving antennas is crucial in

facilitating optimal signal transmission.
Voltage standing wave ratio (VSWR)

VSWR measures the impedance matching of an antenna, transmission line, and
transmitter or receiver. A decreased Voltage Standing Wave Ratio (VSWR) signifies

an improved impedance match and reduced signal reflection.
1.3.4 Benefits of Patch System

1. Operations in several frequency bands are possible.
2. Light weight and very thin antenna.

3. Easily made using low-cost materials like FR4.

4. Ease of manufacturing process.

1.3.5 Concerns in MIMO System

1. Limited bandwidth.
2. Inadequate Efficiency.
3. Minimal Gain.

Microstrip antennas have some significant limitations, including a restricted
bandwidth, poor efficiency, and low gain. Various techniques are employed to address
these limits, including the application of fractal geometry (iterations), it is mostly
employed to characterize composite forms within a family that exhibit self-similarity
in their geometric structure [35], the incorporation of slot insertion [36], the

implementation of shorting pins [37], and defective ground structure [38].
1.4 Motivation

With the accelerated development of wireless technology, every organization now
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shares or accesses digital network information. Over the course of the last few years,
the market for wireless technology has expanded at a rapid rate. The greatest way to
meet the need for the fastest wireless technology is with networks of the 5G (Fifth
Generation) generation. It is an emerging mobile technology that has the potential to
completely transform economies, societies, and the way people live their hectic lives.
For the design and operation of 5G networks, antennas assume a pivotal role. The role
they play is of utmost importance in facilitating the essential features and capabilities
of 5G technology. Antennas connect the physical world to the wireless network. They
are accountable for transmitting network signals to user devices and receiving
network signals from user devices. In 5G, antennas must effectively transmit and
receive signals across a broad spectrum of frequencies. The 5G New Radio (5G NR)
bands are divided into two separate frequency ranges: FR 1, which covers the sub 6
GHz band (Mid Band), and FR 2, which includes frequency bands spanning from
24.25 GHz to 71.0 GHz, commonly referred to as the millimeter band (MM band).
The design of antennas necessitates their effective operation throughout diverse
frequency bands and the ability to accommodate fluctuating frequency demands. Prior
to the implementation of a 5G network, it is important to ascertain the technological
aspects and the specific type of antenna employed for the network. In the context of
the sub 6 GHz band, it is recommended to employ SISO technology for the
construction of 5G antennas. This choice is motivated by several factors, including its
lower complexity, reduced hardware cost, enhanced spectrum efficiency, less
interference, and compatibility with pre-existing infrastructure. In the context of the
millimetre (mm) frequency range, the utilization of MIMO technology has heightened
significance. The propagation properties of millimeter-wave signals change
significantly due to their shorter wavelengths and increased vulnerability to route loss.
Consequently, the utilization of spatial diversity and beam forming techniques offered
by MIMO systems becomes crucial in order to ensure the preservation of signal
quality and coverage. Along with these technologies, type of antenna is also important
factor for 5G network. There exists a variety of antennas that are deemed ideal for 5G
applications. However, microstrip patch antennas have been the ideal choice for such
applications because to their notable advantages, including cost-effectiveness and

compactness. Microstrip antennas exhibit certain limitations, including restricted
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bandwidth, suboptimal efficiency, and diminished gain. However, according to the
findings of the literature review, various techniques have been employed to mitigate
these drawbacks. Some of these techniques encompass the utilization of fractal
geometry (iteration), which is primarily employed to describe composite forms that
demonstrate self-similarity in their geometric structure. Additionally, the
incorporation of slot insertion, the utilization of shorting pins, and the implementation
of defective ground structure are among the strategies employed to address these
limitations. Further, in order to enable the early implementation of 5G networks, the
international telecommunication union (ITU) advised that attention be focused
primarily on the 3.5 GHz frequency band (more specifically, 3.3 - 3.8 GHz). A
subsequent allocation of millimeter wave spectrum in the 26 GHz and 28 GHz bands
has taken place. All of these factors motivate me to build antennas for 5G mid and
millimeter band applications employing microstrip patch antennas using fractal
geometry (iteration technique) in conjunction with SISO and MIMO technology,
which provide superior bandwidth, isolation, gain, and other diversity performance
factors.

This thesis presents the design, fabrication, and testing of two antennas specifically

developed for 5G mobile applications.

The initial antenna has been developed, manufactured, and evaluated for its suitability
in 5G mid band mobile applications. This antenna utilizes a single element microstrip
patch design using fractal geometry (iteration technique), resulting in improved
bandwidth, gain, and efficiency. A second antenna has been developed, manufactured,
and evaluated for utilization in the millimeter range (n258 band) of 5G mobile
applications. This antenna employs a 2-element MIMO, MPA configuration with a
faulty base structure and fractal geometry (iteration technique). It also offers

improved bandwidth, gain, and diversity performance factors.

1.5 Research Objective

Research embodied in the present thesis investigates iteration strategies for designing
patches of microstrip and MIMO antennas. In order to obtain the appropriate

performance characteristics, some parametric studies are carried out in both the
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antennas. Additionally, a suitable defective ground structure is adopted and installed

at the MIMO antenna in a suitable location to achieve a suitable band for 5G

applications. The thesis's objectives are described in this context as follows:

1. To design wideband microstrip antenna for emerging technology Multiple
Input and Multiple Output (MIMO).

2. Designing and fabrication of an antenna by optimizing dielectric constant of

the substrate, thickness of the substrate and insertion of slots/slits to enhance

the bandwidth and efficiency.

3. The antenna will be optimized for the desired performance parameter like gain

and return loss.

4. The main prominence will be on the development of compact antenna with

better isolation between the multiple antennas.

In order to accomplish these objectives, a quantitative research approach is employed

in this study.

1.6 Research Methodology

For achieving objective 1, 2 and 3 following steps were considered:

Step 1: Designing - Microstrip antenna patch is designed using
iteration techniques.

Step 2: Parametric Analysis - The parametric effect of various
parameters like dielectric constant, thickness of substrate, insertion of
slots, feeding techniques of the said antenna is analyzed to achieve
desired performance. The proposed antenna is designed and simulated
using HFSS 15.0. Once the desired results are achieved as per the
literature surveys, then we proceed with fabrication process.

Step 3: Fabrication - Final single element microstrip patch antenna is
fabricated using EP-42 Auto PCB prototype machine.

Step 4: Testing and Validation - S;; and VSWR are measured using
SMA connector connected manufactured antenna to VNA (Rohde and
Schwarz ZNB - 40 VNA 100 KHZ to 40 GHz)). In anechoic chamber

with broadband reference horn antenna transmitter, antenna radiation
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patterns and gain are measured.

For achieving objective 4 following steps were considered:

e Step 1: Design - Two port MIMO antenna patch is designed using
iteration techniques.

e Step 2: Analysis and DGS - Distance optimization, orientation
analysis and DGS is introduced to achieve desired performance. The
proposed antenna is designed and simulated using HFSS 15.0. Once
the desired results are achieved as per the literature surveys, then we
proceed with fabrication process.

e Step 3: Fabrication - Final two port MIMO antenna is fabricated
using EP-42 Auto PCB prototype machine.

e Step 4: Testing and Validation - The SMA connector connected the
antenna to a VNA (Rohde and Schwarz ZNB - 40 VNA 100 KHZ to
40 GHz) for S parameters measurements. In anechoic chamber with
broadband reference horn antenna transmitter, antenna radiation

patterns are measured.

1.7 Thesis Organization
The work carried out in this thesis is structured into six chapters as follows:

Chapter 1: This chapter presents an introductory overview of wireless technologies
and the 5G system. Additionally, it furnishes information regarding the diverse
technologies and sorts of antennas employed in 5G applications. The text offers a
succinct summary of MIMO technology and microstrip patch antenna, elucidating the
underlying reasons for the research endeavor, and presenting the structure of the
thesis.

Chapter 2: This chapter provides an overview of the current state of research in the
field of the present work. This literature review focuses on microstrip antennas and

their associated approaches for enhancing antenna efficiency, as well as MIMO
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antennas and their strategies for improving performance parameters in the context of
5G applications. Additionally, the review addresses the existing research gap in this

area.

Chapter 3: This chapter outlines the objectives of the thesis and provides a concise
discussion of the strategies employed to accomplish these objectives, including the

inclusion of a flow chart.

Chapter 4: This chapter presents a modified circular shaped microstrip antenna
designed for fifth generation midband mobile applications. The initial phase involves
providing a concise explanation of each step in the antenna design process. This study
delves into the parametric analysis of many antenna characteristics, including the
impact of substrate height, iterations, substrate type, and feeding procedures on the
antenna. Finally, the antenna is manufactured and subjected to testing. The evaluation
of the planned antenna's characteristics encompasses the analysis of return loss, gain,
efficiency, and radiation patterns. This evaluation is substantiated through the
utilization of simulations and measurements for validation purposes.

The created antenna is small, wide-bandwidth, and simple compared to earlier
antennas.

Chapter 5: This chapter introduces a modified MIMO antenna for the n258 (5G New
Radio (NR) band), which operates at 24.25-27.25 GHz. Firstly, a single patch antenna
is constructed and simulated using iterative approaches. After that, a two-element
MIMO antenna is developed using optimization analysis, which includes evaluating
the spacing between the antennas, the orientation of the antennas, and creating a
defect on the ground plane. The antenna design has been successfully implemented
and afterwards subjected to fabrication and testing processes. The antenna design
exhibits a small physical footprint and demonstrates satisfactory performance, as
confirmed through both simulation and experimental analysis. Port isolation, radiation
pattern, efficiency, peak gain, ECC, MEG, and diversity gain are evaluated for the
MIMO/diversity antenna. The performance of the antenna is evaluated in comparison
to other research projects.

The final chapter summarizes this thesis's study and outlines potential avenues for

further research.
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CHAPTER 2
LITERATURE REVIEW

This chapter presents a comprehensive examination of several studies pertaining to
microstrip antenna and MIMO antenna for 5G mid and millimeter band applications.
The aforementioned investigations are divided into two distinct sections, namely
section 1 and section 2. A variety of methods for designing and achieving the
appropriate performance parameters of a microstrip antenna have been covered in
section 1 of this chapter. This is followed by Section 2, which explores numerous

investigations pertaining to MIMO antennas.
2.1 Microstrip Patch Antenna Design and Techniques

This section covers microstrip patch antenna research. Numerous researchers have

used various methods to improve antenna parameters.

Kaur and Malik [39], introduced a novel design of a microstrip antenna with a
defective ground plane, featuring an elliptical form patch fractal. The defective
ground plane structure is comprised of a rectangular shape with a triangular
component positioned above it, along with capacitive steps that have been carved into
the structure. Figure 2.1(a) depicts the visual representation of the antenna's
configuration. The antenna is 50 mm x 50 mm x 0.8 mm in size. The fractal
architecture of the elliptical shape enables the potential for miniaturization. Moreover,
the utilization of defective ground structures offers a significant advantage in terms of
providing a broad impedance bandwidth of 410 MHz, 1070 MHz and 4840 MHz and
increased gain of 5.42, 6.52. 7.67 dBi. Devesh et al. [40], presents a novel design for a
microstrip antenna that incorporates a hexagonal gasket fractal structure as a loading
element. The design of the antenna involved the implementation of 240 triangles of
varying sizes, resulting in four iterations of fractal geometry. Subsequently, the
manufactured antenna was used to verify the findings. The application of fractal
approach results in a reduction of 68.4% in the area of the patch. The dimensions of
the antenna are 50 mm x 50 mm x 1.6 mm. The antenna exhibits resonance at six
distinct frequencies, each with a corresponding bandwidth of 75, 151, 192, 358, 137,
and 206 MHz. The gain values for these frequencies are 6, 8.37, 9.65, 9, 7.84, 9.34
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dB, respectively. The antenna is observed in Figure 2.1 (b). Siddiqui et al. [32],
developed an A-shaped triangular microstrip antenna inspired on Koch's snowflake
design. The triangle is divided into four line segments on each of its sides. The
antenna underwent analysis using the cavity model methodology. The dimensions of
the antenna include 80 mm in length, 90 mm in width, and 1.6 mm in thickness. The
antenna in discussion exhibits resonance at five distinct frequencies, specifically
11.44, 13.78, 15.48, 19.90, and 23.52 GHz. These resonant frequencies are
accompanied by corresponding return loss values of -19, -27.37, -20.16, -20.74, and -

35.52 dB, respectively. Figure 2.1 (c) illustrates the geometric arrangement of the
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Figure 2.1 (a) Elliptical fractal geometry, (b) Hexagonal gasket fractal geometry
[License Number: 5877490199175], (c) Kosh snowflake geometry, (d) Sierpinski
triangular fractal geometry [License Number: 5877561357264]

Devesh et al. [41], developed a microstrip antenna using a square Sierpinski triangle

fractal design. Triangular slots are loaded within a square patch throughout each
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iteration, specifically up to the third iteration. The antenna under consideration
comprises of a total of twelve triangular slots, with four slots per stage and three
stages in total. The antenna exhibits resonance at frequencies of 15.91, 20.04, 23.07,
and 27.77 GHz, accompanied by corresponding Si; values of -20, -25, -22, and -28
dB, respectively. The suggested antenna exhibits gain values of 6.81 dB, 7.91 dB,
7.32 dB, and 8.89 dB at the specified resonating frequencies. The geometric
configuration of the antenna being considered is depicted in Figure 2.1 (d). El-
Khamy et al. [42], designed a multiband fractal antenna for Ultra-Wideband (UWB)
and 5G applications. Initial patch design considers first-order structure. This structure
has a fundamental circular patch of radius R1. The basic patch is reproduced with a
scaling factor of 0.5 to create a second-order structure with three circles with a radius
of R2. Finally, scaling the basic circular patch by 0.52 yields nine circles with a radius
of R3 for the third order structure. These circles are connected using sub feed lines to
improve impedance matching. The suggested antenna is 90 mm x 110 mm x 1.6 mm
and has a 9-dB gain with 5300, 2000, 1500, and 3700 MHz bandwidth. Figure 2.2(a)

shows antenna setup.

A fractal microstrip patch antenna in the shape of a wheel was created by Gupta et al.
[43]. The initial stage of antenna design involves the commencement of the Oth
iteration. In this iteration, a circular patch with a radius of 8mm is selected as the
foundational element for constructing the fractal antenna. Subsequently, square
patches are affixed to the circumference of a circle at an angle of 45 degrees.
Additionally, a smaller circle with a radius of 6mm is excised from the
aforementioned circle. In the first iteration, a circle with a radius of 4mm,
accompanied by a square patch, is appended, while a circle with a radius of 2mm is
removed. The antenna increased bandwidth to 6.06 GHz. Figure 2.2 (b) shows
antenna setup. Singh et al. [44], propose a circular MPA with a DGS and rectangular
slot. The ground is cut semi circularly to improve radiation. The first iteration of the
geometric process involves removing a 21-mm slit from the circular patch. In the
second generation, two 7-mm slots are cut. Finally, the third generation cuts four 2.33
mm slots. At four frequencies, the antenna resonates with bandwidth of 120, 200, 330,
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and 690 MHz with gain of 9.19, 3.04, 5.19, and 5.39 dBi. The antenna is 55 mm x 46

mm x 1.58 mm. Figure 2.2(c) shows antenna configuration.

(©) (d)

Figure 2.2 (a) Circular fractal geometry [License Number: 5877621446773], (b)
Wheel shape fractal geometry [License Number: 5877570129237], (c) Circular fractal
geometry with rectangular slot [License Number: 5877630173028], (d) Hexagonal
fractal geometry

Anand and Chawla [45], suggest a hexagonal slotted patch antenna design. The
improvement in impedance matching and bandwidth is observed as the hexagonal
fractals rise in geometric complexity. Furthermore, within the innermost hexagonal
slot, a rectangular slot of a self-similar nature is introduced. Moreover, in order to
augment the behavior, the rectangular slot is equipped with eight self-similar square-
shaped coils. The antenna under consideration exhibits an impedance bandwidth of
530 and 1070 MHz, accompanied by reflection coefficients of -29.38 and -28.19 dB.
The proposed antenna arrangement is depicted in Figure 2.2(d). Sharma and Sharma
[46], developed two types of antennas: one utilizing the Koch Koch hybrid slot
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geometry, and the other employing the Koch Minkowski hybrid slot antenna. The two
antennas exhibit resonance at frequencies of 2.77 GHz and 2.46 GHz, respectively.
The utilization of an MPA with Koch Koch hybrid slot geometry results in a gain of
5.73 dB and 6.15 dB for the first case antenna, while the second case antenna achieves
a gain of 1.57 dB and 5.62 dB. The dimensions of the antenna are 45 mm in length,
38.92 mm in width, and 1.6 mm in thickness. Figure 2.3 (a) depicts the visual

representations of the aforementioned antenna.

(©) (d)

Figure 2.3 (a) Koch Koch & Koch Minkowski hybrid slot geometry, (b) Rectangular
slot geometry [License Number: 5877630473877], (c) Circular arc geometry [License
Number: 5877630678059], (d) Square shape slot geometry

Verma and Srivastva [47], proposed a design for a triple band rectangular patch
micro-strip antenna, which can be utilized in a range of wireless technology
applications. The antenna patch under consideration has been constructed by
sequentially incorporating rectangular patches of varying dimensions (length and
width) above the ground plane in a progressive manner. The antenna initially

resonates at a frequency of 1.422 GHz. However, by loading a rectangular slot, the
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antenna exhibits resonance at two more frequencies, specifically 1.79 GHz and 2.46
GHz. The antenna's arrangement is depicted in Figure 2.3 (b). Singh et. al [48],
proposed design entails a new hexa band circular shape patch antenna that has four
inverted L-shape notches. The resonant frequencies that were measured are observed
to be 11.6, 13.92, 17.11, 19.47, 21.11, and 23.05 GHz. The measured simulated gains
for the antenna at different frequencies are as follows: 7.39 dBi at 11 GHz, 2.25 dBi at
13.3 GHz, 6.65 dBi at 16.6 GHz, 5.83 dBi at 19 GHz, 6.02 dBi at 20.6 GHz, and 7.31
dBi at 22.2 GHz. Meloui and Essaaidi [49], introduced a rectangular patch antenna
that incorporates a rectangular slot on its top side, measuring 20 mm x 5 mm.
Additionally, two parallel triangular slots are included on the right and left sides of
the antenna. The purpose of incorporating these slots is to enhance the performance of
the antenna in its dual-band operation. The antenna exhibits resonance at two distinct
frequencies, each with unique impedance bandwidths of 500 MHz. The first
resonance occurs at 7 GHz, while the second resonance occurs at 10.7 GHz.
Furthermore, the antenna maintains stable emission patterns throughout these
frequencies. Ang and Chung [50], proposed the concept of a wideband patch antenna
in the shape of the letter E. The patch design includes the integration of two parallel
slots, which serve the purpose of perturbing the route of the surface current. This
perturbation leads to an enhanced bandwidth of 830 MHz, spanning from 5.05 GHz to
5.88 GHz.

Panda and Mishra [51], developed a bi-circular patch antenna. The conventional
circular patch is modified to incorporate a distinct geometry characterized by the
placement of two circular arcs at a specific distance from one another. In order to
increase the available bandwidth, a strategically designed circular slot was
constructed at the central location of the arc. The antenna is depicted in Figure 2.3 (c).
Sharaf et al. [52] developed an electromagnetically coupled configuration consisting
of two rectangular patch antennas, specifically built for the purpose of 5G mobile
applications. The dimensions of the first and second patch are designed to enable the
first patch to function at a frequency of 38 GHz and the second patch to operate at a
frequency of 60 GHz. During the simulation of the antenna, it was observed that the
capacitive load of the antenna had grown. In order to mitigate this load, an extension

was made to the side of the initial patch. Additionally, cuts are implemented on the
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side of the first patch in order to enhance the concentration of surface current on the
second patch. Furthermore, a square-shaped gap at the centre and two slots at the

corners are incorporated to decrease the area of the second patch.

© d)

Figure 2.4 (a) Circular slot geometry, (b) Trapezoidal slot geometry, (c) Stepped slot
geometry, (d) Crescent moon shape geometry [License Number: 5877570630130]

The geometric configuration of the antenna is depicted in Figure 2.3 (d). Liu et al.
[53], proposed a methodology for the design and fabrication of a broadband circular
patch shape antenna. The authors incorporated artificial structures into the antenna to
effectively boost its gain. In this study, a comparative analysis is conducted between
an antenna featuring a single ring and a circular-shaped patch (CPAIR) and an
antenna with a single ring, circular-shaped patch, and loaded by three layers of I-
shaped structure (CPAIR3I). The utilization of proximity feeding technology, in
conjunction with the incorporation of six shorting pins, slots, and rings, enhances the
matching quality of the antenna. The depicted configuration can be observed in Figure
2.4(a). The antenna is capable of achieving a bandwidth ranging from 1070 to 1270
MHz, while exhibiting a gain of 1.8 dB. Raviteja [54], introduced a rectangular

28



microstrip patch antenna (MPA) that incorporates two trapezoidal slots, specifically
designed for wireless applications. The study commenced with the simulation of a
conventional rectangular antenna, followed by the simulation of the proposed antenna.
Subsequently, a comparison was made between the results obtained from the
proposed antenna and the conventional rectangular antenna. The antenna in discussion
achieves a gain of 9.67 dB. The proposed antenna has dimensions of 25.4 mm x 19.4
mm x 1.6 mm. The geometric configuration of the antenna is depicted in Figure
2.4(b). Babu and Sivakumar [55], developed a suspended stepped slot microstrip
patch antenna measuring 50 x 50 mm, specifically designed for potential use in 5G
applications. To enhance impedance matching, a coaxial power feed is strategically
connected to a predetermined spot on the microstrip feed. The simulation analysis is
conducted on two distinct types of ground surfaces. The first ground plane is a basic
copper structure, whereas the second ground plane is specifically designed for solar
cell applications. The first antenna exhibits resonance at three distinct frequencies,
while the second antenna resonates at two frequencies, demonstrating superior
bandwidth characteristics. The design of the suggested antenna is illustrated in Figure
2.4(c).

Tumah et al. [56], developed a unique configuration for a microstrip antenna,
specifically an annular ring patch, with the Shape of Crescents Moon (SCMs) as a
basis. The antenna's performance was assessed through both simulation and
measurement, demonstrating its suitability for multiband applications. The design has
five separate shape of crescents moon (SCMs) that vary in size. Three of the shape of
crescents moon (SCMs) is positioned within the annular ring patch, while the
remaining two are situated outside. The antenna that has been fabricated is exhibiting
resonance at three distinct frequencies, namely 11.30, 18.07, and 20.72 GHz. The
measured bandwidths are 474 MHz, 620 MHz, and 810 MHz, respectively. The
antenna is presented in Figure 2.4 (d). Gangwar et al. [57], provide a modified circular
ring-shaped slot antenna with dimensions of 48 x 48 x 1.6 mm. This antenna is
designed specifically for dual-band wireless applications. The proposed system
utilizes two frequency bands: 1.69 to 1.94 GHz and 3.64 to 3.88 GHz. These bands
exhibit impedance bandwidths of 14.1% and 6.4% respectively. Figure 2.5 (a) shows

the proposed antenna geometry. Kumar et al. [58], introduce a rectangular patch
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antenna that is excited by an I-shaped slot and incorporates two shorted metallic vias,
as depicted in Figure 2.5 (b). The aforementioned configuration leads to an increase in
the available bandwidth. The antenna exhibits resonance at three distinct frequencies,
namely 5.27, 5.49, and 5.93 gigahertz (GHz), accompanied by corresponding peak
gains of 7.2, 7.1, and 7.0 decibels isotropic (dBi), respectively.
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Figure 2.5 (a) Circular and U slot geometry [License Number: 5877640122087], (b) |
shaped slot geometry, (c) Rectangular strips geometry, (d) Non uniform transmission

line feed antenna

Bag et al. [59], introduce a low profile monopole antenna. The uppermost layer of the
substrate is composed of radiating strips arranged in a parallel strip and T-shaped
microstrip feed line configuration. The lower surface of the substrate undergoes
partial etching, while the remaining portion is preserved as a ground plane.
Furthermore, the impedance characteristic is enhanced by the inclusion of two
rectangular stubs on the ground plane. The antenna's overall dimensions were 50 x 35
x 1.6 mm. The antenna exhibits resonance at frequencies of 1.61, 2.83, 3.75, 5.24, and
5.56 GHz, with corresponding bandwidth enhancements of 690, 130, 350, 180, and
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670 MHz. The gain values for these frequencies are 0.8, 0.75, 0.6, 1.45, and 2.3 dB,

respectively. Figure 2.5 (c) shows the antenna geometry.

Farahani and Nezhad [60], introduces a unique wideband microstrip patch antenna
that incorporates a non uniform transmission line feed as shown in figure 2.5 (d).
Nonlinear model predictive control (NMPC) is employed to attain a non uniform
transmission line that aligns with the MPA. The design of the transmission line
ensures that the impedance of the input port is matched to the impedance of the
microstrip antenna at the resonance frequency and its neighboring frequencies. The
antenna resonates at 5.25, 5.5 and 5.75 GHz with 6.5 dBi peak gain. Garcia et al. [61],
developed a wideband antenna utilizing a tapered Coplanar Waveguide (CPW)
feeding mechanism. An excellent impedance matching was achieved when two
trapezoidal ground planes were introduced between the U-shaped monopole structure
and the tapering CPW supplied antenna in the design. The antenna under
consideration operates within two broad frequency ranges, with central frequencies of
3.3 and 5 GHz. The initial band demonstrated a bandwidth of 0.6 gigahertz, whereas
the second band had a bandwidth of 0.75 gigahertz. The designed antenna is present

in figure 2.6 (a)

Maurya et al.[62], developed an innovative microstrip patch antenna with a hexagonal
ring structure that exhibits circular polarization shown in figure 2.6 (b). The antenna
design incorporates an asymmetrical feed mechanism. The ground plane incorporates
a semi-arc-shaped slot, while the hexagonal ring is inclined at a 25-degree angle
relative to the asymmetric microstrip-line feed. This configuration generates a
circularly polarized ultra-wideband signal. The adoption of the asymmetrical feed has
resulted in a significant increase in the impedance bandwidth, measuring 134%
(equivalent to a bandwidth of 9.55 GHz). This expanded bandwidth ranges from 2.34
to 11.89 GHz, with the centre frequency being 7.12 GHz. The axial ratio bandwidth
(B.W) at a 3-dB level is 2.8% (7.1-7.3 GHz) and 21.8% (9.8-12.2 GHz) inside the
ultra-wideband (UWB) frequency range. The suggested antenna has an average gain
of 4.15 dBi. Chen et al. [63], developed a compact fish-shaped patch antenna that
incorporates a tilt-folded patch feed, stepped arms, a U-shaped slot, and a shorting

wall, as depicted in Figure 2.6 (c). The impedance bandwidth of 132% is achieved by
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employing a U-shaped slot and stepped arms on the upper patch, together with a tilt-
folded patch feed. This configuration generates four resonances, allowing for a

frequency range of 4.28 to 21 GHz.

U~srea|e~:3-s;' Tilt-Folded
Fish-shaped Patch '(\ Patch Feed

Mlabihel)

(d)

Figure 2.6 (a) Tapered coplanar feed antenna [License Number: 5877580742930], (b)
asymmetric feed antenna [License Number: 5877640495345], (c) tilt folded feed

antenna, (d) quadratic feed antenna

Swain and Sharma [64], proposed the design of a compact planar dual-square ring
(DSR) microstrip patch antenna for Wi-Fi/WLAN and 5G-NR wireless applications
as shown in figure 2.6 (d). The utilization of DSR geometry on a single layer
dielectric is implemented in this study. The geometry is stimulated through
electromagnetic coupling by employing a quadrilateral feed patch. The planar DSR
structure resonates at 2.4 GHz and 3.7 GHz with bandwidths above 100 MHz and 200
MHz. Additionally, it demonstrates a maximum gain response of 4.3 dBi,
accompanied by a VSWR of 2. Bendahmane et al [65], designed an antenna which
composed of a rectangular star-shaped slotted microstrip patch antenna (MPA) with
patch dimensions measuring 28.5 x 37.56 mm?®. This MPA is printed on a FR-4
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substrate with a permittivity of er = 4.3 and a thickness of h = 1.5 mm. The utilization
of the high permittivity substrate technology, in conjunction with slot and defected
ground structure (DGS) techniques, enables a significant reduction in the total size of
the star-shaped slotted dualband microstrip patch antenna (MPA). This reduction
exceeds 74% and is achieved while maintaining operation at frequencies of 2.4 and 5
GHz. The antenna achieves gains of 2.45 dBi and 4.27 dBi, with efficiencies of 83%
and 68% respectively. Kishore et al. [66], introduced a novel multiband antenna
design including a faulty ground construction. On the ground plane, it has rectangular
slots in various sizes and a modified T-shaped patch. The coupling between the slots
and patch, in conjunction with the feed line, results in the generation of six resonant
frequencies. These frequencies are observed at 1.57 GHz, 2.45 GHz, 3.9 GHz, 5 GHz,
5.9 GHz, and 7.95 GHz. The corresponding bandwidths for these frequencies are 300
MHz, 1.2 GHz, 300 MHz, 200 MHz, 1 GHz, and 1.3 GHz, respectively. Prasad &
Prasad [67], developed a rectangular slit patch antenna featuring a faulty ground
structure measuring 32 x 32 x 1.6 mm in dimensions. The antenna exhibits
operational frequencies of 3.271 GHz, 4.92 GHz, 6.35 GHz, and 11.04 GHz,
accompanied by corresponding gains of 3.25 dB, 2.45 dB, 5.65 dB, and 4.47 dB,

respectively, which are increased in nature.
2.2 MIMO Antenna Design and Techniques

This section critically examines numerous investigations aimed at improving
isolation, gain, and other performance characteristics related to diversity, such as
ECC, MEG and DG.

Gurjar et al. [68], introduced a modified rectangular fractal ultra wideband MIMO
antenna consisting of 2 elements. The antenna’s ground plane has a square funnel-like
stub for wideband, isolation and miniaturization. The dimensions of the object are 24
x 30 x 0.8 mm. The antenna under consideration offers a bandwidth of 9.6 GHz, an
isolation level of less than -16.3 dB, a diversity gain of 9.95 dB, and ECC value that is
below 0.05. Figure 2.7(a) illustrates the geometry of the MIMO antenna, which
consists of a rectangular patch with a fractal pattern. Ullah et al. [69], developed a
super wideband MIMO antenna featuring a semi-circular form and a tapered

microstrip feeding mechanism. The dimensions of the antenna were measured to be
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40 x 47 x 1.5mm. T-shaped parasitic elements in the ground plane improve isolation.
The antenna under consideration exhibits an Isolation value of less than -20 dB, a
Diversity Gain of 10 dB, and less than 0.02 an ECC value. The arrangement of the
antenna is depicted in Figure 2.7(b).

(b)

I @T

Figure 2.7 (a) Rectangular shape antenna [License Number: 5877580544375], (b)
Semi circular shape antenna, (c) Hexagonal shape antenna [License Number:
5877580352573], (d) | shape antenna

(©)

Kumar et al. [70], conducted a study on an UWB-MIMO antenna that exhibits dual
band notched characteristics. A two-element MIMO antenna's patch and ground plane
have different stubs and slots to increase bandwidth and isolation. The antenna under
consideration achieves a bandwidth of 7.5 GHz, an isolation level of less than -18 dB,
a diversity gain of 9.7 dB, and less than 0.13 ECC value. The dimensions of the
antenna are 19 x 30 x 0.8 mm. The geometric configuration of the MIMO antenna,
which is in the shape of an octagonal patch, is seen in Figure 2.7(c). Marzouk et al.
[71], introduced a dual band MIMO antenna system. The antenna design incorporates

a 4-element MIMO antenna configuration. It features an inverted I-shaped slot on the
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patch and another slot on the ground plane, which together constitute a faulty ground
structure. Figure 2.7(d) illustrates the geometry of the MIMO antenna. The suggested
antenna achieves a bandwidth of 1.0683/1.4306 GHz, an isolation of -28.32 dB/-26.27
dB, a diversity gain of 7.95/8.27 dB, and an error correction coefficient (ECC) value

of less than 0.0005.The dimensions of the antenna are 55 mm x 110 mm x 0.5 mm.

Kumar and Khanna [72], developed a two-port MIMO antenna. Characteristics Mode
Analysis (CMA) may enhance bandwidth. [73] has been suggested as a method to
improve bandwidth. The antenna functions at frequencies of 3.5 GHz, 4.3 GHz, 28
GHz, and 35 GHz. The antenna exhibits a bandwidth exceeding 400 MHz throughout
multiple frequency ranges, including 3.5 GHz and 4.3 GHz, and greater than 12 GHz,
at 28 GHz and 35 GHz, which shows wideband behavior of antenna. The meta
material unit cell produces a minimum isolation of 21 dB for frequencies of 3.5 GHz
and 4.3 GHz, while a minimum isolation of 24 dB at frequencies of 28 GHz and 35
GHz. The ECC value is less than 0.05. Figure 2.8(a) illustrates the geometry of the
MIMO antenna. Hussain et al. [74], proposed the design of a wideband MIMO
antenna that integrates a rectangular slot, 2 vertical slots on the ground plane, and a
square slot on the patch. Furthermore, to improve the bandwidth to a value of 6400, a
microstrip feed line featuring a tapered profile is employed. Additionally, the isolation
level is measured to be less than -35.8 dB. The dimensions of the MIMO antenna
system are 15 mm in length, 30 mm in width, and 0.254 mm in thickness. The antenna
under consideration exhibits a diversity gain of 9.99 and an error correction
coefficient (ECC) value of less than 0.005. Figure 2.8(b) illustrates the geometry of
the MIMO antenna. Khan et al. [75], presented a UWB MIMO antenna with patch
elliptical slots and bottom plane Tee-shaped stubs. This design modification was
found to yield a substantial bandwidth enhancement of 7900 MHz and improved
isolation. The antenna being discussed in this study were fabricated on a FR4
substrate, with dimensions measuring 34 x 18 x 1.6 mm®. The level of isolation
exhibits a decrease of less than -15 dB within the frequency range of 3.1 to 5 GHz,
and a decrease of less than -18 dB within the frequency range of 5 GHz to 11 GHz.
The Envelope Correlation Coefficient (ECC) is found to be less than 0.01, indicating
a weak correlation between the envelopes of two signals. On the other hand, the

Diversity Gain (DG) is measured to be greater than 9.96 dB, suggesting a significant
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improvement in signal quality due to diversity techniques. Figure 2.8 (c) presents the

said antenna pictorial representation.

(c) (d)

Figure 2.8 (a) Planar inverted F shape antenna [License Number: 5877641212547],
(b) Rectangular shape with slot antenna [License Number: 5877580025608], (c)

Elliptical shape antenna, (d) Rectangle with triangular stubs shape antenna

Sabek et. al [76] developed an antenna that incorporates rectangular and triangular
stubs, as well as a partial ground plane, to enable dual band functionality. The
proposed antenna design incorporates two elements that are strategically positioned at
right angles to each other in order to achieve the desired high isolation characteristics
of the MIMO configuration operating at frequencies of 28/38 GHz, specifically with
isolation levels exceeding -34 dB and -22 dB. The MIMO setup possesses dimensions
of 27.65 x 12 x 0.273 mm?®. The S,; value exhibits a decrease below -20 dB over the

two operational frequency bands, which have respective bandwidths of 1900 and
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5500. The antenna is depicted in Figure 2.8 (d). In order to enhance the bandwidth by
8700 MHz and achieve isolation of less than -30 dB, Sehrai et al. [77], built a
wideband MIMO antenna with a flawed ground structure and dielectric layer to
improve bandwidth and isolation. The antenna system has a maximum gain of around
5.48 dB. However, when a dielectric layer is introduced, the gain value is enhanced to
8.47 dB. The antenna is depicted in Figure 2.9(a). Hassan et. al [78], design an
antenna that consists of primary and secondary patches that are capacitively
connected. This configuration is intended to provide impedance matching and
generate suitable radiation patterns across the four frequency bands. The acquired
bandwidths at frequencies of approximately 28, 45, 51, and 56 GHz are measured to
be around 0.6, 2.0, 1.8, and 1.3 GHz, respectively. Figure 2.9(b) presents the said

antenna pictorial representation.

Sharawi et al. [79], developed a MIMO antenna system utilizing millimeter-wave
dielectric resonators (DR). The system was created with two linear arrays. A MIMO
antenna is comprised of an array consisting of four cylindrical DR antenna (cDRA)
elements. These elements operate at a frequency of 30 GHz and possess a minimum
bandwidth of 1 GHz. The ECC values, which were found to be below 0.002, were
measured across the whole band of operation. Additionally, the peak gains were seen
to be greater than 7 dBi. The antenna is depicted in Figure 2.9(c). Sharma et. al [80],
presents a proposal for a 5G application, which involves a multiband modified "W’
shaped, wideband MIMO antenna as shown in figure 2.9(d). The suggested antenna
incorporates a metamaterial inspired isolator to enhance isolation. This antenna setup
covers 5G's sub-6 GHz (3.42-4.25 GHz) and mm Wave (24.8-26.5 GHz) bands. The
antenna system has a sub-6 GHz bandwidth of 821 MHz and a millimeter Wave
bandwidth of 1630 MHz. It exhibits excellent isolation characteristics across all
frequency bands, with a minimum |S;,| value exceeding -16 dB. Additionally, the
antenna achieves a peak gain of 7.8 dBi, a low ECC below 0.05, and demonstrates
strong diversity gain of 9.98 dB as well as an approximate efficiency of 91.38%. In
order to increase isolation. Bawri et al. [81], used compact planar-patterned
metamaterial (MTM) structures in their proposed design as shown in figure 2.10(a).
The 52 mm x 23 mm antenna has DG > 9:99, low ECC, low CCL, low TARC, and
total efficiencies of over 98%. A 5G-shaped strip, as proposed by Ali et al. [82], with
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a modified G shape on the patch and a DGS as presented in figure 2.10(b) to improve
antenna bandwidth, ECC, and isolation, has been presented.
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Figure 2.9 (a) Sharp leaf shape antenna, (b) Rhombic shape antenna, (c) Cylindrical
shape antenna, (d) Modified W shaped antenna [License Number: 5877641046296]

In order to increase isolation and bandwidth, Ghadeer et al. [83], showed Sierpinski
triangle fractal geometry with a composite right/left back structure. The antenna is
presented in figure 2.10(c). Adding rectangular slits and slots to the patch surface and
bottom plane, as well as employing orthogonal polarization, significantly reduces
mutual coupling, as proposed by Dkiouak et al [84]. The measured findings
demonstrate that the suggested antenna has a strong isolation of roughly 19 dB at both
the 5.09-5.29 GHz and 7.38-7.87 GHz frequency bands. ECC is less than 0.13, and a
small antenna of 27 by 21 mm? has been demonstrated in figure 2.10(d). Abdelaziz et
al. [85], introduce a concise 5G MIMO microstrip antenna in their study. The antenna
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design incorporates a SCSRR to promote isolation, and the TCMs is employed. Figure
2.11(a) illustrates the antenna configuration. The meta material unit is comprised of
three complementary split ring resonators (CSRR) that are interconnected by
additional slots. These extra slots considerably increase the bandwidth. The MIMO
antenna element under consideration exhibited an isolation of -54 dB at a frequency
of 28 GHz, while the envelope correlation was measured to be 0.005. A modified two
element MIMO antenna was suggested by Ghannad et al. [86], in order to enhance
isolation, a low profile feeding structure is employed, comprising a narrow slot on the
ground plane, along with two narrow T-shaped stubs integrated into the feed line, and
a narrow rectangular stub positioned between them. A comparative analysis was
conducted to assess the performance of the suggested antenna in relation to other
existing antennas. The results indicate that the proposed antenna exhibits a
significantly superior reduction in mutual coupling, with a value of -46.5 dB. The
value of ECC is determined to be 0.15, while the diversity gain is measured at 9.5 dB.
The antenna geometry under consideration is seen in Figure 2.11(b). The construction
possesses dimensions of 33 x 22 x 1 mm. Babu and Anuradha [87], developed a
MIMO antenna with excellent performance, utilizing the Minkowski shape. The
design of the patch for the suggested antenna involves the implementation of
rectangular slots of varying lengths on the square patch. This approach facilitates the
reduction of mutual coupling and enables miniaturization. The performance of the
aforementioned antenna is compared to that of other antennas, and it is determined
that the proposed antenna exhibits superior performance in comparison to the others.
The geometric characteristics of the antenna are visually depicted in Figure 2.11(c).
The obtained measurements for isolation are -54/-50/-40/-44 dB, accompanied by
corresponding measurements for ECC of 0.03/0.00473/0.0075/0.0495 and bandwidth
of 430/450/630/610 MHz. Abdullah et al. [88], introduced a novel methodology
aimed at improving the isolation between MIMO antennas. In this study, the author
implemented a technique wherein six metallic pins were strategically placed along the
outer edges of the two square radiating patches, with the purpose of minimizing the
mutual coupling. These metallic pins were connected to the ground plane. This
approach additionally offers orthogonal polarization between the antenna by

effectively attenuating the transmission of surface waves. The achieved isolation is -
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20 dB, with a diversity gain value of 5.80 dB and an ECC value of less than 0.01. The
geometric configuration of the MIMO antenna, depicted in Figure 2.11(d), is a square
patch with dimensions of 30 x 55 x 1.524.
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Figure 2.10 (a) Hexagonal shape antenna, (b) Modified G shape with strips antenna,

(c) Sierpinski fractal shape antenna, (d) Modified nine shaped antenna

Jilani et al. [89], introduced a mm wave MIMO antenna with a rectangular patch in
the shape of a T. The geometry of the antenna consists of a single T-shaped
rectangular patch antenna accompanied by five split ring slots incorporated into the
ground plane. The initial iteration involves the addition of a slot in the central area of
the ground, which is directly connected to the top layer of the patch. Two more spaces
were positioned on either side of the initial slot. In order to enhance the resonant
response of the antenna, a second iteration was implemented, involving the placement

of two additional slots in the ground plane at a suitable distance. Following the
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completion of the design process for a single element antenna, a four element MIMO
antenna configuration was established. The geometry of the MIMO antenna, which is
a rectangular patch in the shape of a T, is depicted in Figure 2.12(a). The obtained
values for isolation are -22 dB, accompanied by equivalent values for ECC of 0.1 and
bandwidth of 12.4 GHz.
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Figure 2.11 (a) Rectangular shape with split ring resonator antenna, (b) Modified

rectangular shape antenna, (c) Minkowski shape antenna, (d) Square shaped antenna

with shorting pins

The new concept of designing and fabricating a novel UWB 2x2 MIMO antenna was
introduced by Saif et al. [90]. The antenna is constructed utilizing two 'F' shaped
structures that are asymmetrical to one another and incorporate a flawed ground. In
order to mitigate the level of coupling between two radiating elements, a strategic
approach is taken by placing them at a separation distance of 13.9 mm. The geometric
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characteristics of the antenna are depicted in Figure 2.12 (b). The dimensions of the
antenna are 13 x 25 x 0.254 mm. The antenna exhibits a bandwidth (BW) of 10 GHz,
a diversity gain of 9.8 dB, an ECC value of 0.009, and an isolation level of -20 dB.

()

Figure 2.12 (a) T shape rectangular patch antenna, (b) Modified rectangular F shape
antenna, (c) Minkowski fractal DGS shape antenna, (d) Rectangular shaped antenna

with bow tie shape slot

For 5G mm-wave applications, Fatah et al. [91], designed a wideband MIMO antenna
based on Minkowski fractal (MF)-DGS. The initial step is the design and analysis of a
fundamental patch antenna including slotted MF-DGS. The utilization of MF-DGS in
the design of a basic patch antenna results in the generation of numerous adjacent
resonance frequencies, hence leading to an expansion of the antenna's bandwidth and
better isolation. The 2-port MIMO antenna design under consideration operates within
the frequency range of 24.8 to 27.6 GHz. Furthermore, the DG exhibits a significant
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value of 9.9, while the computed ECC and CCL are both less than 0.001. DGS
provide enhanced bandwidth and isolation [92]. This suggests that the MIMO system
is suitable for 5G mm-wave frequencies. The geometric characteristics of the antenna

are depicted in Figure 2.12 (c).
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Figure 2.13 (a) Hexagonal shape DGS antenna, (b) Circular shape antenna, (c) Square

slot with inverted L DGS shape antenna, (d) Decagon shaped antenna with rings

Bilai et al. [93], introduced a MIMO antenna design consisting of a rectangular patch
with bow-tie-shaped slots positioned at the centre, as well as rectangular slits located
at the top and sides of the patch as shown in figure 2.12 (d). The dimensions of the
substrate for a single antenna are 15.5 x 15.5 mm. Impedance matching is achieved in
the antenna's feedline by the utilization of a matching network based on a quarter-
wave transformer. In order to optimize the radiation properties of the antenna and
promote isolation, the implementation of a decoupling structure and a Defected
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Ground Structure (DGS) is proposed. The decoupler is composed of a horizontally
etched zig-zag pattern on the top layer, while the bottom layer utilizes the Defected
Ground Structure (DGS) with four rectangular slots arranged both vertically and
horizontally. Singh et al. [94], proposed a UWB MIMO antenna layout including 4
similar hexagonal-shaped slotted ground planes and 4 microstrip line feeds as shown
in figure 2.13 (a). The MIMO antenna consists of four components that are organized
in an orthogonal manner, so ensuring a significant degree of inter-element isolation.
The antenna prototype is made on a substrate with dimensions of 12.5x12.5%0.8 mm3.
The MIMO antenna under consideration exhibits an impedance bandwidth of 30.47%
across the frequency spectrum spanning from 26.7 GHz to 36.3 GHz. This
characteristic renders it well-suited for utilization in the 5G NR frequency bands
n257/n258/n261, which are associated with Millimeter-Wave Communication.
Firmansyah et al. [95], developed a 2x2 MIMO circular patch microstrip antenna
featuring a beleved half-cut structure This study examines the outcomes of three
different antenna configurations: the ordinary circular patch shape antenna (CCSA)
referred to as M1, the circular patch shape beleved antenna (CSBA) referred to as M2,
and the MIMO circular patch shaped beleved structure (MIMO CSBA) referred to as
M3. The term "beleved" refers to the act of removing one side of the antenna patch.
The reduction in antenna size can be achieved by this approach. The findings of this
study demonstrate that the M3 antenna exhibited favorable levels of mutual coupling.
The dimensions of the substrate for a single antenna are 180 x 180 mm. The antenna
exhibits a bandwidth (BW) of 2.322 GHz, and an isolation level of -26.18 dB. The
shape of the MIMO antenna is seen in Figure 2.13(b).

A unique UWB antenna design by Thakur et al. [96], features a square slot and an
inverse L-shaped ground plane strip. This design increased antenna element isolation.
The proposed antenna demonstrates a mutual coupling value of less than -17 dB and
an Envelope Correlation Coefficient of 0.15. The dimensions of the planned antenna
are 27 x 17 x 1.6 mm3. The frequency range of the planned antenna spans from 1 to
30 gigahertz (GHz). Figure 2.13 (c) depicts the antenna. Dileepan et al. [97], proposed
an antenna that comprises three focused decagon-shaped rings that are responsible for
acquiring the three resonance frequencies. The dimensions of the antenna element

under consideration measure 23.5 mm x 26.5 mm. It exhibits an impedance
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bandwidth of -10 dB throughout three frequency ranges: 2.4-2.52 GHz, 3.66-4 GHz,
and 4.62-5.54 GHz. The direction of the antenna element results in significant levels
of isolation, with values of -30.5 dB and 18.5 dB. The error correction coefficient
(ECC) values exhibit a level below 0.001, while a diversity gain (DG) of 10 dB is
attained across the operating frequencies. The shape of the MIMO antenna is seen in
Figure 2.13(d).

2.3 Research Gap

This chapter presents a literature overview on microstrip antennas and MIMO
antennas for 5G applications. The chapter began with an overview of the research
conducted on microstrip antenna designs. Additionally, the study included pertinent
studies on MIMO antennas. The historical overview mentioned above reveals that
there have been many articles published on the subject of microstrip and mimo
antenna design. The existing body of research indicates that the bandwidth and gain of
the proposed designs are constrained, rendering them unsuitable for efficient
utilization of antennas in actual applications. Only a small number of researchers have
prioritized the isolation aspect at the expense of other performance parameters.
Therefore, it is imperative to fill this research gap. The objective of this suggested
study is to develop antennas for 5G mid and millimeter band applications employing
microstrip patch antennas using fractal geometry (iteration technique) in conjunction
with SISO and MIMO technology, which provide superior bandwidth, isolation, gain,

and other diversity performance factors.

This thesis presents the design, fabrication, and testing of two antennas specifically

developed for 5G mobile applications.

e The initial antenna has been developed, manufactured, and evaluated
for its suitability in 5G mid band mobile applications. This antenna
utilizes a single element microstrip patch design using fractal geometry
(iteration technique), resulting in improved bandwidth, gain, and

efficiency.

e A second antenna has been developed, manufactured, and evaluated

for utilization in the millimeter range (n258 band) of 5G mobile
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applications. This antenna employs a 2-element MIMO MPA
configuration with a rectangular slot on ground plane and fractal
geometry (iteration technique). It also offers improved bandwidth,
gain, and diversity performance factors.
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CHAPTER 3
METHODOLOGY

3.1 Research Objective

Research embodied in the present thesis investigates iteration strategies for designing
patches of microstrip and MIMO antennas. In order to obtain the appropriate
performance characteristics, some parametric studies are carried out in both the
antennas. Additionally, a suitable defective ground structure is adopted and installed
at the MIMO antenna in a suitable location to achieve a suitable band for 5G
applications. The thesis's objectives are described in this context as follows:

1. To design wideband microstrip antenna for emerging technology Multiple
Input and Multiple Output (MIMO).

2. Designing and fabrication of an antenna by optimizing dielectric constant of
the substrate, thickness of the substrate and insertion of slots/slits to enhance
the bandwidth and efficiency.

3. The antenna will be optimized for the desired performance parameter like gain
and return loss.

4. The main prominence will be on the development of compact antenna with

better isolation between the multiple antennas.

In order to accomplish these objectives, a quantitative research approach is employed
in this study. The flowchart depicted in Figure 3.1 illustrates the methodology
employed to accomplish these objectives.

3.2 Research Methodology

For achieving objective 1, 2 and 3 following steps were considered:
e Step 1: Designing - Microstrip antenna patch is designed using
iteration techniques.
e Step 2: Parametric Analysis - The parametric effect of various
parameters like dielectric constant, thickness of substrate, insertion of

slots, feeding techniques of the said antenna is analyzed to achieve
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desired performance. The proposed antenna is designed and simulated
using HFSS 15.0. Once the desired results are achieved as per the
literature surveys, then we proceed with fabrication process.

Step 3: Fabrication - Final single element microstrip patch antenna is
fabricated using EP-42 Auto PCB prototype machine.

Step 4: Testing and Validation - S;; and VSWR are measured using
SMA connector connected manufactured antenna to VNA (Rohde and
Schwarz ZNB - 40 VNA 100 KHZ to 40 GHz). In anechoic chamber
with broadband reference horn antenna transmitter, antenna radiation

patterns and gain are measured.

For achieving objective 4 following steps were considered:

Step 1: Design - Two port MIMO antenna patch is designed using
iteration techniques.

Step 2: Analysis and DGS - Distance optimization, orientation
analysis and DGS is introduced to achieve desired performance. The
proposed antenna is designed and simulated using HFSS 15.0. Once
the desired results are achieved as per the literature surveys, then we
proceed with fabrication process.

Step 3: Fabrication - Final two port MIMO antenna is fabricated
using EP-42 Auto PCB prototype machine.

Step 4: Testing and Validation - The SMA connector connected the
antenna to a VNA (Rohde and Schwarz ZNB - 40 VNA 100 KHZ to
40 GHz) for S parameters measurements. In anechoic chamber with
broadband reference horn antenna transmitter, antenna radiation

patterns are measured.
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I Literature Review |

Objective(s)
1,2and 3

Objective 4

Figure 3.1 Flow chart for research methodology
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CHAPTER 4

DESIGN AND DEVELOPMENT OF CIRCULAR
SHAPED ANTENNA FOR 5G MID BAND MOBILE
APPLICATION WITH ENHANCED BANDWIDTH

This chapter presents a redesigned circular MPA with multiband and wideband
resonance for 5G midband mobile applications. To achieve suitable resonant
frequency ranges and good impedance matching, the suggested antenna design uses
an iterative approach to estimate the radii of many circular slots. The suggested
antenna uses a recessed microstrip line and a simple plane ground construction. A
comprehensive parametric analysis has been conducted to examine the effects of
changes in substrate thickness and design iteration phases. The antenna modeling and
simulation were done using HFSS 15.0. A 33.56 x 33.56 mm? FR-4 substrate was
used to build a physical prototype of the proposed antenna structure to test its
effectiveness. The prototype was then subjected to measurements using a vector
network analyzer and an anechoic chamber to evaluate the accuracy of the simulated
results. The proposed antenna exhibits favorable characteristics for 5G applications,
including its compact dimensions, favorable radiation properties, and capacity to
accommodate numerous operating frequencies while maintaining good impedance
matching and expanded bandwidth.

Multiband features and enhanced operational bandwidth in a compact size without a
monopole arrangement or DGS make the proposed work innovative. The proposed
antenna meets compactness, multiband resonance, and operational bandwidth
requirements. The antenna under consideration exhibits resonance at frequencies of
15.68, 12.62, 8.84, 6.68, and 3.35 GHz, accompanied with an IBW of -10 dB,
spanning 6390, 990, 540, 630, and 100 MHz, respectively. In addition, the antenna
that has been designed exhibits consistent radiation pattern characteristics and
desirable gain throughout the whole frequency range in which it operates.

The suggested work covers these objectives in this chapter:
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1. Design of a circular shaped patch antenna for 5G mobile application using
HFSS software.

2. Analyze feeding techniques, slot insertion, substrate material and thickness,
for optimal results in gain, return loss and bandwidth.

3. The optimized antenna is built and tested experimentally.

4.1 Circular Patch Antenna Designing using HFSS software

The substrate selection is the most crucial antenna design step. Substrate height and
dielectric constant affected antenna bandwidth and impedance matching. As the
bandwidth of an antenna is proportional to its resonance frequency and quality factor
(Q factor). A greater dielectric constant can result in a broader bandwidth by lowering
the antenna'’s resonance frequency and allowing for more relaxed impedance matching
conditions. This is because the dielectric constant influences the effective wavelength

within the material, which can change the antenna's impedance and thus bandwidth.

Sw
it hll
A3
A2
Al
S
A
+—>
Fin v

Figure 4.1 Proposed modified circular patch antenna
So, FR4 (er = 4.4) substrate material of 1.6 mm thickness is used in the suggested
antenna. Basically, FR4 is a standard designation for a specific type of composite
material used in electronic applications that is flame-retardant and ideal for PCB
manufacture. Where, F: indicates that the material is flame retardant. This means that
it possesses qualities that make it less likely to catch fire or burn.
R stands for "resin,” which refers to the epoxy resin utilized in the laminate.
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And 4: indicates the exact grade or kind of the material in the FR series. In this
scenario, FR4 is a popular grade that offers an excellent blend of electrical insulating
qualities, mechanical strength, and flame resistance. FR4 substrate is chosen for its
low cost and market availability.

Patch antenna with circular shape and resonating frequency of 3.5 GHz (Mid band of
5G Applications) was chosen for the designing of the proposed antenna. Figure 4.1
represents the proposed microstrip patch antenna. The optimized parameters of
proposed antenna are depicted in Table 4.1. The proposed antenna is designed and
simulated using HFSS software.

Table 4.1 Parameters of proposed antenna

Size
Sr. No. Parameter Formula
(mm)
1. B 1.8412 x Vo
Radius (A) ° 2% 314 x fr x VEr 11.98
2. Length of substrate S =L +6H 33.56
3. Width of substrate Sw=W + 6H 33.56
Substrate with
4. N FR4/1.6
thickness
5. Lengthoffeed | — =meeeeee- 12.78
_ 7.48H .
6. Width of feed A v 2.99
<ZOX g7 >
— : — 1
Radius of circle after N1 = No. of circle =5
1% jteration process L1 = Scaling factor for radius of
7. N 3.99
(Al) circle = (5) 1 =0.333
So, (0.333 x 11.98 = 3.99)
Radius of circle after N2 = No. of circle = 52 133
nd : H ’
8. 2" Iteration process L2 = Scaling factor for radius of
(A2) :
circle = G) A2 =0.111
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So, (0.111 x 11.98 = 1.32)

— - — 3
Radius of circle after N3 = No. of circle =5

3rd iteration process L3 = Scaling factor for radius of

) 1 0.44
(A3) circle = (g) "3 =0.037

So, (0.037 x 11.98 = 0.44)

Initialization of HFSS Software

To initiate the HFSS software, the user should locate and click on the HFSS icon.
This action will prompt the HFSS screen to appear. Subsequently, the user should
proceed to right-click on the project and proceed with renaming it. Next, select the
"Project” option from the toolbar and proceed to click on "Insert HFSS Design". After
that, we moved on to the design of an antenna. The initial task involves the design of

the substrate and ground plane.

4.1.1 Designing Process

For substrate: To initiate the process, the user should locate and select the "draw box
(3D)" option from the toolbar. Following this, the user should proceed to click on any
desired location on the screen to create a box. Subsequently, the user should double-
click on the box inside the project management interface to access its properties.
Inside this menu, the user can modify the name of the box (Rectangular Substrate)
and select the appropriate substrate, namely the FR4 option. Finally, the user should
confirm their selections by pressing the "ok" button. Subsequently, go to right-click
on the “create box™ option and modify the dimensions in accordance with the
specified requirements.

Position = -16.78, -16.78, 0

X =33.56 mm

Y=33.56 mm

Z=1.6mm

For ground: Rotate the substrate to the back position, then click at an edge of the
substrate, drag the arrow to another edge of the substrate, and finally release the

arrow. Then rename the box to ground.
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After the design of the substrate and ground has been completed, the next task
involves the design of the patch.
For patch: Figure 4.2 showcases the circular patch, wherein each circle is assigned a

unique number to facilitate comprehension of its respective position and radius.
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Figure 4.2 Modified circular shaped antenna patch
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The illustration presented in Figure 4.3 depicts a fractal configuration that has been

employed in the development of an antenna patch design.

Step 1 Step 2 Step 3 Step 4

Figure 4.3 Evaluation steps of modified circular disk shaped antenna

For Step 1 (Zeroth iteration)

Process:

> A circular patch of a radius A (11.98 mm) is utilized as the basis structure (1).
Designing Process:

> To initiate the patch design process, it is recommended to first locate the
circular icon located within the toolbar. Subsequently, proceed to double-click on
circle within the project window. Following this action, modify the name of the
selected circle to "circle 1." Next, proceed to right-click on the "create circle” option
and make adjustments to the proportions.

Circle 1:

Position =0, 0, 1.6

R =11.98 mm

For Step 2 (First iteration)

Process:

> The base construction (1) is scaled by one-third, resulting in 5 little circles (2,
3, 4, 5, and 6) with radius Al (3.99 mm). One central circle (2) is removed from the
five little circles, leaving four (3, 4, 5, and 6).

Designing Process:

> Choose a circle from the toolbar, rename it as “circle 2", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according

to the specified instructions.
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Circle 2:

Position =0, 0, 1.6

R =3.99 mm

For Circle 3, 4, 5 and 6;

First, select circle 2 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste” option. By completing these steps, circle 3
will be successfully formed. Please replicate this procedure for circles 4, 5, and 6.
Now, from the tool bar, select move and move the circles 3, 4, 5, and 6 to the
positions indicated below.

Circle 3:

Move =0, 8,0

Circle 4:

Move =0, -8, 0

Circle 5:

Move =-8,0,0

Circle 6:

Move =8, 0,0

Then, using the tool bar's subtract option, subtract circle 2 from circle 1. Simply
choose circle 1, then circle 2, and then press the subtract option.

For Step 3 (Second iteration)

Process:

> To achieve this, repeat the previous steps on the remaining 4 circles (3, 4, 5,
and 6). This involves dividing the 4 circles into 5 small circles (7, 8, 9, 10, 11, 12, 13,
14, 15, 16, 17, 18, 19, 20, 21,22, 23, 24, 25, and 26) of radius (A2) (1.33 mm),
removing one centre circle from each, and leaving 16 total circles (7, 8, 9 and 10) ,
and leaving 16 circles (11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21 ,22, 23, 24, 25, and
26).

56



Designing Process:

> Choose a circle from the toolbar, rename it as “circle 7", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according
to the specified instructions.

Circle 7:

Position =0, 8, 1.6

R =133 mm

For Circle 11, 12, 13 and 14;

First, select circle 7 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
11 will be successfully formed. Please replicate this procedure for circles 12, 13, and
14. Now, from the tool bar, select move and move the circles 11, 12, 13, and 14 to
the positions indicated below.

Circle 11:

Move =0, 2.66, 0

Circle 12:

Move =0, -2.66, 0

Circle 13:

Move =-2.66, 0, 0

Circle 14:

Move = 2.66, 0, 0

Then, using the tool bar's subtract option, subtract circle 7 from circle 3. Simply
choose circle 3, then circle 7, and then press the subtract option.

Then same process is repeated for remaining circles 8, 9 and 10.

> Choose a circle from the toolbar, rename it as "circle 9", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according
to the specified instructions.

Circle 9:

Position =0, -8, 1.6

R=133mm

For Circle 19, 20, 21 and 22;
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First, select circle 9 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
19 will be successfully formed. Please replicate this procedure for circles 20, 21 and
22. Now, from the tool bar, select move and move the circles 19, 20, 21, and 22 to
the positions indicated below.

Circle 19:

Move =0, 2.66, 0

Circle 20:

Move =0, -2.66, 0

Circle 21:

Move =-2.66, 0, 0

Circle 22:

Move = 2.66, 0, 0

Then, using the tool bar's subtract option, subtract circle 9 from circle 5. Simply
choose circle 5, then circle 9, and then press the subtract option.

> Choose a circle from the toolbar, rename it as “circle 8", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according

to the specified instructions.

Circle 8:
Position =-8, 0, 1.6
R=1.33mm

For Circle 15, 16, 17 and 18;

First, select circle 8 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste” option. By completing these steps, circle
15 will be successfully formed. Please replicate this procedure for circles 16, 17 and
18. Now, from the tool bar, select move and move the circles 15, 16, 17, and 18 to
the positions indicated below.

Circle 15:

Move =0, 2.66, 0
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Circle 16:

Move =0, -2.66, 0

Circle 17:

Move =-2.66, 0, 0

Circle 18:

Move = 2.66, 0, 0

Then, using the tool bar's subtract option, subtract circle 8 from circle 4. Simply
choose circle 4, then circle 8, and then press the subtract option.

> Choose a circle from the toolbar, rename it as “circle 10", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according
to the specified instructions.

Circle 10:

Position =8, 0, 1.6

R =133 mm

For Circle 23, 24, 25 and 26;

First, select circle 10 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
23 will be successfully formed. Please replicate this procedure for circles 24, 25 and
26. Now, from the tool bar, select move and move the circles 23, 24, 25, and 26 to
the positions indicated below.

Circle 23:

Move =0, 2.66, 0

Circle 24:

Move =0, -2.66, 0

Circle 25:

Move =-2.66, 0, 0

Circle 26:

Move = 2.66, 0, 0

Then, using the tool bar's subtract option, subtract circle 10 from circle 6. Simply

choose circle 6, then circle 10, and then press the subtract option.

59



For Step 4 (Third iteration)

Process:

> In this step the remaining 16 circles (11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21
22, 23, 24, 25, and 26) are then further divided into 5 smaller circles( 27, 28, 29, 30,
31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53,
54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76,
77,78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99,
100, 101, 102, 103, 104, 105, 106 ) of radius (A3)(.44 mm), and once again the one
centre circle is eliminated from each of the five smaller circles (27, 28, 29, 30, 31, 32,
33, 34, 35, 36, 37, 38, 39, 40, 41, 42) leaving a total of 64 circles (43, 44, 45, 46, 47,
48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70,
71,72,73,74,75,76, 77,78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93,
94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106 ).

Designing Process:

"Consider Circle 3"

> Choose a circle from the toolbar, rename it as “circle 28", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according
to the specified instructions.

Circle 28:

Position = 0, 10.66, 1.6

R =.44 mm

For Circle 99, 100, 101 and 102;

First, select circle 28 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste” option. By completing these steps, circle
100 will be successfully formed. Please replicate this procedure for circles 99, 101,
and 102. Now, from the tool bar, select move and move the circles 99, 100, 101 and
102 to the positions indicated below.

Circle 100:

Move =0, 0.88, 0

Circle 99:

Move =0, -0.88, 0
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Circle 101:

Move =0.88, 0, 0

Circle 102:

Move =-0.88, 0, 0

Then, using the tool bar's subtract option, subtract circle 28 from circle 12. Simply
choose circle 12, then circle 28, and then press the subtract option.

> Choose a circle from the toolbar, rename it as “circle 30", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according
to the specified instructions.

Circle 30:

Position =0, 5.33, 1.6

R =.44 mm

For Circle 95, 96, 97 and 98;

First, select circle 30 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
95 will be successfully formed. Please replicate this procedure for circles 96, 97, and
98. Now, from the tool bar, select move and move the circles 95, 96, 97 and 98 to the
positions indicated below.

Circle 95:

Move =0, 0.88, 0

Circle 96:

Move =0, -0.88, 0

Circle 98:

Move =0.88, 0,0

Circle 97:

Move =-0.88, 0, 0

Then, using the tool bar's subtract option, subtract circle 30 from circle 14. Simply
choose circle 14, then circle 30, and then press the subtract option.

> Choose a circle from the toolbar, rename it as "circle 27", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according

to the specified instructions.
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Circle 27:

Position =0, 8, 1.6

R=.44 mm

Move =-2.66, 0, 0

For Circle 91, 92, 93 and 94;

First, select circle 27 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
91 will be successfully formed. Please replicate this procedure for circles 92, 93, and
94. Now, from the tool bar, select move and move the circles 91, 92, 93 and 94 to the
positions indicated below.

Circle 92:

Move = -2.66, 0.88, 0

Circle 94:

Move = -2.66, -0.88, 0

Circle 93:

Move =-3.54, 0,0

Circle 91:

Move =-1.77,0,0

Then, using the tool bar's subtract option, subtract circle 27 from circle 13. Simply
choose circle 13, then circle 27, and then press the subtract option.

> Choose a circle from the toolbar, rename it as “circle 29", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according
to the specified instructions.

Circle 29:

Position =0, 8, 1.6

R=.44 mm

Move = 2.66, 0, 0

For Circle 103, 104, 105 and 106;

First, select circle 29 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an

appropriate location and choose the “paste™ option. By completing these steps, circle
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103 will be successfully formed. Please replicate this procedure for circles 104, 105,
and 106. Now, from the tool bar, select move and move the circles 103, 104, 105 and
106 to the positions indicated below.

Circle 105:

Move = 2.66, 0.88, 0

Circle 103:

Move = 2.66, -0.88, 0

Circle 104:

Move =3.54,0,0

Circle 106:

Move =1.77,0,0

Then, using the tool bar's subtract option, subtract circle 29 from circle 11. Simply

choose circle 11, then circle 29, and then press the subtract option.

"Consider Circle 5"

> Choose a circle from the toolbar, rename it as “circle 37", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according
to the specified instructions.

Circle 37:

Position = 0, -10.66, 1.6

R =.44 mm

For Circle 83, 84, 85 and 86;

First, select circle 37 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste” option. By completing these steps, circle
83 will be successfully formed. Please replicate this procedure for circles 84, 85 and
86. Now, from the tool bar, select move and move the circles 83, 84, 85 and 86 to the
positions indicated below.

Circle 85:

Move =0, 0.88, 0

Circle 83:

Move =0, -0.88, 0
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Circle 84:

Move =0.88, 0, 0

Circle 86:

Move =-0.88, 0, 0

Then, using the tool bar's subtract option, subtract circle 37 from circle 21. Simply
choose circle 21, then circle 37, and then press the subtract option.

> Choose a circle from the toolbar, rename it as "circle 36", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according
to the specified instructions.

Circle 36:

Position =0, -5.33, 1.6

R =.44 mm

For Circle 87, 88, 89 and 90;

First, select circle 36 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
87 will be successfully formed. Please replicate this procedure for circles 88, 89, and
90. Now, from the tool bar, select move and move the circles 87, 88, 89 and 90 to the
positions indicated below.

Circle 89:

Move =0, 0.88, 0

Circle 87:

Move =0, -0.88, 0

Circle 88:

Move =0.88, 0,0

Circle 90:

Move =-0.88, 0, 0

Then, using the tool bar's subtract option, subtract circle 36 from circle 20. Simply
choose circle 20, then circle 36, and then press the subtract option.

> Choose a circle from the toolbar, rename it as "circle 35", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according

to the specified instructions.
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Circle 35:

Position =0, -8, 1.6

R=.44 mm

Move =-2.66, 0, 0

For Circle 79, 80, 81 and 82;

First, select circle 35 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
79 will be successfully formed. Please replicate this procedure for circles 80, 81 and
82. Now, from the tool bar, select move and move the circles 79, 80, 81 and 82 to the
positions indicated below.

Circle 79:

Move = -2.66, 0.88, 0

Circle 81:

Move =-2.66, -0.88, 0

Circle 80:

Move =-3.54,0,0

Circle 82:

Move =-1.77,0,0

Then, using the tool bar's subtract option, subtract circle 35 from circle 19. Simply
choose circle 19, then circle 35, and then press the subtract option.

> Choose a circle from the toolbar, rename it as "circle 38", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according
to the specified instructions.

Circle 38:

Position =0, -8, 1.6

R =0.44 mm

Move = 2.66, 0, 0

For Circle 75, 76, 77 and 78;

First, select circle 38 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an

appropriate location and choose the “paste™ option. By completing these steps, circle
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75 will be successfully formed. Please replicate this procedure for circles 76, 77, and
78. Now, from the tool bar, select move and move the circles 75, 76, 77 and 78 to the
positions indicated below.

Circle 77:

Move = 2.66, 0.88, 0

Circle 76:

Move = 2.66, -0.88, 0

Circle 75:

Move =3.54,0,0

Circle 78:

Move =1.77,0,0

Then, using the tool bar's subtract option, subtract circle 38 from circle 22. Simply

choose circle 22, then circle 38, and then press the subtract option.

"Consider Circle 6"

> Choose a circle from the toolbar, rename it as “circle 33", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according
to the specified instructions.

Circle 33:

Position = 10.66, 0, 1.6

R =.44 mm

For Circle 59, 60, 61 and 62;

First, select circle 33 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste” option. By completing these steps, circle
59 will be successfully formed. Please replicate this procedure for circles 60, 61 and
62. Now, from the tool bar, select move and move the circles 59, 60, 61 and 62 to the
positions indicated below.

Circle 61:

Move =0, 0.88, 0

Circle 60:

Move =0, -0.88, 0
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Circle 59:

Move =0.88, 0, 0

Circle 62:

Move =-0.88, 0, 0

Then, using the tool bar's subtract option, subtract circle 33 from circle 25. Simply
choose circle 25, then circle 33, and then press the subtract option.

> Choose a circle from the toolbar, rename it as "circle 31", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according
to the specified instructions.

Circle 31:

Position =5.33, 0, 1.6

R =.44 mm

For Circle 71, 72, 73 and 74;

First, select circle 31 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
71 will be successfully formed. Please replicate this procedure for circles 72, 73 and
74. Now, from the tool bar, select move and move the circles 71, 72, 73 and 74 to the
positions indicated below.

Circle 73:

Move =0, 0.88, 0

Circle 72:

Move =0, -0.88, 0

Circle 74:

Move =0.88, 0,0

Circle 71:

Move =-0.88, 0, 0

Then, using the tool bar's subtract option, subtract circle 31 from circle 23. Simply
choose circle 23, then circle 31, and then press the subtract option.

> Choose a circle from the toolbar, rename it as "circle 32", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according

to the specified instructions.
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Circle 32:

Position =8, 0, 1.6

R=.44 mm

Move =0, 2.66, 0

For Circle 63, 64, 65 and 66;

First, select circle 32 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
63 will be successfully formed. Please replicate this procedure for circles 64, 65 and
66. Now, from the tool bar, select move and move the circles 63, 64, 65 and 66 to the
positions indicated below.

Circle 64:

Move = 0.88, 2.66, 0

Circle 66:

Move =-0.88, 2.66, 0

Circle 65:

Move =0, 3.54,0

Circle 63:

Move =0, 1.77,0

Then, using the tool bar's subtract option, subtract circle 32 from circle 24. Simply
choose circle 24, then circle 32, and then press the subtract option.

> Choose a circle from the toolbar, rename it as "circle 34", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according
to the specified instructions.

Circle 34:

Position =8, 0, 1.6

R =0.44 mm

Move =0, -2.66, 0

For Circle 67, 68, 69 and 70;

First, select circle 34 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an

appropriate location and choose the “paste™ option. By completing these steps, circle

68



67 will be successfully formed. Please replicate this procedure for circles 68, 69 and
70. Now, from the tool bar, select move and move the circles 67, 68, 69 and 70 to the
positions indicated below.

Circle 67:

Move = 0.88, -2.66, 0

Circle 69:

Move =-0.88, -2.66, 0

Circle 68:

Move =0, -3.54,0

Circle 70:

Move =0,-1.77,0

Then, using the tool bar's subtract option, subtract circle 34 from circle 26. Simply

choose circle 26, then circle 34, and then press the subtract option.

"Consider Circle 4"

> Choose a circle from the toolbar, rename it as “circle 41", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according

to the specified instructions.

Circle 41:
Position = -10.66, 0, 1.6
R =0.44 mm

For Circle 43, 44, 45 and 46;

First, select circle 41 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste” option. By completing these steps, circle
43 will be successfully formed. Please replicate this procedure for circles 44, 45 and
46. Now, from the tool bar, select move and move the circles 43, 44, 45 and 46 to the
positions indicated below.

Circle 45:

Move =0, 0.88, 0

Circle 44:

Move =0, -0.88, 0
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Circle 46:

Move =0.88, 0, 0

Circle 43:

Move =-0.88, 0, 0

Then, using the tool bar's subtract option, subtract circle 41 from circle 17. Simply
choose circle 17, then circle 41, and then press the subtract option.

> Choose a circle from the toolbar, rename it as "circle 40", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according
to the specified instructions.

Circle 40:

Position = -5.33, 0, 1.6

R =0.44 mm

For Circle 55, 56, 57 and 58;

First, select circle 40 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
55 will be successfully formed. Please replicate this procedure for circles 56, 57 and
58. Now, from the tool bar, select move and move the circles 55, 56, 57 and 58 to the
positions indicated below.

Circle 56:

Move =0, 0.88, 0

Circle 57:

Move =0, -0.88, 0

Circle 55:

Move =0.88, 0,0

Circle 58:

Move =-0.88, 0, 0

Then, using the tool bar's subtract option, subtract circle 40 from circle 15. Simply
choose circle 15, then circle 40, and then press the subtract option.

> Choose a circle from the toolbar, rename it as "circle 42", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according

to the specified instructions.
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Circle 42:

Position =-8, 0, 1.6

R =0.44 mm

Move =0, -2.66, 0

For Circle 47, 48, 49 and 50;

First, select circle 42 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
47 will be successfully formed. Please replicate this procedure for circles 48, 49 and
50. Now, from the tool bar, select move and move the circles 47, 48, 49 and 50 to the
positions indicated below.

Circle 49:

Move = 0.88, 2.66, 0

Circle 50:

Move =-0.88, 2.66, 0

Circle 47:

Move =0, -3.54,0

Circle 48:

Move =0, -1.77,0

Then, using the tool bar's subtract option, subtract circle 42 from circle 16. Simply
choose circle 16, then circle 42, and then press the subtract option.

> Choose a circle from the toolbar, rename it as "“circle 39", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according
to the specified instructions.

Circle 39:

Position =-8, 0, 1.6

R =0.44 mm

Move =0, 2.66, 0

For Circle 51, 52, 53 and 54;

First, select circle 39 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an

appropriate location and choose the “paste™ option. By completing these steps, circle
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51 will be successfully formed. Please replicate this procedure for circles 52, 53 and
54. Now, from the tool bar, select move and move the circles 51, 52, 53 and 54 to the
positions indicated below.

Circle 53:

Move = 0.88, 2.66, 0

Circle 52:

Move =-0.88, 2.66, 0

Circle 51:

Move =0, 3.54,0

Circle 54:

Move =0, 1.77,0

Then, using the tool bar's subtract option, subtract circle 39 from circle 18. Simply

choose circle 18, then circle 39, and then press the subtract option.

For microstrip inset feedline: To start the process, the user should go to the toolbar
and choose the "draw rectangle” choice. The user should then click anywhere on the
screen to make a rectangle. Then, the user should double-click on the rectangle inside
the project management window to get to its properties. The user can change the
name of the rectangle (feed line) in this menu. Lastly, the user should press the "OK"
button to confirm their choices. Then, right-click on “create box" and change the
positions to meet the standards.

Position = 33.56/2, 2.99/2, 1.6

X=-16.78 + 4 =-12.78 mm

Y=-2.99 mm

Next, make cuts along both sides of the feedline. For cut 1, first choose the rectangle,
then move the cursor from the feedline's top right edge to the patch's bottom right
edge. Next, right-click the newly created rectangle and modify the y-axis's settings to
Y = 1.2 mm. Then, for cut 2, choose the duplicate along line option from the toolbar
and move the cursor from the top of the cutl on the right to the top of the feedline on
the left. The next stage is to combine feedline and patch. To do this, click on (patch +

control + feedline), then select the unite option from the toolbar. When you click on
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patch + Control + cutl + control + cut2 and then select the option to subtract from the

toolbar, cutl and cut2 are subtracted from the patch.

For assigning boundaries to ground and patch: right-click the patch, select assign

boundaries, and then click Perfect E. Same process is repeated for ground.

For lump port: Change the axis to "yz" first. Then choose a rectangle and give it the
new name lump port. Then, right-click on "Create Rectangle” and modify its
attributes as follows:

Position: 16.78, -1.495, 1.6

y=2.99 mm

z=-16

For lump port excitation, right-click on the lump port rectangle in the project window,
select Assign Excitation, select Lump Port (50 Ohm), select Next, select Integration
(double click), select New Line, drag a triangle-shaped cursor from the lower edge to

the upper edge, select Next, and then select Finish.

For radiation box: To initiate the process, the user should locate and select the "draw
box (3D)" option from the toolbar. Following this, the user should proceed to click on
any desired location on the screen to create a box. Subsequently, the user should
double-click on the box inside the project management interface to access its
properties. Inside this menu, the user can modify the name of the box (radiation box)
and select the vaccum option. Finally, the user should confirm their selections by
pressing the "ok" button. Subsequently, go to right-click on the “create box" option
and modify the dimensions in accordance with the specified requirements.

Position: -16.78, -16.78, 0

X =33.56 mm
Y =33.56 mm
Z=21.42 mm

Next, proceed to choose the five facets of the radiation boxes and thereafter utilize the

right-click function to allocate boundaries. Finally, click on the radiation option.
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Then, check validation.

For analysis:

To initiate the analysis on the project management window, the user should perform a
right-click action. Following this, they should select the option labeled "Add solution
set up." Within this setup, the user will be prompted to specify the solution frequency
in gigahertz (GHz), with a recommended value of 3.5 GHz for the proposed antenna.
The maximum number of passes is set at 20. Subsequently, proceed to perform a
right-click action on the setup option, followed by selecting the sweep function.
Proceed to input the desired start value (2 GHz) and end value (20 GHz), and
subsequently specify the step size (0.1 GHz). Subsequently, save the field
configuration and confirm the changes by selecting the "OK" option.

After the completion of validation and analysis, the subsequent step involves
assessing the results of our suggested antenna with regards to several performance

metrics.

For calculating "S;;" of the proposed antenna, following steps are followed:
e In the project management box, right-click on the result option.
e Next, click Create modal solution setup data report.

e Then select Rectangular plot ¢ S parameter « New report

For calculating "VSWR" of the proposed antenna, following steps are followed:
¢ In the project management box, right-click on the result option.
e Next, click Create modal solution setup data report.

e Then select Rectangular plot « VSWR « New report

For calculating "Gain" of the proposed antenna, following steps are followed:
e In the project management box, right-click on the radiation option, then
choose far field, then infinite sphere
e Then, with a step size of 90, alter phi from 0 to 90 degrees, and with a step
size of 10, change theta from 0 to 360 degrees.
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e Then, on the tool bar, click on the analyzing all option, then go to the result,
click on far field report, then click radiation report, then select correct infinite
sphere and other settings like Gain in dB, then click OK.

e For peak Gain calculation, select antenna parameter in radiation report and

then click on peak gain.

For calculating "Surface Current Distribution” of the proposed antenna, following
steps are followed:
e Select patch, right-click to "Add plot fields," select "Mag_ Jsurf,” "all object,"
"concern resonant frequency,” "ok," and "start analyze all"
e For calculation of current distribution at other frequencies, click "analysis" in

the project manager window, "click” on "solution setup,” "change frequency,"

"ok," and "start analyze all".

For calculating "Surface Current Density Distribution” of the proposed antenna,
following steps are followed:
e Select patch, right-click to "Add plot fields," select "Mag_ Jvol,” "all object,”

"concern resonant frequency,” "ok," and "start analyze all"

For calculating "Radiation Pattern” of the proposed antenna, following steps are
followed:
e In the project management box, right-click on the radiation option, then
choose far field, then infinite sphere
e Then, with a step size of 90, alter phi from 0 to 90 degrees, and with a step
size of 10, change theta from -180 to 180 degrees.
e Then, on the tool bar, click on the analyzing all option, then go to the result,
click on far field report, then click radiation report, then select gain phi and
gain theta.

e Then in families, select all for phi and select the frequency, then click OK.
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e For calculation of radiation pattern at other frequencies, click "analysis" in the

project manager window, “click” on "solution setup,” "change frequency,"”
"ok," and "start analyze all".

e For Co polarization (H Plain); gain phi for phi = 90 degree

e For Co polarization (E Plain); gain theta for phi = 0 degree

e For Cross polarization (H Plain); gain phi for phi = 0 degree

e For Cross polarization (E Plain); gain theta for phi = 90 degree

4.2 Parametric Analysis of Proposed Antenna

To investigate the efficacy of the antenna, a number of the most influential design
parameters have been analyzed. It has been observed that the frequency response of
an antenna is determined by the feeding techniques, shape of the patch and the
dimension of the substrate. Feeding mechanisms, slot insertion on circular patch
substrate thickness and material have been researched utilizing iteration to improve
antenna performance.

4.2.1 Effect of Feeding Technique

There are multiple methods available for the delivery or transmission of
electromagnetic energy to a microstrip patch antenna. In order to improve the
antenna's ability to match input impedance, feeding is essential for achieving peak
antenna performance. These two feeding approaches are widely observed and
commonly practiced:

A. Coaxial Probe Feed
B. Micro-strip Line Feed

4.2.1.1 Coaxial Probe Feed

The feeding techniques often employed for microstrip patch antennas include coaxial
cable and probe feeding methods. This phenomenon can be attributed to its
widespread adoption. As depicted in Figure 4.4, the inner conductor of the cable
crosses the dielectric material and solders to the radiating metal patch. As seen in
figure 4.4, the ground plane connects to the cable's outer conductor. The obtained

parameter values for feeding are presented in Table 4.2. One of the main advantages
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of this feeding method is its ability to set the feed at any location on the patch, hence
allowing for the matching of cable impedance with the antenna input impedance. This
particular feeding method yields a minimal quantity of extraneous radiation.
However, a notable limitation of this approach is its limited bandwidth and the
challenges associated with its modeling. This is due to the requirement of drilling a
hole in the substrate, which allows the connector to extend beyond the ground plane.
Moreover, when dealing with substrates of greater thickness, an elongation of the
probe length leads to a higher degree of inductance in the input impedance, hence

resulting in impedance matching challenges.

/
Figure 4.4 Coaxial probe feeding technigque
Table 4.2 Coaxial probe feed parameters
Name | Value (mm) Description
R 0.63 Radius of inner conductor of coaxial feed
& 2.1 Dielectric constant of feed
Ro 2.61 Radius of outer conductor of coaxial feed

4.2.1.2 Micro-strip Line Feed

A conducting strip is instantly linked to the Micro-strip patch edge, as shown in
Figure 4.5. The advantage of employing this particular feed arrangement is in the
ability to etch the feed on the similar substrate, resulting in a planar structure.
Compared to the patch, the conducting strip is narrower. The junction inset cut in the
patch matches the feed line and patch input impedances without a matching device.

The estimated parameters for micro-strip line feeding are presented in Table 4.3. The
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desired outcome can be achieved by modifying the placement and measurements of
the inset incision. Hence, the aforementioned feeding system can be considered
straightforward in its design, since it is characterized by its uncomplicated
construction, straightforward modeling, and effective impedance matching.
Nevertheless, when the dielectric substrate thickness increases, the occurrence of
surface waves and unwanted feed radiations also increases, resulting in a decrease in
the antenna's bandwidth. The production of cross-polarized radiation is also observed
as a result of the feed radiation.

Figure 4.5 Circular patch antenna with inset microstrip feeding

Table 4.3 Microstrip line feed parameters

Name | Value (mm) Description
FL 12.79 Length of feedline
Fw 2.99 Width of feedline
Ger 1.2 Gap between the feedline and patch

The proposed antenna's parameters VSWR, BW, S1; and and resonant frequency were
compared using Coaxial Probe and Micro-strip Line feeding methods. Figure 4.6
illustrates the fluctuation of the reflection coefficient (Si1). Si1 represents the
reflection coefficient of a device. It measures how much of the input signal is
reflected back to the input port of the device under test (DUT). In other words, it
quantifies how much of the signal sent into port 1 is reflected back from that port due
to impedance mismatches. With a coaxial probe, the suggested antenna has a
bandwidth of 360, 720 and 1800 MHz at 12.5 and 7.5 GHz. A micro-strip feedline
gives the antenna bandwidths of 2250, 1170, 90, 450, and 180 MHz at 17.5, 15, 12.8,
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7 and 3.5 GHz respectively. Both feedline techniques will attain a VSWR that is
deemed satisfactory, with a value below 2. Micro-strip feedlines have better
bandwidth than coaxial probe feedlines. The micro-strip feedline antenna has five
frequency bands, while the coaxial probe feed antenna has three. The study examines
the impact of various feeding approaches, and the findings are consolidated and
shown in Table 4.4.

1 | I
— Coacxial Probe |

O | bl | | Microstrip Line
al a _
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Frequency (GHz)

Figure 4.6 Simulated S;; curves for various feeding techniques

4.2.2 Substrate Material Effect

Studying the antenna's reflection coefficient (Si;), voltage standing wave ratio
(VSWR), operating bandwidth (BW), and resonant frequencies (fr) on FR4 and
Rogers 5880 substrates assessed its performance. The analysis of the variations in Sy;
is carried out and the findings are depicted in Figure 4.7. The summary of the

differences in other distinctive parameters can be found in Table 4.4.

4.2 .3 Substrate Thickness Effect
In order to examine, how substrate material thickness affects antenna resonance and
impedance matching, the substrate material thickness was purposefully varied. Figure

4.8 illustrates the fluctuations in the Sy; parameter according to different substrate
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thicknesses. Table 4.4 displays the range of variations in VSWR. It is worth
mentioning that the optimal outcomes are attained when the substrate thickness (h) is

equal to 1.6 mm.

04 ——— FR4
—— ROGER 5880

=20 -
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Figure 4.7 Simulated S;; curves for various substrates
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Figure 4.8 Simulated S;; curves for variations in substrate thickness
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Figure 4.9 S, curves for different iteration (Simulated)

4.2.4 Effect of Iteration
The study examines the impact of various iterations and presents the findings in Table
4.4,

Table 4.4 Analysis of parameters performance

Parameter Variation BW (MHz) VSWR Si1 (dB) | f.(GH2z)
-12.9,
Coaxial Probe 180;)(’3;20’ 15,1.3,1.3| -16.11, 7'5'1152'5’
-16.12
Feeding -19,
Effect Inset 180, 450, 12 11 -25.3, 3.5,7,
Microstrip 90, 1170, 1 8. 1’5' 1 ) -10.3, 12.8, 15,
Line 2250 e -13.3, 175
-20.2
60, 540, 1.4,1.3, -13, -18, 4.8,9.9,
Roger (5880) | c4) 1180 | 1812 | -10,-25 | 125 17.8
-19,
‘T’\:g::?;f 180,450, | 1.2,1.1, 253, 35,7,
FR4 90, 1170, 1.8, 1.5, -10.3, 12.8, 15,
2250 1.2 -13.3, 17.5
-20.2
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1350, 540 11,15 1371
90, 270, 1.3, 1.6, -20, -12, 3.6,7.2,
1.01 180, 1530, 1.7,1.2, -12, -20, 14.1, 15,
Substrate 630, 360 14,13 -13, -16 18.2, 20
thickness 90, 450, 1.4,1.3, -19, -17, 3.6,7.1,
(mm) 1.26 1350, 1080, 1.1,1.2, -26,-19, | 15.1, 18.1,
90 1.7 -11 20
-19, 3.5, 7,
16 180, 450, 1.2,1.1, -25.3, 12.8, 15,
90, 1170, 1.8, 1.5, -10.3, 17.5
2250 1.2 -13.3,
-20.2
1.4,1.1, -16, -21, 3.6, 6.6,
Oth Iteration 9909’027105’28’ 1.3, 1.06, -16, -29, | 12.8, 14.8,
’ 1.3 -16 18.5
1t Iteration 180, 540, 1.2,1.1, -26, -34, 3.6,7,
990, 1890 14,1.2 -15, -21 15.2,17.5
. 180, 450 1.3,1.2 -16, -25
Iteration 2nd Iteration ’ ’ T ] 35,7,
1080, 2250 14,13 -14, -16 152 17.6
-19,
180, 450, 1.2,1.1, -25.3, 3.5,7,
3rd iteration 90, 1170, 1.8, 1.5, -10.3, 12.8, 15,
2250 1.2 -13.3, 17.5
-20.2

Figure 4.9 displays the Si1; vs. frequency plot, illustrating the relationship between

processed iterations and antenna performance. It is clear that bandwidth increases

with iterations. The antenna resonates at five frequencies during the Oth iteration, but

with a low BW. Resonance occurs at four frequencies below the -10 dB S;; level in

the first and second iteration. In the third iteration, quintuple resonance frequencies

and increased bandwidths are reached. Thus, the 3rd antenna design balances

resonating frequencies and impedance bandwidth. The third iteration stage is

considered as final stage for antenna designing as the desired results have been

obtained. Further execution of iteration has not been carried out due to fabrication

constraints and it would make the structure more complex.
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Based on the findings presented in Table 4.4, it is evident that the circular patch
antenna, including an inset microstrip feed line, a FR4 substrate with a thickness of
1.6 mm, and up to the third iteration, yields the most favorable outcomes. Therefore,

these parameters are deemed to be the definitive parameters for subsequent
simulations.

4.3 Surface Current Distribution and Surface Current Density Distribution

The suggested antenna surface current distributions at various resonant frequencies
are illustrates in Figure 4.10. This visual representation offers a valuable perspective
on the functionality of the proposed antenna.
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Figure 4.10 (a) 3.5 GHz; (b) 7 GHz; (c) 12.8 GHz; (d) 15 GHz; (e) 17.5 GHz; Surface

current distribution
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Figure 4.11 (a) 3.5 GHz; (b) 7 GHz; (c) 12.8 GHz; (d) 15 GHz; (e) 17.5 GHz; Surface
current density distribution

Figure 4.10 (a) shows that the feed line spreads surface current inside the radiating
patch during 3.5 GHz operation. Moreover, the intensity of the surface current is
particularly pronounced along the circular slots of the radiating patch. In the case of
frequencies at 7 GHz & 12.8 GHz, the dispersed currents primarily exhibit
confinement within the circular slots and microstrip feed line. A concentrated surface
current is observed at frequencies of 15 GHz and 17.5 GHz in close proximity to the
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edges of the feed line. Additionally, a portion of this current circulates through the
integrated slots of the radiating patch. This finding supports the idea that adding slots
to the radiating patch will improve the antenna's current density at its resonant
frequencies. Figure 4.11 illustrates the surface current density distribution (A/m”2)
over the circular patch for 5 resonating frequencies to better understand the antenna
structure’s radiating properties. Based on the observations made in Figure 4.11 (a), it
is evident that the distribution of high current density is predominantly concentrated
along the feedline and in close proximity to the borders of the circular patch. This
particular distribution pattern is accountable for the resonant frequency seen at 3.5
GHz. The current flowing into the patch intensifies as the frequency rises, resulting in
heightened excitement of the patch. This heightened excitement is accountable for the
resonant frequencies seen at 7 GHz and 12.8 GHz, as depicted in Figure 4.11 (b-c).
Based on the observations made from Figure 4.11(d-e), it can be deduced that as the
frequency increases, the current distribution becomes more uniform over the patch
and in close proximity to the slots. Consequently, the antenna construction exhibits
resonance at frequencies of 15 GHz and 17.5 GHz.

4.4 Discussion on Antenna Fabrication and Measurements Results

For experimental validation, the antenna is fabricated on 1.6-millimeter FR4. Figure
4.12 shows the proposed multiband antenna model. The suggested antenna was made
on the EP-42 Auto PCB prototype machine. An HFSS file that ended in dxf was
imported into the Proteus programme in order to generate a Gerber file, which was the
first stage in the process of fabricating the suggested antenna. The further steps are
outlined below. After that, the gerber file was imported into the PCAM simulation
software that was included with the PCB prototype machine. After that, the prototype
machine will swiftly perform operations for the manufacture of the final planned
antenna such as engraving, routing, milling, and drilling. Connecting the
manufactured antenna to the vector network analyzer (Rohde and Schwarz ZNB - 40
VNA 100 KHZ to 40 GHz) in order to measure the reflection coefficient (S1;) and
voltage standing wave ratio (VSWR) required the usage of a SMA connector. In an
anechoic room, gain & radiation pattern of the antenna are evaluated using a

broadband reference horn antenna as the instrumentation for the transmitter. Both the
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constructed antenna and the reference horn antenna are positioned directly opposite
one another in an anechoic chamber. The appropriate distance between them is
determined by applying the far field formula. Figure 4.13 depicts the measurement

setup that will be used for the proposed antenna.

®)

Figure 4.12 Fabricated circular patch microstrip antenna (a) front side (b) back side

Figure 4.13 Measurement setup for experimental analysis

Figures 4.14, 4.15, 4.16, and 4.17, respectively, exhibit the measured and simulated
values for S1;, VSWR, realized Gain, and radiation pattern, respectively. According to
the results of the simulation, the suggested antenna is capable of resonating at five
different frequencies: 17.5, 15, 12.8, 7 and 3.5 GHz with a -10 dB impedance
bandwidth of 2250, 1170, 90, 450, and 180 MHz, respectively, for each of these
frequencies. Figure 4.14 shows that measurements produced five frequency bands
with resonant frequencies of 15.68, 12.62, 8.84, 6.68 and 3.35 GHz and impedance
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bandwidths of 6390, 990, 540, 630 and 100 MHz, respectively. These frequencies

correspond to the bands' respective resonant frequencies.

1S+:] (dB)

0 -
—— Simulated

—— Measured

-5 -

-10 -
-15 -

-20 -

-25

-30 -

-35 -

Ot+—T—TT 7T T T T T T
o 2 4 6 8 10 12 14 16 18 20 22

Frequency [GHz]

Figure 4.14 Graph of S1; (Simulated and measured)
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Figure 4.15 Graph of VSWR (Simulated and measured)
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The VSWR plot shows that the antenna resonates at 15.68, 12.62, 8.84, 6.68 and 3.35
GHz with VSWR values of 1.20, 1.03, 1.46, 1.17 and 1.32 respectively [see Figure
4.15]; these frequencies have measured VSWR values between 1.03 and 1.20. [see
Figure 4.15]. The simulated VSWR and the observed VSWR are both within 2, which
indicate that the impedance matching is accurate. Comparing simulated and measured
S11 values shows a shift in resonant frequencies. Possible variations in the
measurements results could occur due to fabrication tolerances, soldering effects of
the connectors, losses caused by the feed connector, and measuring cables. However,
the fundamental purpose of this research, which was to improve bandwidth overall
and keep multiband resonance characteristics, was successfully accomplished. Figure
4.16 presents a graphical representation of the comparative study of the simulated and
measured realized gains. Simulation results show that the antenna achieves 6.60 dBi
peak gain at 17.5 GHz. However, the largest peak gain achieved was 5.90 dBi
according to measured results. Due to multi-reflection in the measurement
environment, the reported measured gain result and the simulated gain result vary and

are inconsistent.
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Figure 4.16 Graph of Realized Gain (Simulated and measured)
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Figure 4.17 (a) 3.5 GHz, (b) 7 GHz, (c) 12.8 GHz, (d) 15 GHz, and (e) 17.5 GHz,
radiation pattern (measured and simulated)

Figure 4.17 depicts the measured and simulated radiation pattern in the E plane (XZ,
phi = 0°) and H plane (YZ, phi = 90°) at 3.5, 7, 12.8, 15, and 17.5 GHz, respectively.
At 17.5, 15, and 3.5 GHz, the radiation pattern of the suggested antenna is practically
omni-directional and steady. At 12.8 and 7 GHz, the pattern is of a dipole nature,
which is adequate for the intended applications. The results obtained through
simulation and those obtained through experimentation are consistent with one

another.

4.5 Performance Comparison of Proposed Antenna with Other Reported
Antenna

The efficiency of the proposed penta band antenna is evaluated next to that of several
different multiband microstrip antennas that are currently in use. A comparison of the
analyzed performance is presented in Table 4.5 and the percentage enhancement and
losses of various parameters of the proposed antenna are shown in Figure 4.18 (a, b, c,
d). Circular slots on the radiating patch of the proposed antenna make it smaller and
increase current density. As shown in the performance comparison table, this antenna
operates up to penta band with a broader bandwidth than previous known antenna
configurations. Moreover, the proposed antenna is suitable for different wireless
communication standards such as mid band 5G Mobile Applications, X, and Ku bands

with an attractive miniaturized size.
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Table 4.5 Reported MPA studies comparison

_ Maximu
Size | Resonant ]
Referenc ) Bandwidt | m Peak | Frequenc o
(mm* | Frequenc ) Application
e h (MHz) Gain y Bands
) | Y(GH2) .
(dBi)
WiBro,
2.34, 3.5, .
39 X 100, 370, WIMAX and
[25] 5.2, 5.5, 4.2 Quad
45 . 200, 460 WLAN
' Application
GSM 1800,
32 % 2.4, 180, 520, 2.4/5.2/5.5
[31] 3.8 Quad
40 | 3.1,45,6 2090 WLAN,
WIMAX
Wireless
80 x | 2.0,3.0, i —
[34] 2650 291 Single Communicati
40 4.0
on Systems
1.575, GPS, WiMAX
56 % 90, 145,
[36] 2.45, 3.5, 5.02 Quad and WLAN
44 73, 206 L
5.2 Application
Wi-Fi,
WLAN,
50 x 410, 1070, ) Wireless
[39] 2.6, 6,82 5.8 Triple
50 4840 Body Area
Network, X
and S Band
40 X 5.98, C and X Band
[45] 630, 1350 7.023 Dual o
40 | 7.62,8.20 Application
Bluetooth, X-
45 x Band
[46] 2.68,8.38 | 180, 3237 5.62 Dual o
38.92 Application
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5G Future

50x | 55,7.2, |220,220,81 ) Mobile
[55] Triple o
50 8.5 0 Communicati
on
GSM and
48 x | 1.775, _
[57] 250, 240 - Dual WiMAX
48 3.725 o
Application
34.6 o
5G Wi-Fi
X 5.27, ) o
[58] 1010 7.2 Single Communicati
33.0 | 5.49,5.93
on
5
1.61, _
690, 130, GPS, WiMAX
50 x 2.83,
[59] 350, 180, 2.3 Penta and WLAN
35 3.75, o
670 Application
5.24,5.56
31x | 525,55, i
[60] 700 6.5 Single
42 5.75
3.35, .
33.56 Ku and Mid
6.68, 100, 630,
Propose X 5.90 band 5G
8.84, 540, 990, Penta _
d (X) 335 Mobile
12.62, 6390 o
6 Application
15.68

The proposed antenna is designed as modified circular disk-shaped patch with simple

ground plane structure and microstrip feedline, by adopting parametric analysis on

substrate material, substrate thickness and iteration technique to achieve optimum

results in terms of compact size, wider bandwidth, better gain and bands. Figure 4.18

(@) clearly shows that the dimensions of the proposed antenna are minimal when

compared to prior research. It is only 35% of the maximum dimension reference

antenna [34]. Figure 4.18 (b) shows that the suggested antenna bandwidth is used as a

baseline for calculating bandwidth increase in percentages, and when the base value is
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compared to other references, it appears that other antenna studies yield less
bandwidth. For example, reference no. 25 is just 7% of the base value, indicating that
the proposed antenna generates 93% more bandwidth.
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Figure 4.18 Performance comparison of proposed antenna with other studies in %
enhancement and loss (a) Dimension, (b) Bandwidth, (c) Bands, (d) Peak Gain
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Figure 4.18(c) depicts the antenna's multiband behaviour. The graph clearly shows
that the proposed antenna produces penta band as compared to other studies. Figure
4.18 (d) illustrates the peak gain of the antennas. The value of reference paper 58 is
used as a baseline (maximum) when computing peak gain enhancement and losses in
percentage. The graph reveals that the proposed antenna is only 82% of its maximum
value, indicating that its peak gain is smaller than that of reference papers 58, 45, and
60. However, when compared to these references, the suggested antenna has a wider
bandwidth and a smaller size.

Summary

This research study presents a compact circular shaped multiband patch antenna with
increased BW. The antenna was designed using circular discs. A comprehensive
parametric analysis has been performed on the antenna. For antenna performance
validation, experimental study was done and there is a good agreement between the
measured values and the simulated values that have been obtained. It has reflection
coefficients of -17.01,-21.93,-14.68,-35.49,-20.63 dB and resonates at 3.35, 6.68,
8.84, 12.62, and 15.68 GHz. It covers frequency bands ranging from 3.26 to 3.36
GHz, 6.32 to 6.95 GHz, 8.66 to 9.20 GHz, 11.99 to 12.98 GHz, &13.61 to 20 GHz.
Five frequency bands have -10 dB operational BW: 100, 630, 540, 990, & 6390 MHz.
The proposed antenna is straightforward in terms of both its design and its
implementation. The results show that our proposed antenna outperforms other
multiband antennas. The unique antenna structure maintains stable radiation patterns
and appropriate gains across all operating frequency bands while working in quintuple
bands with enlarged bandwidths in a compact attractive size. This aspect also
contributes to the originality of the proposed antenna structure. The suggested antenna
is well suited for use in 5G mobile applications operating in the X, Ku, and Mid

bands.
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CHAPTER 5

DEVELOPMENT OF MODIFIED MIMO ANTENNA FOR N258
(24.25-27.25 GHZ) 5G NEW RADIO (NR) BAND APPLICATIONS

This chapter examines a fractal based micro-strip-fed MIMO antenna for 5G mm-
wave mobile applications. The proposed design consists of a circular structure that is
based on fractal principles. This structure has rectangular ground plane slot and
circular patch slots of various iterations. Patch isolation gets reduced by addition of
these slots. The MIMO antenna has two close-together antenna elements. These
antenna components exhibit resonance at numerous frequencies within the frequency
range of 8 to 28 GHz. Specifically, the resonant frequencies of the antenna elements
are seen at 26.6, 21.1, 15.8, 13.4, 11.1 and 9.5 GHz. The antenna's maximum
operational frequency range, with a bandwidth of 10300 MHz, is from 17.7 GHz to 28
GHz. Thus, it is ideal for, (n258), 5G NR frequency band especially for the mm wave
application and shows the wideband antenna behavior. By combining the features of
both MIMO and wideband functions into a single design, adaptive antennas may be
created that effectively meet the needs of modern wireless 5G communication
systems. Additionally, it partially encompasses other frequency bands like as X and
Ku. All of the bands that exhibit resonance demonstrate isolation levels that fall below
the permissible threshold of (|Si2/>-16 dB). The antenna under consideration employs
a substrate made of FR4 material, which has dimensions measuring 28.22 mm by 44
mm. A study is undertaken to assess the efficacy of various antenna characteristics,
such as S parameters, surface current distributions and radiation pattern. Moreover, a
comprehensive analysis and assessment are undertaken to evaluate the effectiveness
of the diversity system inside the MIMO architecture. An ECC, DG, and MEG are
examined in this study. Assessed antenna properties are suitable for the suggested
MIMO configuration. The antenna design was validated through experiment, and the
results of the simulation were then confirmed.

The suggested work covers these objectives in this chapter:

1. Circular shaped MIMO antenna design for fifth generation new radio band
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(n258) applications using HFSS software.

2. Optimal outcomes are the goal of investigations. The analysis begins by
optimizing antenna element spacing. Next, the antenna is checked in three
orientations and for ground plane defects.

3. The optimized antenna is built and tested experimentally.

5.1 Design Procedure

Top Bottom
{2l

Top Bottom Bottom

(d)

Buottor

(ol

Figure 5.1 Design Method: (a) normal spherical MPA (b) spherical MPA (fractal)
(c) MIMO spherical antenna (d) MIMO antenna with DGS

Figure 5.1 (a) shows a circular patch-shaped single-element antenna which is
designed first. At this point, antenna design begins. The patch is then fractalized, as
illustrated in Figure 5.1 (b), and Figure 5.1 (c) displays the design with a two-element
MIMO structure. This study aims to create a MIMO antenna with a defective
rectangular ground plane (Figure 5.1 (d)). This will enable 5G applications using
millimeter wave frequencies, the paper's main goal. The step-by-step design approach,

optimization, and results will follow.
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Table 5.1 Parameters of single element circular patch microstrip antenna

Sr. No. Parameter Formula Size (mm)
1. Radius (A) _ 1.8412x Vo 9.31
° 2 x 314 x fr x VEr
2. Length of substrate S =L +6H 28.22
3. Width of substrate Sw=W + 6H 28.22
4. Substrate with thickness | ~ ----mm- FR4/1.6
_ 7.48H
5. Length of feed Fu= = — 1.25t 11.007 mm
e(Zoxiv 87 )
6. Width of feed Fw 2.99 mm

5.1.1 Evaluation of Single-Element Antenna Design

Figure 5.2 shows a fractal structure used to build a single antenna element. Selection
of a circular patch antenna with a resonant frequency of 9.5 GHz was made for the
purpose of designing the proposed antenna. The circular micro-strip patch antenna
parameters can be calculated using Table 5.1 formulae. Figure 5.3 and Table 5.2
illustrates the several stages of iteration and the methodology employed for

determining the radius of the inner circles.

Al

L

Figure 5.2 Single element circular patch microstrip antenna

Ws

5.1.2 Single Element Antenna Results and Discussion

The analysis of S-parameters is conducted in order to obtain a deeper understanding
of the performance characteristics shown by the antenna. Figure 5.4 illustrates each

stage of the single-antenna iteration process, together with the corresponding

98



scattering parameter values. Additionally, Table 5.3 presents the outcomes of several
iteration studies, focusing on the impact of their findings. The graph shows that
bandwidth and bands improve with iterations. In the first iteration (Oth), the antenna
design uses a circular patch (Figure 5.3). The circular antenna architecture enables
multiple resonance modes for each frequency band. Table 5.3 shows that the antenna
resonates at 26.4 GHz, 18.8 GHz, and 9 GHz.

Oth Iteration

1. A circular patch of radius (al) 9.31
mm is used as a hase.

1st Iteration
1. Base circle is divided into 5 small
circles of radius (a2) 3.10 mm.
2, Center circle is removed
3 Remaining circle is 4.
2nd Iteration
1. The remaining 4 circles are again
divided into 5 small circle of radius
(a3) 1.03 mm.
2. Center circles from the remaining 4
circles are drop out.
3 The remaining circles left is 16.
3rd Iteration
1. The remaining 16 circles are

further divided into 5 small circles of
radius a(3) 0.344 mm.
2. The entire center circle for each

remaining circles are omitted.

8000

Figure 5.3 Proposed antenna development iterations stages
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Table 5.2 Radius calculation process

Al A2 A3
N1 : Circle No's N2 : Circle No's N3 : Circle No's
— 51 — 52 — 53

S1: Scaling factor
S1=(1/3)1=0.333

S2 : Scaling factor
S2=(1/3)?=0.111

S3: Scaling factor
S3 = (1/3) * = 0.037

Al1:0.333 x9.31

A2:0.111x9.31

A3:0.037 x 9.31

=3.10 mm =1.03 mm =0.344 mm

The antenna resonates at 26.2 GHz, 21.7 GHz and 9.3 GHz with a single slot (1st
iteration) on the patch, as shown in Figure 5.3. Slot loading on the radiating patch
changes antenna resonance. This phenomenon can be attributed to the increased
concentration of scattered surface currents in the vicinity of the edges of the
embedded slots. Thus, the antenna’s resonant properties change due to electric field &
magnetic field distribution changes. The surface currents that are produced at the
borders of the slots give rise to supplementary resonance, leading to a wider
bandwidth when compared to the original iteration. During the second iteration,
resonance is observed at four distinct frequencies, all of which have signal intensity
below -10 dB S;;. Consequently, the iterative process has been executed for the
subsequent iteration (iteration 3), yielding an antenna that exhibits resonance at five
distinct frequencies, thereby augmenting its bandwidth. The aforementioned analysis
suggests that the antenna arrangement employed in the third iteration yields equitable
results regarding of BW and resonating frequencies.

The graphical representation in Figure 5.5 depicts the maximum peak gain achieved
by a single antenna. The graphic shows that the proposed antenna has 8.46 dBi peak
gain. The antenna's radiation efficiency is shown in Figure 5.6. The depicted graph
indicates that the highest efficiency achieved by the proposed antenna is 78%. Figure
5.7 shows the simulated E and H plane radiation patterns of the single element patch
antenna at different resonant frequencies. At 21.5 and 26.7 GHz, the antenna has

many lobes and partially omni directional radiation.
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Figure 5.4 Single element scattering parameters
Table 5.3 Single element iteration effect
Parameters
_ fr (GHz) BW (MHz) Su (dB)
(Iteration)
-19.6, -24.2, -
Zeroth 9,18.8,26.4 400, 5400, 3800
235
) -23.8,-26.2, -
First 9.3,21.7,26.2 1200, 5200, 3800
23.4
-24.7,-12.1,
Second 9.2,10.6, 18.8, 26.6 1000,700,5500,3700
-24.5, -23.7
-26.8, -12.4,
) 9.2,10.6,16.3, 21.5,
Third 267 1000,700,200,5500,3800 | -10.8, -28.6,
' -25.5
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Figure 5.5 Single element antenna gain
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Figure 5.6 Single element antenna radiation efficiency
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Figure 5.7 Co Polarization Radiation pattern simulation (a) 9.2 GHz (b) 21.5 GHz) (c)
26.7 GHz

5.2 MIMO (2 No's Element) Antenna Design Process using HFSS Software

The proposed antenna is a wideband antenna with two ports. The antenna under
consideration is a fractal geometry MIMO system with a faulty ground structure. The
multiband features and large bandwidth with good mutual coupling are novel qualities
of our work. The proposed antenna resonates at 26.6, 21.1, 15.8, 13.4, 11.1 and 9.5
GHz. with bandwidth of 10300, 800, 600, 1000, and 1000 MHz. The antenna has
0.004 ECC and -48.37 dB isolation. Its physical dimensions measure 28.22 mm x 44
mm x 1.6 mm. Additionally, the antenna has excellent diversity gain across all

frequencies. Figure 5.8 depicts the modified 2-element MIMO antenna.
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&

Patch 2

Figure 5.8 MIMO antenna with 2 elements

Initialization of HFSS Software

To initiate the HFSS software, the user should locate and click on the HFSS icon.
This action will prompt the HFSS screen to appear. Subsequently, the user should
proceed to right-click on the project and proceed with renaming it. Next, select the
"Project” option from the toolbar and proceed to click on "Insert HFSS Design". After
that, we moved on to the design of an antenna. The initial task involves the design of

the substrate and ground plane.

5.2.1 Designing Process

For substrate: To initiate the process, the user should locate and select the "draw box
(3D)" option from the toolbar. Following this, the user should proceed to click on any
desired location on the screen to create a box. Subsequently, the user should double-
click on the box inside the project management interface to access its properties.
Inside this menu, the user can modify the name of the box (Rectangular Substrate)
and select the appropriate substrate, namely the FR4 option. Finally, the user should
confirm their selections by pressing the "ok" button. Subsequently, go to right-click
on the “create box™ option and modify the dimensions in accordance with the
specified requirements.

Position =-14.11,-22, 0
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X =28.22 mm

Y=44 mm

Z=1.6mm

For ground: Rotate the substrate to the back position, then click at an edge of the
substrate, drag the arrow to another edge of the substrate, and finally release the
arrow. Then rename the box to ground.

After the design of the substrate and ground has been completed, the next task
involves the design of the patch.

For patch: Figure 5.9 illustrates the common design for both patches, namely patch 1
and patch 2. The design of both patches is identical. The sole distinction is in the
positioning of the patch on the substrate, where each circle is designated a distinct

number to enhance understanding of its specific position and radius.

For 0™ iteration

Process:

> A 9.31 mm radius of circular patch is the basis structure (1).

Designing Process:

> To initiate the patch design process, it is recommended to first locate the
circular icon located within the toolbar. Subsequently, proceed to double-click on
circle within the project window. Following this action, modify the name of the
selected circle to "circle 1". Next, proceed to right-click on the "create circle” option
and make adjustments to the proportions.

Circle 1:
Parameter Patch 1 Patch 2
Position |0,11.31,1.6(0,-11.31,1.6
Radius 9.31 9.31
For 1*' iteration
Process:
> The base construction (1) is scaled by one-third, resulting in 5 little circles (2,

3, 4, 5, and 6) with radius Al (3.10 mm). One central circle (2) is removed from the

five little circles, leaving four (3, 4, 5, and 6).

105



Designing Process:
»  Choose a circle from the toolbar, rename it as “circle 2", and afterwards,
perform a right-click on the "create circle™ option to adjust the placements according
to the specified instructions.

Circle 2:
Parameter | Patch 1 Patch 2
Position |0,11.31,1.6 |0,-11.31,1.6
Radius 3.10 3.10

For Circle 3, 4, 5 and 6;

First, select circle 2 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste” option. By completing these steps, circle 3
will be successfully formed. Please replicate this procedure for circles 4, 5, and 6.
Now, change the position of each circles 3, 4, 5, and 6 to the positions indicated

below.

Circle | Parameter Patch 1 Patch 2
Circle 3 | Position 0,5.11,1.6 0,-5.11,1.6
Circle 4 | Position 0,17.51,1.6 0,-17.51,1.6
Circle5 | Position |-6.20,11.31,1.6 | -6.20,-11.31, 1.6
Circle 6 | Position | 6.20,11.31,1.6 | 6.20,-11.31,1.6

Then, using the tool bar's subtract option, subtract circle 2 from circle 1. Simply

choose circle 1, then circle 2, and then press the subtract option.

For 2" iteration

Process:

> To achieve this, repeat the previous steps on the remaining 4 circles (3, 4, 5,
and 6). This involves dividing the 4 circles into 5 small circles (7, 8, 9, 10, 11, 12, 13,
14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, and 26) of radius (A2) (1.03 mm),
removing one centre circle from each 5 small circles (7, 12, 17 and 22), and leaving
16 total circles (8, 9, 10, 11, 13, 14, 15, 16, 18, 19, 20, 21, 23, 24, 25, and 26).
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Figure 5.9 Modified circular shaped MIMO antenna patch
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Designing Process:
> Choose a circle from the toolbar, rename it as “circle 7", and afterwards,
perform a right-click on the "create circle” option to adjust the placements according

to the specified instructions.

Circle 7:
Parameter Patch 1 Patch 2
Position | -6.20, 11.31, 1.6 | -6.20, -11.31, 1.6
Radius 1.03 1.03

For Circle 8, 9, 10 and 11;

First, select circle 7 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste” option. By completing these steps, circle 8
will be successfully formed. Please replicate this procedure for circles 9, 10, and 11.
Now, change the position of each circles 8, 9, 10, and 11 to the positions indicated

below.

Circle | Parameter Patch 1 Patch 2
Circle 8 Position 8.26,11.31.1.6 | -8.26,-11.31, 1.6
Circle 9 Position 6.2,11.31,16 | 6.2,-11.31,1.6

Move 0,2.06,0 0,2.06,0
Circle 10 | Position 6.2,11.31,16 | 6.2,-11.31,1.6
Move 0,-2.06,0 0,-2.06,0

Circle 11 | Position |4.13,11.31,1.6 | -4.13,-11.31,1.6

Then, using the tool bar's subtract option, subtract circle 7 from circle 3. Simply
choose circle 3, then circle 7, and then press the subtract option.

Then same process is repeated for remaining circles 12, 17 and 22.

> Choose a circle from the toolbar, rename it as “circle 12", and afterwards,
perform a right-click on the "create circle" option to adjust the placements according

to the specified instructions.
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Circle 12;

Parameter Patch 1 Patch 2
Position 0,1751,16|0,-17.51,1.6
Radius 1.03 1.03

For Circle 13, 14, 15 and 16;

First, select circle 12 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
13 will be successfully formed. Please replicate this procedure for circles 14, 15 and
16. Now, change the position of each circles 13, 14, 15, and 16 to the positions

indicated below.

Circle | Parameter | Patch 1 Patch 2
Circle 13 | Position |0,17.51,1.6 | 0,-17.51,1.6
Move -2.06,0,0 -2.06,0,0
Circle 14 | Position |0,19.57,1.6 | 0,-19.57,1.6
Circle 15 | Position |0,17.51,1.6 | 0,-17.51,1.6
Move 2.06,0,0 2.06,0,0
Circle 16 | Position |0,15.44,1.6 | 0,-15.44,1.6

Then, using the tool bar's subtract option, subtract circle 12 from circle 4. Simply
choose circle 4, then circle 12, and then press the subtract option.

> Choose a circle from the toolbar, rename it as “circle 17", and afterwards,
perform a right-click on the “create circle™ option to adjust the placements according

to the specified instructions.

Circle 17:
Parameter Patch 1 Patch 2
Position | 6.20, 11.31, 1.6 | 6.20,-11.31, 1.6
Radius 1.03 1.03
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For Circle 18, 19, 20 and 21;

First, select circle 17 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
18 will be successfully formed. Please replicate this procedure for circles 19, 20 and

21. Now, change the position of each circles 18, 19, 20, and 21 to the positions

indicated below.

Then, using the tool bar's subtract option, subtract circle 17 from circle 5. Simply

Circle | Parameter Patch 1 Patch 2
Circle 18 | Position | 8.26,11.31.1.6 | -8.26,-11.31, 1.6
Circle 19 | Position 6.2,11.31,16 | 6.2,-11.31,1.6

Move 0,2.06,0 0,2.06,0
Circle 20 | Position 6.2,11.31,16 | 6.2,-11.31,1.6

Move 0,-2.06,0 0,-2.06,0
Circle 21 | Position |4.13,11.31,1.6 | -4.13,-11.31,1.6

choose circle 5, then circle 17, and then press the subtract option.

>

perform a right-click on the "create circle™ option to adjust the placements according

to the specified instructions.

Circle 22:

Choose a circle from the toolbar, rename it as "circle 22", and afterwards,

Parameter | Patch 1 Patch 2
Position | 0,5.11,1.6|0,-5.11,1.6
Radius 1.03 1.03

For Circle 23, 24, 25 and 26;

First, select circle 22 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste” option. By completing these steps, circle
23 will be successfully formed. Please replicate this procedure for circles 24, 25 and

26. Now, change the position of each circles 23, 24, 25 and 26 to the positions

indicated below.
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Circle | Parameter | Patch 1 Patch 2
Circle 23 | Position |0,5.11,1.6 | 0,-5.11, 1.6
Move -2.06,0,0 | -2.06,0,0
Circle 24 | Position |0,7.18,1.6 | 0,-7.18, 1.6
Circle 25| Position |0,5.11,1.6 | 0,-5.11, 1.6
Move 2.06,0,0 | 2.06,0,0
Circle 26 | Position |0,3.05,1.6 | 0,3.05 1.6

Then, using the tool bar's subtract option, subtract circle 22 from circle 6. Simply

choose circle 6, then circle 22, and then press the subtract option.

For Step 4 (3" iteration)

Process:

> In this step the remaining 16 circles (7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18,
19, 20, 21 ,22, 23, 24, 25, and 26) are then further divided into 5 smaller circles (27,
28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50,
51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73,
74,75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96,
97, 98, 99, 100, 101, 102, 103, 104, 105, 106) of radius (A3) (.344 mm), and once
again the one centre circle is eliminated from each of the five smaller circles (27, 32,
37,42, 47, 52,57, 62. 67,72, 77, 82, 87, 92, 97, 102) leaving a total of 64 circles (28,
29, 30, 31, 33, 34, 35, 36, 38, 39, 40, 41, 43, 44, 45, 46, 48, 49, 50, 51, 53, 54, 55, 56,
58, 59, 60, 61, 63, 64, 65, 66, 68, 69, 70, 71, 73, 74, 75, 76, 78, 79, 80, 81, 83, 84, 85,
86, 88, 89, 90, 91, 93, 94, 95, 96, 98, 99, 100, 101, 103, 104, 105, 106).

Designing Process:

"Consider Circle 3"

> Choose a circle from the toolbar, rename it as "circle 27", and afterwards,
perform a right-click on the “create circle™ option to adjust the placements according
to the specified instructions.

111



Circle 27:

Parameter Patch 1 Patch 2
Position | -8.26,11.31, 1.6 | -8.26, -11.31, 1.6
Radius 344 .344

For Circle 28, 29, 30 and 31;

First, select circle 27 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
28 will be successfully formed. Please replicate this procedure for circles 29, 30, and
31. Now, from the tool bar, select move and move the circles 28, 29, 30 and 31 to the

positions indicated below.

Circle | Parameter | Patch1l | Patch2
Circle 28 Move 0,0.88,0 | 0,0.88,0
Circle 29 Move 0,-0.88,0|0,-0.88,0
Circle 39 Move 0.88,0,0 | 0.88,0,0
Circle 31 Move -0.88,0,0|-0.88,0,0

Then, using the tool bar's subtract option, subtract circle 27 from circle 8. Simply
choose circle 8, then circle 27, and then press the subtract option.

> Choose a circle from the toolbar, rename it as “circle 32", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according

to the specified instructions.

Circle 32:
Parameter Patch 1 Patch 2
Position |-6.2,11.31,1.6 |-6.2,-11.31,1.6
Move 0,2.06,0 0,2.06,0
Radius 344 344
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For Circle 33, 34, 35 and 36;
First, select circle 32 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
33 will be successfully formed. Please replicate this procedure for circles 34, 35, and
36. Now, from the tool bar, select move and move the circles 33, 34, 35 and 36 to the
positions indicated below.

Circle | Parameter | Patch1 Patch 2
Circle 33 Move 0,0.88,0 | 0,0.88,0
Circle 34 Move 0,-0.88,00,-0.88,0
Circle 35 Move 0.88,0,0 | 0.88,0,0
Circle 36 Move -0.88,0,0|-0.88,0,0

Then, using the tool bar's subtract option, subtract circle 32 from circle 9. Simply

choose circle 9, then circle 32, and then press the subtract option.
> Choose a circle from the toolbar, rename it as “circle 37", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according

to the specified instructions.

Circle 37:
Parameter Patch 1 Patch 2
Position |-4.13,-11.31,1.6 | -4.13,11.31,1.6
Radius 344 344

For Circle 38, 39, 40 and 41;

First, select circle 37 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste” option. By completing these steps, circle
38 will be successfully formed. Please replicate this procedure for circles 39, 40 and
41. Now, from the tool bar, select move and move the circles 38, 39, 40 and 41 to the

positions indicated below.

Circle | Parameter Patch 1 Patch 2
Circle 38 Move -2.66,0.88,0 | -2.66,0.88,0
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Circle 39 Move -2.66, -0.88,0 | -2.66, -0.88, 0
Circle 40 Move -3.54,0,0 -3.54,0,0
Circle 41 Move -1.77,0,0 -1.77,0,0

Then, using the tool bar's subtract option, subtract circle 37 from circle 10. Simply
choose circle 10, then circle 37, and then press the subtract option.

> Choose a circle from the toolbar, rename it as “circle 42", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according

to the specified instructions.

Circle 42:
Parameter Patch 1 Patch 2
Position |-6.2,11.31,1.6 |-6.2,-11.31,1.6
Move 0,-2.06,0 0,-2.06,0
Radius 344 344

For Circle 43, 44, 45 and 46;

First, select circle 42 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
43 will be successfully formed. Please replicate this procedure for circles 44, 45, and
46. Now, from the tool bar, select move and move the circles 43, 44, 45 and 46 to the

positions indicated below.

Circle | Parameter Patch 1 Patch 2
Circle 43 Move 2.66,0.88,0 | 2.66,0.88, 0
Circle 44 Move 2.66, -0.88, 0 | 2.66, -0.88, 0
Circle 45 Move 3.54,0,0 3.54,0,0
Circle 46 Move 1.77,0,0 1.77,0,0

Then, using the tool bar's subtract option, subtract circle 42 from circle 11. Simply

choose circle 11, then circle 42, and then press the subtract option.
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"Consider Circle 4"

> Choose a circle from the toolbar, rename it as “circle 47", and afterwards,
perform a right-click on the "create circle™ option to adjust the placements according
to the specified instructions.

Circle 47:
Parameter Patch 1 Patch 2
Position | 0,-17.51,16|0,17.51,1.6
Move -2.06,0,0 -2.06,0,0
Radius 344 344

For Circle 48, 49, 50 and 51;
First, select circle 47 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
48 will be successfully formed. Please replicate this procedure for circles 49, 50 and
51. Now, from the tool bar, select move and move the circles 48, 49, 50 and 51 to the
positions indicated below.

Circle | Parameter | Patch1l | Patch2
Circle 48 Move 0,0.88,0 | 0,0.88,0
Circle 49 Move 0,-0.88,00,-0.88,0
Circle 50 Move 0.88,0,0 | 0.88,0,0
Circle 51 Move -0.88,0,0|-0.88,0,0

Then, using the tool bar's subtract option, subtract circle 47 from circle 13. Simply

choose circle 13, then circle 47, and then press the subtract option.
> Choose a circle from the toolbar, rename it as "circle 52", and afterwards,
perform a right-click on the "create circle" option to adjust the placements according

to the specified instructions.

Circle 52:
Parameter Patch 1 Patch 2
Position | 0,19.57,1.6 | 0,-19.57 ,1.6
Radius 344 344
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For Circle 53, 54, 55 and 56;

First, select circle 52 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
53 will be successfully formed. Please replicate this procedure for circles 54, 55 and
56. Now, from the tool bar, select move and move the circles 53, 54, 55 and 56 to the

positions indicated below.

Circle | Parameter | Patch1l | Patch?2
Circle 53 Move 0,0.88,0 | 0,0.88,0
Circle 54 Move 0,-0.88,00,-0.88,0
Circle 55 Move 0.88,0,0 | 0.88,0,0
Circle 56 Move -0.88,0,0 | -0.88,0,0

Then, using the tool bar's subtract option, subtract circle 52 from circle 14. Simply
choose circle 14, then circle 52, and then press the subtract option.

> Choose a circle from the toolbar, rename it as “circle 57", and afterwards,
perform a right-click on the "create circle™ option to adjust the placements according
to the specified instructions.

Circle 57:

Parameter Patch 1 Patch 2
Position |0,17.51,1.6 (0,-17.51,1.6
Move 2.06,0,0 2.06,0,0
Radius 344 344

For Circle 58, 59, 60 and 61;

First, select circle 57 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
58 will be successfully formed. Please replicate this procedure for circles 59, 60 and
61. Now, from the tool bar, select move and move the circles 58, 59, 60 and 61 to the

positions indicated below.
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Circle | Parameter Patch 1 Patch 2
Circle 58 Move -2.66,0.88,0 | -2.66,0.88, 0
Circle 59 Move -2.66, -0.88, 0 | -2.66, -0.88, 0
Circle 60 Move -3.54,0,0 -3.54,0,0
Circle 61 Move -1.77,0,0 -1.77,0,0

Then, using the tool bar's subtract option, subtract circle 57 from circle 15. Simply
choose circle 15, then circle 57, and then press the subtract option.
>

perform a right-click on the “create circle” option to adjust the placements according

Choose a circle from the toolbar, rename it as "circle 62", and afterwards,

to the specified instructions.

Circle 62:
Parameter | Patch 1 Patch 2
Position |0,15.44,16|0,-7.18,1.6
Radius 344 344

For Circle 63, 64, 65 and 66;

First, select circle 62 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
63 will be successfully formed. Please replicate this procedure for circles 64, 65 and
66. Now, from the tool bar, select move and move the circles 63, 64, 65 and 66 to the

positions indicated below.

Circle | Parameter Patch 1 Patch 2
Circle 63 Move 2.66,0.88,0 | 2.66,0.88,0
Circle 64 Move 2.66, -0.88, 0 | 2.66, -0.88, 0
Circle 65 Move 3.54,0,0 3.54,0,0
Circle 66 Move 1.77,0,0 1.77,0,0

Then, using the tool bar's subtract option, subtract circle 62 from circle 16. Simply

choose circle 16, then circle 62, and then press the subtract option.
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"Consider Circle 5"

> Choose a circle from the toolbar, rename it as "circle 67", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according
to the specified instructions.

Circle 67:
Parameter Patch 1 Patch 2
Position | 8.26,11.31,1.6 | 8.26,-11.31, 1.6
Radius 344 344

For Circle 68, 69, 70 and 71;

First, select circle 67 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
68 will be successfully formed. Please replicate this procedure for circles 69, 70, and
71. Now, from the tool bar, select move and move the circles 68, 69, 70 and 71 to the
positions indicated below.

Circle | Parameter | Patch1l | Patch 2
Circle 68 Move 0,0.88,0 | 0,0.88,0
Circle 69 Move 0,-0.88,010,-0.88,0
Circle 70 Move 0.88,0,0 | 0.88,0,0
Circle 71 Move -0.88,0,0|-0.88,0,0

Then, using the tool bar's subtract option, subtract circle 67 from circle 18. Simply
choose circle 8, then circle 67, and then press the subtract option.

> Choose a circle from the toolbar, rename it as “circle 72", and afterwards,
perform a right-click on the “create circle™ option to adjust the placements according

to the specified instructions.

Circle 72:
Parameter Patch 1 Patch 2
Position |6.2,11.31,1.6 | 6.2 ,-11.31,1.6
Move 0,2.06,0 0,2.06,0
Radius 344 344

118



For Circle 73, 74, 75 and 76;
First, select circle 72 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
73 will be successfully formed. Please replicate this procedure for circles 74, 75, and
76. Now, from the tool bar, select move and move the circles 73, 74, 75 and 76 to the
positions indicated below.

Circle | Parameter | Patch1 Patch 2
Circle 73 Move 0,0.88,0 | 0,0.88,0
Circle 74 Move 0,-0.88,00,-0.88,0
Circle 75 Move 0.88,0,0 | 0.88,0,0
Circle 76 Move -0.88,0,0|-0.88,0,0

Then, using the tool bar's subtract option, subtract circle 72 from circle 19. Simply
choose circle 19, then circle 72, and then press the subtract option.

> Choose a circle from the toolbar, rename it as “circle 77", and afterwards,
perform a right-click on the "create circle™ option to adjust the placements according

to the specified instructions.

Circle 77:
Parameter Patch 1 Patch 2
Position |4.13,-11.31,1.6 | 4.13,11.31,1.6
Radius 344 344

For Circle 78, 79, 80 and 81;

First, select circle 77 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste” option. By completing these steps, circle
78 will be successfully formed. Please replicate this procedure for circles 79, 80 and
81. Now, from the tool bar, select move and move the circles 78, 79, 80 and 81 to the

positions indicated ahead.
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Circle | Parameter Patch 1 Patch 2
Circle 78 Move -2.66,0.88,0 | -2.66,0.88, 0
Circle 79 Move -2.66, -0.88, 0 | -2.66, -0.88, 0
Circle 80 Move -3.54,0,0 -3.54,0,0
Circle 81 Move -1.77,0,0 -1.77,0,0

Then, using the tool bar's subtract option, subtract circle 77 from circle 20. Simply
choose circle 20, then circle 17, and then press the subtract option.

> Choose a circle from the toolbar, rename it as "circle 82", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according

to the specified instructions.

Circle 82:
Parameter Patch 1 Patch 2
Position |6.2,11.31,1.6 |6.2,-11.31,1.6
Move 0,-2.06,0 0,-2.06,0
Radius 344 344

For Circle 83, 84, 85 and 86;

First, select circle 82 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
83 will be successfully formed. Please replicate this procedure for circles 84, 85, and
86. Now, from the tool bar, select move and move the circles 83, 84, 85 and 86 to the
positions indicated below.

Circle | Parameter Patch 1 Patch 2
Circle 83 Move 2.66,0.88,0 | 2.66,0.88,0
Circle 84 Move 2.66,-0.88,0 | 2.66,-0.88,0
Circle 85 Move 3.54,0,0 3.54,0,0
Circle 86 Move 1.77,0,0 1.77,0,0
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Then, using the tool bar's subtract option, subtract circle 82 from circle 21. Simply

choose circle 21, then circle 22, and then press the subtract option.

"Consider Circle 6"

> Choose a circle from the toolbar, rename it as "circle 87", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according

to the specified instructions.

Circle 87:

Parameter | Patch 1 Patch 2
Position |0,5.11,1.6|0,-17.51,1.6
Move -2.06,0,0 | -2.06,0,0
Radius 344 .344

For Circle 88, 89, 90 and 91;

First, select circle 87 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
88 will be successfully formed. Please replicate this procedure for circles 89, 90 and
91. Now, from the tool bar, select move and move the circles 88, 89, 90 and 91 to the

positions indicated below.

Circle | Parameter | Patch1l | Patch?2
Circle 88 Move 0,0.88,0 | 0,0.88,0
Circle 89 Move 0,-0.88,0|0,-0.88,0
Circle 90 Move 0.88,0,0 | 0.88,0,0
Circle 91 Move -0.88,0,0|-0.88,0,0

Then, using the tool bar's subtract option, subtract circle 87 from circle 23. Simply
choose circle 23, then circle 87, and then press the subtract option.

> Choose a circle from the toolbar, rename it as "circle 92", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according

to the specified instructions.
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Circle 92:

Parameter Patch 1 Patch 2
Position | 0,-15.44,1.6|0,7.18,1.6
Radius .344 .344

For Circle 93, 94, 95 and 96;

First, select circle 92 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
93 will be successfully formed. Please replicate this procedure for circles 94, 95 and
96. Now, from the tool bar, select move and move the circles 93, 94, 95 and 96 to the

positions indicated below.

Circle | Parameter | Patch1l | Patch2
Circle 93 Move 0,0.88,0 | 0,0.88,0
Circle 94 Move 0,-0.88,0|0,-0.88,0
Circle 95 Move 0.88,0,0 | 0.88,0,0
Circle 96 Move -0.88,0,0|-0.88,0,0

Then, using the tool bar's subtract option, subtract circle 92 from circle 24. Simply
choose circle 24, then circle 92, and then press the subtract option.

> Choose a circle from the toolbar, rename it as “circle 97", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according
to the specified instructions.

Circle 97:

Parameter | Patch 1 Patch 2
Position |0,5.11,1.6 | 0,-17.51,1.6
Move 2.06,0,0 2.06,0,0
Radius 344 344
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For Circle 98, 99, 100 and 101;

First, select circle 97 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
98 will be successfully formed. Please replicate this procedure for circles 99, 100 and
101. Now, from the tool bar, select move and move the circles 98, 99, 100 and 101 to

the positions indicated below.

Circle | Parameter Patch 1 Patch 2
Circle 98 Move 0.88,2.66,0 | 0.88,2.66,0
Circle 99 Move -0.88, 2.66, 0 | -0.88, 2.66, 0
Circle 100 Move 0,-3.54,0 0,-3.54,0
Circle 101 Move 0,-1.77,0 0,-1.77,0

Then, using the tool bar's subtract option, subtract circle 97 from circle 25. Simply
choose circle 25, then circle 97, and then press the subtract option.

> Choose a circle from the toolbar, rename it as “circle 102", and afterwards,
perform a right-click on the “create circle” option to adjust the placements according

to the specified instructions.

Circle 102:
Parameter Patch 1 Patch 2
Position | 0,-19.57,1.6 | 0,3.05,1.6
Radius 344 344

For Circle 103, 104, 105 and 106;

First, select circle 102 by clicking on it. Next, locate the "edit" option and click on it.
Once the editing menu is open, select the "copy" function. Afterward, find an
appropriate location and choose the "paste™ option. By completing these steps, circle
103 will be successfully formed. Please replicate this procedure for circles 104, 105
and 106. Now, from the tool bar, select move and move the circles 103, 104, 105 and

106 to the positions indicated ahead.
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Circle | Parameter Patch 1 Patch 2
Circle 103 Move 0.88,2.66,0 | 0.88,2.66, 0
Circle 104 Move -0.88, 2.66, 0 | -0.88, 2.66, 0
Circle 105 Move 0,3.54,0 0,3.54,0
Circle 106 Move 0,1.77,0 0,1.77,0

Then, using the tool bar's subtract option, subtract circle 102 from circle 26. Simply

choose circle 26, then circle 102, and then press the subtract option.

For microstrip inset feedline: To start the process, the user should go to the toolbar
and choose the "draw rectangle™ choice. The user should then click anywhere on the
screen to make a rectangle. Then, the user should double-click on the rectangle inside
the project management window to get to its properties. The user can change the
name of the rectangle (feed line) in this menu. Lastly, the user should press the "OK"
button to confirm their choices. Then, right-click on "create box™" and change the

positions to meet the standards.

Parameter Patch 1 Patch 2
Position | 14.11, (11.31 + 1.495), 1.6 | 14.11, (-11.31 + 1.495), 1.6
X -11.007 -11.007
Y -2.99 -2.99

Next, make cuts along both sides of the feedline. For cut 1, first choose the rectangle,
then move the cursor from the feedline's top right edge to the patch's bottom right
edge. Next, right-click the newly created rectangle and modify the y-axis's settings to
Y = 0.931 mm. Then, for cut 2, choose the duplicate along line option from the
toolbar and move the cursor from the top of the cutl on the right to the top of the
feedline on the left. The next stage is to combine feedline and patch. To do this, click
on (patch + control + feedline), then select the unite option from the toolbar. When
you click on patch + Control + cutl + control + cut2 and then select the option to
subtract from the toolbar, cutl and cut2 are subtracted from the patch.

For assigning boundaries to ground and patch: right-click the patch, select assign

boundaries, and then click Perfect E. Same process is repeated for ground.
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For lump port: Change the axis to "yz" first. Then choose a rectangle and give it the
new name lump port. Then, right-click on "Create Rectangle” and modify its

attributes as follows:

Parameter Patch 1 Patch 2
Position | 14.11,-12.805,1.6 | 14.11,9.815,1.6
Y 2.99 2.99
V4 -1.6 -1.6

For lump port excitation, right-click on the lump port rectangle in the project window,
select Assign Excitation, select Lump Port (50 Ohm), select Next, select Integration
(double click), select New Line, drag a triangle-shaped cursor from the lower edge to

the upper edge, select Next, and then select Finish.

For radiation box: To initiate the process, the user should locate and select the "draw
box (3D)" option from the toolbar. Following this, the user should proceed to click on
any desired location on the screen to create a box. Subsequently, the user should
double-click on the box inside the project management interface to access its
properties. Inside this menu, the user can modify the name of the box (radiation box)
and select the vaccum option. Finally, the user should confirm their selections by
pressing the "ok" button. Subsequently, go to right-click on the "create box" option
and modify the dimensions in accordance with the specified requirements.

Position: -22.44,-30.33,-16.66

X =44.88 mm

Y =60.66 mm

Z=33.32mm

Next, proceed to choose the five facets of the radiation boxes and thereafter utilize the
right-click function to allocate boundaries. Finally, click on the radiation option.

Then, check validation.

For analysis:
To initiate the analysis on the project management window, the user should perform a

right-click action. Following this, they should select the option labeled "Add solution
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set up." Within this setup, the user will be prompted to specify the solution frequency
in gigahertz (GHz), with a recommended value of 9.5 GHz for the proposed antenna.
The maximum number of passes is set at 20. Subsequently, proceed to perform a
right-click action on the setup option, followed by selecting the sweep function.
Proceed to input the desired start value (8 GHz) and end value (28 GHz), and
subsequently specify the step size (0.1 GHz). Subsequently, save the field
configuration and confirm the changes by selecting the "OK" option.

After the completion of validation and analysis, the subsequent step involves
assessing the results of our suggested antenna with regards to several performance

metrics.

For calculating "Reflection coefficient and Transmission coefficient)" of the proposed
antenna, following steps are followed:

¢ In the project management box, right-click on the result option.

e Next, click Create modal solution setup data report.

e Then select Rectangular plot ¢ S parameter * S11, Sy, S12, So1.

e New report

For calculating "Gain", following steps are followed:

e In the project management box, right-click on the radiation option, then
choose far field, then infinite sphere

e Then, with a step size of 90, alter phi from 0 to 90 degrees, and with a step
size of 10, change theta from 0 to 360 degrees.

e Then, on the tool bar, click on the analyzing all option, then go to the result,
click on far field report, then click radiation report, then select correct infinite
sphere and other settings like Gain in dB, then click OK.

e For peak Gain calculation, select antenna parameter in radiation report and

then click on peak gain.
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For calculating "Surface Current Distribution”, following steps are followed:

Select patch, right-click to "Add plot fields,"” select "Mag_ Jsurf,” "all object,”
"concern resonant frequency,” "ok," and "start analyze all"

For calculation of current distribution at other frequencies, click "analysis" in
the project manager window, "click” on "solution setup,” "change frequency,”

"ok," and "start analyze all".

For calculating "Surface Current Density Distribution”, following steps are followed:

Select patch, right-click to "Add plot fields," select "Mag_ Jvol,” "all object,"

"concern resonant frequency,” "ok," and "start analyze all"

For calculating "Radiation Pattern", following steps are followed:

In the project management box, right-click on the radiation option, then
choose far field, then infinite sphere

Then, with a step size of 90, alter phi from 0 to 90 degrees, and with a step
size of 10, change theta from -180 to 180 degrees.

Then, on the tool bar, click on the analyzing all option, then go to the result,
click on far field report, then click radiation report, then select gain phi and
gain theta.

Then in families, select all for phi and select the frequency, then click OK.

For calculation of radiation pattern at other frequencies, click "analysis" in the
project manager window, "click" on "solution setup,” "change frequency,"
"ok," and "start analyze all".

For Co polarization (H Plane); gain phi for phi = 90 degree

For Co polarization (E Plane); gain theta for phi = 0 degree

For Cross polarization (H Plane); gain phi for phi = 0 degree

For Cross polarization (E Plane); gain theta for phi = 90 degree

Two distinct researches are conducted in order to achieve ideal outcomes for the

development of a dual-port MIMO antenna. First, distance optimization and secong

orientation analysis.
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5.2.2 Distance Optimization

Analysis of distance is an important component in the computation of isolation in
MIMO antennas. Using distance analysis, we can determine the most suitable position
for antennas to avoid interference. In the proposed work, two antennas are placed at D
=2, 4, and 6 mm. Figure 5.10 a, b, and ¢ provide a visual representation of the
variation in Sy, Sy, and Si,, Sp1. Meanwhile, Table 5.4 presents a concise summary of
the obtained data. The antenna resonates at 9.7, 16.3, 18.8, and 21.4 GHz at 4 mm
with greater bandwidths of 3100, 600, and 10100 MHz than at 2 mm and 6 mm. At 4
mm D, isolation is best at -40 dB. The maximal isolation levels are -38.9 and -38.6 dB
for 2 and 6 mm diameters, respectively. This finding demonstrates that when the
diameter (D) of the antenna is 4 millimeters, it yields superior outcomes. Moreover,
obtaining almost constant isolation levels depends on a number of underlying factors,

including signal propagation characteristics, path loss, reflection, and multipath,

among others.

Table 5.4 Analysis of MIMO distance variation

Parameters BW fr >
(max. isolation)
D=2mm 3100, 400, 10000 9.2,16.3,18.9,21.3 -38.9
D=4mm 3100, 600, 10100 9.7,16.3,18.8,21.4 -40
D=6mm 2800, 600, 9900 9.1,16.5,18.9, 21 -38.6
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Figure 5.10 Scattering parameters (a), S11 (b) S22 and (c) Transmission Coefficient

Transmission Coefficient (dB)

5.2.3 Orientation Analysis

The isolation between antennas in a MIMO system can be considerably influenced by
their direction. The extent of antenna signal interference determines isolation.
Different orientations can isolate differently due to multiple decoupling mechanisms.
Spatial diversity decoupling is used in said antenna. It is achieved by the utilization of
physically separated antennas. By varying the orientation of these antennas, they are
able to capture signals from distinct spatial routes, hence decreasing the probability of
both antennas being affected by fading or interference simultaneously. Figure 5.11a
shows the antenna's two components precisely 4 mm apart in orientation 1. The
antenna’s bandwidth and isolation improve during configuration. Figure 5.12 a, b, and
¢ show that the antenna resonates at 9.7, 16.3, 18.8, and 21.4 GHz. The antenna
covers three frequency bands: 8-11.1 GHz, 16-16.5 GHz, and 17.9-28 GHz.. Figure
5.11 b shows how Orientation Il inverts antenna Il while keeping antenna | unaltered.
Using figures 5.12 a, b, and c, the antenna's fr and BW in this orientation can be
calculated. The antenna has resonance frequencies of 10.3, 16.4, 18.8, & 21.5 GHz
and bandwidths of 3000, 600, & 9900 MHz. Figure 5.11 ¢ shows orientation Il with
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both antennas rotated 90 degrees. The antenna has resonance at 8.2 and 19.2 GHz and
a maximum isolation of -37.21 dB. Orientation | outperforms the other two in
bandwidth and isolation. Table 5.5 summarizes all three orientations' results.
Orientation | is considered the best MIMO antenna system design.

Figure 5.11 Differently oriented antenna
Table 5.5 Analysis of MIMO orientation variation

Parameters S12
o BW fr o
(Orientation) (max. isolation)
I 3100, 600, 10100 | 9.7,16.3,18.8,21.4 -40
I 3000, 600,9900 |10.3,16.4,18.8,21.5 -38.74
i 2700, 9800 8.2,19.2 -37.21

5.2.4 MIMO Antenna with Rectangular slot DGS

To improve antenna isolation, imperfect ground construction is used. For the
proposed antenna, a single vertical rectangular slot with a width of 1 mm is added in
the ground plane (Figure 5.13 b). The transmission coefficient curves in Figure 5.14 b
show that slots reduce near-field coupling between MIMO antennas. Maximum
isolation inside antenna components has increased from -40 dB to -52.72 dB. Thus,

deploying the ground plane slot improved isolation by 12 dB. The summarized
outcomes of MIMO and MIMO with DGS are shown in Table 5.6. MIMO with DGS
antenna radiation efficiency is shown in Figure 5.15. Peak radiation efficiency is 72%
in the 8.2-10.4 GHz frequency spectrum. Radiation efficiency peaks at 55% in the
second band at 16.1-16.5 GHz. In conclusion, the third band (18.1-28 GHz) has a

maximum radiation efficiency of 73%. Figure 5.16 shows the highest peak gain of a
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DGS-equipped MIMO. The graphic shows that the proposed antenna has 8.5 dBi peak

gain.
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Figure 5.13 Ground structural flaw in MIMO antenna (a) Top and (b) Bottom view
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Table 5.6 MIMO and MIMO DGS analysis

S12 (dB)
Parameters BW (MHz) f-(GHz) ) )
(max. isolation)
MIMO 3100, 600, 10100 | 9.7, 16.3, 18.8,21.4 -40
MIMO DGS | 2200, 400, 9900 | 9.7, 16.3,18.8,21.4 -52.72
0 T T T T
—— MIMO S11
sl —— MIMO DGS S11
—— MIMO S22

a —— MIMO DGS $22
3-10 =
z
g -15
S
= -20
2
S 25
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Figure 5.14 Scattering parameters (a) S11 (dB) & Sy, (dB), and (b) S12 (dB) &
S, (dB), DGS MIMO
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Figure 5.15 MIMO DGS antenna radiation efficiency

Peak Gain (dBi)
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Figure 5.16 MIMO DGS antenna peak gain
Figure 5.17 shows current distribution effects at 9.7, 18.8, and 21.4 GHz. To analyze
surface current distribution (A/m), stimulate one MIMO antenna port and terminate
the other. Therefore, port one is activated and port two of the intended antenna is

terminated. Figure 5.17 shows a high current concentration in port 1's major radiating
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patch. Surface current at port 2 decreases. The observed effect clearly reduces antenna

mutual coupling.
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Figure 5.17 Surface current distribution at (a) 9.7 GHz, (b) 18.8 GHz, and (c) 21.4
GHez, after exciting port 1 and discontinuing port 2

5.3 MIMO Antenna with DGS Fabrication and Discussion on Measurements
Results

An antenna is built on a FR4 substrate to verify results. Figures 5.18 (a) and 5.18 (b)
illustrate the antenna's frontal and lateral views. On the EP-42 Auto PCB prototype
machine, fabrication occurs. Connectors are employed for the purpose of affixing the
proposed antenna to the ZNB-40 Vector Network Analyzer (VNA) with the intention
of evaluating its transmission and reflection coefficients. The measured data captured
from the VNA are depicted in Figure 5.19 (a). Figure 5.19 (b) shows the suggested
antenna's radiation pattern in an anechoic environment with a reference horn antenna

transmitting.
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(@ (b)
Figure 5.18 Fabricated DGS MIMO antenna (a) Top and, (b) Lateral view

Figure 5.20 (a) and (b) show measured and simulated reflection and transmission
coefficients. The antenna has resonances at 9.5 GHz, 11.1 GHz, 13.4 GHz, 15.8 GHz,
21.1 GHz, and 26.6 GHz, with S11 (dB) values of -32.15, -11.95, -13.3, -17.0, -33.2,
and -26.14. Resonances extend from 8.9 to 9.9 GHz, 10.4 to 11.4 GHz, 13.1 to 13.7
GHz, 15.4 to 16.2 GHz, and 17.7 to 28 GHz. In addition, the antenna has higher
impedance bandwidths of 1000 MHz, 1000 MHz, 600 MHz, 800 MHz, and 10300
MHz over various frequency ranges. Maximum isolation between the antennas is -

48.37 dB. Simulated results show antenna resonance at 9.7, 16.3, 18.8, and 21.4 GHz.
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(b)

Figure 5.19 Experimental setup (a) S1; dB reflection coefficient (b) radiation pattern

These resonances have reflection coefficients of -20.04, -12, -31.9, and -32.3 dB. The
simulation covers three coverage bands: 8.2-10.4 GHz, 16.1-16.5 GHz, and 18.1-28
GHz. The impedance bandwidths for these bands are 2200, 400, and 9900 MHz. The
experimental results show a peak isolation level of -52.72 dB. Measurements and
simulations show resonance frequency discrepancies that may be due to

manufacturing faults, SMA connectors, and substrate-model mismatches.

Figure 5.21 shows simulated and measured radiation patterns in the vertical (E) and
horizontal (H) fields planes at 9.5, 21.1, and 26.6 GHz At 9.5 GHz, the antenna being
assessed radiates practically omnidirectionally. At 21.1 GHz and 26.6 GHz resonant
frequencies nulls are observed in both planes. Many reflections in the measurement
environment can cause disparities between measured and simulated findings.
Proposed antenna radiation is generally steady.
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Figure 5.20 Scattering Parameters of MIMO with DGS (a) Reflection Coefficient, and

(b) Transmission Coefficient
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5.4 MIMO with DGS Antenna Diversity Performance Analysis
Various measures, including the ECC, DG, and MEG, are used to evaluate the

effectiveness of the said MIMO antenna.
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5.4.1 Envelope Correlation Coefficient (ECC)

ECC assessment is essential to assessing antenna system component isolation. Based
on antenna specifications, ECC can be calculated by two methods. The main method
uses antenna component far field emission patterns. The user provided a numerical
reference [98]. The simpler, less resource-intensive second method uses S parameters
[99]. The second way is often used in high-efficiency MIMO antennas, making the s-
parameter approach the best. ECC values should be below 0.05. The equation (5.1)
uses s-parameter approaches for two-element MIMO systems. This study's MIMO

antenna system simulations and measurable curves are shown in Figure 5.22.

IS1 S12+S31 S22

ECC = (1-1S1112=1S21 1) (A —IS1212—1S221%)

(5.1)
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Figure 5.22 ECC of MIMO with DGS

5.4.2 Diversity Gain (DG)
Equation (5.2) calculates diversity gain, which measures diversity's effectiveness
[100]. At a significance level of 1% and utilizing maximal ratio combining, achieving

a diversity gain of 10 signifies the highest possible level. To ensure practical
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application, it is advisable to set the parameter DG at a value greater than 9.99 dB.
The diversity gain (DG) of this antenna remains below the permissible limit

throughout all working frequencies, as depicted in Figure 5.23.

DG = 10V1 — ECC? (5.2)
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Figure 5.23 DG of MIMO with DGS

5.4.3 Mean Effective Gain (MEG)

Maximum Effective Gain compares diversity antenna power to isotropic antenna
power in fading conditions [101]. The computation is performed using Equation (5.3),
and the graphical representation is depicted in Figure 5.24.

MEG, = 0.5 {1 — ¥*_|s;|*} (5.3)

In this context, the variable "i" is used to denote a specific antenna being discussed,
whereas the variable "k" represents the total count of antennas. In the given context,
the variable k is representative of the number 2 in relation to the two-port antenna.

Consequently, we have

MEG; = 0.5{1 — |Sy11*> — [S121*} (5.4)
MEG, = 0.5 {1 — Sy1|* =[S, |* } (5.5)
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As shown by the citation [102], For best diversity performance, the suggested two-
port element antenna's MEG1/MEG2 ratio should not exceed 3 dB. MEG values
below 1.2 dB can be verified using Figure 5.24. The suggested antenna's performance
is shown in Table 5.7. The results suggest that the antenna demonstrates advantageous

diversity characteristics, rendering it well-suited for millimeter wave applications.
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Figure 5.24 MEG of MIMO with DGS
Table 5.7 Diversity performance parameters of MIMO DGS

Criterion Value

ECC Less than 0.004
DG (dB) | Greater than 9.99
MEG (dB) Less than 1.2

5.5 Proposed Antenna with Other Reported Antenna Performance Comparison

In Table 5.8, the MIMO antenna proposed in this study is compared to previous
research and the percentage enhancement and losses of various parameters are shown
in Figure 5.25. The comparison uses bandwidth, bands, isolation, ECC, and diversity
gain. Table 5.8 shows that the proposed antenna may operate across many frequency
bands and increase BW with excellent ECC and DG. Results in [74], demonstrate

comparable properties with somewhat higher isolation. The proposed MIMO antenna
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in this research has higher bandwidth and better value in terms of its capacity to

function across many frequency bands than the antenna construction in the literature

[74].
Table 5.8 Comparison of present work with previous studies
No. | No. | Elemen
Bandwidth of of t Isolatio Diversit
5Ref ) ECC )
(MHz) Por | Ban | Spacin n dB) y Gain
t d g (mm)
<
[71] 1069, 1430 2 2 10.13 -29
0.0020
[74] 6400 2 1 - -35.8 | <0.005 | >9.99
[75] 1900, 6000 2 1 - -18 <0.01 > 9.96
<
0.0001,
[76] 4700, 4200 2 2 4.3 -30,- 22 >9.99
<
0.0002
[77] 8700 2 1 - -30 <0.05 >9.99
500,1800,800,100
[78] 0 4 4 10 -25 <0.06 >9.99
[79] 1000 2 1 6 -25 <0.002
0.0002,
[80] 821, 1630 2 2 8.8 -16 >0.98
0.005
[81] 6000 2 1 - 24 0.0013 -
--32.15,
1000, 1000, 600, -11.95, -
Propos
800, 10300 2 5 4 13.3,- | <0.004 | >9.99
e
17.0, -
33.2,

Figure 5.25 (a) shows that the suggested antenna bandwidth is used as a baseline for

calculating bandwidth increase in percentages, and when the base value is compared

to other references, it appears that other antenna studies yield less bandwidth. For
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example, reference no. 79 is just 10% of the base value, indicating that the proposed
antenna generates 90% more bandwidth. Figure 4.25 (b) depicts the antenna’s
multiband behavior. The graph clearly shows that the proposed antenna produces

penta (Five) band as compared to other studies.
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Figure 5.25 Performance comparison of proposed antenna with other studies in %

enhancement and loss (a) Bandwidth, (b) Bands, (c) Isolation

Figure 4.25 (c) illustrates the maximum isolations between the antennas. The value of
reference paper 74 is used as a baseline (maximum) when computing isolation
enhancement and losses in percentage. The graph reveals that the proposed antenna is
producing -33. 2 dB isolation between the two antennas, indicating that its value is
smaller than that of reference paper 74, but it is in the acceptable range. However,
when compared to the other parameters of this reference, the suggested antenna has a
wider bandwidth and shows multiband behavior.

Summary

A DGS-based low-profile, two-port MIMO antenna is reported in this paper. The
antenna presented in this paper has one element initially. When a single antenna is
integrated into a two-port MIMO system and thoroughly examined, its performance
improves. It also has a rectangular ground plane defect to boost antenna performance.
This improves antenna element isolation by 8.37 dB. Due to its wide BW, strong

isolation, low ECC, compact design, and cost, the MIMO DGS antenna under review
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distinguishes apart from similar studies. Thus, this antenna design has promising

properties for 5G millimeter-wave n258 band, Ku band and X band application.
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CHAPTER 6

CONCLUSION & FUTURE SCOPE

6.1 Conclusion

Recently, wireless communication applications have increased in production. The fifth
generation of wireless networks, commonly referred to as 5G, distinguishes itself from
previous iterations of wireless networks due to its disruptive potential in reconfiguring
the digital world. The efficiency of any given 5G system is contingent upon the design
and optimal functioning of its antennas. Today, the majority of 5G applications
demand MIMO technology, which was created utilizing a combination of microstrip
antennas. Therefore, two prototype antennas are constructed in this thesis while taking
into account all the aforementioned 5G system requirements. The initial prototype
involves the design and development of a small circular multiband patch antenna with
improved BW. Antenna parameters were investigated extensively. Experimental
testing verified antenna performance. Results show significant agreement between
measured and simulated values. The system has resonance frequencies of 3.35, 6.68,
8.84, 12.62, and 15.68 GHz with reflection coefficients of -17.01, -21.93, -14.68, -
35.49, and -20.63 dB. These frequencies cover 3.26-3.36 GHz, 6.32-6.95 GHz, 8.66-
9.20 GHz, 11.99-12.98 GHz, and 13.61-20 GHz. The -10 dB operational bandwidths
for five frequency bands are 100 MHz, 630 MHz, 540 MHz, 990 MHz, and 6390
MHz. The antenna's design and implementation are feasible. This study compares the
proposed antenna to existing multiband antennas published previously. The results
indicate that our proposed antenna exhibits superior performance. The suggested
antenna structure has a unique feature of functioning in five frequency bands, while
also providing improved bandwidths inside a compact and visually appealing design.
Furthermore, it maintains consistent radiation patterns and satisfactory gains
throughout all the frequency bands it operates in. The antenna is compatible with Ku,
X, and Mid-band 5G mobile applications. The second antenna presents a detailed
account of a two-port MIMO antenna with a low-profile design, which has been

created utilizing Defected Ground Structure (DGS) techniques. This section initially,
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describes a single-element antenna. To improve performance, a single antenna is
integrated into a two-port MIMO system and analyzed. An integrated rectangular
defect in the ground plane improves antenna performance. The isolation between the
antenna sections improves by 8.37 dB. The analyzed MIMO DGS antenna has a broad
bandwidth, good isolation, low error correction coding, compactness, and cost-
efficiency compared to similar studies. Consequently, the aforementioned antenna
design exhibits favorable attributes that render it a viable choice for deployment inside
the X band, Ku band and n258 band of the millimeter-wave 5G spectrum.

6.2 Contribution of Work

5G antennas are essential for improved connectivity and speed in today's world of
wireless communication. This thesis builds two prototype antennas based on this
consideration. For the 5G mid band application, the first prototype entails designing
and developing a small circular multiband patch antenna with better gain and better
BW through iteration. With a broader bandwidth and isolation between the antennas,
the second antenna provides a full description of a low-profile, two-port MIMO
antenna designed with Defected Ground Structure (DGS) techniques. This research
will benefit the real world by enabling high-speed data connectivity in the mid- and
mm-band frequency ranges through the integration of small antennas into
smartphones and other mobile devices. These antennas are used by network operators
and the telecommunications sector in their 5G infrastructure to offer capacity and
coverage in the mid-band and mm-band frequency range. Additionally, in order to
support 5G connectivity, manufacturers of consumer electronics, such as
smartphones, tablets, and other gadgets, include this antenna into their products. This
research has also benefited the academic community, including researchers,
engineers, and students who use the study for projects and tutorials pertaining to the
advancement of the design, optimization, and performance assessment of the

aforementioned antennas.
6.3 Future Scope

In the context of 5G antennas, the primary considerations revolve on improving

isolation, increasing bandwidth, enhancing gain, and achieving a compact size. This
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thesis focuses on the design of two compact antennas for 5G applications, aiming to
achieve wider bandwidth, increased gain, and improved isolation. These objectives
are pursued through the utilization of fractal geometry and faulty ground structure
concepts. Based on the investigations conducted in this thesis about MIMO
technology and microstrip patch antenna, certain issues have been identified that

require further research:

1. The potential of this study can be further enhanced by using more antenna

elements to augment the channel capacity in high data rate scenarios.

2. A reconfigurable antenna in conjunction with a flexible substrate can be used

to improve the diversity performance parameters.

3. Neutralisation lines, tapered feedlines, shorting vias, and other methods can be

employed to improve an antenna's performance parameters.

6.4 Limitation of Work

1. The proposed antennas require complex design which can complicate
manufacturing and integration.

2. Multiple antennas require more physical space which increases space
requirement.

3. Advance technologies used can increased the production cost.

4. Achieving wideband performance can compromise gain and efficiency.
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APPENDIX-A

TESTING CERTIFICATE AND REPORT OF CIRCULAR
SHAPED ANTENNA

e e =

An ISO 9001:2015 Certified Company
(( )) GSTIN #:29ABOFA2470P1ZR

(g 1SO Certificate No: 20IQEI11

MSME registered

TE N NA #47 1* Floor Bikasipura Main road

J.C Industrial area, Yelachenahalli

FIDELITY SOLUTIONS Bangalore-560062
Mob: +91 80880 75146

Reference No. AFS_C0621/038 Date: 05/04/2021

Antenna Test Certificate

To whomsoever may it concern

This is to certify that the below mentioned antenna with serial number details listed in table is tested as AUT
(Antenna Under Test) tests are performed to industry standards, the results provided are true and accurate. The
certificate applies only to the particular sample unit(s) tested and to the specific tests carried out as detailed in
the report file (Annexure 1) held at Antenna Fidelity Solutions.

This test certificate does not cover Electromagnetic compatibility. It should be noted that the tests have been
carried out for research applications field only.

Certificate No. AFS_C0621/038
Model/Serial No. | JN3559

Test Report Annexure 1

Client Asst. Prof. Nitasha Bisht

For Antenna Fidelity Solutions
Antenna m Solutions
# 47, 1st Floor, Bikasipura Main Roadt
J.CiIndustrial Area Yelachenahalli
Bangalore-560062 |
www.antennafidelitysqlytions.com

Authorized Signature
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#47 1st Floor Bikasipura Main road,
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Bangalore-560062 www. antennafidelitysolutions.com sales@antennafidelitysolutions.com
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Bangalore 560062. Email: info@antennafidelitysolutions.com

ELECTRICAL PARAMETERS OF ANTENNA & TEST REPORT

Product Description: 2-20GHz UWB Single MPA Antenna
Model #: IN3559 Date of Test Conducted: 05/04/2021
Test Location: AFS Anechoic chamber measurement Set up

1) Test Setup Details

AUT Transmitting Antenna
[\
8

Tripod

Port-2

Stepper Turn Table
Motor Controller

7 S )
Power —
Supply ——

Figurel: Test setup for radiation pattern measurement

High Frequency RF
cable

a. Distance ‘R’ between TX (Reference/Transmitting Antenna) and Rx (Antenna under
test/receiving antenna)

2) Instruments used for testing:
1. Network Analyzer
2. Spectrum Analyzer
3. Signal Generator

3) Customer: Asst. Prof. Nitasha Bisht

4) Test Procedures for Measuring Various Parameters The following electrical
parameters of the antenna under test are checked.

a) Radiation Pattern

Tested By: Ravi www.antennafidelitysolutions.com Witnessed By: Raghu

165



@,«A\»)))NTENN'A

FIDELITY SOLUTIONS

Antenna Fidelity solutions
#47 1st floor Bikasipura main road, Opp to Siddi Vinayak temple. J.C industrial area, Yelachenahalli
Bangalore 560062. Email: info@antennafidelitysolutions.com

A) Radiation Pattern: Test procedure

a)
b)
©)
d)
e)
9

g)

h)

h);

Arrange the test setup as shown in block diagram of Fig-1

Set both antennas on the same polarization (either vertical or horizontal).

Set the frequency and power level of the generator

Connect one of the ports to the receiver and terminate the other with a matching load.
Align the transmitting and receiving antenna so that maximum power is received.

If applicable, adjust the position of the feed so that the phase centre of the feed horn
coincides with the point of the parabola.

After the system has set up and optimized, the radiation pattern should be taken in each
polarization plane of frequencies in the band, patterns will be recorder on a shared
polar/rectangular recorder of 40GHz R&S make and Model ZNB-40. While taking
patterns care is to be exercised in assuring the linearity of the system. Also care must be
taken to observe and record on the chart any source of reflections that show up on the
pattern data.

Run through several antenna patterns so that the test equipment may be adjusted and
optimized. Correctly measure the frequency of the received signal with a frequency
meter.

After taking measurements in one plane of polarization, connect the matching load to
the other port and receive through the remaining port after reorienting the transmit back
ratio levels.

Having taken the available information, the pattern may be analysed and radiation levels
recorded on the pattern charts including beam width, side lobe and front to back ratio
levels. k) After all data is taken and recordings are made on pattern charts, a table
should be constructed for each tested antenna tabulating all the results of measurement
and submitted with the test report.

Test procedure for Antenna measurements & equipment test setup:

The Antenna is tested by measuring the radiation parameter & Gain as they describe the
performance of the antenna. The parameter of interest whose measurement carried out are:

a)
b)
)

a)

S11/VSWR
Insertion Loss
Gain measurement

Test Procedure for VSWR Measurement:

Connect the test equipment as shown in the fig below.
Switch on the Vector Network Analyzer and set the desired band of frequency and
sweep it over the required frequency band.

Tested By: Ravi www.antennafidelitysolutions.com Witnessed By: Raghu
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3. Select S11 parameter for VSWR. Calibrate the Network Analyzer by connecting
calibration module. Set the network analyzer for S11 VSWR.

4. Connect the other end of the feeder cable to the antenna under test.
Read the response in NA over the band which is the VSWR of the antenna
6. Note the Value of VSWR.

b

DuUT

Figure 2: Test setup for VSWR measurement

b) Test Procedure for Insertion Loss Measurement:

1. Connect the test equipment as shown in fig below.
2. Switch on VNA and set the desired band of frequency
3. Select the S21 parameters for Insertion Loss (dB). Calibrate the network analyzer by
connecting to Calibration module.
4. Connect both the end of connector as shown in figure
5. Read the response in network analyzer over the band which is Insertion Loss
Note the Value of Insertion Loss

——MEASUREMENT CABLE

Cable

Figure 3: Test setup for Insertion Loss measurement

Tested By: Ravi www.antennafidelitysolutions.com Witnessed By: Raghu
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¢) Gain Measurement using Spectrum Analyzer: - Test Setup by description:

a) Connect the test setup & equipment as shown in Fig. 4.

b) Record the maximum signal received by the antenna.

¢) Orient the standard gain beam and connect the power meter with the mount. Record the
maximum signal level in dB.

d) Find out of the difference in the signal level in dB.

e) Add the value obtained in step “d” to the standard gain reading to get the gain of the
antenna.

1) Measure the cable loss and calculate the FSPL (fiee space path loss) and Total Loss
by using formulas.
2) Measure the RSL level from input Port and note the values.

Calculate the Gain using RSL (received Signal Level)

Test Setup for Gain:

Reference Antenna Antenna under Test
Signal Spectrum

Generator Analyzer

4](—) [7

Figure 4: Test setup for Gain measurement

1. Distance ‘D’ between TX (Reference/Transmitting Antenna) and Rx (Antenna under
test/receiving antenna) is 1m.
i1. Cable used is LMR-400/ RG316 (Loss less cable) of length 10 meters.

Tested By: Ravi www.antennafidelitysolutions.com Witnessed By: Raghu
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Test Instruments Used

No. | Instrument Description Make Model No Spec.
1 Network Analyzer R&sS ZNB-40 100KHz-40GHz
2 Signal Generator Wiltron 68147B 10MHz-20GHz
3 Spectrum Analyzer HP 8593E 9KHz-26.5GHz

cRLQNOTIRuOODS

Figure 5: VNA Equipment

Tested By: Ravi www.antennafidelitysolutions.com Witnessed By: Raghu
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Figure 6: Signal Generator Equipment

Figure 7: Spectrum Analyzer Equipment

Tested By: Ravi www.antennafidelitysolutions.com Witnessed By: Raghu
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Model 2: Serial no. JN3559

Figure 8: Sample-1 Antenna Serial no. JN3559

Figure 9: AUT (Antenna under Test) mounted in Anechoic chamber

Tested By: Ravi www.antennafidelitysolutions.com Witnessed By: Raghu
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Test results AUT: IN3559
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Figure 10: S parameters plot (S11, VSWR, S21 Gain)
Tested By: Ravi www.antennafidelitysolutions.com Witnessed By: Raghu
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Figure 11: Radiation Pattern E & H Plane 3.5GHz
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Figure 12: Radiation Pattern E & H Plane 7GHz
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Figure 13: Radiation Pattern E & H Plane 12.8GHz
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Figure 14: Radiation Pattern E & H Plane 15GHz
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Figure 15: Radiation Pattern E & H Plane 17.5GHz

Tested By: Ravi www.antennafidelitysolutions.com Witnessed By: Raghu

13

177




APPENDIX-B

TESTING CERTIFICATE AND REPORT OF CIRCULAR
SHAPED TWO-PORT MIMO ANTENNA

An ISO 9001:2015 Certified Company
(( )) GSTIN #:29ABOFA2470P1ZR

fﬁ, ISO Certificate No: 20IQEI11

MSME registered

TE N #47 1** Floor Bikasipura Main road

J.C Industrial area, Yelachenahalli

FIDELITY SOLUTIONS Bangalore-560062

Mob: +91 80880 75146

Reference No. AFS_C0923/017 Date: 13/03/2023

Antenna Test Certificate

To whomsoever may it concern

This is to certify that the below mentioned antenna with serial number details listed in table is tested as AUT
(Antenna Under Test) tests are performed to industry standards, the results provided are true and accurate. The
certificate applies only to the particular sample unit(s) tested and to the specific tests carried out as detailed in
the report file (Annexure 1) held at Antenna Fidelity Solutions.

This test certificate does not cover Electromagnetic compatibility. It should be noted that the tests have been
carried out for research applications field only.

Certificate No. AFS_C0923/017
Model/Serial No. | IN2648

Test Report Annexure |

Client Asst. Prof. Nitasha Bisht

For Antenna Fidelity Solutions
Antenna Fidelity Solutions
# 47, 1st Floor, Bikasipura Main Road
1.C Industrial Area Yelachenahalli
Bangalore-560062
www.antennafidelitysolutions.com

Authorized Signature

CNINON

#47 1st Floor Bikasipura Main road,

J C Industrial area, Yelachenahalli, info@antennafidelitysolutions.com
Bangalore-560062 www.antennafidelitysolutions.com sales@antennafidelitysolutions.com
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ELECTRICAL PARAMETERS OF ANTENNA & TEST REPORT

Product Description: 8-28GHz UWB Antenna
Model #: IN2648 Date of Test Conducted: 13/03/2023
Test Location: AFS Anechoic chamber measurement Set up

1) Test Setup Details

AUT Transmitting Antenna
[\
8

Tripod

Port-2

Stepper Turn Table
Motor Controller

7 S )
Power —
Supply ——

Figurel: Test setup for radiation pattern measurement

High Frequency RF
cable

a. Distance ‘R’ between TX (Reference/Transmitting Antenna) and Rx (Antenna under
test/receiving antenna)

2) Instruments used for testing:
1. Network Analyzer
2. Spectrum Analyzer
3. Signal Generator

3) Customer: Asst. Prof. Nitasha Bisht

4) Test Procedures for Measuring Various Parameters
The following electrical parameters of the antenna under test are checked.

a) Radiation Pattern

Tested By: Ravi www.antennafidelitysolutions.com Witnessed By: Raghu
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A) Radiation Pattern: Test procedure

a)
b)
©)
d)
e)
9

g)

h)

h);

Arrange the test setup as shown in block diagram of Fig-1

Set both antennas on the same polarization (either vertical or horizontal).

Set the frequency and power level of the generator

Connect one of the ports to the receiver and terminate the other with a matching load.
Align the transmitting and receiving antenna so that maximum power is received.

If applicable, adjust the position of the feed so that the phase centre of the feed horn
coincides with the point of the parabola.

After the system has set up and optimized, the radiation pattern should be taken in each
polarization plane of frequencies in the band, patterns will be recorder on a shared
polar/rectangular recorder of 40GHz R&S make and Model ZNB-40. While taking
patterns care is to be exercised in assuring the linearity of the system. Also care must be
taken to observe and record on the chart any source of reflections that show up on the
pattern data.

Run through several antenna patterns so that the test equipment may be adjusted and
optimized. Correctly measure the frequency of the received signal with a frequency
meter.

After taking measurements in one plane of polarization, connect the matching load to
the other port and receive through the remaining port after reorienting the transmit back
ratio levels.

Having taken the available information, the pattern may be analysed and radiation levels
recorded on the pattern charts including beam width, side lobe and front to back ratio
levels. k) After all data is taken and recordings are made on pattern charts, a table
should be constructed for each tested antenna tabulating all the results of measurement
and submitted with the test report.

Test procedure for Antenna measurements & equipment test setup:

The Antenna is tested by measuring the radiation parameter & Gain as they describe the
performance of the antenna. The parameter of interest whose measurement carried out are:

a)
b)

a)

S11/VSWR
Insertion Loss

Test Procedure for VSWR Measurement:

Connect the test equipment as shown in the fig below.
Switch on the Vector Network Analyzer and set the desired band of frequency and
sweep it over the required frequency band

3. Select S11 parameter for VSWR. Calibrate the Network Analyzer by connecting
calibration module. Set the network analyzer for S11 VSWR.
Tested By: Ravi www.antennafidelitysolutions.com Witnessed By: Raghu
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4. Connect the other end of the feeder cable to the antenna under test.
5. Read the response in NA over the band which is the VSWR of the antenna
6. Note the Value of VSWR.

DuUT

Figure 2: Test setup for VSWR measurement

b) Test Procedure for Insertion Loss Measurement:

1. Connect the test equipment as shown in fig below.
2. Switch on VNA and set the desired band of frequency
3. Select the S21 parameters for Insertion Loss (dB). Calibrate the network analyzer by
connecting to Calibration module.
4. Connect both the end of connector as shown in figure
5. Read the response in network analyzer over the band which is Insertion Loss
Note the Value of Insertion Loss

——MEASUREMENT CABLE

Cable

Figure 3: Test setup for Insertion Loss measurement

Tested By: Ravi www.antennafidelitysolutions.com Witnessed By: Raghu

181




@,«A\»))NTENNZ\

FIDELITY SOLUTIONS

Antenna Fidelity solutions
#47 1st floor Bikasipura main road, Opp to Siddi Vinayak temple. J.C industrial area, Yelachenahalli
Bangalore 560062. Email: info@antennafidelitysolutions.com

Test Instruments Used

No. | Instrument Description Make Model No Spec.
1 Network Analyzer R&S ZNB-40 100KHz-40GHz
2 Signal Generator Wiltron 68147B 10MHz-20GHz
3 Spectrum Analyzer HP 8593E 9KHz-26.5GHz

Figure 4: VNA Equipment
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Figure 5: Signal Generator Equipment

Figure 6: Spectrum Analyzer Equipment
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Model 1: Serial no. JN2648

Figure 7: Sample-1 Antenna Serial no. IN26438

Figure 8: AUT (Antenna under Test mounted in Anechoic chamber)
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Test results AUT: IN2648

S11

-20
-25
30

-35

S22

S12

-10

-20

8

Figure 9: S parameters plot (S11, S22, S12)
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Figure 10: Radiation Pattern E & H Plane 9.5GHz
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Figure 11: Radiation Pattern E & H Plane 21.1GHz
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Figure 12: Radiation Pattern E & H Plane 26.6GHz
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