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ABSTRACT

The evolution of four generations of technology brought enormous changes and growth
in the wireless communication system. To overcome the shortcomings of 4Gwireless
communication, a new generation is evolved as a 5G wireless communication system. It is
expected to fulfill better reliability, better connectivity, lower latency, higher data rate, and better
quality. Wideband antenna elements with excellent frequency and time domain characteristics
are essential to ensure high-speed, reliable data and video transmission. Therefore, developing
low-profile antennas satisfying all the above characteristics simultaneously is a burning topic of

current research in microwave techniques, antennas, and radar systems.

The compact microstrip circularly polarized antenna for 5G wireless communication is in
high demand since the advances in semiconductor technology for wireless technology have led
to a reduction in cost. Federal Communications Commission (FCC) adopted a new regulation in
the 5GHz band, with an additional 400 MHz band, which resulted in a standard IEEE 802.11ac
for 5G WLAN (Wireless Local Network application).

The 5G wireless communication system adopts wireless services and employs multiple
antenna systems. To offer more services, size, cost and complexity play a major role in the 5G
wireless communication system. Hence there is a need for adaptability and versatile subsystems
that have a broad bandwidth that supports multiple frequency bands. To fulfill some of the needs
of these systems and provide a cost-effective solution, a single circularly polarized antenna with
possible techniques loaded on its aperture is essential. Hence, we propose the best possible
solution of using circularly polarized antennas for 5G wireless communication due to its

flexibility in basic electrical and radiating properties.

The key idea of the research work is to focus on developing compact broadband circularly
polarized antennas with less complex design and compact size. Circularly polarized antennas are
preferred over linearly polarized antennas because irrespective of positioning of antennas, data
transmission takes place, and limitations of the use of such technology have been investigated.
Four different novel designs of circularly polarized antennas are proposed to be suitable

candidates for different 5G wireless applications.



=

A Compact microstrip antenna loaded with asymmetric slits to achieve circular

polarization.

2. A new method of exciting the basic square patch with a hook-shaped aperture stacked
upon a copper plate with the support of foam achieved a 20dB cross-polarization level.

3. A novel way of designing a triple-band antenna with simple asymmetric circular patches
and a superstrate technique to improve the characteristics of the designed antenna.

4. A new prototype is designed to investigate the performance characteristics of the

circularly polarized antenna with frequency selective structure as the superstrate.

At first, the prototype antenna models, Method of the moment, and Finite element
method are used to fully characterize the functionality and characteristics of the proposed
antenna technology through electromagnetic simulations performed using IE3D(Integral
equation three-dimensional) and HFSS (High-frequency structure simulator)software. A
complete investigation and performance of the proposed antennas are conducted through

experimental field measurements that are verified with simulations.

The proposed antennas offer compactness, and constraint size is maintained. The
maximum axial ratio bandwidth for circularly polarized antennas is 50%, and a gain of 8dBic are
achieved. The proposed antennas are best suitable for WiMAX (Worldwide Interoperability for
microwave access), WLAN, C-band, WI-FI (wireless fidelity) and mobile applications, etc. The
proposed circularly polarized microstrip antennas can be used for a modern communication
system, vehicular applications, air traffic control, defense tracking, modern radars, remote

sensing, and WPAN (wireless personal area network), which falls under X-band application.
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Chapter 1

Introduction

The annals of antennas precede James Clerk Maxwell, who combined the theories of
electricity and magnetism and expressively represented their associations through a set of
reflective equations identified as Maxwell's Equations [1].
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These equations preside over the laws of electromagnetic radiation and eventually rule
the world of wireless communication. An antenna is one of the most fundamental elements in a
wireless communication system. It is defined as a device that can transmit and receive
electromagnetic energy by converting electric current to radio waves and vice versa [2].
Generally, the antenna is fabricated by a conductor, and antennas are also existing which utilize
dielectric materials. In many wireless communication systems, an antenna is used for
transmitting/receiving devices and integrated with many other devices in the system for better

performance.

1.1 Antenna Fundamentals

Any type of antenna is primarily based on the percept of electromagnetic radiation that
takes place because of accelerated or decelerated electric charges within an undertaking
material. This could be best explained with the assist of a typical radio communication system
is illustrated in fig. 1.1. A 50 Q transmission line is used to connect the generator to an antenna.
The message signal is modulated to the carrier and amplified. The amplified signal is sent to
the antenna via the transmission line. The receiving antenna collects the radiated signal. The
received signal is demodulated to get the original message at the receiver. In this way, the

antenna acts as a transducer that transforms electrical signals, i.e., voltages and currents, into
1



electromagnetic waves or vice versa. An antenna is said to be resonant if its input impedance is
entirely real. So, the real part of impedance should be matched at the feed line to transfer a
maximum power without reflection. However, the operating frequency decides the size of the

antenna [3].
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Fig. 1.1 Antenna and Electromagnetic waves generation in a radio system [3]

To apprehend the demanding situations confronted whilst designing antennas and
explain the antenna's performance, it's essential to offer a few history statistics on a number
of important parameters. There are numerous types of antennas advanced for
lots distinctive applications, and they may be classified based on four distinct groups as wire,
aperture, reflector, and printed antennas, and that they may be used as single elements or arrays
with differing geometry; however, there are certain fundamental parameters which can be used
to explain all of them.

1.1.1 Input Impedance

Input impedance is defined as “the impedance presented by an antenna at its terminals

or the ratio of the voltage to current at a pair of terminals or the ratio of the appropriate

components of the E to H fields at a point.” It is shown in Equation 1.1.

V(0)
Za == T (11)

Zq =R + jX,



where in R,=R|+R; is the antenna resistance,
R = ohmic,conductor and dielectric loss
R/= radiation resistance , X,= antenna reactance
Zs=Rs+jXs.
R+Ri=Rs and Xa= - X; (1.2)

The Thevenin equivalent is shown in fig.1.2.
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Fig. 1.2 Thevenin Equivalent model for Antenna

When we have conjugate matching in the generator, half of the energy dissipated in the

form of internal resistance (Rs), and the other half is delivered to the antenna.

1.1.2 Return loss and Impedance Bandwidth
Return loss is the amount of signal power absorbed by a load when the energy from a
source is sent to it. It is usually expressed as the ratio between reflected and incident power

expressed in dB.
Py
R, = 10logy, (P—) (1.3)

In other words, return loss is the measurement of how well devices or lines are matched.
For a well-matched condition, a high return loss is desirable, resulting in a lower insertion loss.

Fig.1.3 shows the sample return loss graph. As for the reflection coefficient (I'), it is the ratio of

3



the amplitude of the reflected wave ( V; ) to the amplitude of the incident wave (V;") which is

given in the equation below.

RL(dB) = —20log|I'| (1.4)
where II'| = @ =4%
Vo Z1+Zg

|I"| is Reflection Coefficient
V" is Incident Wave
Vo is Reflected Wave

Z; and Z, are load and characteristic impedances

The return loss of -10dB and VSWR of 2 are generally acceptable. The impedance
bandwidth, BW, is defined as,

BW = % x 100% (1.5)

r

The bandwidth of an antenna can be defined for impedance, radiation pattern, and
polarization. In a wireless communication system, the impedance bandwidth allows most of the
power to be transmitted to an antenna from a feed or a transmission system at a transmitter and

from an antenna to its load at a receiver or terminal.
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Fig. 1.3 Impedance bandwidth and operating frequency are shown in return loss



1.1.3 Directivity, Gain, and Efficiency
The directivity of an antenna is defined as “the ratio of the radiation intensity in a given
direction from the antenna to the radiation intensity averaged over all directions. The average
radiation intensity is equal to the total power radiated by the antenna divided by 4. If the

direction is not specified, the direction of maximum radiation intensity is implied [3].”

The antenna efficiency is the amount of losses occurring due to reflection and IR
losses (ohmic losses that include dielectric and conduction losses) at the terminals of the
antenna. The total power delivered to the antenna terminals must be equal to the antenna ohmic

losses Ponmic (conduction loss + dielectric loss) plus total power radiated by the antenna P.

Antenna radiation efficiency, n., 1S @ measure of how efficient the antenna is at

radiating the power delivered to its terminals and can be defined as:

P, P,
Ned =5 = (1.6)

Pin Ponmic +Pr
Total antenna efficiency,n, and reflection efficiency are related by:

Mo = Neallyr (1.7)

Another functional parameter that explains the performance of an antenna is the gain.
Gain of an antenna (in a given direction) is defined as “the ratio of the intensity, in a given
direction, to the radiation intensity that would be obtained if the power accepted by the antenna
were radiated isotropically (which is equal to the power accepted (input) by the antenna divided

by 4m)”’[3]. The gain which is related to the directivity can be expressed as:

1.1.4 Radiation Pattern and Polarization

The radiation pattern of an antenna is the orientation of the fields in respect of spatial
coordinates. A radiation pattern is taken at a particular distance, which should be greater than
Ao/4 to be considered as far-field. The radiation pattern can be visualized in E-plane and the H-

plane.



The polarization is the wave transmitted or received by an antenna in the desired
direction. Polarization of the EM field describes the orientation of its vectors at a given point
and how it varies with time. In general, most antennas radiate either linear or circular

polarization.

In general, if the plane contains an ellipse and the electric field traces an ellipse, the
field is elliptically polarized. A linear polarized antenna radiates wholly in one plane containing
the direction of propagation. In a circularly polarized antenna, the plane of polarization rotates
in a circle making one complete revolution during one wave period. If the rotation is clockwise
looking in the direction of propagation, the sense is called right-hand-circular (RHC). If the
rotation is counter-clockwise, the sense is called left-hand-circular (LHC). Fig. 1.4 shows

various wave polarizations.
I

(a) (b) (© (d)
Fig. 1.4 Linear polarization (a) Vertical) (b) Horizontal (c) Elliptical polarization
(d) Circular polarization
The ratio of amplitudes B to A, i.e., the ratio of the major axis to the minor axis, is
called the axial ratio (AR):

I

-
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|

For a circularly polarized wave, AR is one. For a linearly polarized wave, it is infinite or
zero, thus 0 < AR < +oo.

The polarization has two components: co-polarization component and the cross-
polarization component. Co-polarization represents the polarization where the antenna is
intended to radiate (receive), while cross-polarization represents the polarization orthogonal to

a specified polarization, which is usually the co-polarization.



1.2 Microstrip Antennas

Most conventional antennas like wire, dipole and aperture types are implemented using
planar microwave technologies such as Microstrip, Slot lines, coplanar lines, etc. Microstrip
patch antennas are one of the most basic and important types of planar antenna introduced by
G. A. Deschamps in 1953. Still, it was not until the1970s that serious attention was paid to this
element when low-profile antennas were required for an emerging generation of missiles [4].

Planar antennas, particularly miniaturized microstrip patches, are widely used in
circularly polarized antenna research because of their unique and attractive properties such as
low profile, lightweight, compact and conformable mounting structure, and easy fabrication
and integrability into arrays and with MICs result in applications. However, the microstrip
configurations also have limitations, including narrow bandwidth, spurious feed radiation, poor
efficiency, polarization purity, limited power handling capacity, and tolerance problems [5].

The compact antenna configuration further degrades these parameters because of the
existence of the fundamental relationship between size, bandwidth, and efficiency. As the
antennas are made smaller, either the operating bandwidth or antenna efficiency must decrease.
The small antennas usually provide lower gain than larger antennas [6]-[7]. Several works have
been implemented to develop such antennas to overcome these limitations, such as bandwidth
can be increased to more than 70% by using multilayer aperture coupled microstrip antennas.

Low power handling problems can be overcome through an array configuration.

Patch antennas consist of a very thin (t <<Ao, where Ao IS the free space wavelength)
metallic strip (patch) placed a small fraction of a wavelength (h <<\, usually0.003% < h <
0.05X0) above a ground plane. The patch and the ground plane are separated by a dielectric
sheet (the substrate) [3]. Fig. 1.5 shows a printed patch antenna. The shape and dimensions of
the radiating patch usually determine the frequency of operation, and thus these antennas are

classified as resonant antennas, as shown in fig. 1.6.

There are numerous substrates that may be used for the layout of microstrip antennas,
and their dielectric constants are normally in the range of 2.2 < g, < 12. The substrates with
massive thickness whose dielectric constant is in the lower end of the range provide good
antenna performance because they provide better efficiency, large bandwidth, loosely bound

fields for radiation into space, however on the price of larger element length[8].
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Fig. 1.6 various shapes of Microstrip Patch Elements

Thin substrates with better dielectric constants are appropriate for microwave circuitry

due to the fact they require tightly bound fields to reduce undesired radiation and coupling and

lead to smaller element sizes; but, due to their extra losses, however, they're very losses and

have incredibly smaller bandwidths [8].



1.2.1 Patch Antenna Excitation Techniques

A number of factors govern the selection of feeding techniques for the patch antenna. It
mainly depends on considering the efficient energy switch between the radiating and feed
structures, i.e., impedance matching. Minimizing the spurious radiation and its impact on the

radiation pattern is one of the essential factors for evaluating feed.

Several feeding techniques are used to radiate the microstrip patch antenna, and the
antenna performance characteristics are optimized by offering many parameters to a designer.
Few feeding techniques are microstrip line, aperture coupling, proximity coupling, and coaxial
probe (direct contact feeding methods). Feeding method schemes are direct and non-contact.
The RF power is fed directly to the radiating patch via a linking element. The principle used in
the non-contact method is electromagnetic field coupling and is used to transfer RF power
between the feed line and the radiating patch. The feeding techniques widely used are described
below.

1.2.1.1 Microstrip Line feed

This feeding method consists of a conducting strip, in which its small width is
compared to the patch and due to its simple modeling directly connected to the various
positions of the patch edge as indicated in fig. 1.7. This feeding method is simple to match,
easy modeling, and easy to fabricate. Its disadvantage is the increase in spurious feed radiation
and surface waves. This occurred by increasing the substrate thickness to improve the
bandwidth.

The physical dimension of the patch looks electrically smaller due to the fringing
effects, as shown in fig.1.8. Electrically the dimension of the patch is extended on each end by

a distance AL. For an efficient radiator, a practical width leads to good radiation efficiencies
[9-10].

1 2
W= 2fr\Hoo \ Ertl Zf,. &t (19)

Where v, is the free space velocity of light. The effective dielectric constant of the patch is
found using the below equation.
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Fig.1.8 Fringing field effects on rectangular microstrip patch.
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When width is found, then determine the extended length AL.

w
AL _ 0412 (ereff +0.3) (TM;I-O.264)
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After finding AL, the actual length of the patch can be determined using the below equation.

(1.11)

1

" 2fy JErery oo
1.2.1.2 Coaxial feed
Coupling of power through a probe is one of the basic mechanisms for the transfer of

L — 2AL (1.12)

microwave power. The probe can be an inner conductor of a coaxial line, or it can be used to
transfer power from a triplate line (stripline) to a microstrip antenna through a slot in the

common ground plane. This technique is shown in fig. 1.9.

O]

Fig. 1.9 Coaxial probe fed Microstrip patch antenna
1.2.1.3 Proximity Coupled feed

In this coupling, the feed is not in contact with the microstrip patch and is also said to
be a coplanar microstrip feed, whose configuration is shown in fig.1.10. It consists of two
substrates placed upon the other, i.e., the microstrip line is in the lower layer, and the upper
layer patch antenna is present. Below the patch, the microstrip feed line is terminated openly at

the terminals. It is also known as an "electromagnetically coupled™ microstrip feed.
11



The nature of this technique is capacitive while coupling. Increasing the antenna's
bandwidth and decreasing the unwanted radiation from the open end of the microstrip depends
on the selected two-layer substrates. For these, the lower layer should be thin. To ensure larger

bandwidth, the radiating patch is placed on the double layer.

—————————————————

Top View . \

Side View Patch Substrate
Feed Substrate

Fig. 1.10 Patch antenna with proximity coupled feed

1.2.1.1 Aperture Coupled feed

This configuration uses two substrates separated by a common ground plane. A
microstrip feed line on the lower substrate is electromagnetically coupled to the patch through a
slot aperture in the common ground. This slot can be of any size and shape, and they are
adjusted to improve the bandwidth. The feed configuration is shown in fig. 1.11. The substrate
of the feed can be thin and has a high dielectric constant, and the substrate of the patch can be
thick and has a low dielectric constant. The polarization purity is improved by using this

technique.

Top View "‘I;:_:"““““I

Aperture

Side View

Fig. 1.11 Aperture coupled fed microstrip patch antenna
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Circularly polarized antennas are excited by single feed or dual feed depending on its
application and complexity of the feeds chosen. Here single feed technique is used in this
research work. The single feed technique is chosen as it simplifies the feed network, and a
perturbation in the patch results in circular polarization. Few shapes of CP patch designs like
elliptical, circular, and rectangular are discussed. To design a CP antenna with an elliptical
shape patch, the ratio between the major axis and minor axis is given below [10].

1.0887

; (1.13)

a
S=1+

Here Q is the quality factor and can be measured experimentally or the result from full-wave

electromagnetic analysis to approximate Q.

0= fo VSWR-1
" Vf JVSWR

(1.14)

Another form of single-feed CP patch antenna design configuration is shown in fig.1.12
(b); it is a square patch fed at a point along the diagonal line of the patch. The length and width
of the patch are L and W, respectively. Circular polarization is obtained based on the condition

given below.

L=w(1+a (1.15)

Antenna quality factor can be computed from eq. (1.14) and resonant frequencies associated for

a rectangular patch with length L, width W denoted as f; f,, are calculated below with the

,ﬁzﬂ/1+% (1.16)

Where f, is the center frequency of the bandwidth.

equations given below.
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Fig.1.12 various forms of single feed CP antennas.

Microstrip Feed

1.3 Benefits of Circularly Polarized Antennas

To generate circular polarization, two orthogonal components of the electric field are

needed. These components need to be equal in amplitude but shifted in phase by 90°.

Mitigation of multipath propagation: In a multipath propagation environment, the
circularly polarized antenna can filter out the unwanted signals by counter polarizing
the signals. The CP antenna may offer high data rate communication in indoor
environments and decrease inference between direct signal to reflected signal with these
capabilities.

Misalignment of antennas causes polarization losses: To avoid polarization mismatch in
linearly polarized communication systems, the receiving and transmitting antenna must
be aligned. However, CP is not required; if the ideal CP signal is received by a linearly
polarized antenna, the loss is 3 dB, regardless of the orientation of the receiving
antenna.

Interaction between light and magnetic fields results in the Faraday effect. It has an
impact on linear, but not circular, polarized signals, and the effects are more severe at

lower frequencies, such as C-Band, and not noticeable at higher ones, such as Ku-Band.
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As signals pass through the atmosphere, they become de-polarized, causing undesirable
reception of the opposing polarity.

e The antenna should be aligned in a proper position in satellite communication, i.e.,
point and transmit. For this requirement, circular feeds are set up faster, and there is less
of a hazard of being misaligned.

e There is higher link reliability since there is a low risk of misalignment and

encountering interference.

5G wireless communication systems provide high communication capacity, low
latency, high reliability, low power consumption, wide-area coverage, support for many
devices in a small area, and high communication rate[11].In 5G communications, the
millimeter-wave band is very much attractive and useful for many applications, but due to
losses like path loss, scattering, and non-line of sight and to overcome presently almost all
countries using spectrum below 6GHz for IMT (international mobile telecommunication) and
other 5G wireless communication systems. One of the potentials in the 5G spectrum is
spectrum refarming [12]. For example, 3.3-3.4, 4.4-4.5, 4.8-5.0-GHz bands will be used as 5G
candidate bands in China [13]-[14]. Fig.1.13 shows the bands in IEEE 802.11ac amendment for

wireless communication applications [15-16].

5 GHz Spectrum (FCC)
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Fig.1.13 Spectrum of 802.11ac is the amendment by Federal Communications
Commission (FCC) for WIFI and WLAN applications [15-16].

The most vibrant and fast-growing technology in the communication system is the
wireless communication system. It uses radio waves for transmitting information from one
point to other without any wire connection. Millions of people use this system in day-to-day

applications [17]. The main component in wireless communication systems is an antenna. It
15



plays a main role in transmitting/receiving information in the form of radio waves in wireless

communication systems.

In wireless communication, various applications are developed, such as WIMAX,
WLAN, and C-Band, X-Band. Worldwide interoperability for microwave access (WiMAX) is
based on the IEEE 802.16 set of standards that provides wireless broadband communication. A
wireless local area network (WLAN) is a system that links two or more devices using wireless
computer networks to form a local area network within a limited space. Users can access the

various WLAN hotspots in many places with the help of portable devices.

C-Band is a band in the electromagnetic spectrum in the microwave range of
frequencies ranging from 4 GHz to 8GHz and used for surveillance, weather radar, satellite

communication, cordless telephones, and WIFI devices.

X-band is the band of frequencies in the microwave region ranging from 8GHz to 12
GHz and used for satellite communications, air traffic control, wireless personal area network

(WPAN), remote sensing, vehicular applications, defense tracking, and modern radars.

Starting from 1G, the cellular concept was introduced, making possible large-scale
evolution in mobile wireless communication. In 2G analog communication is replaced with
digital communication and significantly improved signal quality. In 3G technology, the major
focus is on both voice and data communication for a converged network. 4G has initiated
various challenges like insufficient spectrum, bad connectivity, poor coverage, and poor quality
of services. To overcome the shortcomings of 4G, a new generation is evolved as 5G and is
expected to fulfill better reliability, more connectivity, lower latency, higher data rate, and

better quality of service [18, 19].

Due to the rapid development of wireless communication technology from the above
scenario, there is a demand for efficient antennas. Antennas are classified based on physical
structure, the band of frequencies, functionality, and application. Three-dimensional antennas
such as Yagi-Uda, monopole, helical, dipole biconical, and log-periodic antennas are not
suitable for wireless communication systems because of their large size and need to be

compact.
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In the electromagnetic spectrum, each band of frequencies has its specific application
allocated. Based on the frequency range, antennas are said to be narrowband and wideband.
Based on the antenna size, the amount of power is radiated in a particular range of frequencies.
The bandwidth of the antenna is measured in fractional bandwidth. If it is less than 20%, it is
said to be a narrow band, otherwise wide band. Some of the narrowband antennas are GPS,
WIMAX, WLAN, Bluetooth, etc. Wideband antennas are used in transmitting information at a
high data rate for satellite and military applications. Therefore, two-dimensional compact
antennas are used for portable devices. Among two dimensional, printed antennas like resonant
type-microstrip patch antennas are used for many wireless applications. The position or
orientation of the antenna is the main part of transmitting or receiving the information in
wireless communication systems. In 5G wireless communication, because of the size
constraint, the design of a compact antenna with excessive bandwidth and gain is a challenging
task.

For indoor and outdoor, wireless communication applications require Omni-directional
coverage. Narrowband antennas for WIMAX, WLAN, and GPS applications assure an Omni-
directional pattern but have less gain, and for long-distance communication, high gain antennas

are required.
1.3.1 Applications

5G communication enabled a new generation of applications in three major categories,
depicted in fig.1.14.

e Massive machine to machine communications
e Ultra-reliable low latency communications

e Enhanced mobile broadband

Massive machine-to-machine communications are also called the Internet of things (loT)
which involves connecting billions of people without human intervention. Potential to
revolutionize many industries processes and has applications in agriculture, manufacturing, and
business communications [20-21]. In ultra-reliable low latency, communication includes the
real-time control of devices, robots, vehicular to vehicular communication, and safety systems
[22-23]. Enhanced mobile broadband provides faster data speeds, high communication capacity

in keeping the world connected, as shown in fig.(1.14-1.15) [24].
17
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Fig.1.14 5G wireless communications associated with various devices [24]
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Fig.1.15 5G wireless communication applications [24]

1.4 Antenna Design Flowchart

Figure 1.16 shows the steps involved in designing an antenna, right from choosing the
specifications to fabrication of the physical antenna and testing. The design procedure starts

with determining antenna electrical and physical specifications.
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Fig. 1.16 Flow Chart of Antenna Design Approach
The proposed antenna configuration usually comprises an actual patch, otherwise called
a radiator (the major part of the antenna), type of feed mechanism, and substrate material. In
antenna configuration, these parameters are taken and are used as input data to calculate

antenna dimensions from the modeling method.
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From the above process, the obtained antenna dimensions are taken as input to
computer simulation software. The received output from the software is the predicted
performance characteristics of the antenna-like resonant frequency, input impedance, gain,
return loss, bandwidth, and polarization. When the characteristics of the antenna model meet
the required specifications, the antenna prototype is sent for fabrication, and then practical
measurements are taken. Due to the practical implementation, there might be a fabrication
tolerance for the designed structure, and this can be minimized by comparing measured results
with simulated ones. Then new dimensions are taken and re-simulated in the antenna model for

optimum performance.

1.4.1 Commercial Simulation Software Packages

The major step in designing an antenna with optimum performance is simulation
software because it is an intermediate stage between the antenna model and the fabrication
process. The antenna model, after fabrication process, ensures the performance characteristics
to be accurate and possible through simulation tool and it helps to save money and time. The
simulation software is selected in such a way that it gives accurate antenna performance with

accurate accuracy. Hence simulation tool plays a key role in designing a microstrip antenna.

There are many electromagnetic (EM) simulation software packages available for
designing an antenna, such as IE3D (Integral Equation 3-Dimension), HFSS (High-Frequency
Structure Simulator), CST Studio (Computer Simulation Technology), ADS (Advanced Design
System), FEKO, Antenna Magus, etc. Each simulation software characterizes in time or
frequency domain based on numerical techniques they use. For the opted antenna geometry, the
selection of simulation tools plays a key role in giving the best performance.

Accordingly, the best EM simulation is taken based on optimum performance with
respect to the minimal simulation run time. Based on the antenna design chosen and its
complexity, simulation run time, and accurate performance, the antenna prototype is
constructed from these inputs, and also a maximum match of results of simulated and measured
data is taken care of.[25-26] .

HFSS: HFSS is an interactive software package for calculating the electromagnetic
behavior of a structure. The finite Element Method (FEM) is a numerical technique used in

HFSS [46].In this technique, finite elements are present, subdivided into several minor
20



subsections called finite elements. HFSS uses these finite elements as tetrahedra, and the
complete group of tetrahedra is called a mesh, as shown in fig. 1.17. Each tetrahedron is
composed of four equilateral triangles and a collection of tetrahedra forms known as the finite
element mesh. At each vertex of the tetrahedron, components of the field tangential to the three
edges meeting at that vertex are stored. A vector field quantity such as the H-field or the E-field
inside each tetrahedron is estimated using these stored values.
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Fig. 1.17 Meshing for Finite Elements

Every HFSS simulation will involve six main steps to create and solve an appropriate
EM model.
e Create Model/Geometry
e Assign boundaries
e Excitation
e Set up the Solution
e Solve
e Post-processing
IE3D: IE3D is an integrated full-wave electromagnetic simulation and optimization
package for analyzing and designing 3D and planar microwave circuits. The electric field and
magnetic field components are represented as weighted integrals of electric current on metallic
structures and magnetic current derived from the electric field distribution on a metallic

aperture [27].
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1.4.2 Antenna Fabrication

Geometrical layout generation can be done in AutoCAD software for preparing the
mask. The patch can be fabricated using conventional photolithography once the mask is
printed on semi-translucent paper (transparent sheet). The steps involved in the fabrication
process are shown in Fig. 1.18.

Afterward, the exposed parts are then washed away with a NaOH solution, allowing for
some last adjustments to be done before the metal is etched away. Finally, the board is put
inside the etching machine, which removes all uncovered metal areas and results in the final

product.
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Fig. 1.18 Steps involved in the Antenna Fabrication process

1.4.3 Measurement
For the fabricated antenna, testing and measurement are the important steps in the
complete process. Care has to be taken for the accurate measurement parameters and is also

difficult to maintain because it depends on the facilities available in the measurement unit.
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Anechoic Chamber: Generally, the E-plane and H-plane patterns can be measured in a
far-field test setup (preferably in an anechoic chamber) with a standard gain antenna as a
transmitting antenna and the Antenna Under Test (AUT) as a receiving antenna mounted on a

pedestal that can turn the antenna around all axis.

The measurement facility used to verify the results in this thesis is an anechoic chamber at
Radar Seeker Laboratory of RCI (Research Center Imarat)- one of the sister labs of DRDO
(Defence Research and Development Organization), Hyderabad, India, which is a certified
range of Ministry of Defence confirming to Aerospace and IS standards. The dimensions of this
chamber are 22.5m in length, 12.5m wide, and 11.5m in height. It uses pyramidal microwave
absorbers of size 12 inch-36 inch. It is a single reflector compact range with a quiet zone
3mx3mx3m with a FOM (Figure of Merit) of less than 0.5dB in amplitude and 5° in phase
over the frequency range 1.5—110GHz. The sensitivity of the receiver is -120dBm. A model of
the measurement facility is shown in fig. 1.19. The facility is field probed with a scanner to

ensure quiet zone error limits, which are as follows:

Compact Range Reflector

=

Reference

s1IaW Sl |

Computer for
processing

22.5 meters
Fig. 1.19 Radiation patterns measurement setup

* The actual photos are not permitted by the defence authorities.
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Table 1.1 Quiet zone (3m x 3m x 3m) error limits

Amplitude error Phase error
Frequency range Amplitude Amplitude Phase Taper Phase
Taper (dB) Ripple (dB) P Ripple
2-4GHz 0.8 +0.6 <50 + 50
4-8GHz 0.8 +0.4 <50 +5°
8-20GHz 0.8 +0.3 <50 +5°
20-40GHz 0.8 +0.3 <5° +8°

1.5 Motivation

The demand for wireless communication has been increasing for 2 decades. Recently
with the advent of 5G wireless communication applications, the usage of portable devices is
more and becoming smaller. Some applications are smart homes, the internet of things and
smart cities, data transferring and sharing, etc. The basic component is an antenna that operates
at multi frequencies with good signal strength for these applications. For portable devices,
microstrip, circularly polarized antennas are used to have less interference with good signal
reception. A few techniques are applied to increase the performance characteristics of the
circularly polarized antenna, such as slits, aperture coupling, superstrate, and frequency

selective surfaces.

Aperture coupling is a feeding technique used to improve the antenna's bandwidth.
Similarly, a shorting pin is a via placed in the dielectric layer to couple more power towards the
copper patch. The metamaterial is an artificial material that does not exist in nature, but the
electrical properties of the metallic elements will impact the properties of the antenna structure.
Meta surface is a periodic arrangement of metallic elements, and Metamaterial superstrate is a

technique used to enhance gain.

Due to the rapid usage of wireless communication, high communication capacity is
required and possible through 5G wireless communication. Antenna design plays a major role
and challenging task to attain high speed and data rate. Hence there is a need to study and

design a compact circularly polarized antenna for 5G.
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1.6 Problem Statement

To design, simulate and validate compact circularly polarized antennas for 5G wireless

communication. Various techniques such as slits, shorting pin, aperture formation, superstrate,

and metamaterials are used to enhance impedance bandwidth, axial ratio bandwidth, and gain

of square microstrip circularly polarized antennas.

1.7 Research objectives and Scope

The objectives of the work are mentioned below:

Design, fabricate and validate compact circularly polarized antennas for 5G wireless
communication with simple and less complex structure.

Design with compact dimensions with single feed and compare with the existing
literature.

Use the concepts of slits on the patch and partial ground for obtaining compact size and
wide bandwidth.
Improvement of gain of the antenna using dielectric superstrate concept.

Improvement of impedance bandwidth and axial ratio fractional bandwidth of the
circularly polarized antenna by using metamaterial concept (Frequency selective
surface)

To compare the simulation result with the experimental result of the above-designed

antennas and also compare with the existing published work.

1.8 Contribution to the Knowledge

The key contributions of this work are summarized as follows:

a) A few simple microstrip circularly polarized slit antennas using a single coaxial feed
technique are proposed for 5G wireless applications. Later various techniques are
used on these basic structures to enhance the performance characteristics of the
circularly polarized antennas for 5G wireless applications [2*, 3*].

b) A compact aperture coupled circularly polarized antenna is designed, and the
performance is evaluated. By using the aperture coupling feeding technique for

wideband and radiation characteristics for 5G radio application are obtained [4*].
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c) A novel tri-band compact circularly polarized antenna with dielectric superstrate is
designed for 5G WLAN and X- band applications [5*].

d) First-ever, compact Circularly polarized asymmetric U shape antenna with second-
order bandpass frequency selective surface as superstrate for C-band and 5G WIFI

application is designed and tested[6*]

1.9 Thesis Organization

The thesis presents the state of the art of circularly polarized microstrip antennas for 5G
wireless applications. The design and analysis of circularly polarized antennas and improved
performance characteristics of compact size, impedance bandwidth, axial ratio, fractional
bandwidth, and gain are illustrated. The results are improved using slits, aperture coupling,

dielectric superstrate, and metamaterials concept.

Chapter 1: Introduction

This chapter briefly introduces antennas and explains the importance of circularly
polarized antennas in the present-day wireless environment. It also presents the importance of
5G wireless communications in day-to-day applications and their uses. Software simulation
tools are also introduced to that forecast the performance of the antennas. The motivation

behind this research work and thesis, objectives and contributions are also mentioned.
Chapter 2: Literature Survey

This chapter presents a detailed overview of the previous work in circularly polarized
antennas for 5G wireless applications and presents their limitations. It also presents the
techniques applied for the improvement of bandwidth and gain.

Chapter 3: Compact circularly polarized antennas with slits for 5G application

In this chapter, circularly polarized antennas with different slits on the patch are designed and
fabricated for the 5G WLAN application. The circularly polarized antennas are designed with
semi-circular and V-shaped slits on the circular patch. The circular polarization is obtained by

creating asymmetry in the slits at the corners of the patch.

Chapter 4: Aperture coupled circularly polarized antenna for 5G application
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In this chapter, a compact circularly polarized antenna with hook-shaped apertures was
designed, fabricated, and validated experimentally for 5G application; the prototype is
compared with the existing planar antennas. The compactness, wideband characteristics are
obtained by incorporating various techniques like shorting pin, foam, copper plate, and bent

shape feed, respectively.

Chapter 5: Compact circularly polarized antenna with dielectric superstrate for 5G
WLAN and X-band application.

In this chapter, a compact circularly polarized antenna loaded with dielectric superstrate
is designed, fabricated, and validated experimentally for 5G WLAN and X-band application;
the prototype is compared with the existing planar antennas. The compactness, maximum gain
characteristics are obtained by incorporating the dielectric superstrate and v-shaped slits on the

patch. The proposed design is applicable for 5G WLAN and X- band applications.

Chapter 6: Circularly polarized asymmetric U shape antenna with second-order

bandpass frequency selective surface.

This chapter presents the design and performance evaluation of asymmetric U shape
antenna with second-order bandpass frequency selective surface as superstrate for C-band and
5G WIFI applications.

Chapter 7: Conclusions & Future Scope

A consolidation of the results is presented. Compact circularly polarized antennas with
various techniques are designed for 5G wireless applications with wide bandwidth and better
gain. Thus the results obtained indicate that the designed circularly polarized antennas are a
good candidate for 5G wireless applications. This chapter concludes the thesis and the open

issues for future scope are mentioned.
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Chapter 2

Literature Review

This section briefly gives the published literature on circularly polarized antennas, 5G
wireless applications, impedance bandwidth, and gain enhancement techniques enforced on
planar antennas. The techniques existing in the published research are studied, and their
drawbacks are highlighted.

CP antenna bandwidth is improved by loading the slots. A new flexible antenna
designed for 5G mobile phones by Kamingmak [28]. The antenna is composed of a slotted hat
shape patch, dielectric substrate, a double-sided printed-circuit-board (PCB), a metallic block.
Here the design is complex, the impedance bandwidth of the antenna is over 10%, and the 3-dB
axial ratio bandwidth is 3.05%.

Hang Wong et al. proposed a probe-fed antenna for 5G wideband wireless devices [29].
In this design, the meandering structure is embedded in the three substrates layers with the help
of the probe technique. CP bandwidth is improved by embedding probe feed in a stacked layer
of the various substrates for 5G wireless fidelity (Wi-Fi). By truncating the corners of the
patch, the bandwidth of CP may also be improved [30-31].

Hang Wong et al. presented a circularly polarized planar antenna with embedded virtual
short for wireless communication systems [32]. Here the size of the antenna is reduced by
employing parasitic shorting strip elements but retained broadside radiation pattern. The
antenna has a single band with an impedance bandwidth are 93MHz, an axial ratio of 21 MHz.

Nasimuddin et al. exhibited the four compact asymmetric-slit microstrip-designed
antennas with circular polarization [33]. The antenna has four slits formed at the corners, out of
which one slit area is more than the other, in turn, generates circular polarization. Although the
proposed prototype is low profile, the measured 10-dB return loss and 3-dB axial-ratio

bandwidths of the antenna prototype are low, around 2.5% and 0.5%, respectively.

In substrate integrated waveguide cavity, a slot antenna is placed at the backed

position, this antenna can produce CP, but the size is bulky [34]. In the quasi magnetic-electric
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region, a technique of shorting the patch is studied in [35]. On the patch, Slots are embedded
and are positioned in a symmetrical manner [36]. Another form of arranging slots in a Crossed
manner with unequal lengths on the circular patch results in CP [37]. An EBG antenna of a

triangular shape is designed with effective directivity [38].

Circular polarization is classified on the number of feed points on the microstrip
antenna. A single feed is more advantageous since it does not require an external polarizer. A
simple and novel annular-ring slotted microstrip patch antenna loaded by a surface mount chip
capacitor for circularly polarized (CP) radiation is designed by Jianxing Li et al. [39]. With the
appropriate positioning of a capacitor on an annular slot in a microstrip patch, the fundamental
resonant mode can be degenerated into two orthogonal modes with equal amplitude and

quadrature phase.

Xiao Zhang designed a circularly polarized slotted patch antenna with vias at are center
positioned at four quadrants [40]. The antenna has a 10-dB return loss bandwidth of 90.0 MHz
(1.565-1.655 GHz) with a maximum gain of 4.65 dB at 1.58 GHz.

Wen-Shyang Chen et al. | designed a compact circularly polarized square microstrip
antenna with four slits and truncated corners [41]. The designed prototype attained an axial
ratio of bandwidth 0.84% at a resonant frequency of 2.2GHz and a maximum gain of 2.8dBic.
The slit technique is loaded on textile for wireless applications [42]. Loading of shorting pin

gives larger gain but very less in bandwidth and not compact [43].

He Huang et al. exhibited a dual-polarized patch antenna for 5G application. Here four
triangular slots are etched on the patch to direct the current in the slant direction [44]. Then two
coupled lines are crosswise placed on the top layer of the medium substrate to improve the
structural symmetry and couple the energy to the patch. The fabricated design is useful for 5G

radio applications.

Kirov et al. proposed a broadband circularly polarized antenna with an aperture
coupling feeding technique is described [45]. Here cross slots are embedded in the ground
plane for reducing the back radiation, and a stacking structure with a screen is discussed. The
designed antenna operates in Ku-Band The maximum impedance bandwidth obtained from the

various designs is 16%, and a gain of 6.8dBi is attained.
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Lei Ge et al. designed a magneto-electric dipole antenna for a 5G WiFi application and
resonates in the band of 5.07 GHz to 5.95 GHz for the china country. The obtained overlapped
bandwidth of 16% and gain of 8.2dBi are attained [46].

Lau et al. proposed a wideband antenna with circular polarization, and a Wilkinson
power divider is connected to the feed [47]. Here, the aperture is utilized, L-probe is used to
feed the patch orthogonally, and the air is used as a dielectric substrate maintained a gap of
0.1, between the patch and ground plane. The antenna resonates at 1.65GHz, respectively.

Liu et al. presented a single feed aperture coupled stack antenna with a square loop
radiator. The square loop radiator with perturbation effects both the dual-mode and orthogonal
mode simultaneously. The antenna presents an axial ratio of 2.5% is attained [48].

Nasimuddin et al. proposed an aperture coupled asymmetrical C-shaped slot antenna
[49]. Circular polarization is achieved by loading asymmetrical C-shaped slots onto the patch
using an aperture coupling. The obtained return loss bandwidth of 16% and axial ratio
bandwidth of 3.3% were attained.

Aperture coupled circularly polarized square slot ring antenna fed through serial
coupling is proposed by Chang et al. [50]. In this design, the aperture contains a square slot ring
with four short branch slots protruding toward the center of the ring, but the axial ratio
bandwidth of 8.7% is achieved with a large ground plane of 90mmx90mm, respectively.

Liao et al. adopted an aperture-coupling technique with a square patch antenna [51].In
a square ring antenna, four square patches are added at the four angles to produce circular
polarization for the wireless communication system. The impedance bandwidth of 7.44%, the
axial ratio of 1.3%, and gain of 6dBi were achieved, respectively.

Lai et al. proposed a wideband antenna with circular polarization [52]. Here four I'-
shaped slots are embedded in the ground plane to generate four phases of sources to excite the
antenna. The aperture-coupled antenna provides an impedance bandwidth of 16.5% and an
axial ratio of 13.3%.

Haraz et al. designed a wideband aperture coupled antenna for a wireless

communication system [53]. Here the antenna is modeled for a single transmitter and single
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receiver with a robust channel modeling system. For indoor wireless channel, fractional
bandwidth of 15% and gain of 7.25dBi were achieved.

Gupta et al. examined a dual-band rectangle dielectric resonator for wireless
applications. With the help of a feeding structure, i.e., triangular ring-shaped aperture and an
additional parasitic strip connector to the resonator generates circularly polarized waves in dual
bands [54]. The dielectric resonator antenna's maximum impedance bandwidth of 14% and the
axial ratio of 3% are attained.

Dash et al. proposed a superstrate loaded cylindrical dielectric resonator antenna is
developed [55]. The antenna consists of a cross-shaped slot as the aperture for exciting the
dielectric resonator, and on this, a superstrate is loaded for dual-band operation. The designed
antenna obtained a maximum bandwidth of 600MHz and a maximum gain of 8dBi,
respectively.

Wang et al. designed a dual circularly polarized microstrip array for satellite
communication [56]. In this antenna, microstrip feed in the ground plane provides an
orthogonal phase for circular polarization. Maximum impedance bandwidth of 6.75% and the
axial ratio of 2.84%achieved.

A single-feed circularly polarised aperture-coupled square patch is presented by Buffi et
al. [57]. In this research work, a square ring slot has been adopted to implement the coupling
mechanism. Simple geometrical modification on the patch has been done, and an axial ratio

fractional bandwidth of 9% is obtained.

Patel et al. introduced multiple split-ring resonator as superstrate or substrate on a
microstrip patch antenna and numerically analyzed spacing between the rings for various
designs and bandwidth of 980MHz and gain of 3dBi with antenna size 50mmx35mm
respectively[58]. A dual-band is designed on a circularly polarized antenna with a metal ring
superstrate presented by Chandrashekar. With the support of dielectric posts, a metal ring
configuration is placed above the rectangular patch antenna. In this configuration maximum

impedance bandwidth of 6% and gain of 10dBi is obtained at the resonant frequencies. [59].

Gupta designed an array of parasitic patches, which are loaded on the partial reflecting

surface upon the high gain antenna. The configuration of parasitic patches and its effect on the
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patch antenna is analyzed with various materials. With the help of this technique, the gain is
enhanced, which is discussed in [60]. Sachin Kumar et al. adopted three configurations of
circularly polarized antennas with stacking technique and loaded with a superstrate is
analyzed[61-62].

The design of a pi-shaped patch antenna using superstrate configuration is proposed by
Shah [63]. The antenna configuration consists of a defected ground plane, and a pi slotted
radiating patch with omnidirectional radiation characteristics; the design size of the design
iIs15mmx20mm. The antenna resonates at 3GHz, 3.6GHz, 3.7GHz, and 4.5 GHz, with an
impedance bandwidth of 100-180MHz is obtained. J.S. Row investigated circularly polarized
cross slot coupled antenna loaded with various thicknesses of superstrate. With the loading
effect, the center frequency is shifted; bad impedance matching is adjusted by varying the

thickness of the superstrate with improved impedance bandwidth [64].

Ta et al. proposed a new method to improve the gain and bandwidth of the dielectric
superstrate antenna. With the effect of loading superstrate, gain enhancement, extra circular
polarization radiation of the antenna and broadens the axial ratio bandwidth significantly. The
overall size of the antenna is 40mmx40mmx17.45mm, respectively [65].

Mohamad et al. introduced anisotropic miniaturized element frequency selective
surfaces for designing wideband circular polarization selective surfaces [66]. On this surface,
metallic layers are designed as capacitive and inductive grid wires with asymmetric
dimensions. Fractional bandwidth of 40% is obtained, and cross-polarization discrimination of
15dB is attained.

Chaimool et al. propose a metamaterials reflective surface as a superstrate for circularly
polarized antenna [67]. The unit cells in the metasurface are corner truncated diagonally to each
other and arranged in a 4x4 pattern. The bandwidth of 14% is reached with the metamaterials

reflective surface.

Bouslama et al. designed a Frequency selective surface for the gain enhancement of
microstrip antenna at the desired frequency for WLAN application [68]. Here the FSS acts as a
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filter printed on the top of 0.381 mm thickness, ROTMM6 substrate, with the dielectric
constant &=6 and obtains gain up to 9.4dBi respectively.

Singh et al. designed a high reflective frequency selective surface (HRFSS) superstrate
optimized for improved gain [69]. The design consists of a shorting pin at the bottom of the
rectangular patch and a slot on the top surface that achieved a gain of 10.65dBi.

Gangwar et al. proposed a dielectric resonator antenna with superstrate is analyzed [70].
It behaves as a polarizer to achieve circular polarization, and frequency selective surface is
incorporated as superstrate for the enhancement of bandwidth of 73.76%, but peak gain up to
5.6dBic is attained. Dey et al. present a circularly polarized antenna with FSS as a superstrate
for WLAN application [71]. The patch is loaded with asymmetric complementary split-ring
resonators to achieve circular polarization. Impedance bandwidth of 4.95% and gain of 3dBic is
attained.

Mondal et al. investigated three shapes of different antennas with FSS based microstrip
antenna for Wimax and WLAN application [72]. The design consists of E-shaped and T-shaped
patches, and U-shaped slits with slots are loaded in the ground plane. Impedance bandwidth of
6.4Ghz and gain of 8 dBi are achieved, respectively.

Arnmanee et al. present a microstrip antenna integrated with modified FSS and High
impedance surface elements to improve the performance characteristics of the design [73]. The
design achieves a bandwidth of 200MHz and a gain of 10dBi. Zhou et al. presented a dual-band
FSS based on circular aperture coupled patches [74]. The structure consists of circular patches
and circular coupling apertures with different sizes of the same shapes. The bandwidth of 1
GHz is achieved in the frequency of interest band.

Manoochehri et al. designed a second-order bandpass frequency response using the
Frequency selective surface technique [75].

Fakhte et al. focused on characteristics of the conventional patch antenna and combined
the technique of FSS as superstrate and artificial magnetic conductor in the ground plane for X-
band application [76]. The design presents a bandwidth of 20% and gain up to
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16dbi.Nghianguyen-trong et al. presented a wideband circularly polarized Fabry-Perot

resonator antenna for satellite applications [77].

Mutluer et al. presented a single layer multi-band reflective frequency selective surface
(FSS) design [78]. The design is hybrid, three-armed geometry is placed in the center, and two
armed geometries are placed in each quadrant of the unit cell; the design has a stable response

up to 60 °of incident angles.

Chatterjee et al. proposed a second-order bandpass multi-layered frequency selective
surface (FSS) as a superstrate with a non-resonant unit cell in each layer [79]. The composite
structure attains a bandwidth of 65% and an average gain of up to 6-8dBi. Mudar Al-Joumayly
et al. propose a method for designing low profile frequency selective surfaces (FSS) with
second-order bandpass responses [80]. It consists of unit cells of sub-wavelength periodicities
in the order of 0.5,.
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Chapter 3

Compact circularly polarized antennas with slits

for 5G application

This chapter introduces two circular polarization microstrip antennas for various
wireless communication applications. At first, a semi-circular slit microstrip patch antenna for
5G WLAN applications and secondly, a compact circularly polarized antenna for 5G radio

application. The performance of the proposed antennas is compared with the existing antennas.

3.1 Circularly polarized antenna with semi-circular shaped slits

3.1.1 Antenna design and configuration

The configuration of the CP with a semi-circular-shaped slit antenna is indicated in
Fig.3.1 (a), and Fig.3.1 (b) shows the cross-sectional view. This antenna is intended at the
desired frequency of 5.37 GHz with radius 'r' on a square substrate of thickness 't." Rogers RT
Duroid 5880 is used as a substrate (t=0.787mm, & = 2.2, tand = 0.005) and the fabricated
antenna is shown in Fig.3.2. For proper impedance matching, the antenna is fed through the
coaxial feed.

For better radiation characteristics in a circular path antenna, semi-circular slits are
formed at 6 = 90° at all four quadrants and pitch the patch's electrical length. An asymmetry is
created on the patch by making the dimensions of the radius of the slits equal in three quadrants
of radius (r1) and at other of the radius (r,) at the fourth quadrant of the circular sector results in

circular polarization.

A design technique is formulated based on the cavity model formulation. The process
uses that the recognized information includes the resonant frequency (f;), a dielectric constant
of the substrate (g;), and the height of the substrate h. The radius r of the circular patch as a

function of h and ¢ is given by [4].

r= d (3.1)

\/1+n§th [in(55)+1.7726]

where F is given below:
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Fig.3.1The layout of the circularly polarized semi-circular slit antenna for 5G WLAN
(a) top view (b) cross-sectional view.
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3.1.2 Simulated results

To study the characteristic performance of the proposed antenna in terms of achieving
the desired results to a software IE3D CAD tool, based on the moment method is used for
essential numerical analysis and to obtain the appropriate geometrical parameters in fig. 3.1.
Based on Green's function, only the primary formulation of the IE3D software is achieved
through an integral equation, as explained in Chapter 2.

Fig.3.2 shows the fabricated antenna, and CP is obtained by generating asymmetry in
semi-circular slits at four sides on the circular patch. The position of the feed is better analyzed
at (2.7, —2.7) with respect to the circular patch centre. For better performance, the value of r;

IS minimized. The parameters of the designed antenna are shown in Table 3.1.

Table.3.1 Parameters of designed antenna

Parameter | Value | Parameter | Value
L 36 mm r 2mm
w 36 mm I 2.9 mm
r 10.6 mm t 0.787 mm

37



Table.3.2

Effect of the radius of r, of a semi-circular slit on

characteristics of the semi-circular slit cp antenna.

rp value Resonant Impedance Axial ratio Gain, dBi
frequency bandwidth(10 | bandwidth
(GHz) dB), % (3 dB)(9%6MHZz)
4.71 0.5 (5.34 GHz-
3.1 5.51 (5.33 GHz — 5.37 GHz2) 6.681
5.59 GHz)
3.9 1.1 (5.33 GHz—
2.9 5.37 (5.251 GHz— 5.39 GHz) 6.638
5.45 GHz)
4.53 (5.33 GH 0.7 (5.34 GHz—
2.8 550 7558 GHz) | 5.37 GH2) 6.67

the performance

By varying radius, r, value on the semi-circular slit will effect parameters like reflection

coefficient, gain, impedance bandwidth, etc., and are also evaluated. Table 3.2 shows the

execution parameters of the anticipated antenna for various values of r, and the consequent

performance characteristics are shown in Fig. (3.3-3.4). With numerous iterations, the value of

rp is fixed at 2.9 mm for the WLAN application band. Modifying the radius r, results in the

alter of resonant frequency and regularly bandwidth decreases.

]
[3,]
|

-
o
|

=N
(2]
|

-20 -
-25

-30

Reflection Coefficient (dB)

-35

y y y I J J
5.0 5.1 5.2 53 54 55 56 57 58 59 6.0

Frequency(GHz)

Fig.3.3 Return loss of the antenna for different values of radius r,
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Fig.3.4 Axial ratio for various values of radius r,

3.1.3. Measured results

After fabrication, the performance of the proposed prototype is analyzed by a parameter
reflection coefficient or return loss; the return loss is shown in Fig. 3.5. The measured
reflection coefficient is 28.45 dB at the desired frequency of 5.37 GHz with a bandwidth of
210 MHz in the range of 5.25-5.45 GHz. The above performance characteristics in return loss

show that the proposed antenna is suitable for WLAN application.

The measured gain at the desired frequency of 5.37 GHz is 6.63 dBi and is illustrated in
Fig. 3.6. One of the factors that majorly focused on whether CP is attained or not depends on

the axial ratio presented in Fig.3.7.The measured axial ratio is 0.34 dB, and a 3dB bandwidth of
60 MHz in the frequency range of 5.33-5.39 GHz is attained.
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2D-Radiation Pattern

Figs.3.8-3.9 illustrate the azimuth and elevation planes in which both the simulated,
measured results are compared at the desired frequency of 5.37 GHz. Fig. 3.10 presents
VSWR (Voltage Standing Wave Ratio) for the antenna. The radiation efficiency of 74 % is
attained for the prototype antenna (see Fig.3.11).
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Fig.3.8 2-D Elevation pattern for the circularly polarized semi-circular slit antenna at
the resonant frequency of 5.37GHz.
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Fig.3.9 2-D Azimuth pattern for the circularly polarized semi-circular slit antenna at
the resonant frequency of 5.37GHz.
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Fig.3.10 VSWR for the CP semi-circular slit antenna.
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3.1.4 Surface current distribution

Usually, in a conductor, current occurs due to the charge acceleration and deceleration.
If it occurs in a dielectric material, it is a time-varying current due to the medium and will
generate radiation in the antenna. Normally, the microstrip antenna is excited by a feed to
couple electromagnetic energy in or out of the patch, and then charges get accumulated on
which it will result in a current. Due to the formation of charge distribution, the potential
difference exists, then the current starts flowing from the ground to the patch, in respect to it

,and charge distribution is present at the microstrip surface and ground plane.

Fig.3.12 illustrates that most of the high current density is at the edges and on the
patch's top surface at the desired frequency. Therefore, the magnetic field component, which is
oblique to the patch edge, is small. Reactive and resistive components are there at the input
impedance of the microstrip antenna. The power radiated by the antenna is due to the resistive
elements in antenna and power loss by radiation and dielectric mainly due to the occurrence of
imaginary poles and even conduction losses. Current distribution on the microstrip patch
surface with the addition of deep semi-circular slit changes current density in magnitude and

the direction along with the various time intervals. It can be observed in Fig.3.12, which in turn

creates CP at the desired frequency.
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Fig.3.12 Surface current distribution for the antenna at a resonant frequency of

5.37GHz.
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Now charge density is analyzed as a group of vectors in which each vector is a major

current component in the microstrip radiating patch. The simulated normalized current

distributions are indicated at various time intervals t = 0, T/4, T/2, and 3T/4. It is observed that

the vector sum of the major components at t = 0 is orthogonal to that of t=T/4. Thus, a CP mode

is obtained in a microstrip patch antenna; the performance parameters like radiation pattern,

input impedance, bandwidth, and resonant frequency are guarded by the surface current

produced on the microstrip patch.Table.3.3 shows the performance comparison of the proposed

antenna with some of the existing designs.

Table.3.3 Performance comparison of the circularly polarized semi-circular slit antenna

with some of the existing designs

References Frequency, 10 dB 3 dB axial Gain, dBi Size of the antenna
GHz impedance ratio
bandwidth | bandwidth
% (MHz) | % (MHz)
[32] 2.487-2.501 3.25 0.62 3.8 0.174 X0 % 0.174 Ao %
0.026 Ao
[33] 2.404-2.416 2.10 0.5 4.35 0.288 Ao % 0.288 Ag %
0.0118 Ao
[34] 14.38-14.94 4 0.83 71-74 1.03 Lo % 0.56 Ao %
0.0372 Ao
[35] 5.84-6.00 2 0.33 8.5 0.5 % 0.5%x0.03 A9
[36] 2.138-2.230 4.2 0.8 - 0.436 Ao % 0.436 Ao %
0.0116 Ao
[43] 5.7-5.8 4.3 - 2.3-3.3 1.74 X0 % 0.313 Ao %
0.0386 Ao
[37] 2.45-2.55 4 - 24 dB -
(directivity)
Proposed 5.35-5.56 3.9 1.1 6.67 0.65 Ay % 0.65 Ao ¥
antenna 0.012,

3.1.5 Measurement Set up

When an antenna is fabricated with a finalized design its performance parameters like

return loss, axial ratio, gain, radiation efficiency, and radiation characteristics are measured

using the Network Analyser. and Antenna measurement setup, to evaluate the performance, and
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the antenna parameters using a vector network analyzer are calibrated once the ports are
matched, Fig. 3.13. After the matching is done, the antenna is connected to port 1 and matched

load to port 2, as shown in Fig.3.14 and Fig.3.15 illustrate the measured return loss for the
proposed antenna.

Fig.3.13 Ports are connected via a coaxial cable for matching

Fig.3.14 An antenna connected to one port and matched load with other port.
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Fig.3.15 Measured return loss for the circularly polarized semi-circular slit antenna for
5G WLAN application

The proposed circularly polarized antenna is compared with similar antennas updated in
the literature with respect to various design parameters, as shown in Table 3.3. The measured

results of the proposed antenna are in agreement with the simulated ones.

3.2 Circularly polarized antenna with V-shaped slits

3.2.1 Antenna structure

The designed circularly polarized patch Antenna (CPPA) of circular shape with radius
r= “10.4mm” is fabricated using FR4 substrate of thickness h= “2mm” and ¢=4.4. The
dimensions of the patch antenna with the ground plane on the other side are shown in Fig.3.16.
Triangular-shaped narrow slits are cut on the four quadrants of the circular patch. One of the

corner slits is cut deeper to create asymmetry in the structure, resulting in circular polarization.
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Fig.3.16 Layout of the proposed antenna (a) Top view (b) Cross-sectional view.

Here 'x' is the distance between the corner edge ends to the slit edge. A parametric
analysis is carried out for feed point and distance X' as shown in Figs.3.17-3.18. Surface charge
distribution on the patch for various intervals is shown in Fig.3.19, and Fig.3.20 shows the
smith chart of the fabricated antenna. After parametric analysis with optimum parameters, the
antenna design is fabricated shown in as Fig.3.21.
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Fig.3.17 Simulated axial ratio for the proposed antenna with different x values.
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Fig.3.18 Simulated Reflection coefficient for the proposed antenna with different feed
point locations.
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Fig.3.19 Simulated current distributions of the proposed antenna at resonant frequency
3.56GHz.

3.2.2 Simulated and measured results

To check the performance of the proposed design, the return loss is shown in fig.3.22.
For the fabricated antenna, the measured reflection coefficient is 26.5dB at resonant frequency
3.56 GHz with 10dB impedance bandwidth of 360MHz falls in the range 3.44GHz-3.8GHz.It

clearly shows that the designed antenna is suitable for the WiMAX application.
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Fig.3.20 Smith Chart of the antenna.
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Fig.3.22 Reflection coefficient (simulated vs. measured) of the antenna
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For the proposed antenna, the gain graph is shown in Fig.3.23; the axial ratio of 1.7dB
and bandwidth of 70MHz in frequency range 3.56GHz-3.63GHz are obtained are shown in
fig.3.24. The performance parameters are summarized in Table.3.4. Radiation patterns in

azimuth and elevation planes, VSWR(voltage standing wave ratio) are shown in Figs. 3.23-

3.26.

Gain(dBi)

: : —— Simulated|
3 g § i - - Measured

A S S
3.0 3.2 3.4 3.6 3.8 4.0
Frequency(GHz)

Fig.3.23 Simulated and measured results for Gain at the resonant frequency.
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Fig.3.24 Simulated and measured results for axial ratio at the resonant frequency.
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Fig.3.26 VSWR for the proposed antenna.

Table.3.4 Parameters of the antenna

Resonant . Al
fredueney Flig:ll:jrvr\‘/ilgt;s can Axial ratio ratio(dB)
(GHz) (MHz,%) (dBi) bandwidth(MHz,%)
326 360,10.11 3.2 70.1,9% 1.7

3.2.3 Discussion on results

The performance of the proposed antenna is better than the earlier designs. The

inductive and capacitive loading technigque to generate circular polarization yielded low return

loss and was not compact. Loading of shorting pins creates short from the ground to the patch

produced low impedance bandwidth. The formation of slits and slots on the patch varies the

results a lot, which depends on the shape, size, and position of the patch. A comparison of these

techniques in terms of return loss, axial ratio, and gain with the proposed design is made and

listed in Table.3.5. The proposed antennas' measured and simulated results show good

agreement.
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Table.3.5 Comparison between the existing techniques.

References Return loss impedance Axial ratio Gain(dBi)
bandwidth(MHz) bandwidth(MHz)

[39] 62 18 5
[40] 150 30 10.6
[43] 250 - 4.43
[32] 80 21 3.8
[33] 50 12 4.3

Proposed 360 70 3.16

design

3.3 Summary

In the research, a compact semicircular microstrip patch CP antenna for 5G WLAN
application has been reported. The size of the compact microstrip patch antenna is 36 mm x
36 mm x 0.787 mm. By changing the radius r, at one corner of the semicircular slit, the desired
resonant frequency band with circular polarization is achieved. A detailed description of how
CP is obtained with slit formation at the corners illustrates surface current distribution at
various time intervals.

The specified fabricated design has been illustrated and compared with multiple
existing models of different performance parameters. A detailed description of techniques has
been discussed and compared with the novelty of the design. The measurement setup has been
described, and an antenna has been connected after matching the ports. A detailed picture of the
fabricated microstrip patch antenna with a semi-circular slit connected to the network analyzer
has been shown. The proposed structure gives better return loss, axial ratio, gain, and
omnidirectional pattern. The resonant peak at 5.37GHz falls in 5G WLAN (5.1GHz -
5.725GHz) and is suitable for 5G WLAN applications.

A circularly polarized patch antenna is fabricated at 3.56GHz for the WiMAX application.
The dimensions of the proposed antenna are 0.3510X0.35X0X0.023A and return loss bandwidth
of 360MHz, Axial ratio bandwidth of 70MHz and Gain of 3.16dBi are obtained. Parametric

analysis is done for various feed point locations to obtain better return loss characteristics and
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different values of depth of one of the slits to obtain a better axial ratio. Measured and
simulated results show good agreement. The proposed antenna is low cost, compact, and better
than existing designs. In terms of the bandwidth the proposed antenna’s performance is superior
compared to the designs given in [32] , [33], [39], [40], and [43] .Also gain obtained in this
work is comparable to that of the designs reported [32], [33], [39], [40], and [43]. But when we
compare gain bandwidth product the proposed antenna’s performance is higher.

e Swetha Ravikanti and L. Anjaneyulu, “Compact Circularly Polarized Patch Antenna
for WiMAX Applicationswith Improved Impedance Bandwidth and Axial Ratio”
published in Engineering, Technology & Applied Science Research Vol. 10, No. 1,p.
5104-5107, 2020 (ESCI),https://doi.org /10.48084 /etasr.3207.

e Swetha Ravikanti and L. Anjaneyulu “A Novel And Compact Circularly Polarized
Antenna for 5G Wireless Local Area Network Application “, published in Electrical,
Control, and Communication Engineering Journal, VVol.16, no.1,p.44-50, November
2020. (ESCI), https://doi.org/10.2478/ecce-2020-0007.
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Chapter 4
Aperture coupled circularly polarized antenna
for 5G application

This chapter introduces the concept of aperture coupling and proposes a hook-shaped
aperture coupled circularly polarized antenna for a 5G application that is designed, fabricated
and compared between simulated and measured results. The performance of the proposed
antennas is compared with the existing antennas.

A basic monopole antenna belongs to the radio antennas, which are made by a
conducting rod and placed perpendicularly on the conductive surface, called ground plane. The
feed line of the connector is connected to the conducting rod, and the lower end of the
connector is connected to the ground plane. The basic monopole antenna and feeding
techniques are shown in Fig. 4.1. But, a basic monopole is a resonant antenna that can provide

a very narrow band. So, it is not suitable for wide band application.

Therefore, 3D monopole or Planar Monopole Antenna (PMA) was introduced first by
Dubost and Zisler in 1976 [81]. The 3D monopole provide wide impedance bandwidth. Planar
monopole is constructed by the metal plate with different shapes, where the metal plate is
placed perpendicularly on the ground plane and fed by a coaxial probe, as shown in Fig.4.2.

The radiation pattern is relatively omnidirectional with low manufacturing cost.

Fig.4.1 Basic monopole antenna
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The longest electrical path that the generated currents can travel on the surface of the
monopole defines the lower frequency limit of the impedance bandwidth. The upper limit
depends on other factors, such as the shape of the monopole and the separation from the ground
plane. THerefore, the PMA can be useful for wideband applications. However, PMA has a

large ground plane, which has limited application for compact devices.

Hveo

(a) (b) (c) (d)

V40

(e) (B (2) (h)
Fig.4.2 Geometries of planar monopole antennas (a) rectangular (b) trapezoidal (c)
circular (d) elliptical (e) triangular (f) polygon (g) planar inverted cone antenna (PICA)
(h) circular slot

Now, the latter limitation can be overcome by a printed monopole antenna [4]. It consists of
a metal patch on one side of a dielectric substrate, and the ground plane is located on the opposite
side of the printed circuit board.

Besides, the antenna characteristics can be met by optimizing the substrate parameters
of the radiating patch without having to increase the antenna size significantly in an aperture
coupled feeding mechanism. This feeding mechanism is useful since the optimization of the
feed position and the radiating patch design are carried out independently. In this report, a
novel three-layered hook-shaped aperture coupled antenna structure is discussed for 5G
applications, with improved bandwidth, gain, and axial ratio. Section 4.1 discusses the details
of the composite geometry, a parametric study for investigating the effect of the thickness of
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the substrate; the shorting strip is first carried out on the performance of the proposed design in
section 4.2 and Section 4.3 discusses results and discussion.

4.1 Structure of the aperture coupled circularly polarized antenna.

The designed structure uses a minimized ground, apertures on one side of the substrate,
foam in between the substrate and a copper patch and shorting pin at the edge of the feed line.
The antenna is designed on an FR4 substrate (er =4.4) with thickness h =2mm, as shown in
Fig.4.3. Four hook-shaped apertures are placed at 90° to each other in the ground plane, out of
which one is smaller in size to generate asymmetry, which results in circular polarization.
Excitation of the antenna is designed on the ground plane and is bent to increase the electrical
length. A foam of thickness 2mm is placed on top of the substrate with hook-shaped apertures.
A rectangular copper radiating patch of thickness 0.5mm is placed on top of the foam. The

foam layer helps in the enhancement of bandwidth.

O Copper plate radiator
j:’"\‘ ‘/h' I

Hook shaped
structure in ground
plane

Sherting pin

(@) (b)
Fig.4.3 3-Dimensional (a) top view, feed line, and (b) aperture of the novel hook-
shaped aperture coupled circularly polarized antenna.
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Further, a shorting pin of a radius of 1.2mm is used to connect the feed line and the
radiating patch through a hole in the ground plane. This arrangement couples more power to the
radiating patch in addition to the power coupled through hook-shaped apertures.

The shorting pin also ensures to reduce spurious radiation. Table.4.1 shows various
dimensions, and Fig.4.4 shows the overview of the antenna. When a shorting pin is connected
to the patch, an inductance is introduced in parallel, which results in frequency tuning and can

be used to control the dual-frequency separation.

Table.4.1. Description of parameters

S.No | Parameter | value(mm) | | S.No Parameter [ value(mm)
1 Iy 115 13 L 36
2 I, 8.5 14 h 2
3 |3 8.5 15 W1 0.5
4 4 115 16 Ly 28
5 3 15 17 W, 24
6 IG 9 18 W 2
7 I7 11 19 h; 2
8 I 14 20 r 5.42
9 |g 15 21 I 5.92
10 l1o 12 22 | r(smaller hook) 5.23
11 l1; 6 23 | ry(smaller hook) 5.73
12 l1o 5.5 24 € 4.4

Copper plate radiator with thickness
0.5mm

Foam

SMA connector

Substrate

——

Fig. 4.4 Overview of the proposed antenna.

A shorting pin is introduced near the edge of the feed line to strengthen the surface
current density, and reduce the higher-order modes near the vicinity of the pin. It helps in the
reduction of the size of the patch, proper impedance matching, and low cross-polarization [82-

85]. Generally, the patch resonates at half-wavelength, and its length is large. Reducing the
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resonant length to half by placing a short at fundamental mode where the electric field is zero
results in the quarter-wave patch, which has an area about one-fourth of the regular patch.

The use of one or more shorting pins reduces the size of the patch to about one-ninth of
the area of the original regular patch. From the entire design, the line feed acts as if a probe
feed with the help of an aperture structure and shorting pin. When the power is fed through the
feeding mechanism, four hook-shaped slots are coupled and result in sequential phased sources

to excite the patch antenna.

4.1.1 Aperture geometry details
Fig.4.5 shows the aperture design. Consider (X, ;). (X, Y,),(X;, y;) are the three

points on the arc (h, k) is the center of the arc, and r is the radius of the arc.
Equation of a circle is (x—h)?+(y—k)* =r? (4.1)

Substituting (X, ¥;), (X, ¥,), (Xs, ¥5) in equation 1, we get 3 equations, and the unknowns (h, k)
and radius r are calculated.

Fig.4.5 Circular arc-shaped aperture for the proposed design.

4.2 Parametric analysis

4.2.1 Variation of reflection coefficient with respect to thickness

The proposed antenna is designed on an FR4 substrate with er=4.4, and parametric
analysis is done for thicknesses of 1.6mm, 2mm and by varying the radiating patch size as
28x24mm' 26x24mm as listed in Table.4.2. According to Table.4.2, return loss bandwidth is
higher for thickness 2mm with patch size 28x24mm.
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Table.4.2 Comparison of reflection coefficient for various thicknesses of substrate

Tfl:]glt(kr]l:ss Radiating Resonant Return loss
S. No patch size | Frequencies | bandwidth | Range(GHz)
substrate (mm) (GH2) (%)
(mm)
3.47 29.10 2.8-381
2 28X24 4.53 3.53 445 -4.61
2.64 3 2.6 —-2.68
2 26X24 3.49 21.7 3.08-3.84
4.37 6.4 421 —-4.49
2.77 3.6 2.71-281
3 16 28X24 3.63 18 3.22 -3.88

For the thickness of the substrate 2mm with radiating patch size 26x24mm, the

antenna resonates at three bands, but the bandwidth is low compared to others, and gain is low

compared to others. So the thickness of the substrate is 2mm with a patch size of 28x24mm is
opted as illustrated in Fig. (4.6 - 4.7).
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Fig.4.6 Reflection coefficient for various thicknesses of the antenna.
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Fig.4.7 Gain for various thicknesses of the antenna.
4.2.2 Variation of reflection coefficient and gain with and without shorting pin

A shorting pin at the edge of the feed line to the top of the radiating patch for the
proposed design results in wide impedance bandwidth. At the resonant frequency of 3.47GHz,
the bandwidth and gains are 1.01GHz and 4.08dBi, respectively. Without shorting the pin,
impedance bandwidth is more, but gain is reduced at the resonant frequency. The return loss

and gain, without and with shorting pin, are shown in Fig. (4.8-4.9) and Table.4.3.
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E i )
'8_20_ ........................... | ............ f ............................................. L 10 2
2 | E
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g —-—Return loss(With out shorting pin) 3
= : 8 . . . : - -25
é —— Gain (With out shorting pin) §
-40 ———— ——— 30
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Frequency(GHz)

Fig.4.8 Reflection coefficient and gain performance without a shorting pin of the
antenna.
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Fig.4.9 Reflection coefficient and gain performance with a shorting pin of the

antenna.

Table.4.3 Effect of shorting pin on the performance characteristics of the hook-
shaped aperture coupled circularly polarized antenna

Return loss Gain(dBi)
S No Shorting pin | bandwidth(GHz) at

' effect at the resonant | resonant

frequency frequency
Without 1.15GHzat
. Shorting pin 3.36GHz 1.146
With
2 | Shorting pin( 1éoj7GGH|_T§t 4.08
height=4mm) '

4.2.3 Variation of reflection coefficient and gain with the height of the shorting pin and
width of the feed line

Two parameters are varied with respect to design, i.e., the height of the shorting pin and
feed line strip width. By varying the height of the shorting pin, strip width (w), the impedance
bandwidth, and gain are studied at the resonant frequencies and shown in Table 4.4 and Fig
4.10.

Firstly, to achieve a wide band performance, a study on various thicknesses of the
substrate is carried out to enhance the bandwidth of the proposed design, as shown in Fig.4.6. A
shorting pin is used in the ground plane to strengthen the design's surface current density and

compactness. The performance of the proposed design is improved, as seen in Figs. 4.7— 4.10.
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Fig. 4.10 Reflection coefficient and gain performance with respect to the height of the
shorting pin for the antenna.

Table.4.4 Effect of the height of a shorting pin and width of stripline on the

antenna.
Height of the shorting
: ! Return loss : .
S.No pin and_ feed line bandwidth (MHz) Gain (dBi)
width

2mm height, strip width

1 of 3mm 830 2.62
2mm height , stripwidth

2 of 2mm 650 4.52
4mm height , stripwidth

3 of 2mm(optimum) 1100 4.08

4.3 Measured Results

A novel hook-shaped aperture coupled circularly polarized antenna is fabricated using

FR4 substrate, foam, and a copper plate of thickness 0,5mm is shown in Fig.4.11.
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Fig. 4.11 Fabricated hook-shaped aperture coupled CP antenna (a) Top view (b)
Aperture (c) feedline structure.
Reflection coefficient

The performance of the fabricated design is obtained by a major parameter called
Reflection coefficient. The Reflection coefficient at the resonant frequency of 3.47GHz is
23dB and the obtained impedance bandwidth (<=-10dB) is 29.10% (2.8-3.81GHz). The

resonant frequency of the proposed design falls in the 5G band, which is shown in Fig.4.12.
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Fig.4.12 Reflection coefficient for the antenna.
Axial Ratio

It is the ratio of orthogonal electric fields in circular polarization. The axial ratio for the
fabricated antenna is 13.47% (3.61-4.11GHz), as shown in Fig.4.13. It helps the proposed

design to maintain the optimum circular polarization from the positioning of the transmitting or
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receiving antenna. Cross polarization discrimination (CPD) is calculated using the axial ratio as
shown below [28] and obtained 48.54dB.

(ar+1)

CPD =20+«lo 4.2
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Frequency(GHz)

Fig. 4.13 Axial Ratio for the antenna.
Gain
The Gain at the resonant frequency of the fabricated antenna is 4.08dBi, shown in
Fig.4.14. Azimuth and elevation radiation patterns are shown in fig.4.15.VSWR (Voltage
standing wave ratio) is less than 2 for the fabricated antenna and is shown in Fig.4.16. Figs.

4.17- 4.18 indicates that the Co-polarization and cross-polarization for E and H-planes,
isolation of greater than 20dB is observed.

Frequency(GHz)

Fig. 4.14. The gain of the antenna
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E-theta=0 (Simulated)
E-theta=90 (Simulated)
E-theta=0 (Measured)

-~ E-theta=80 (Measured)
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0 wwwee E-Phi=0(Simulated)
T — E-Phi=90(Simulated) |
I~ e E-Phi=0(Measured) |
E-Phi=90(Measured) |

(b)
Fig.4.15 Azimuth Pattern and Elevation pattern of the hook-shaped aperture coupled
circularly polarized antenna at a resonant frequency of 3.47GHz.
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Frequency(GHz)

Fig.4.16 VSWR of the antenna.
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Fig.4.17 Co-polarization and cross-polarization at resonant frequency 3.47GHz for
E-plane for the antenna.
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Fig.4.18. Co-polarization and cross-polarization at resonant frequency 3.47GHz for
H-plane for the antenna.
4.3.1 Surface current distribution

Fig.4.19 shows the current distribution on the radiating patch of the proposed design at
the resonant frequency 3.47GHz. In the current distribution for analyzing the current density in
HFSS software, frames chosen are 16 and subdivided into 4 divisions as t=0, T/4, T/2, 3T/4
frames. At t= 0, T/2 current density is heavy and uniform at all the corners. For t= T/4, 3T/4
current is floating at the centre more than the edges. Fig.4.20 shows the aperture current
distribution at the resonant frequency. Here the field and the current density are changing from

one hook to the other at all four cycles. When a feed line radiates the electromagnetic energy,
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the power is sequentially coupled from one hook to the other, as seen in the current
distribution.
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Fig.4.19 Surface current distribution at the resonant frequency 3.47GHz for the
antenna.
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Fig.4.20 Aperture Surface current distribution at the resonant frequency 3.47GHz for the
antenna.

4.3.2 Measurement Set up

To evaluate the performance, the antenna parameters using a vector network analyzer
are calibrated once the ports are matched, as shown in Fig. 3.13. After zero reflections, the
antenna is connected to port 1 and matched load to port 2; Fig. 4.21 illustrates the measured
return loss for the proposed antenna. The axial ratio of the fabricated antenna is measured using
the swept-frequency method [25]. A comparison between existing designs to the proposed is
listed in Table.4.5.
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The procedure for the measurement of a fabricated antenna is described as follows.

1.

Switch on the network analyser 8719A (130MHz-13.5GHz), set up the start
frequency and end frequency. In this analyzer, the starting frequency chosen 2GHz
and end frequency 5GHz are set using start and end frequency buttons in the
network analyser.

COZ2OMITIE 15:52

Fig.4.21. Measurement of return loss for the antenna.

To check matched condition, i.e., No reflections, Connect two ports. In the menu,
click on the CAL button, select Calibration menu, go to response, select thru, and

click done.

If there are reflections, connect portl to matched load, select the CAL button in the
menu, go to calibrate Kit, and select N50Q.

Connect antenna via two-sided female pin to port 1 as shown in Fig.3.13.Return
loss in decibels as demonstrated in Fig.4.21 is displayed in network analyser with
the help of above steps.
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Table.4.5 Comparison of various techniques with the antenna.

Resonant | Impedance Gain Axial ratio Size of the
S. No | References | Frequency | Bandwidth (dBi) | Bandwidth(MHz) antengla
(GHz) (MH2) (mm?)
1 [21] 3.55.8 105,864 6.2,6.5 69,179.8 50x50
2 [22] 3.63,5.1 228,232 16.11,0.14 - 2X76x3.14
3 [23] 3.5 500 8 200 21x21x36.124
4 [24] 3.5 200 8.1 - 70x70x5.5
5 Proposed 3.47 1100 4.01 500 36x36x4

4.3.3 Discussion on simulated and measured results

Basic monopole antenna consists of a large ground plane and has limited applications
for compact devices, and is overcome by printed monopole antenna. With these main
criteria, a printed monopole microstrip antenna with circular polarization is used to enhance

the performance characteristics of the proposed design.

The proposed design consists of a bent feed line whose length is equal to A,/4 at the
center frequency. With the help of the bent structure in the design and hook-shaped aperture
on the ground, the plane enhances the bandwidth of the antenna. In addition to that, at the
end of the bent feed line, a shorting pin is used for proper impedance matching, and low
cross-polarization of 20dB is maintained, as shown in fig.16. Parametric analysis is carried
out for the effect of shorting pin on the performance of the proposed aperture coupled
circularly polarized antenna, and its height plays a key role in it, as observed from
Table.4.5.The proposed design has a monopole antenna with wideband antenna

characteristics observed.

4.4 Summary

The proposed hook-shaped aperture coupled circularly polarized antenna is fabricated
on the FR4 substrate of thickness 2mm and is designed with aperture coupling feeding. Circular
polarization is achieved by making a hook-shaped aperture radius that is small when compared
to the other three hook-shaped aperture and is located on top of the substrate. Parametric
analysis was carried out, and surface current distribution was shown for the proposed antenna.

For the novel, hook-shaped aperture coupled circularly polarized antenna, satisfied impedance
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bandwidth, axial ratio are obtained with the usage of foam in between the substrate and patch,
and connectivity of shorting pin from the edge of the feed line to the patch.

The performance parameters of the designed antenna are impedance bandwidth of
29.10%, axial ratio bandwidth is 13.47%, and gain is 4.08dBic at the resonant frequency
3.47GHz and falls in the 5G radio band. This hook-shaped aperture coupled circularly
polarized antenna performance characteristics shows better enhancement in impedance
bandwidth and axial ratio. The simulated results are in good agreement with the measured

results.

e Ravikanti Swetha and Lokam Anjaneyulu “Novel design and characterization of Wide
Band Hook Shaped Aperture Coupled Circularly Polarized Antenna for 5G
Application”, Published in Progress In Electromagnetics Research C, Vol. 113, p.161-
175, 2021, doi:10.2528/PIERC21040202.
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Chapter 5

Compact circularly polarized antenna with dielectric
superstrate for 5G WLAN and X-band application.

This chapter introduces the concept of superstrate and proposes a V-shaped slit
circularly polarized antenna with superstrate that is designed, compared theoretically, and

evaluated. The performance of the proposed antennas is compared with the existing antennas.

Circularly polarized microstrip antennas need to be protected from environmental
hazards such as ice layers during flights and uncertain weather conditions. The dielectric
superstrate protects the metallic structured antenna from ecological risk due to uncertain
weather conditions. Trentini demonstrated the superstrate technique first in a resonant cavity

for high gain and simple microstrip configuration in 1956 [86].

High gain antennas have advantages of increase of performance, efficiency,
transmission range, and reduction of transmission power. When a superstrate is imposed on a
patch, it may effect the radiation characteristics, gain, and efficiency of the antenna. Such
protective covers may shift the antenna's resonant frequency due to a change in effective
permittivity of the circularly polarized microstrip antenna.

5.1 Analysis and configuration of circularly polarized V-shaped slit

patch antenna with superstrate

The proposed V-shaped slit circular patch antenna geometry is shown in fig.5.1, and its
3D model simulated and drawn using Ansoft HFSS is shown in fig.5.2. Slitting is a technique
to exploit multiband or wideband and radiation efficiency characteristics of the antenna. It
removes a particular metallic part on the patch of different shapes by cutting narrow slits on the

patch's radiating boundaries, resulting in lowered fundamental resonant frequency.

A dielectric superstrate or cover is superimposed on the patch to protect from

environmental hazards. Such a dielectric cover or superstrate placed over the patch causes the
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change in fringing fields between the ground plane and the patch, which accounts to calculate
effective relative permittivity of the substrate.

Substrate h;

Probe feed

(b)

Fig.5.1 The layout of the proposed antenna (a) V-shaped slit patch (b) Side view of the
circularly polarized patch antenna with superstrate.

\
Superstrate
/
h,=10.68
Top of the
substrate

=

Fig.5.2 3-Dimensional proposed design of the triple-band circularly polarized antenna at
resonant frequencies 5.3GHz, 7.9GHz, and 11.1GHz.
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The proposed design consists of a minimized ground and circular patch etched onto the
substrate RT Duroid 5880(g,=2.2) with thickness h;=1.5748mm. A foam of thickness t;=7.5mm
is placed between the substrate and superstrate FR4 (g,=4.4) of thickness h,=3.18mm. A
circular patch of radius r=10.4mm is taken, and V-shaped slits are cut on the four quadrants of
the metallic circular patch, as shown in Fig.5.2 (a). The slit is cropped deeper at one corner to
create asymmetry in the structure to obtain circular polarization. Here, the distance r; is
different from the other three similar distances (r1").

Due to this, there is a change in the resonant frequency of the -shaped slit circularly

polarized antenna. In the proposed design, r is the radius of the circular patch, and the substrate

material used is RT Duroid 5880 with dielectric constant €71 and for superstrate €:2. The
proposed circularly polarized v-shaped patch antenna is fed by a coaxial probe feed.

The position of the probe feed (0, 5) is also optimized to generate circular polarization.
The structure is designed in HFSS (High-frequency structure simulator) software and resonates
at 5.3GHz, 7.9GHz, and 11.1 GHz. The optimum design parameters of the antenna are
tabulated in Table 5.1.

Table. 5.1. Antenna specifications

Parameter Value
Substrate Rogers RT Duroid 5880

Relative dielectric constant of substrate(e1) 2.2
Superstrate FR-4
Relative dielectric constant of substrate(e,,) 4.4
Radius of the circular patch(r) 10.4mm
Substrate Thickness (h;) 1.5748mm
Superstrate and foam Thickness (hy) 10.68mm
Dimension of V-shape slit (r1) 7mm
Dimension of V-shape slit(r:") 3.89mm
Size of the substrate 36mmx36mm
Length of the bottom partial Ground plane(L,) 35mm
Length of the bottom partial Ground plane(L,) 28mm
Width of the bottom partial Ground plane(w:) 16mm
Probe position 0,5mm
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When a dielectric superstrate is placed above the patch causes the change in fringing
fields between the patch and ground plane results in a change of effective relative permittivity
of a substrate. This is considered to evaluate the change in characteristic performance of the
proposed antenna due to superstrate. The effect of an effective dielectric constant on the

circular patch's radius and performance with circular polarization is analyzed.

In fig.5.2, h; represents the height of the dielectric substrate, and that of the superstrate
is h,. Guha and Siddiqui calculated the effective dielectric constant of the substrate is as
follows [87]:

Ereff = 8rlpl + Srl(l - pl)zx[821'2p2p3 + SIZ{p2p4 + (p3 + p4)2]82f2p2p3p4

+8rl(8r2 P3 + PI)X(I o p1 o P4)2 + 8l‘2p4 {pz p4 + (p3 + p4)2]71 (5.1)
Where
pr=1- zt;je In (”h":e - 1) — P4 (5.2)
p2=1-p1-p3-2p, (5.3
g
_ cos(57-)
p3 _ h; g]n ™, 2’11 +sin(ﬁ)
W, h] h2 2hl
(0.5 + ) +
2 (5.4)
o h
Py = 23, 1005 ~ 33) 55)
why
= 2_hlarctan L
( )( ) 2
(5.6)
e

=
I

-1 8} -1 w
{w +0.882h +0.164h, = } s {ln(0.94 o) T145 1}]

Ereff (57)
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Qe — 1+ (1+ /005

€ We
L=
104
1+(1+ =)
e (5.8)
w=r (1—2) (5.9)
By iteration method w, and € parameters are calculated with initial value € = €+1 and

Erefr =&, Placing a superstrate with appropriate thickness on the patch reduces the surface

waves to a certain extent. To accommodate this, a new dielectric constant and effective radius
of the circular patch is defined as:

Aoy =1~/ (1+q) (5.10)
— 8?’
- sre,;

re

(5.11)

Guha and Siddiqui [87] calculated the parameter g and also <<z from Eq.(10) , with

the help of egs. (4)-(9), &7 is calculated in Eq.(11) and the input impedance of circular
patch is calculated as in Bahl and Bhartia [4].

AN l 1
{@+ivo+ G} 512
Where the resonance resistance is stated below
2, PET )
2P; (5.13)

Here P is the total power loss which includes the power attenuated and radiated in the

resonator. Jxis the first kind of the Bessel function of order n,k is wave number at the operating
frequency.

__R 9
2nf Q. 2nfR (5.14)

Where Q- is the total quality factor, which is necessary for calculating the input impedance.

L
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The simulated Reflection coefficient (dB) and gain (dBi) plots of the triple-band compact

circularly polarized microstrip antenna without superstrate are shown in Fig.5.3and Fig.5.4.
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-16
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=—=Return loss without Superstrate

Frequency(GHz)

Fig.5.3 The Reflection coefficient of the antenna without superstrate.

Gain(dBi)

- ——Gain without superstrate

Fig.5.4 The

T
3 4 5 6 7 8 9

Frequency(GHz)

gain of the antenna without superstrate.

5.1.1 Surface Current Distribution

Huygen's principle states that if we replace the radiating structure with its equivalent

currents on its radiation environment, the fields radiated would be the same as the radiating

structure. Similarly, these surface currents also act as a secondary source, and if they connect

all the sources in a closed surface, a wavefront acts as a secondary source.

The full wave can be constructed from these secondary sources without the primary

source of the wave. Slitting is the technique applied on the metallic part of the patch that leads

to a lengthened current path for a fixed dimension also reduces, as stated by Wong [88]. Due to

the bending of the patch surface current path, the resonant frequency is lowered along with the
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antenna excitation. In this work, three band characteristics are obtained by cropping orthogonal
V-shaped slits at the boundary of the circular patch antenna, as shown in Fig.5. Due to the
lengthening of the current path in the presence of slits on the circular patch, two additional
resonances are obtained. Additional resonance bands can be approximated as in Krishna et al.

[89] and stated as below

1= 1.841xc
T Perfeny (5.15)

_ 2h . 7R
P.=P \/ {1 + oy + 1.7726)}

(5.16)
Where i=1,2,3
P, =2nr+4r; (5.17)
P,=2nr+2n; + 21y (5.18)
P;=2mnr-3a-a’ (5.19)

P1 is due to the slits in the y-axis, P, is due slits in the x-axis, and P3 is due to the
remaining part of the sectors of the circular patch after slits removal where r1 ,r1, a are shown in
Table.5.1.

Here antenna resonates at three frequencies, i.e., 5.3GHz, 7.9GHz, and 11.1GHz, and its
current distribution is visualized in Fig.5.5. It shows the surface distribution is split from one

resonant frequency to the other due to the V-shaped slit perturbation in the circular patch.
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Fig.5.5 Surface current distribution at three resonant frequencies of the antenna with

superstrate.
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5.1.2 Selection of superstrate material

Parametric analysis is carried out for available materials like FR4, RT Duroid 5880and

RF-10. The performance parameters like return loss and gain are observed for all the above

materials, as shown in

Figs.5.6-5.7. Few combinations of materials have been tried as

substrates and superstrate. Reflection coefficient and gain values at resonant frequencies are

shown in Table.5.2. The combination of RT Duroid 5880 Substrate and FR-4 superstrate

material yielded the best results and are shown in table.5.2 and hence fixed. The proposed

design is analyzed by pl

acing a partially reflecting surface (i.e., superstrate) at the height of

7.5mm from the ground surface.

—— RT Duroid 5880 as superstrate —— RF-10 as superstrate
—— FR4 as superstrate and substrate  —— FR4 as superstrate

0
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Fig.5.6 The Reflection coefficient of the proposed antenna with different materials as the

superstrate.
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Fig. 5.7 The gain of the proposed antenna with different materials as the superstrate.
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Table.5.2 Comparison of various materials as superstrate and substrate

. o Resonant Return loss . .
Material combination Erequency(GH?2) bandwidth(MHz) Gain(dBi)
FR-4 superstrate 5.3 700 (4.9-5.6GHz) 8.04
RT Duroid 5880 7.9 260 (7.74-8GHz) 6.89

Substrate 11.1 300 (10.9-11.2GH2) 8.06

RT Duroid 5880 5.0 560 (4.87-5.43GHz) 7.5

superstrate and 7.9 220 (7.75-7.97GHz) 7.22
substrate 11 200 (10.9-11.1GH2z) 8

Fr-4 superstrate and 3.8 370 (3.56-3.93GHz) 3.29

substrate 5.8 100(5.7-5.8GHz) 3.31

7.75 140(7.68-7.82 GHz) 3.55

RF-10 55 700(5-5.7GHz) 7.4

11.1 250(11.15-10.9GHz) 7.6

Fig.5.8 shows the return loss and gain of the proposed antenna with and without

superstrate. It is observed that the reflection coefficient of the antenna with superstrate is

improved from 15dB to 32dB. The gain (dBi) of the proposed triple-band circularly polarized

antenna with superstrate is improved by 3dBi when compared to without superstrate. Fig.5.9

shows that comparing the reflection coefficient with all results without superstrate, it is found

that there is lowering of resonance frequencies for all the bands and lowering of frequency is

due to dielectric superstrate which is inversely proportional to the dielectric constant.
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H i —— Without Superstrate

Frequency(GHz)
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Fig.5.8 (a) Reflection coefficient and (b) gain of the proposed triple-band compact

antenna with and without superstrate.
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Fig.5.9 Reflection coefficient performance of the antenna in terms of measured,
theoretical, and simulated results loss without superstrate for the circularly polarized
antenna.

The proposed design generates a triple band, the first, second resonance is due to the slit
formation on the patch. The third resonance is due to the defected structure at the bottom of the
substrate. The performance characteristics are enhanced by placing a superstrate at the top of
the proposed design, as shown in fig.5.10. From Fig.5.10 (c), there is a shift in the resonant
frequencies by placing a superstrate and hence proved as discussed in section 5.1.1 about the

effect of effective dielectric constant.
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Fig.5.10 3-D structure of the step-by-step design and its reflection coefficient
characteristics.

5.1.3 Measurement set up
To verify the triple-band characteristics of a v-shaped slit circularly polarized antenna,
feasibility, a compact microstrip antenna with superstrate prototype has been fabricated and

tested. The photograph of the fabricated antenna is displayed in Fig.5.11.

The gain is measured using the absolute gain measurement technique for the proposed

design and is based on the Friss transmission formula given below [90-91].
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(@) (b) ©

Fig.5.11 Fabricated proposed triple-band compact circularly polarized microstrip
antenna (a) bottom View (b) patch (c) side view with superstrate.

P = G,G, (L)z (5.20)

G¢= Transmit antenna gain
G = Received antenna gain
P: = Input power of the transmitting antenna
P = Power at the receive antenna terminal.
AUT = Antenna under test
The above formula gives the relationship between the powers received to the

transmitted between two antennas and separated by a distance R in the far-field. Both the

antennas are impedance matched to their transmission lines.

<
<

v

Receive Antenna
Transmit Antenna (AUT, Gr)
(Feed, G1)

— “ - -
ort- 8 Y ®

Fig.5.12 Measurement set-up for absolute gain
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The anechoic chamber used for gain measurement has a capability of far-field
measurement from 800 MHz to 18 GHz is shown in fig.5.12. Proper calibration of transmit and
received power is done once the impedance is matched in the vector network analyzer (VNA).
The transmit antenna and antenna under test (AUT) with RF cables are connected along with
VNA, then using SOLT (Short, Open, Load, and through) method locations are calibrated.
Once the antennas are aligned for boresight measurement in an anechoic chamber, transmission
coefficient |S21| for transmit-receive antenna combination from the VNA is measured. The
measured transmission coefficient is squared to get P,/ Py The reference antenna (pyramidal

horn) with manufacturer provided gain data, and the unknown gain is estimated [92].

The axial ratio of the fabricated antenna is measured using the Swept-frequency
method. The procedure for the swept-frequency method is as follows and shown in Fig.5.13
[93].

1. The system consists of a feed system under test, a linearly polarized antenna, network
analyser, and sweeper. Initially, a reference angle is fixed for a feed system under test;
power ratio is obtained from a scalar network analyser with the help of frequency
sweep. The first measured trace is stored in memory and taken as a reference.

2. The feed system is rotated from 0° to 180° minimum in increments of 10° to 15° from
the reference, and a swept measurement is made, then subtracted from reference trace
and plotted, forming an axial ratio envelope. This method eliminates system gain, path

loss, and removes tilt angle.

Circularly Fixed
polarized linearly
feed £ hom polarized
under test probe horn

-

Absorber ]
Reference l

I — L]
Network
anc:l%ser Plotter Sweeper
memory

l -
Sync.

Fig.5.13.Measurement set up of axial ratio for the circularly polarized antenna.
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5.2 Measured and Simulated results
Reflection coefficient

The simulated and measured return loss of the proposed design is shown in fig.5.14.
The antenna resonates at three frequencies, i.e., are 5.3GHz, 7.9GHz, and 11.1GHz. It shows
that the measured reflection coefficient is 32.2dB, 18.9dB, 12.1dB at resonant frequencies 5.3
GHz, 7.9GHz, and11.1GHz. The measured 10dB impedance bandwidths for the resonant
frequencies are 700MHz, 260MHz, and 300MHz.It clearly shows that the designed antenna is
suitable for the 5G WLAN application and X-band application.

~=—Simulated ||
—— Measured |

B L e e B s sy s
2 3 4 5 6 7 8 9 10 11 12 13
Frequency(GHz)

Reflection Coefficient(dB)

Fig.5.14 The reflection coefficient results of the proposed antenna simulated vs.
measured.

Gain

Gain is the measure of the power of antenna radiation in desired direction with
reference to a reference antenna. The measured gains at resonant frequencies 5.3GHz, 7.9GHz,
and 11.1GHz are 8dBi, 6.89dBi, and 8dBi, respectively, as shown in Fig.5.15.

Axial Ratio

Axial ratio is a factor that indicates the Circular polarization of an antenna and is shown
in Fig.5.16. For the proposed antenna, the measured axial ratio is shown below in Table.5.3 is
0.47dB, 0.925dB, 1.55dB, and bandwidth of 700MHz in frequency range 5.1GHz-5.8GHz is

obtained.
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Fig.5.15.The gain results of the proposed antenna simulated vs. measured.

Simullated.
|—®— Measured|

Axial Ratio(dB)

2 3 4 5 6 7 8 9 10 11 12 13
Frequency(GHz)

Fig.5.16. The axial ratio of the proposed antenna simulated vs. measured results.

Table.5.3 Performance of the proposed design

S.No Resonant Axial Frequency
Frequency(GHz) Ratio(dB),Bandwidth(MHZz) Band(GHz)
1 5.3 0.47,700 5.1-5.8
2 7.9 0.925,250 7.8-8.05
3 111 1.55,300 11-11.3

5.2.1 Radiation Pattern

Elevation and azimuth patterns in two dimensions are shown for various resonant
frequencies, i.e., 5.3GHz, 7.9GHz, and 11.1GHz. Fig.5.17 indicates that the patterns are
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directional in Elevation Plane. Fig.5.18 describes they are omnidirectional in the Azimuth
plane. The voltage standing wave ratio (VSWR) is less than two, as shown in Fig.5.19.

Radiation efficiency is above 97%, as illustrated in Fig.5.20.
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Fig.5.17. 2-D elevation pattern of proposed triple-band compact circularly polarized
microstrip antenna simulated vs. measured results at resonant frequencies at (a) 5.3 GHz
(b) 7.9GHz and (c) 11.1Ghz.
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Fig.5.18 2-D Azimuth pattern of proposed triple-band compact circularly polarized
microstrip antenna simulated vs. measured results at (a) 5.3 GHz, (b) 7.9GHz, and (c)
11.1 GHz.
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Fig.5.19. Simulated voltage standing wave ratio of the proposed antenna with superstrate.
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Fig. 5.20. The simulated radiation efficiency of the proposed antenna with superstrate.

The performance characteristics of the proposed prototype antenna are compared with

some of the existing designs are tabulated in Table.5.4.

90



Table.5.4.Performance comparison of the proposed antenna with some of the existing

designs
S.No | Reference | Resonant Impedance Gain Axial ratio Size of the antenna
S Frequency Bandwidth (dBi) Bandwidth mm
(GHz2) (MHz2) (MH2)
1 [58] 8.6 980 3.4 - 50mmx30mm
2 [59] 9,11.35 612,351 8.2,10.1 - 30.26mmx33.06mm
3 [60] 5.8(5.725 150 175 - -
GHz -
5.875
GHz)
4 [61] 2,21 54 5.0 26,23 20mmx20mm
5 [62] 1.625,1.75 100 7.0 19,21 30mmx30mm
6 [63] 3,3.6,3.7,4. 100-180 2-4 - 30mmx40mm
5
7 [64] 2.27 265 6.8 56 -
8 [65] 10.8 (10.1 2.8GHz 13.7 15 40mmx40mmx17.45m
GHz -12.9 m
GHz)
9 [86] 4.1,5.8, 450MHz (3.83— | 1-2at 200 29mmx26mmx1.6mm
and 6.7 4.28GHz), all 370
GHz 560MHz (5.41- | frequenc 230
5.97GHz) ies
830MHz (6.47—
7.3GHz)
10 [94] 3.1(2.84 400,480 5-6 at 100,200 70mmx70mmx12mm
GHz-3.24 both
GHz) frequenc
4.7 (4.44 ies
GHz -4.92
GH)
11 [95] 2.42,55.3 - 55,4.6,4 - 120mmx120mmx1.6m
m
12 [96] 243549 | 870,1170,400 | 2.73,2.0 | 300,100,200 | 40mmx40mmx1.6mm
8,3.04
13 [97] 6.95,7.93,8 5637 56,44 | 95,186,149 | 63mmx75mmx1.6mm
9
14 [98] 7.5,10.2,12 540,8000 1,1,4 | 152,161,112 | 35mmx30mmx1.6mm
2 5
15 Proposed | 5.3,7.9,11. 700,260,300 8.04,6.8 | 700,250,300 | 36Bmmx36mmx12.25m
antenna 1 9,8.06 m

5.3. Discussion on simulated and measured results.
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Microstrip antennas are flexible, compatible to multiple circuitry, and need to be
protected from ecological risk since it effects the performance characteristics of the antenna.
One such technique to improve the performance as well as to protect it from environmental
hazards is superstrate. The superstrate is placed at a height of A,/4 from the surface of the
ground. When the patch is radiated, electric field waves get reflected and .transmitted towards
the surface of the superstrate, and it acts as a partially reflecting surface, and the wave gets
reflected towards the propagating wave and there by phase as well as the amplitude of the wave

is increased.

By superstrate technique, the antenna performance characteristics are improved, but it
lowers the resonant frequency, reduces impedance matching, and it effects the effective
dielectric constant. These characteristics can be enhanced by the proper thickness of the
superstrate chosen. The effective dielectric constant of the simple circular patch and change in
effective dielectric constant with superstrate explain its effects briefly. Fig.5.9 illustrates the
effect of effective dielectric constant, which lowers the resonant frequencies, as compared in

simulated, measured, and theoretical results.

Due to slit formation on the circumference of the circular patch, which lengths the
surface current distributions as shown in Fig.5, additional bands are obtained and are picturi
zed in Fig.5.10. The performance and radiation characteristics of the proposed triple-band
compact. Circularly polarized microstrip antenna is evaluated by the finite element method

technique embedded in a solver called a high-frequency structure simulator (HFSS).

The superstrate is loaded on the various patch designs to improve the performance
characteristics of the antenna, as illustrated in Table.5.4 and the proposed design shows better
than other designs with respect to resonant frequencies (5.3GHz, 7.9Ghz, 11.1GHz),
Impedance bandwidth (700MHz, 260MHz, 300MHz), gain (8.04dBi, 6.89dBi, 8.06dBi) and
Axial ratio bandwidth (700MHz, 250MHz, 300MHz) and size of the antenna
(36mmx36mmx12.25mm). With simple slits design on the patch and minimized ground the

structure resonates at tri-frequencies.

The formation of slits onto the patch varies the results a lot since these depend on the
patch's shape and the position of the slit. Superstrate is loaded on the patch at a distance of A./4
from the surface of the ground to reflect the radiation from the patch, which improves the

impedance bandwidth, axial ratio, and gain of the proposed triple-band compact circularly
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polarized microstrip antenna. Compared to the literature of triple-band circularly polarized
antenna with superstrate, the proposed design is compact, simple structure, easy fabrication;
minimum return loss level, good radiation characteristics, and antenna gain characteristics are

good at resonant frequencies.

5.4 Summary

In this chapter, a compact V-shaped slit microstrip circularly polarized antenna with
superstrate for 5G WLAN and X-band application is fabricated. By changing length r; at one
corner of the circular patch to form a V-shaped slit, the desired resonant frequencies with good
circular polarization are achieved. A detailed description of how circular polarization is
obtained with V-shaped slit formation at the corners is illustrated using the surface current
distribution of the proposed antenna with superstrate. A comprehensive parametric analysis for
various superstrate studied materials like RT Duroid 5880, FR-4, and RF-10 is discussed and
tabulated. The measurement setup is described, and an antenna is connected after the ports are
matched well.

The measured 10-dB impedance bandwidthsare13.2%(4.9GHz-5.6GHz),3.16%(7.74GHz-
8GHz),2.7%(10.9GHz-11.2GHz), and gains of 8dBi,6.89dBi,8dBi at resonant frequencies
5.3GHz,7.9GHz, and 11.1GHz, and are in good agreement with simulated results using High-
frequency structure simulator software v.13. The proposed triple-band compact circularly
polarized microstrip antenna size is 36mmX 36mmX12.25mm and is better than literature
reported antennas for 5G WLAN and X-band applications. The gain and the axial ratio
bandwidth obtained in this work are superior compared to the designs reported in [58], [94],
[95], [96], [97] and [98].Further the size of the proposed antenna is compact compared to the
designs reported in [58], [94], [95], [96], [97] and [98]. The proposed circularly polarized
compact antenna with superstrate possesses triple-band characteristics and is suitable for the 5G
WLAN and X-band applications of satellite communications, air traffic control, wireless
personal area network(WPN), remote sensing, vehicular applications, defense tracking, and

modern radars.

e Swetha Ravikanti, L. Anjaneyulu “Triple band circularly polarized compact microstrip
antenna with superstrate for 5G wireless local area network and X-band application”,

International journal of communication systems ( revision 3 Under Review SCI).
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Chapter 6

Circularly polarized asymmetric U shape antenna
with second-order bandpass frequency selective
surface

This chapter introduces the concept of frequency selective surface and proposes an
asymmetric U-shaped slit circularly polarized antenna with second-order bandpass frequency
selective surface that is designed, compared theoretically, and evaluated. The performance of

the proposed antennas is compared with the existing antennas.

Metamaterial is an artificial material that does not exist in nature, but the metallic
elements' electrical properties will impact the antenna structure's properties. Meta surface is a
periodic arrangement of metallic elements in a 2-D infinite array. Based on the sources, they
are classified as passive and active arrays. In an active array, the incident plane wave is excited
by individual generators connected to each element. Each generator has a uniform amplitude
and a linear phase variation, so it produces two or more radiated waves. In a passive array, the
incident plane wave is partly transmitted in the forward direction and partly reflected in the
specular direction. A periodic surface is formed when identical elements are arranged in an

infinite array of one or two dimensions [99].

Based on the material characteristics, periodic surfaces are classified and exhibit perfect
reflection or transmission only at resonance. The use of two or more cascaded elements behind
each other without dielectrics and the use of slabs sandwiched between cascading periodic
surfaces lead to hybrid periodic surfaces. Applications of periodic surfaces are listed below

(i) Hybrid radomes

(i) Bandstop filters

(itli)  Dichroic sub reflectors

(iv)  Circuit analog absorbers

(v) Meander line polarizers
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Metamaterials are categorized into High impedance surface, Frequency selective surfaces
(FSS), reactive impedance surface, and EBG structures. In Metasurface, based on the structure
of the elements, antenna characteristics can be analyzed.

FSS is a periodic structure composed of a two-dimensional periodic array of different
shapes embossed on a thin dielectric slab, exhibits frequency selectiveness in
transmission/reflection  characteristics, and shows electromagnetic wave filtering

property(spatial filtering) as shown in Fig 6.1 and taxonomy of FSS as shown in Fig.6.2.
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Fig.6.1 (a) Equivalent circuit of FSS periodic structure with complementary array

elements (b) 2-D periodic structure with element length L and element-spacing Dy and D,.

Frequency Selective Surfaces

Based on Array Element Based on Structure Based on Application
J TE—
Basic Element Type — Single Laver — Absorber FSS
Convoluted’ Meander — Multlayer - Active FSS
Fractal Type —— Antenna-Filter-Antenna - Wearable FSS
- Three-Dimensional _— Meta-Skin FSS
— Optical FSS
L Textile FSS

Fig.6.2 Taxonomy of FSS
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Single layer FSSs are not able to provide adequate spatial filtering response, and its
impedance bandwidth is narrow, so miniaturization of FSS is needed, and much importance is
given for multilayer FSS to improve flexibility for varying parameters to achieve desired

performance. In FSS elements are categorized in four groups as depicted in Fig.6.3.

Group-1 Group-3 Group-4

Four Legged Loaded

Straight Element Square Patch Mixture of Four
Legged loaded &
Jerusalem Cross

-3 /2 Three Legged Loaded
Three-Legged
A\ "' | Hexagonal

L_ = r{3+ Patch Slotted MK
Circular Loop

Square Loop Circular
Jerusalem Cross Patch
Loaded Tripole
with three 120
degree V-5lots
Hexagonal Loop

Square Spiral

Fig.6.3 Classification of FSS Elements

The author's research focused on second-order bandpass frequency response for dual
layer FSS and compared theoretical as well as measured performance characteristics of the
proposed design. Parametric analysis is carried out for various parameters of the design with
and without superstrate. The proposed design is simple with; high gain, wide bandwidth, and
compact design are the attractive characteristics of the asymmetric U shape compact circularly
polarized antenna with second-order bandpass frequency selective surface as the superstrate.
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6.1 Analysis and configuration of asymmetric U-shape circularly

polarized antenna with FSS layers.

The proposed composite structure consists of asymmetric U shaped patch antenna,
minimized ground, and dual layer FSS superstrate is placed at a height H=10.7mm from the
ground and is etched on RT Duroid 5880(g,=2.2) with thickness t=0.787mm and is depicted in
Figs.6.4-6.5. The second-order response of FSS is achieved by cascading three FSS layers of
patch-aperture-patch type with RT duroid as dielectric material in between them. The
characteristics of unit cells of the wire grid and aperture type layers exhibit capacitive and
inductive properties. The U shape asymmetric antenna resonates at 2GHz,2.7GHz, and 5.6GHz
and the minimized ground structure at the bottom results in dual frequency. In the FSS
technique, the design is low profile with second-order bandpass filter responses, and the unit
cell of FSS are non-resonant structures. The overall response of the combined unit cell
structures creates a second-order bandpass filter. The periodicity of FSS is less than the
wavelength and thus reduces the sensitivity, with no grating lobe in accordance with the angle

of incidence.

Capacitive Layers

Inductive Layer

5.2mm

Patch

ww g7

RT Duroid 5880 substrate
round

Fig.6.4 3-D view of the Asymmetric U shape antenna with dual layer FSS.
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Inductive (Grid) layer

Capacitive (patch) layer

H Asymmetric U slot

/ patch

\ Minimized Ground

plane

Fig.6.5 Side view of the FSS-antenna Geometry structure.
6.1.1 Parametric analysis
In U shaped asymmetric circularly polarized antenna, a parametric analysis is carried
out for a parameter 'x' as shown in Figs.6.6-6.7 and tabulated in Table.6.1; x=25mm gives good
results when compared to others. In general, uniform FSS has a uniform dimension of 2-D unit
cell, but in order to produce circular polarization, asymmetry is created in the unit cell

dimension.

¥ = x=25mm

—s— X=25.1mm
—a—X=25.2mm
—»—X=25.3mm
—a—X=25.4mm
——X=25.5mm
—e— X=25.6mm
—e— X=25.7mm
—e—X=25.8mm
——X=25.9mm
——Xx=26mm

Reflection Coefficient(dB)

T T T T T ; T ; T ; T T T T T T
1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 5.5 6.06.57.0 7.5 8.0
Frequency(GHz)

Fig 6.6 Reflection coefficient for various values of x
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Fig 6.7 Gain for various values of x

Table.6.1 Performance of the antenna for various values of x.

Length of the patch(x Resonant Bandwidth(GHz) | Gain(dBi)
in mm) frequency(GHz)

25 2,2.75.6 2.2-6.1=3.9GHz 0.43,2.47
25.1 2,2.715.2 2.2-5.8=3.6GHz 0.51,2.73
25.2 2,2.75.2 2.2-5.8=3.6GHz 0.35,2.55
25.3 2,2.75.5 2.3-6.1=3.8GHz 0.42,2.74
25.4 2,2.6,5.5 2.3-6.1=3.8GHz 0.14,2.62
25.5 2,2.754 2.3-6.1=3.8GHz 0.42,2.7
25.6 2,2.754 2.2-6.1=3.9GHz 0.32,2.66
25.7 2,2.7,5.5 4.9-6.1=1.2GHZ 0.49,2.7

2.2-3.4=1.2GHz
25.8 2,2.6,54 2.3-6=3.7GHz 0.11,2.69
25.9 2,2.7,54 2.3-5.9=3.6GHz 0.54,2.61

30 2,2.6,5.5 3.8-6.1=3.3Ghz | 0.145,2.3,581

2.3-3.4=1.1Ghz

In FSS layers, as shown in Figs.6.8-6.9, the unit cell is of square shape of size Y; and

Y,. The unit cell size is varied for the desired frequency as shown in Table.6.2; better

performance characteristics and are illustrated in

Figs.6.10-6.11. In this geometry, two
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capacitive layers and one inductive layer are present between two dielectric substrates RT
Duriod 5880 in FSS. Y;=5.2mm shows better performance, and Y,=2.8mm is chosen to obtain

the circular polarization.

]

|

-

Fig.6.8 Capacitive layer on FSS

W

Fig.6.9 Inductive layer on FSS.
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Fig.6.10 Reflection coefficient for various values of Y.
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[==Y1 =4.8mm

@ 3;2_— o ——Y1=4.9mm

£30] &' | —a—Y1=5mm

S 25 ~v Y1=5.1mm
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Fig.6.11 Gain for various values of Y.

—— Y1 =5.4mm
—— Y1 =5.5mm

Table.6.2 Performance of the antenna for various values of Y;.

Cell size(Y1in mm) | Resonant frequency(GHz) | Bandwidth(GHz) Gain(dBi)
4.8 2.1,4.25.2 3.8-6.1=2.3GHz | -1.53,4.22,3.05
1.9-2.5=600MHz
4.9 2.1,4.25.7 3.8-6.1=2.3GHz |-1.47,4.17,3.87
1.9-2.6=700MHz
5 2.1,4.25.7 3.8-6.1=2.3GHz -1.57,4.24.4
1.9-2.5=600MHz
51 2.1,4.25.7 3.8-6.1=2.3GHz |-1.56,4.25,3.79
1.9-2.6=700MHz
5.2 2.1,4.2,5.6 3.8-6.1=2.3GHz -1.52,4.26,5
1.9-2.6=700MHz
5.3 2.1,4.2,5.6 3.8-6.1=2.3GHz |-1.52,4.29,3.34
1.9-2.6=700MHz
54 2.1,4.2,5.6 3.8-6.1=2.3GHz | -1.52,4.27,3.72
1.9-2.6=700MHz
55 2.1,4.2,5.6 3.8-6.1=2.3GHz |-1.67,4.31,4.07
1.9-2.6=700MHz

6.1.2 Principle of operation for FSS layers

For the designed monopole asymmetric U shaped antenna has low gain, and to enhance
it, an FSS with second-order bandpass filtering property is used. The second-order bandpass
response is achieved by cascading three FSS layers, i.e., aperture patch type with RT duroid
5880(&=2.2) as the dielectric material in between them, capacitive and inductive properties
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are exhibited by unit cells of aperture type and patch layers. For the normal incidence of
the electromagnetic wave, an equivalent circuit for FSS is shown in Fig.6.12. Fig.6.12 shows
that parallel capacitors C;, C3 are modeled as first and third patch type layers and inductor L as

middle aperture type grid layer.Metallic FSS Iayers are separated from the substrate of height

° for two small transmission lines.

\/(?J?

Z, &n, erz2, are the characteristic impedance of 377€2 and dielectric constants of the substrate.

h_ and hy, having a characteristic impedance of

Fig.6.12(b) shows the second-order filter nature; here the = network (L1, Lmand Ls) is formed

from the T network(Ls:, L2and Lsz2), and its value can be found with the help of L«, Ls2and Lz

Short Transmission Line Sections

hl' h L
(a)
Coupling Inductor .
Zo 1 I Lorz
V 7 ] l » | * l" i- | V'
| |
Ce Cal
C :l. 3 S2 3 |
L DO » . ST |
" Resonator ) )
(b)

Fig.6.12 (a) Equivalent circuit model for FSS (b) Second-order coupled-resonator filter
converted to 7w network from T network.

Second-order bandpass filtering response chosen for FSS for different parameters can be
obtained from [100].
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Table.6.3. Butter worth filter response for different parameters

Filter Type | Normalized loaded Normalized Normalized impedances
quality factor coupling
coefficient
Butter worth | gz q2 K1z Source(ry) Load(ry)
1.4142 1.4142 0.70711 1 1

With the help of parameters provided in the table.6.3, the desired center frequency is 5.6GHz
and fractional bandwidth 9, the value of inductor L, in the circuit can be known from the below
equation [79].

2
PRI L) My L 6.1)
2 foky, 1-(ky, 9) 0,0,

In circuit short transmission line sections (Ls;, Ls2) are calculated from the Telegraphers model

as mentioned below.
Lo = tottahy (6.2)

Ly, = sttty (6.3)

In FSS, the capacitors C; and C; values are obtained from below equation [79]:

Cl — ql _ gogrlh.l (64)
rt)Z,r5 2

C,= g, _ &Eahy (6.5)
@2rf,)Z,r,0 2

In the proposed design, the substrates are of the same material of RT Duroid 5880, for which
er=er=6=2.2 and pr1=pr=pu,=1(Non-magnetic dielectric substrates). For the desired frequency
fo=5.6GHz (3.8GHz-6.2GHz), fractional bandwidth 6=0.41, h; =hy=0.787mm; and from these
we have computed capacitor values C;=C3=252.49fF, L2=3.39nH .In FSS, the inductor and

capacitor values are determined from the following equations [79]:

C =C,=C=sz, 2 In@in ™) (6.6)
T 2Y

Y . TW
L2 = g > In(sin W) (6.7)
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With the help of these values C=252.49fF, L=3.39nH, s=0.3mm, £,=8.85x10 ™ F/m and &
(effective permittivity)= (e+1/2) =1.6, po=4nx10" H/m, p,=1 in Eq. (6.7) gives Y value and

width of the inductive layer is found.

For simulation, HFSS is used, and the above values are considered initially, few successive
simulations are performed to obtain optimal dimensions and are tabulated in Table.6.4 along

with the circuit model of second-order bandpass response.

Table.6.4 Optimized dimensions of FSS unit cells for circuit model.

Parameter Y; w S hy=h_=0.787
Circuit model 5.3mm 1.3mm 0.3mm 0.787mm
Optimized 5.2mm 1.6mm 0.3mm 0.787mm

6.1.3 Unit cell characteristics in FSS layers along with antenna

In HFSS software, the unit cells of three layered FSS are placed in a waveguide
medium, i.e., PEC is placed at the sides and PMC at the bottom. Excitation is given along the
x-axis, transmission and reflection coefficients of the unit cell are obtained along with

transmission phase variation with respect to frequency as shown in Fig.6.13.
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Fig.6.13. (a) Unit cell FSS configuration (b) Simulated reflection and transmission
coefficient of FSS (c) Transmission Phase of FSS.

6.2 Measured and Simulated results

Fig.6.14. shows the fabricated prototype of antenna, FSS layers, and composite
structure. Reflection coefficient for the composite structure along with the antenna is compared
and shown in Fig.6.15. The superstrate antenna resonates at three frequencies, 2.1GHz,
4.2GHz, 5.6 GHz, with impedance bandwidth of 700MHz and 2.3GHz, respectively. It shows
that the proposed design is suitable for 5G WLAN.
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Fig.6.14. Fabricated proposed asymmetric U shape compact circularly polarized antenna

with second-order bandpass FSS as the superstrate.
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Fig.6.15. Reflection coefficient (simulated vs measured) with FSS of the antenna at the
height of H=10.7mm.

It is noticed that the gain of the superstrate antenna is 5dBi at 5.6GHz, 4.26dBi at
4.26GHz, and the peak gain of the composite structure is 6.5dBi is shown in Fig.6.16. Axial
ratio bandwidth of 2.1GHz is obtained at 5.6GHz as shown in Fig.6.17 and 200MHz at 2.1GHz

frequency. Azimuth and elevation radiation patterns for all the resonant frequencies are shown

in Figs.6.18-6.19.
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6.2.1 Measurement set up

The fabricated antenna consists of an asymmetric U shaped patch and dual layer FSS

sandwiched between the dielectrics. The overall structure is supported by Teflon rods at the

corners and excited through a line feed connector. The fabricated antenna is tested using a

vector network analyzer, and measured results are compared with simulated results discussed

above. The fabricated antenna and its measurement setup are shown in Fig.20. The fabricated

antenna performances characteristics are compared with existing designs are shown in
Table.6.5.

Fig.6.20. Measurement set up

Table.6.5 Comparison of the fabricated antenna with some of the existing antennas.

S.No | Reference | Resonant | Impedance | Gain Axial Size of the antenna
S Frequency | Bandwidth | (dBi) ratio mm?
(GH2) (%0) Bandwi
dth
(%)
1 [67] 2.5 14.8 8.5 11 45x45x8.3
2 [70] 5.81 73.67 5.6 18.93 100x100x32
3 [71] 2.4 4.95 3 11.6 84x84x17.5
4 [76] 8.5 20 16 20 120x120x14
5 [77] 7.66 55.7 15 47.7 36x36x26
6 Proposed | 2.1,4.25.6 | 9.52,16,55 | -0.15,4.6 | 9.5,4.7,3 36x36x12.27
antenna ,6.5 7.5
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6.3 Discussion

FSS is a low profile structure because of non-resonant characteristics of the patch and
grid layers and identified as a spatial filter. It allows or blocks electromagnetic waves in the
band of interest. The incoming wave is propagated when the frequency matches with the
resonance frequency, and the characteristics of the wave become smooth.

With the use of asymmetry in dimension of the unit cell in capacitive as well as
inductive layers, circular polarization is achieved in the frequency of band of interest. With the
designed superstrate dual layers, the gain is enhanced from 2.7dBic to 6.5 dBic in the desired
frequency band.

It is observed that the radiation characteristics of the fabricated antenna with the
superstrate layer become more directive due to its angular filtering property. The phase
variation of the unit cell structure along broadside direction becomes zero in the 2GHz -6 GHz
band due to the transmission and reflection waves phases being opposite in nature. This results
in constructive interference of electromagnetic waves and efficiently enhances the performance
characteristics along the broad side direction of propagation in an entire frequency band. The
measurement set up for the proposed design is shown, and measured results are compared with

the simulated results as discussed above.

6.4 Summary
In this chapter, gain enhancement of asymmetric U shaped antenna is attained with second-

order bandpass frequency selective surface as the superstrate. Due to the asymmetry in U
shape, antenna circular polarization is obtained, and further wave transmission is possible with
asymmetric edge geometry in FSS. Compact geometry and with a minimum height between the
antenna and superstrate achieved enhancement of 3dBi gain. The composite structure attains an
impedance bandwidth of 55% and an axial ratio of 50% at the resonant frequencies 4.2GHz and
5.6GHz.1t shows that the antenna is suitable for C-Band and 5G WIFI applications. The
proposed design exhibits triple band, further it also provides better impedance bandwidth and
compact size compared to existing designs reported in [67],[71],[76] and [77].

e Swetha Ravikanti , L. Anjaneyulu “Gain enhancement of Asymmetric U shape
circularly polarized Antenna with second order bandpass Frequency selective surface
as superstrate for C-Band and 5G WIFI Application”, in Progress in electromagnetic
Research (Under Review SCI).
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Chapter 7

Conclusions and Future work
7.1 Conclusions

The design and implementation of an optimized microstrip single antenna that
demonstrates a circular polarization, with superstrate, aperture coupling feeding technique, and
frequency selective surface and associated radiation pattern has been investigated. A systematic
approach was taken for demonstrating this research. From the start, two main research interests
were identified. Firstly a few designs to obtain circular polarization using various forms of slits,
with the stacking of multiple layers and shorting pin antenna offering wideband with the use of
aperture coupling feeding, are modeled and evaluated for their capabilities in connection with
their operating characteristics. Secondly, a compact multi-layer frequency selective structure as
a superstrate with monopole antenna that obtains multi-operating frequencies with broad
performance characteristics is demonstrated with practical implementation. All the above

fabricated antennas are useful for 5G wireless applications.

Circularly polarized antennas for 5G wireless applications require to operate in a
determined changing environment keeping good electromagnetic characteristics. To start
with, a few compact, coaxial probe feed microstrip antennas are designed for 5G WLAN
applications. The core of the work presented in this thesis is the established methodology
applicable for the realization of the circular polarization of the antennas. The concept of

circular polarization is introduced by implementing various forms of slits mechanism.

A compact semicircular microstrip patch CP antenna for 5G WLAN application has
been reported. The size of the compact microstrip patch antenna is 36 mm x 36 mm X
0.787 mm. By changing the radius r, at one corner of the semicircular slit, the desired resonant
frequency band with circular polarization is achieved. A detailed description of how CP is
obtained with slit formation at the corners is illustrated using surface current distribution at
various time intervals. The specified fabricated design has been illustrated and compared with
multiple existing models in terms of different performance parameters. The proposed structures
give better return loss, axial ratio, gain, and omnidirectional pattern current designs. The

resonant peak at 5.37 GHz falls in 5G WLAN (5.1-5.725 GHz) and is suitable for 5G WLAN
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applications.

It is demonstrated that circular polarization is achieved by altering the antenna aperture
structure that changes the direction of the current flow, which alters the direction of the E-field
on the antenna, for the proof of concept, that changes the orientation of the surface electric
currents on the patch. The basic principle implemented in this research for exciting circular
polarization is introducing asymmetry in the aperture structure. Because of the quasi-
symmetrical structure, the fundamental mode is split into two orthogonal degenerate modes
generated only when the x-directed and y-directed currents have different electrical path
lengths. The size of the compact microstrip patch antenna is 36 mm x 36 mm X 4 mm

respectively.

The performance parameters of the designed antenna are impedance bandwidth of
29.10%, axial ratio bandwidth is 13.47%, and gain of 4.08dBic at the resonant frequency
3.47GHz and falls in the 5G radio band. These performance characteristics of hook-shaped
aperture coupled circularly polarized antenna show better enhancement in impedance
bandwidth and axial ratio. The simulated results are in good agreement with the measured

results.

Using various materials, the concept of superstrate has been studied, and prototypes of
the basic circular patches are fabricated with a single feed. It is shown that, by exciting the
antenna with coaxial feed and superstrate, the surface electric current distribution on the basic
patch alters its orientation, which changes the electrical distribution of radiation from the
structure. This relationship between the source currents and the resulting radiation causes a
slight shift in the operating frequency. With the compact size, the proposed antennas work for
wideband applications; impedance bandwidths are 13.2% (4.9GHz-5.6GHz),3.16% (7.74GHz-
8GHz),2.7%(10.9GHz-11.2GHz), and gains of 8dBi,6.89dBi,8dBi at resonant frequencies
5.3GHz,7.9GHz, and 11.1GHz, and are in good agreement with simulated results The size of
the proposed triple-band compact circularly polarized microstrip antenna is 36mmX
36mmX12.25mm which is better than literature reported antennas for 5G WLAN and X-band
application. The gain and the axial ratio bandwidth obtained in this work are superior compared
to the designs reported in [58],[ 94],[95],[96],[97] and [98].Further the size of the proposed
antenna is compact compared to the designs reported in [58], [94],[95],[96],[97] and [98].A

circularly polarized compact antenna with superstrate possesses triple-band characteristics and
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is suitable for the 5G WLAN and X-band applications of satellite communications, air traffic
control, wireless personal area network(WPN), remote sensing, vehicular applications, defense
tracking, and modern radars.

Finally,we designed a compact asymmetric U shape antenna with second-order
bandpass frequency selective surface as superstrate and observed that radiation characteristics
of the fabricated antenna with superstrate layer became more directive due to its angular
filtering property. The phase variation of the unit cell structure along broadside direction
becomes zero in the 2GHz -6 GHz band due to the transmission and reflection waves phases
being opposite in nature. This results in constructive interference of electromagnetic waves and
efficiently enhances the performance characteristics along the broadside direction of
propagation in an entire frequency band. Compact geometry and with a minimum height
between the antenna and superstrate achieved enhancement of 3dBi gain. The composite
structure attains an impedance bandwidth of 55% and an axial ratio of 50% at the resonant
frequencies 4.2GHz and 5.6GHz.It shows that the antenna is suitable for C-Band and 5G WIFI

applications.

These antennas have been designed to operate on the most popular frequency ranges
where a great number of 5G wireless communication applications exist. With circular
polarization, the fading loss caused by multipath effects can be avoided and avails excellent
frequency reuse properties. Aperture coupling technique and usage of shorting pin in stacked
layers helps in strengthens the surface current distribution, Good co-polarization and cross-
polarization for E and H-planes are observed. The experiment and simulation results prove the
effectiveness of the proposed methods in the aspect of antenna size reduction, bandwidth
enhancement, and multi-frequency operation. Furthermore, the antennas are completely planar,
which makes them easy to be fabricated with a low cost. From this analysis, it has been
concluded that a low cost, less complex, compact circularly polarized antenna design with
broadband characteristics has been successfully introduced to the 5G wireless and radio
frequency design community.

7.2 Future Scope

In the present thesis work, the co- and cross-polarization level of the aperture coupled
circularly polarized antenna is improved by placing a reflector at the bottom of the antenna.

The position of the reflector is placed at A/4 behind the antenna, and the optimum size of the
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reflector is to be chosen. So far in this research work, a conventional single feed port with
circular polarization is used. Future research lines move towards the real implementation of a
fully compound single antenna aperture with multiple ports for 5G wireless communication

applications.

So far in the present research, parametric analysis is done using conventional microstrip
feeding in FSS. In the future, FSS in two dimensions can be implemented on microstrip and
can be extended to three dimensions. In FSS, the unit cells are capacitive and inductive in
nature, so in the future, nano-scale cell metamaterials layers can be designed for 5G wireless

applications.
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