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ABSTRACT

Nowadays, the internet is the primary medium of information and people communicate
from anywhere with an internet connection. Now people are connected to the internet through
wireless without any cable which is possible by Wi-Fi (IEEE 802.11). Wi-Fi is used by a wide
range of devices, including smartphones, laptops and tablets. Many Wi-Fi antennas are
available in the market such as 2.4GHz Wi-Fi antenna, 5GHz Wi-Fi antenna and 2.4/5GHz Wi-
Fi antenna. These antennas are working at 2.4GHz (2.402GHz-2.483GHz) and 5GHz
(5.150GHz-5.850GHz). Some of them are designed to work at both frequencies.

In the thesis, the antennas are designed to work at the entire 5GHz Wi-Fi frequency with
high gain directional radiation patterns and circular polarization. In addition, the broadband and
high gain circularly polarised antennas with compact sizes are realised. Gain and bandwidth
enhancement techniques are applied simultaneously and also circular polarization is realized.

A high gain and broadband circularly polarized antenna is designed for 5GHz Wi-Fi
applications. Conventional structures like a pentagonal patch and square patch are truncated to
get circular polarization. The impedance bandwidth of the antenna is improved by adding RIS
structure as a ground plane and the gain of an antenna is improved by placing a superstrate
approximately half wavelength above the antenna. The pentagonal patch antenna is combined
with the RIS structure and FSS superstrate to increase both gain and impedance bandwidth.
Furthermore, the truncated corner square patch is combined with RIS structure and high dense
dielectric sheet as superstrate to improve both gain and impedance bandwidth.

In order to achieve broadband axial ratio bandwidth, unconventional structures like H,
C, E and S structures are designed with RIS structure as a ground plane. The S-shaped structure
with RIS structure is providing good impedance matching over H, C and E structures.
Moreover, the superstrate is placed above an S-shaped patch with RIS structure to get
improvement in impedance bandwidth, gain and axial ratio bandwidth.

In order to design a high gain and broadband circularly polarized antenna in the single-
layer substrate, the metasurface with aperture CPW feed technique has opted. Initially, the
metasurface is designed with a 3x3 array of circle patches on the top face of the substrate and
L shaped aperture CPW feed is designed on the bottom face of the substrate. The stubs are
added across the slot and the central patch size in the metasurface is reduced to further enhance
the impedance bandwidth and an axial ratio bandwidth.

In the case of uniform aperture CPW feed, the changes are made in the metasurface to

design high gain and broadband circularly polarized antenna in a single layer substrate. The
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metasurface is designed with a 3x3 array of truncated corner square patches or a 3x3 array of
45° tilted slot-loaded square patches on the top face of the substrate and stub-loaded uniform
aperture CPW feed is designed on the bottom face of the substrate.

High-frequency structure simulator simulations are used for the design and realization
of the antenna configuration. All the antenna designs are fabricated, evaluated and measured
results are validated with simulation results.

The outcome of the research work led to the development of novel techniques for high
gain and broadband circularly polarized antennas. The impedance bandwidth is improved using
RIS structure and the gain of the antenna is improved using superstrate. In addition to that,
circular polarization is achieved using conventional and unconventional structures. The
compact antenna in a single layer substrate is designed using a metasurface with aperture CPW
feed for the high gain and broadband circular polarization.

All the antennas developed have promising applications in 5GHz Wi-Fi and Wi-Max

applications.
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Chapter 1

Introduction

1.1 Overview

Nowadays there is an increasing number of applications emerging in wireless
communications. The antenna is the fundamental component in any wireless system. It converts
the electrical signal to electromagnetic waves and vice versa as shown in fig. 1.1. The
transmitting antenna has to radiate the field towards the target without interfering with the other
communication systems [1-3]. The receiving antenna converts an incoming electromagnetic
wave to an electrical signal, preferably with the exclusion of all other electromagnetic signals

in the vicinity.

TRANSMITTING ANTENNA RECEIVING ANTENNA
Plane wave

Tapered E lines/_\\”\‘ Elines( ) [ ) Tapered
transition \"-. ‘\\ \ Y A Y A transition

\\
| «l‘, |} | MGuided (TEM) wave

—b‘?&“hvoooo JA—» — > ->—l
> |

/ Receiver

Transmission line

Generator

or transmitter U /
—_— &y r A YA
Guided (TEM) wave ‘T—r-—- v L O
One-dimensional wave Transition region

region Free-space wave or antenna
orantenna  radiating in
three dimensions

Fig.1.1. Basic radio communication system [3]

The dipole antenna is made up of half-wavelength wire cut into two-quarter
wavelengths as shown in fig. 1.2. The source is connected at the centre of the wire. The
vertically oriented antenna has a vertical polarized electric field. They produce omni directional
radiation patterns. It looks like a doughnut-shaped pattern as shown in fig. 1.3.

14
Two Wire

Transmission Conducting
Line Wires

A
@ N2

vy

Fig.1.2. Half -wave dipole antenna
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Fig.1.3. 3D radiation pattern of vertically oriented dipole antenna [80]

The slot antenna is dual of a dipole antenna, it is made up of cutting half wavelength
slot from the conducting sheet as shown in fig 1.4. Its radiation pattern is similar to a dipole
antenna whereas the vertically oriented slot antenna has a horizontal electric field component.

These slot antennas also produce an omni-directional radiation pattern.

Slot
A
Two Wire
Transmission
Line A2
X
N Conducting
Sheet

—Y

Fig.1.4. Slot antenna

Microstrip patch antennas consist of a radiating patch on a grounded dielectric substrate
as shown in fig 1.5. When the patch is excited, the waves generated within the dielectric form
reflections and are emitted from the edges of the radiating patch [4]. The microstrip patch
antennas radiate in the broadside direction due to the radiation of fringing fields and they are

simple to design and fabricate
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Fig. 1.5.Microstrip patch (a) Prototype [81] (b) 3-D Radiation pattern [82]

Some other types of antennas are available depending on the radiation phenomenon
such as yagi-uda antennas which consist of folded dipole antenna as a source, reflectors and
directors as shown in fig. 1.6a. They radiate in the direction of directors. Horn antennas radiate
from the aperture of the flared waveguide as shown in fig. 1.6b. Parabolic reflector antennas
collimate the rays from the radiating source as shown in fig. 1.6¢c. The radiating source may be

a dipole antenna or slot antenna.

(a) (b) (©)

Fig.1.6. Antennas(a) Yagi-uda antenna[83] (b) Horn antenna[84] (c) Parabolic antenna[85]

The performance of antennas can be analyzed by using the parameters such as
impedance bandwidth, gain, axial ratio, radiation pattern and polarization. Impedance
bandwidth mentions the range of frequencies radiated due to proper coupling from the feed to
the antenna and it is also expressed as fractional bandwidth. It can be calculated by indicating
the reference level of the reflection coefficient is -10dB, or VSWR is 2, or return loss is 10dB.
The lowest indicated value is fmin and the highest indicated value is fmax. The impedance
bandwidth is the ratio of absolute bandwidth (difference between fmax and fmin) to center

frequency.
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Gain is another important parameter that decides the distance of transmission. It is the
ratio of radiation intensity in a particular direction to an isotropic antenna. If the gain of the
antenna is less, the signal covers a short distance only. If the gain of the antenna is more, the
signal covers longer distances. It is always calculated with respect to the reference antenna.

A radiation pattern is a graphical representation of antenna far-field radiation
characteristics as a function of direction. Gain, directivity and radiation vector are all different
types of parameters that can be represented by the radiation pattern. They are termed gain
patterns, directivity patterns and radiation vector patterns. Antennas are categorized based on

the radiation pattern.

Omnidirectional antennas radiate uniformly the radio signal in all directions in one
plane as shown in fig. 1.7. Omnidirectional antennas are best suitable for network hubs because
they provide coverage in all directions. But, the gain of the antenna is limited. Some examples
of the omnidirectional antennas are dipole antennas, slot antennas and monopole antennas.

Directional antennas radiate in a particular direction with increased gain compared to
omnidirectional antennas as shown in fig. 1.7. Therefore, directional antennas are used to send
and receive the enhanced signals in a particular direction. The major advantage of these
directional antennas is that they have improved gain. Some examples of directional antennas

are yagi-uda antennas, panel antennas, horn antennas and parabolic antennas.

Omni
Directional
Antenna

High gain
Directional Antenha

Gain in dBi

Fig.1.7. Omni-directional and directionl radiation pattern[86].

The alignment of an electric field in the electromagnetic wave radiated by the antenna
decides the polarization of the antenna as shown in fig. 1.8. For a linearly polarized antenna,
the electric field varies over a straight line and for circular polarization, the tip of the electric
field forms the circle. If the wave coming out of a plane and electric field rotates in the

clockwise direction, it is left-hand circularly polarized. If the electric field rotates in the anti-
4
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clockwise direction, it is right-hand circularly polarized. Similarly for elliptical polarization,
the tip of the electric field forms the elliptical pattern and there are left-hand elliptical
polarization and right-hand elliptical polarization depending on the rotation of the direction of
electric field. In the case of co-polarization, both the transmitter and receiver are oriented in the
same polarization. In the case of cross-polarization, both the transmitter and receiver are

oriented in different polarization.

Circular (Right Hand) Elliptical (Right Hand)
Polarization Polarization

Linear
Polarization

Fig.1.8. Different types of polarizations[87].

The polarization of the antenna will be decided by the current distributions on the
conducting surfaces of the antenna which intern depends on the geometry and feed location.
Polarization is an important parameter of the antenna which depends on the application. Linear
polarization is preferred for fixed terminals, whereas circular polarization is suitable for mobile
terminals. In circular polarization, the receiving antenna need not be aligned with respect to the
transmitting antenna. But the generation of circular polarization is a complex phenomenon
where the electric field has to be generated with two components in an orthogonal direction and
90° phase delay[5]. Now a day’s circular polarization is preferred for wireless mobile devices.

The type of polarization is decided by the axial ratio (AR). The axial ratio is calculated
as the ratio of the major axis to the minor axis. In terms of decibels, it is a difference in power
level between the maximum and minimum power radiated in one plane perpendicular to the
direction of propagation. For circular polarization, the axial ratio lies between 0 to 3dB, for
elliptical polarization, it varies from 3 to 20dB and for linear polarization, it is above 20dB.

Nowadays, the internet is the primary medium of information and people communicate
from anywhere with an internet connection. Usually, the internet is provided through a local
area network (LAN) cable. Now people are connected to the internet through wireless, without
any cable which is possible by Wi-Fi (Wireless Fidelity) (IEEE 802.11). Wi-Fi is playing a
major role in everyone’s life. It is used by a wide range of devices, including smartphones,

laptops and tablets, as well as remote sensors, actuators, televisions and many others. All the

5
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wireless devices will be connected to the Wi-Fi router. For this, antennas are required at both
the router and wireless devices to have continuous communication. Wi-Fi is continuously
progressed as 802.11, 802.11b/a/g/n/ac/ax. The 802.11 (first version) is released in 1997.
802.11 ax (Wi-Fi 6) is released in 2019. Wi-Fi has advanced over the past 20 years from 2 Mbps
to 10Gbps, with over 1000-fold improvement in speed and throughput. In the evolution of Wi-
Fi technology, two frequencies are allotted as shown in fig. 1.9. One is the 2.4GHz frequency
band (2.402GHz-2.483GHz) and the other is the 5GHz frequency band (5.150GHz-5.850GHz).

Internet

. N
T E— ‘ >
Mod;:w l’\ - JJ
\ \. BR-6675nD &
M@Er Dual Bnnu.outer @}3 NS-2502

r & | NAS Server
) - y
2.4GHz

IC-7010PTn EW-7811Un EW-7722UnD
Network Camera Wi-Fi Adapter Dual-Band Adapter

Fig.1.9. Wi-Fi frequencies [88]

Table 1.1: IEEE 802.11 Wi-Fi protocol summary

Protocol | Frequency | Channel Width MIMO Maximum data
rate (theoretical)

802.11ax | 2.4 or 5GHz | 20, 40, 80, 160MHz | Multi User 2.4 Gbps, 1024
(MU-MIMO) | QAM

802.11ac | 5 GHz 20, 40, 80, 160MHz | Multi User 1.73 Ghps, 256

wave2 (MU-MIMO) | QAM

802.11ac | 5 GHz 20, 40, 80MHz Single User 866.7 Mbps, 256

wavel (SU-MIMO) QAM

802.11n | 2.4 or5GHz | 20, 40MHz Single User 450 Mbps, 64
(SU-MIMO) QAM

802.11g | 2.4GHz 20 MHz N/A 54 Mbps

802.11a | 5GHz 20 MHz N/A 54 Mbps

802.11b | 2.4 GHz 20 MHz N/A 11 Mbps

Legacy |2.4GHz 20 MHz N/A 2 Mbps

802.11

In the 802.11b, 802.11g operate only in the 2.4GHz band whereas 802.11a, and 80211ac operate
in the 5GHz band as shown in Table 1.1. 802.11 n and 802.11 ax use both 2.4GHz and 5GHz
frequency bands. In the allotted bandwidth at 2.4 GHz, 20MHz and 40MHz channel bandwidths
with overlapping channels are provided. And at 5GHz band 20MHz, 40 MHz, 80 MHz and 160

6
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MHZ with non-overlapping channels are provided. When compared with 2.4GHz, 5GHz Wi-
Fi has better data rates and increased channel capacity. In addition, 2.4 GHz Wi-Fi has

interference with other wireless devices like Bluetooth devices and microwave ovens.

Many Wi-Fi antennas are available in the market such as 2.4GHz ceiling monopole antenna
model No.CA-24-04 working at 2.4GHz (2.402GHz-2.483GHz) and TP-Link CPE610 5GHz
Wi-Fi directional antenna working at 5GHz (5.150GHz-5.850GHz). Some of them are designed
to work at both frequencies such as 2.4/5GHz Wi-Fi Ceiling monopole type antenna model No.
CA-2458-02 working at 2.4GHz (2.402GHz-2.483GHz) and 5GHz (5.150GHz-5.850GHz).

Different types of antennas are available such as dipole antennas, ceiling dome monopole
antennas, yagi-uda antennas, panel antennas and grid parabolic antennas for Wi-Fi applications.

2.4GHz Wi-Fi Antennas:

Yagi-Uda antenna: The model number Cyberbajt / YAGI 24-12 is displayed fig. 1.10 a. It has
yagi beam-type radiation which operates in the frequency range 2400 - 2485 MHz following
IEEE 802.11 b/g/n. The gain of the antenna is 12dBi and has linear polarization (horizontal or
vertical polarization).

Directional Grid Antenna: The model number ALFA Networks / AGA-2424T is displayed in
fig. 1.10 b and has a directional pattern for IEEE 802.11 b/g/n. The antenna is used in the
frequency range 2400 - 2500 MHz with 24dBi gain with linear polarization (horizontal or

vertical polarization).

(c) (d)

Fig.1.10. 2.4GHz Wi-Fi antennas (a)Yagi-uda antenna [89] (b) Directional Grid Antenna[90] (c)
Directional Panel Antenna[91] (d) Omni directional antenna[92]

7
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Directional Panel Antenna: The model number Interline / IP-G08-F2425-HYV is displayed in
fig. 1.10 c. It has a directional pattern. It is also operating in the frequency range 2400 - 2500
MHz. It can be useful for IEEE 802.11 b/g/n. The gain of the antenna is 8 dBi and It supports
linear polarization (horizontal or vertical polarization).

Dipole antenna: The model number DA-24-04 is displayed in fig. 1.10 d. It has an omni-
directional radiation pattern with linear polarization. The Antenna is useful for IEEE 802.11
b/g/n in the frequency range 2400 - 2500 MHz. The gain of the antenna is 2 dBi.

5GHz Wi-Fi Antennas:

Dipole antenna: The model number Interline HORIZON 12 (IH-G12-F5458-V) is displayed in
fig. 1.11 a with omni directional radiation pattern. It is useful for IEEE 802.11 a/n in the
frequency range 5.4 - 5.8 GHz. It supports linear polarization (horizontal or vertical
polarization) with a gain of 12dBi.

Directional Panel Antenna: The model number Interline IP-G23-F5258-HV is useful for
IEEE802.11a/n/ac in the frequency ranges 5.0 — 5.85 GHz as displayed in fig. 1.11 b. It has
directional radiation with a gain of 23dBi and It supports linear polarization.

Directional Parabolic Antenna: The model number TP-Link CPE610 is operating at the
frequency of 5.85 GHz displayed in fig. 1.11c. It can be useful for IEEE802.11a/n. The gain of
23dBi with directional radiation pattern. It shows linear polarization (horizontal or vertical

polarization)

(©) (d)

Fig.1.11. 5 GHz Wi-Fi antennas (a) Omni directional antennas[93] (b) Directional Panel Antenna[94]
(c) Directional Parabolic Antenna[95] (d) Ceiling dome antenna[96]

Ceiling/Roof monopole Antenna: These antennas have the advantage to fix into ceiling/roof.

The model number CA-2458-02 has an omnidirectional radiation pattern as displayed in fig.
8
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1.11 d. It is operating in the frequency ranges 2.4 - 2.5 GHz, 5.1 - 5.9 GHz and It can be useful
for IEEE802.11 b/g/n, IEEE802.11 a/n. The gain of 3dBi at 2.4GHz and 5dBi at 5GHz. It

supports linear polarization (horizontal or vertical polarization).

The 5GHz Wi-Fi with the advantage of more channel bandwidth support data rate up to
Gbps. Some of the antennas designed at 5GHz have more gain to provide a signal to longer
distances. Omnidirectional coverage can be obtained by using point to multi-point high gain
directional antennas where the number of directional antennas can be used to provide the signal
to multiple directions as shown in fig. 1.12. The signal can be provided to a particular location
by using point to point high gain directional antenna where the single directional antenna is

used as shown in fig. 1.12a.

(a) - (b)

Fig.1.12. Wi-Fi coverage to the entire area [97] (a) Point to point equipment [98] (b) Point to

multipoint equipment[99]

Although many types of antennas are designed at Wi-Fi frequency. The compact
antenna design with less cost is a challenging problem. Antennas are developed for present and
future applications using microstrip technology which is a planar antenna. Microstrip patch
antenna has a ground plane and radiating patch separated by the dielectric material of small
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thickness usually 0.8mm to 3.2mm. Microstrip patch antennas have the advantages of low
profile, low cost and are easily integrated into planar antennas. But, they also have a few

disadvantages of narrow bandwidth and low gain.

It can be observed that the 5GHz Wi-Fi has more spectrum (i.e. 5.150GHz-5.850GHz)
with more number of channels and its frequency is not used by other wireless devices and also
this spectrum has less interference with other wireless devices. Hence 5GHz Wi-Fi has become
more popular when compared with 2.4GHz Wi-Fi in present and future applications. As the
antenna is a major component of any wireless system, antennas for 5GHz are to be designed

with better performance.

The major problem of wireless devices is a weak signal due to the low gain of an
antenna. Weak signal and bad coverage problems can be solved by using high gain directional
antennas. Due to the above-mentioned reasons, high gain directional antennas may be preferred
at 5 GHz Wi-Fi.

In the case of linear polarization, the polarization of the signal is changed due to faradays
rotation in the atmosphere or multipath propagation. The signal is not received by the receiver
antenna due to a change in polarization whereas the circular polarization still maintains the
same polarization. So there is no polarization loss in circular polarization. Circular polarization
can be attained by using a helical antenna. But these structures are very large, and not suitable
for a compact device. The microstrip patch antenna is generating circular polarization with dual
feeding techniques but it is difficult to give dual feeding. So the antenna designers are focusing
to design circularly polarized antennas using single feeding techniques. Antennas for 5GHz Wi-

Fi band are to be explored further to meet all the future demands.

1.2. Motivation

The antenna is a major element of the 5GHz Wi-Fi system which is used in many
applications. To meet the demands of the 5GHz Wi-Fi system, an antenna has to be designed
to operate in the 5.15GHz to 5.85GHz frequency band. To meet the requirements of the size
constraints, the designed antenna at 5GHz Wi-Fi is to be as compact as possible. It is well
known that microstrip technology gives planar and compact designs. Basically, the microstrip
patch antenna has a narrow bandwidth. It is required to improve the bandwidth of the microstrip
patch antenna to operate with fractional bandwidth of 12.7%. The bandwidth of the antenna can

be improved by applying various available techniques. To maintain low transmitted power an

10
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omnidirectional antenna can be replaced with multiple directional antennas to further enhance
the gain. Existing and novel gain enhancement techniques can be applied to the 5GHz Wi-Fi
antenna. The novel combination of gain and bandwidth enhancement techniques together can

be incorporated to achieve novel designs.

There is a requirement for circularly polarized antennas to overcome the drawbacks of
linearly polarized antennas. Polarization of EM wave change due to faraday’s rotation in the
atmosphere or due to multipath propagation. Hence, the signal is not received by the linearly
polarized receiver antenna due to polarization mismatch. So, the circularly polarized antenna is
preferred at 5GHz Wi-Fi frequency. Circular polarization is becoming the major requirement
of mobile devices. So, the 5GHz antenna should have broadband, high gain and also has to
generate circular polarization. In general, two feeds are suggested for generating circular
polarization. Novel techniques like slots, truncation and structural modifications can be applied

to achieve circular polarization with a single feed.

There is a demand to integrate many services into one device which makes the antenna
have a compact size and the antennas used at 5 GHz Wi-Fi is to have a directional pattern with
high gain and broadband bandwidth. Meeting the 5GHz Wi-Fi requirements is a great challenge
for antenna designers. The design of such antennas with optimal characteristics is difficult to
attain using conventional methods. Hence, novel techniques have to be applied for the

realization of a 5GHz Wi-Fi antenna.

1.3. Literature Review

Various techniques are published to improve the bandwidth of the microstrip patch
antenna. One such technique is the application of reactive impedance surfaces (RIS). Hossein
Mosalleai (2004) et al investigated a reactive impedance surface (RIS) to increase the
impedance bandwidth. The RIS is designed with an array of square patches which are placed
below the radiating square patch. The antenna achieved an impedance bandwidth of 6.7% with
a gain of 4.5dBi at 1.85GHz. But the gain of the antenna is not enough for present applications
[6]. D. Qu. Shafai (2006) et al proposed a high impedance surface as a ground plane to the
microstrip patch antenna to improve the impedance bandwidth. The antenna achieves a
bandwidth of 25% (10.44GHz-13.38GHz) and the gain is 8.02dBi [7]. Shyam sundar jash
(2019) et al presented a complementary C shaped slot loaded patch with RIS structure as a
ground plane to design broadband circularly polarized antennas [8]. The above-mentioned

techniques improved the impedance bandwidth only.
11
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Antenna gain can be improved by using different techniques as mentioned in the
published literature. Recently, the Fabry Perot resonator is applied along the radiation direction
to the antenna for gain enhancement. In the Fabry Perot resonator principle, a superstrate is
placed approximately half wavelength above the antenna. A cavity is created between the
superstrate and the antenna ground plane. The rays emitted by the antenna bounce back and
forth between the superstrate and ground plane. Finally, coherent addition of rays is emitted in
the direction of normal to the superstrate. Hence, the gain of the antenna can be improved.
Superstrates can be designed with a partially reflecting sheet, frequency selective surface, non

uniform superstrate and dielectric slab.

Zahra Mousavi Razi (2015) et al discussed the superstrates with 4 different types of
elements such as S-shaped elements, square patches, omega-shaped elements and SRR cells. It
is observed that the superstrate designed with S-shaped elements has shown good improvement
in impedance bandwidth and the gain of the antenna [9]. Yuejun Zheng (2017) et al proposed a
superstrate with two types of FSS elements in the chessboard manner to improve the gain of
the antenna at 10.8GHz [10]. Swati vaid (2016) et al designed a double-sided PRS with
complimentary square loops. The PRS is showing a positive phase gradient property over
desired frequency ranges for the enhancement of gain of the patch antenna. The PRS helps to
get dual-band operation 3.3 %( 8.75-9.04) and 1.9 %( 9.34-9.52) with a gain of 10.2 dBi and
8.5dBi respectively [11]. Mohamed Lamine Abdelghani (2017) et al proposed a dual-band
antenna at 2.4 GHz and 5GHz with dual slots. The Fabry Perot effect is created with a double-
layered PRS surface to provide a positive reflection phase with high reflectivity over a dual-
frequency range. The superstrate has improved the peak gains of antennas to 14.9dBi and 14.2
dBi at 2.4 GHz and 5GHz [12]. Zhen Guo Liu proposed an FSS superstrate with dissimilar
patches above the U-slotted patch antenna. The antenna achievese an impedance bandwidth of
12.2% and directivity of 18.53dBi [13]. Pan Feng (2017) et al proposed a non-uniform
superstrate above the patch antenna at 10GHz to improve the gain of antenna to 20.55dBi and
impedance bandwidth to 6.1% [14]. Peng Xie (2017) et al presented a Fabry Perot resonator
antenna by keeping reflective metasurface as a ground plane to the dual-band antenna with
different polarization in different bands and PRS is used as a superstrate to improve gain of
antenna to 17.6dB at 8.75GHz and 19dB at 9.8GHz respectively[15]. M.A Meriche (2019) et
al presented a single layer partially reflecting surface superstrate with a 7x7 array of
complementary square rings on both sides of a dielectric substrate. This superstrate is showing

positive reflection phase gradient property over the desired frequency range to improve the gain
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of an antenna to 8.2dB [16]. In the published literature [9-16], gain enhancement techniques

are applied for linearly polarized antennas.

In some published literature, the Fabry Perot resonator principle is applied for the
circularly polarized antenna which is listed below. Circular polarization can be generated with
self-polarizing FSS, the truncated corner square patches and 45° tilted square patches with
crossed slots in the following publication [17-21]. S.A. Muhammad (2011) et al proposed a
circularly polarized Fabry Perot antenna with a cylindrical waveguide as a feeding element
along with a corrugated ground plane to generate linearly polarized waves at 45°. The self-
polarizing FSS is placed above the antenna to get a circularly polarized high gain Fabry Perot
cavity antenna. The structure achieves a higher gain of 13.5dB at 2.5GHz and axial ratio
bandwidth of 1.8 %( 2.475-2.520). The impedance bandwidth is 1.12 %( 2.49-2.52GHz)[17].
S.A Muhammad (2013) et al presented a Fabry Perot antenna with a self-polarizing property to
convert linear polarization into a high gain circular polarized antenna. The source feed is placed
in the middle of two FSS and polarization twisting ground plane at one side. The prototype
shows a combined bandwidth of 3% at 3.9GHz with realized gain of 18dB [18]. M. Akbari
(2016) et al presented a circularly polarized dielectric resonator antenna which is coupled
through a cross slot in the ground plane. Superstrate is designed with FSS unit cells to increase
the gain of antenna to 15.2dB at 30GHz [19]. Lei Zhang (2017) et al proposed a metasurface of
shared aperture to enhance the gain of CP micro strip patch antenna [20]. Ankit Sharma (2019)
et al presented a partially reflecting surface and absorbing metasurface to enhance the gain of
an antenna that is circularly polarized and reduce the RCS reduction. Top layers of substrates
act as absorbing metasurface and bottom layers of substrates act as partially reflecting surfaces
to improve gain of antenna [21].

The metamaterial superstrates are designed with negative permittivity and negative
permeability simultaneously. Hence, they exhibit negative refractive index(NRI) properties.
Furthermore, the propagation vector, electric and magnetic field vector of these materials form
a left handed materials(LHM) or negative refractive index materials. The metamaterial with
negative refractive index property act like LHM perfect lens to enhance the gain of antennas
[22-28].

In the above-discussed papers [9-28], the superstrate is placed at a height of either half-
wavelength or quarter wavelength. The metasurface is used in the next section in which the
metasurface can be placed at a height of less than a quarter wavelength for gain improvement.
The gain of the antenna can be improved by using a metasurface or superstrate at a height less

13



Chapter 1: Introduction

than the quarter wavelength in the published literature as listed below. Long li et al proposed a
partially reflecting surface superstrate with a fishnet structure and mushroom-loaded patches
are placed around the patch to reduce the height of superstrate to /125 to improve the gain of
square patch antenna [29]. Prakash Kumar Panda (2018) et al proposed a metamaterial
superstrate at a height A/12 with € and p near-zero property. The metamaterial superstrate has
the property of Near Zero Refractive Index(NZRI) Property to enhance the gain of the antenna
by 3.4dBi at 2.6GHz [30]. Priyanka Usha proposed a metasurface at a height less than A/4 with
epsilon near zero and negative refractive property to focus the EM wave in the normal direction
of superstrate [31]. Hence the gain of ultra-wideband antenna is improved. In the above-
discussed structures [29-31], the superstrate is placed at a height of less than a quarter
wavelength above the antenna. In the next section, the superstrate is placed above the radiating

element without any air gap.

For gain and bandwidth enhancement, the metasurface is placed above the radiating slot
without an air gap in the published literature listed below. The metasurface is a two-dimensional
structure which helps to improve the gain and bandwidth of antennas. The metasurface
discussed here has a dual-layer where one layer consist of metasurface and the feed is placed
on another layer. It can be called as a dual-layer metasurface. Initially, linearly polarized
antennas with dual-layer metasurface are discussed followed by circularly polarized antennas

with dual-layer metasurface.

Feng Han Lin (2017) et al proposed diamond-shaped patches as a metasurface. These
patches are excited by a uniform slot in the ground plane. The slot is excited by a micro strip
line. The micro strip line is placed in the bottom plane which is orthogonal to the slot. The
antenna has achieved an impedance bandwidth of 31% with a gain of 13-14.5dBi at 5GHz -
6GHz [32]. Hao Bai(2019) et al presented high gain metasurface antenna. The antenna made
up of two stacking layers with 4x4 array of square patches with same size. The antenna achieved
impedance bandwidth of 7.8% at 4.36GHz, 3.6% at 5.02GHz and 41.1%at 6.81GHz. The peak
gains are 10.1dBi, 6.9dBi, 10.5dBi respectively [33]. No circular polarization is reported in the

above-discussed papers.

Some papers have designed high gain and broadband circularly polarized antenna by
placing truncated corner square patches in the middle of the ground plane and metasurface in
[34]. Ankit Sharma proposed a circularly polarized antenna with a square ring slot in the ground
plane and dual SRR with a microstrip feed line on the opposite side. The metasurface is
designed with two similar artificial magnetic conductors orthogonal to each other to improve
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the gain of the antenna [35]. But these structures [32]-[35] have used dual layer substrates or

multiple layer substrates to design the above-mentioned antennas.

The metasurface is designed using aperture CPW feed in single layer substrate for
linearly polarized antennas in the published literature listed below. Hsiu Ping Liao (2019) et al
proposed a metasurface on the top face of the substrate with a 3x3 array of two-step dipoles in
a tapered manner. The bottom of the substrate is designed with an aperture coplanar waveguide
(CPW) feed with a stepped slot. The antenna designed with the above specifications attains an
impedance bandwidth of 22.11% with a broadside gain of 7.5dBi [36]. Jun fang Wang (2019)
et al proposed a metasurface with a 3x3 array of square patches and the bottom of the substrate
is designed with an aperture CPW feed with stair shaped slot. The size of patches in the middle
row patches is increased. The antenna designed with the above specifications attains an
impedance bandwidth of 67.3% with a peak gain of 9.18dBi [37]. In the published literature,

single-layer metasurface antennas with circular polarization are not explored.

In the published literature, reactive impedance surface is applied for bandwidth
enhancement and the Fabry Perot resonator principle is attempted to gain improvement. In
addition, most of the antennas are generating linear polarization. And also very few papers are
presented for gain and bandwidth improvement simultaneously. For a system, the gain and
bandwidth product is constant. An improvement in gain decreases the impedance bandwidth
and vice versa. No authors have attempted gain and bandwidth enhancement techniques
together. In the proposed work, it is attempted to improve gain and bandwidth together with
RIS and superstrate. In addition, circular polarization is also realized in most of the proposed
antennas in the thesis work. These novel techniques are applied to design a 5 GHz Wi-Fi
antenna, which is not available in the published literature. In designing the proposed antenna,
the RIS surface is placed for bandwidth enhancement together with the Fabry Perot principle
and metasurface for gain enhancement. In most of the proposed antennas, the generation of
circular polarization is realized by applying truncation to radiating patches and metasurface unit
cells.

The conventional patches like the pentagonal patch and square patch are truncated to
get circular polarization. These structures are combined with RIS structure and highly reflective
FSS superstrate or dielectric superstrate to design high gain and broadband antennas for 5 GHz
Wi-Fi applications. Moreover, the unconventional patch structures like H, C, E and S with RIS
structures are designed to get broadband circularly polarized antennas. It is observed that the S-

shaped patch is giving good impedance matching compared with other structures. The positive
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phase gradient superstrate is placed above the S-shaped patch with RIS structure to design high

gain and broadband circularly polarized antenna for 5 GHz Wi-Fi applications.

In order to design antenna in a compact size, metasurface with aperture CPW feed
techniques are opted to design high gain and broadband circularly polarized antenna in single
layer substrate. Initially, the L-shaped aperture CPW feed is designed on the bottom face and
an array of circle patches as a metasurface are designed on the top face of the substrate to get
high gain and broadband circular polarization at 5 GHz Wi-Fi applications. Later the array of
truncated corner square patches or 45° rotated slot-loaded square patches are used as
metasurface with uniform aperture CPW feed to design high gain and broadband circularly

polarized antennas in single layer substrate at 5GHz Wi-Fi applications.

The antennas are fabricated and the reflection coefficient is measured using a network
analyzer. The radiation pattern measurements are done in an anechoic chamber. The gain and
axial ratio are calculated from the measured results. The measured results are compared with

simulation results.

1.4. Research Objective

The research primarily focuses on achieving the following objectives:

e To design, simulate, fabricate and test various high gain and broadband circularly
polarized antennas for 5 GHz Wi-Fi applications.

e Toimprove the bandwidth of antenna using reactive impedance surfaces (RIS) structure
as a ground plane.

e To improve the gain of the antenna using superstrates above the antenna.

e To improve the gain and bandwidth simultaneously by combining RIS structure as a
ground plane and placing superstrates above the antenna.

e To achieve broadband circular polarization while getting high gain and broadband
impedance bandwidth.

e To design a compact antenna while getting above performance characteristics.

e To validate the above antenna designs experimentally and compare them with

simulation results.
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1.5. Contributions of Research Work

The key contributions are summarized as follows:

(1) The Wi-Fi antennas are discussed and the importance of 5 GHz Wi-Fi antennas is reported.
Later the need for a 5 GHz Wi-Fi antenna to have broadband and high gain circular polarization
and their significance for future Wi-Fi applications are discussed.

(2) A high gain and broadband antenna is designed using a micro strip square patch with RIS
structure as a ground plane and dielectric sheets vertically above the antenna. The antenna
achieved an impedance bandwidth of 6.9 %( 5.13 GHz - 5.50GHz) with an average gain of 9.5
-10.23 dBi.

(3) A microstrip square patch with RIS structure as ground plane and FSS superstrate above the
antenna achieved the impedance bandwidth of 5.85%(5.11GHz-5.42GHz) with a peak gain of
8.5dBi.

(4) A pentagonal patch with RIS structure as ground plane and highly reflective FSS superstrate
is designed above the antenna to obtain an impedance bandwidth of 17.72% (4.93-5.89GHz)
with a peak gain of 12.48dBi. In addition to that, an axial ratio bandwidth of 2.4% (5.01-
5.14GHz) is obtained.

(5) A truncated corner square patch with RIS structure as ground plane and dielectric superstrate
above the antenna is developed to attain impedance bandwidth of 18% (4.97-5.95GHz) with a
peak gain of 9.75dBi. In addition to that the axial ratio bandwidth of 2.9% (5.15-5.30GHz).
(6) A broadband circularly polarized antenna is designed with H shaped patch with a RIS
structure as a ground plane. The antenna shows an impedance bandwidth of 23.9% (5.04GHz-
6.41GHz) and axial ratio bandwidth of 16.2 % (4.92GHz-5.79GHz).

(7) A broadband circularly polarized antenna is designed with E shaped patch with a RIS
structure as a ground plane. The antenna shows an impedance bandwidth of 27.7% (4.82GHz-
6.37GHz) and axial ratio bandwidth of 12.4 %( 5.11GHz-5.79GHz).

(8) A broadband circularly polarized antenna is designed with C shaped patch with a RIS
structure as a ground plane. The antenna shows an impedance bandwidth of 24.9% (4.81GHz-
6.18GHz) and axial ratio bandwidth of 12.9 %( 5.18GHz-5.90GHz).

(9) S-shaped patch antenna with RIS structure as ground plane and positive phase gradient
superstrate to achieve impedance bandwidth of 31.8% (4.81GHz-6.63GHz) with a peak gain of
10dBi. In addition to that the axial ratio bandwidth of 18.9% (4.99GHz-6.03GHz).

(10) H shaped patch with meta patches and CPW fed uniform aperture in single layer substrate
is designed to get impedance bandwidth of 34.8% (4.57-6.50GHz) with a gain of 10-11dBi.
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(11) Metasurface with circle-shaped patches and L-shaped aperture CPW feed in single layer
substrate is designed to get impedance bandwidth of 20.18 (4.9-6GHz) with a peak gain of
10.43dBic. In addition to that the axial ratio bandwidth of 16.21% (5.1-6GHz).

(12) Truncated corner square patch metasurface antenna is designed with uniform aperture
CPW feed in single layer substrate to get impedance bandwidth of 38.2% ( 4.5GHz-6.63GHz)
with a peak gain of 10.37dBic.In addition to that the axial ratio bandwidth of 13 %( 5.0GHz-
5.7GHz).

(13) A 45° slot-loaded square patch metasurface antenna is designed with uniform aperture
CPW feed in single layer substrate to get impedance bandwidth of 30% (4.56GHz-6.21GHz)
with a peak gain of 10.21dBic.In addition to that the axial ratio bandwidth of 8.6 %( 5.23GHz-
5.7GHz)

1.6. Chapter Organization

Chapter 1: Introduction

This chapter gives a brief idea about Wi-Fi standards and its techniques to improve the data
rates in advanced versions. The benefits of 5 GHz Wi-Fi over 2.4GHz Wi-Fi are discussed. The
advantages of directional antennas over omnidirectional antennas are given. Later the need for
high gain and broadband circularly polarized antennas at 5GHz Wi-Fi are discussed. The
literature review is studied and the research objective is framed for 5GHz Wi-Fi. Then the
contributions are listed accordingly.

Chapter 2: Conventional patches with RIS and superstrate for high gain and broadband
antenna

This chapter explains the designs of conventional microstrip patch antennas. The techniques to
improve the gain and bandwidth simultaneously are discussed. Later circular polarization is
generated using conventional patches. The unit cell characteristics are studied and the
superstrate is designed with the array of unit cells. The designed superstrate is used to improve
the gain of the CP antenna and bandwidth is improved by using the RIS structure.

Chapter 3: Unconventional patches with RIS and superstrate for high gain and
broadband circularly polarized antennas

This chapter discusses the design of unconventional patches and reactive impedance surfaces
are placed below the patches for designing broadband circularly polarized antennas. The
superstrate is designed with positive phase gradient unit cells. The designed superstrate is

placed above the unconventional patch with RIS to improve the gain of the antenna.
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Chapter 4: Metasurface with CPW fed L-shaped aperture for high gain and broadband
circularly polarized antennas

This chapter explains the high gain broadband circularly polarized antenna in single layer
substrate. Initially, the technique of metasurface with uniform aperture CPW feed for designing
high gain and broadband antenna. Later the circular polarization is generated by using L shaped
aperture CPW with a metasurface. Then the techniques of stubs in the slots and non-uniform
patches in the metasurface are discussed to further improve impedance bandwidth and axial
ratio bandwidth.

Chapter 5: Metasurface with CPW fed uniform aperture for high gain and broadband
circularly polarized antennas

This chapter discussed the design of high gain and broadband circularly polarized antennas in
single-layer substrates using truncated corner square patches and 45° rotated slot-loaded square
patches. The array of patches is used as a metasurface on one side of the substrate and they are
excited uniform aperture CPW in the bottom plane. Then changes are made in the metasurface
to improve the impedance bandwidth and axial ratio bandwidth.

Chapter 6: Conclusion and Future Scope:

All the results are concluded and the validation of the results is given in this section. The
antennas can be designed with a reflector and parasitic patches for further gain and bandwidth
enhancement. Compact antennas can be designed for future Wi-Fi applications at higher

frequencies (6GHz).

1.7. Conclusion

The significance of antennas in wireless communication is discussed. Later the need of
Wi-Fi antennas for internet connectivity and communication is reported. In addition to that the
Wi-Fi standards, techniques and maximum data rates are reported. Then the need for broadband
antennas and high gain directional antennas for 5GHz Wi-Fi applications are analyzed. The
motivation for the design of high gain and broadband circularly polarized antenna at 5 GHz Wi-
Fi applications is explained. The literature survey for the improvement of gain, impedance
bandwidth and axial ratio bandwidth is studied. The research objective to design a high gain
and broadband circularly polarized antenna at 5 GHz Wi-Fi is framed. The chapters are

organized for the achievement of the objective and contributions are listed accordingly.
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Conventional Patch Antennas with Reactive Impedance

Surface and Superstrates

2.1 Introduction

Novel antennas are required for 5GHz Wi-Fi applications to meet future demands. In
Wi-Fi technology, 5GHz band is used for high data rates. It is required to design a broadband
antenna for 5GHz Wi-Fi application. The distances to be covered by the Wi-Fi system are
specified. The performance of the system can be improved by selecting an antenna with a high
gain to transmit up to the specified distance. Hence to meet the demands of high data rate and
longer distance transmission, for Wi-Fi systems in particular at 5GHz, the designed antenna
must have broad bandwidth with high gain which is a challenge to design for engineers. In
addition to that, circular polarization is desirable to overcome the alignment issues of the
transmitter and receiver antenna. Hence, there is a requirement to design high gain and
broadband circular polarized antennas for 5GHz Wi-Fi applications.

The impedance bandwidth of the antenna is enhanced by using a reactive impedance
surface and the gain of the antenna is improved by using a superstrate. In order to achieve
circular polarization, the basic conventional patches like pentagonal patches, and square patches
are truncated and the probe feed position is optimized. To design a high gain and broadband
circularly polarized antenna for 5GHz Wi-Fi, the conventional patches are combined with RIS
structure and superstrates simultaneously. Mostly known technique to improve the gain of the
antenna is the antenna array [1-2]. Techniques are given for improving bandwidth and gain
separately in published literature. Few papers are also available, where gain and bandwidth are
improved simultaneously.

In the published literature, circular polarization is generated using slot-loading and
truncation of corners of radiating patches. Impedance bandwidth and axial ratio bandwidth of
antennas are improved by using reactive impedance surface structures below the radiating
element as listed below. L Bernard (2011) et al proposed a slot-loaded patch antenna to get
circular polarization. The reactive impedance surface is made up of 45° rotated square patches
to improve the impedance bandwidth and circular polarization at 2300MHz [38]. Teruhisa
Nakamura (2011) et al proposed a truncated corner square patch to get circular polarization.
The Reactive impedance surface is designed with an array of rectangular patches to achieve an
impedance bandwidth of 48.6% and axial ratio bandwidth of 20.4% in the 5GHz region [39].
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N Nasimuddin (2016) et al proposed a circular ring slot-loaded rectangular patch to design a
circularly polarized antenna at 4GHz. The reactive impedance surface is designed with a 7x7
array of rectangular ring unit cells to achieve an impedance bandwidth of 36% at the 4GHz
region [40]. The above-mentioned techniques have improved the impedance and axial ratio

bandwidth only. But there is no improvement in gain in the above-mentioned antennas [38-40].

In the published literature, the gain of antennas is improved using the Fabry Perot
principle where the partially reflecting surface is used as a superstrate. The superstrate is placed
at a height of half-wavelength or quarter wavelength above the antenna. The partially reflecting
surface is made up of a dielectric sheet or it can be designed as a frequency selective surface or
metamaterial surface. These superstrates are used for the gain improvement of linearly
polarized antennas as listed below. Q. L. Li (2017) et al placed 13 dielectric sheets vertically
above the patch antenna to improve the gain of the antenna by 11dB at 8.5GHz [41]. GV
Trenteni (1956) investigated the increase in directivity when the partially reflecting sheet is
placed at half-wavelength above the antenna [42]. B.A. Zeb (2015) et al placed a thick dielectric
unprinted slab at a quarter wavelength horizontally above the slot antenna to improve the
directivity of an antenna at 11.5 GHz [43]. Ayan Chatterjee (2015) et al presented a superstrate
with a 6x6 array of unit cells. The gain is improved from 5-8GHz [44]. Hussain Attia (2017) et
al presented a dual-layer partially reflective surface superstrate with positive reflection phase
gradient property above the slot antenna resonating at 60GHz. The antenna achieved a gain
improvement of 12.2dBi over a slot antenna [45]. Muftah Asaadi (2018) et al proposed a high
-dense dielectric patch antenna at 28GHz with two types of superstrates for gain improvement.
The first antenna with a highly reflective superstrate has a maximum gain of 17.78dBi and the
next antenna with a positive phase gradient superstrate has a maximum gain of 15.4dBi [46].
In the above-discussed papers, the gain of an antenna is improved by using a Fabry Perot
resonator principle. But the circular polarization is not reported in the above-mentioned papers
[41-46].

In the following published literature, Fabry Perot resonator principle is used for gain
enhancement for circularly polarized antennas. Circular polarization is realized by applying
corner truncations and slot-loading techniques. Kamil pitra (2015) et al presented a circularly
polarized square patch antenna with a cross-slot. The gain of the antenna is improved by using
the FSS superstrate which consists of square patches on the top face of the substrate and a fish
net on the bottom face of the substrate [47]. Robert Orr (2014) et al published a 45° tilted patch

with HIS surface and a partially reflecting surface. The partially reflecting surface has
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independent control on magnitude and phase of reflection coefficients to enhance the gain of
the antennato 21dB at 15GHz[48]. S. X. Ta (2017) et al proposed a circularly polarized antenna
with a truncated corner square patch. The superstrate is designed with high permittivity
dielectric substrate to have high refractive index property to improve the gain of the antenna to
13.17dBic and improve the AR bandwidth to 13.6% [49]. TK Nguyen (2019) et al designed a
stacked truncated corner patch antenna to get circular polarization. The superstrate is used to
enhance the axial ratio bandwidth and broadside gain [50]. Wanquan Cao (2019) et al presented
a circularly polarized magneto-electric dipole antenna. The antenna gain is improved by using
a partially reflecting surface [51]. The above-mentioned techniques have improved the gain of

the circularly polarized antenna only [47-51].

In the published literature, the impedance bandwidth of the antenna is improved by
using a reactive impedance surface and the gain of the antenna is improved by using Fabry
Perot resonator antennas. Even though the gain-bandwidth product is constant. Both the gain
and bandwidth improvements can be simultaneously improved by combining the novel
techniques such as the Fabry Perot resonator and reactive impedance surface. Conventional
structures are truncated to get circular polarization and they are combined with RIS structure

and superstrates to design a high gain and broadband circularly polarized antennas.

The conventional structures like the equilateral pentagonal patch and square patches
could not generate circular polarization. These structures are truncated and the probe feed
position is optimized to get circular polarization. There are different ways to get circular
polarization with regular structures such as a small portion of the right side edge is truncated to
the pentagonal patch, two diagonal corners are truncated to the square patch and a 45° inclined

slot is loaded to the square patch as shown in fig. 2.1.

Fig.2.1. Truncated conventional structures
In this chapter impedance bandwidth of the antenna is improved by using a reactive
impedance surface and the gain of the antenna is improved by using dielectric sheets vertically
above the antenna. The gain and bandwidth of the antenna are improved simultaneously by
combining both techniques. The dielectric sheets are replaced with resonant cavity superstrates
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to simplify the fabrication. Circularly polarized antennas are realized. Gain improvement is

obtained using highly reflective FSS superstrate and also dielectric superstrate separately.

In the next section, a brief introduction about the reactive impedance surface and

different types of superstrates as partially reflecting surfaces are discussed.
2.1.1 Reactive Impedance Surface

A microstrip patch antenna consists of a radiating patch and ground plane separated by
a dielectric material of height ‘h’ which is called as a substrate. Ground plane act as a perfect
electric conductor (PEC) and an image of the radiating patch is formed at a distance ‘h’ from

the PEC. The signal from the source (radiating patch) and image are added up in the forward
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Fig.2.2. Reactive impedance surface (a) Unitcell (b) Equivalent circuit (c) 3D view of RIS

structure
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direction. PEC reflects the electric field at the 180° phase shift. In the forward direction, the
signal from the source and signal from the image must add in phase for proper radiation. This
will happen only for a narrow range of frequencies. Hence, microstrip antennas in general have
narrow impedance bandwidth. To reduce the coupling between the signal from the source and
the signal from the image, a periodic array of patches is incorporated between the patch and
ground plane[6] as shown in fig. 2.2(c). These radiating patches store the energy either electric
or magnetic and improve the decoupling between two signals. In turn, the bandwidth of the
antenna is improved. Energy stored in the substrate behaves like a reactive impedance. Hence,
these surfaces are called as reactive impedance surfaces.

This structure is modelled by a transmission line. The gap between the patches acts like
a shunt capacitor. It is placed at a distance from a PEC-backed (short-circuited) dielectric
substrate. This short-circuited dielectric substrate is modelled by a lumped shunt inductor
parallel to the capacitor as shown in fig. 2.2(b). The parallel LC circuit is inductive at
frequencies below resonance, an open circuit at the resonance (behaving like a perfect magnetic
conducting surface) and capacitive above the resonant frequency. At frequencies much lower
than the resonant frequency, the surface impedance approaches zero and the structure behaves
as a PEC surface. The reactance of the RIS structure provides impedance matching over a wide

range of frequencies. Therefore the impedance bandwidth of the antenna is improved.

2.1.2 Fabry Perot Resonator Antennas

A Fabry-Perot Resonator (FPR) antenna is designed with radiating elements backed by
a ground plane and a partially reflecting surface superstrate above the radiating element as
shown in fig. 2.3. The waves emitted by the radiating element are incident on the superstrate
and some of the rays are reflected back, the reflected rays are once again reflected by the ground
plane. When the distance between the antenna ground plane and superstrate is integer multiples
of half wavelength, the coherent addition of waves is formed in the normal direction of the

superstrate. Hence, the gain of an antenna is increased remarkably.
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Different types of partially reflecting surface superstrates are available
2.1.3 Frequency Selective Surface(FSS) Superstrate

FSS is one type of partially reflecting surface which is designed with an array of unit
cells. The dimensions of the unit cell decide the frequency range of operation. The gain of an

antenna can be enhanced by placing a superstrate above the antenna.
There are 2 types of FSS superstrates

2.1.3.1 Positive Phase Gradient FSS Superstrate: In this type of superstrate, the unit cell is
designed to get a positive phase gradient property over the selected range of frequencies by
selecting the suitable dimensions of the unit cell. The superstrate is placed approximately half-

wavelength height above the ground plane.

h=3(¢+0.5)+N§ (1)

2 \2n
Where ¢ is the phase of the reflection coefficient of the FSS superstrate, and A is the free-space

wavelength. N is the order of resonant mode and equal to 0,1,2,3... N. The equation of phase

can be written from the equation [46].
¢ =""F— (2N - D )
Equation (2) shows the condition to get maximum gain in the broadside direction in terms of

positive phase gradient property over the selected frequency range.

2.1.3.2 Highly Reflective FSS Superstrate: In this type of superstrate, the unit cell is designed
to get a highly reflective phase in the selected frequency range by choosing the suitable

dimensions of the patch.
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When the FSS superstrate is placed at an approximately half-wavelength height from the
antenna, it creates an air-filled cavity between the ground plane and the superstrate. The
electromagnetic rays are focussed along the transmit direction and form concentrated rays in
the broadside direction, thus, the gain of an antenna is improved, when a highly reflective

superstrate is placed at an optimum height from the antenna.

1+|Ffss|

D =10 log P

@)
Where I is magnitude of reflection coefficient

Equation (3) shows that the directivity can be enhanced as the magnitude of the reflection

coefficient increases to unity (0dB) [46].
2.1.4 High Dense Dielectric Sheet

The dielectric substrate with high permittivity has a property of high refractivity when
it is placed at an approximately half-wavelength height above the ground plane [43]. The rays
emanating from the antenna incident upon the interface of different media will bend according
to Snell’s law. The high gain resonance condition is obtained by properly choosing the position
and thickness of the high dielectric constant materials. Hence, the gain of an antenna is

improved.
2.1.5 Non Uniform Metallic Superstrate

The superstrate is designed with different sizes of patches[13-14]. When the size of the
patch increases, the maximum gain of antenna shifts to lower frequencies and vice versa. When
the superstrate is designed with different sizes of patches, the maximum gain is achieved over
broad frequency ranges. Non-uniform superstrate is also used to improve the axial ratio
bandwidth of the antenna.

2.1.6 Metamaterial Superstrate

It is designed with an array of metamaterial unit cells [22-28]. These metamaterials
consist of negative permittivity and negative permeability simultaneously i.e. negative
refractive index. Furthermore, the propagation vector, electric and magnetic field vector of
these materials form left-handed materials or negative refractive index materials. The
metamaterial with negative refractive index (NRI) property acts like LHM perfect lens. The
radiated electromagnetic energy in the cavity is gathered and focused in the normal direction of

the superstrate. Hence, the gain of the antenna is increased in the broadside direction.
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2.2 Micro Strip Square Patch Antenna with RIS Structure and

Dielectric sheets

In this work, the microstrip patch antenna is designed. Its bandwidth is improved by
using RIS structure as a ground plane and the gain of the antenna can be improved by placing
dielectric sheets placed vertically above the antenna. The gain and bandwidth of the patch
antenna are improved simultaneously by combining both techniques for 5 GHz Wi-Fi

applications.
2.2.1 Micro Strip Square Patch Antenna

The square patch is designed on grounded FR4 substrate (€=4.4, loss tangent tand=0.02
and thickness h=1.6mm) with a dimension of 62mmx62mm as shown in fig. 2.4. The inner
conductor of the SMA connector is connected to a square patch after inserting through the

substrate and the outer conductor of the SMA connector is connected to a ground plane.
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Fig.2.4. Microstrip square patch antenna top view and side view
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The antenna is simulated using HFSS 13 and the simulation results are shown in fig.
2.5. It can be observed that the impedance bandwidth is 3.6% (5.18 GHz - 5.37GHz) and the

gain of an antenna is 3.5-3.63 dBi over the resonant frequency range.
2.2.2 Micro Strip Square Patch Antenna with Reactive Impedance Surface

The reactive impedance surface is made up of a 6x6 array of square patches. The RIS
structure is placed in the middle of the square patch and ground plane [6] as shown in fig. 2.6.
The size of square patches in the RIS structure is selected as 3.3mm, the substrate height above
the RIS structure is 0.8mm, the substrate height below the RIS structure is 1.6mm, and the size
of the square patch is selected as 11.75mm to resonant in the same frequency band. The square
patch with RIS structure is simulated using HFSS 13 and the simulation results are compared
with the square patch antenna alone as shown in fig. 2.7. The impedance bandwidth is improved
by 2.46%. The gain of the antenna is almost the same i.e. 3.6dB — 3.79dB.

L]
L]

FR4
Substrate RIS Structure Square

) il ‘R. \ =4llhtch :

e e

Probe 1
RIS Structure feed

Fig.2.6. Square patch antenna with RIS structure (a) Top view (b) Side view

o
N

eI

(|
||
LI(gal ]
L. [
CIOILE]
ORI

D O

-=- Basic antenna

—e— Antenna with RIS 104
o
o :
= 8 —=— Basic antenna
o —e— Antenna with RIS
=) _—
s 5
S E

o
g 8 prarerertatetsnse
3
2
% 24 ;
@
L] L} T L) T 0 T L) | 5 T L)
4.6 4.8 5.0 5.2 5.4 5.6 5.8 4.6 4.8 5.0 5.2 5.4 5.6 5.8
Frequency(GHz) Frequency(GHz)

Fig.2.7. Comparison of simulation results of a square patch antenna, square patch antenna with RIS (a)
Reflection Coefficient (b) Gain

28



Chapter 2: Conventional Patch Antennas with Reactive Impedance Surface and Superstrates

2.2.3 Micro Strip Square Patch Antenna with RIS Structure and Dielectric
Sheets

In order to improve the gain of the antenna, 13 dielectric sheets are placed vertically
above the antenna with RIS structure as shown in fig. 2.8. The dielectric sheets are acting as a
lens [41]. They focus the waves in the normal direction of the antenna. Hence, the gain of an
antenna is improved heavily. The gain and bandwidth are simultaneously improved by using

RIS structure as a ground plane and dielectric sheets above the antenna as shown in fig. 2.8.

FR4

Substrate RIS Structure Square

\ ‘I}ntch
0.8—% X

Fig.2.8. Square patch with RIS structure and Dielectric sheets (a) Front view (b) 3D view

The patch antenna with RIS structure as a ground plane and dielectric sheets vertically
above the antenna is simulated using HFSS 13. The simulation results are compared with patch
and patch with RIS as shown in fig. 2.9. It shows that the impedance bandwidth is 6.9% (5.13
GHz - 5.50GHz) i.e. improvement of 3.3% and the gain of an antenna is 9.5 -10.23 i.e.

improvement of 6-6.5dB over a square patch antenna.
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Fig.2.9. Simulation results of a square patch, square patch with RIS structure, square patch with RIS
structure and Dielectric sheets (a) Reflection Coefficient (b) Gain (c) Axial ratio
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2.3 Micro Strip Square Patch Antenna with RIS Structure and

Frequency Selective Surface (FSS) Superstrate

The dielectric sheets are acting as a lens, but placing dielectric sheets vertically above
the antenna is difficult and costly. The resonant cavity superstrates are simple to design and
fabricate. So the FSS superstrate is used to improve the gain of an antenna. The square patch
with RIS structure is taken from section 2.2 as shown in fig. 2.6. To this antenna, the FSS

superstrate is applied for gain enhancement.
2.3.1 FSS Superstrate

The FSS superstrate is designed with a 6x6 array of unit cells [44] as shown in fig. 2.10.
Each unit cell is designed with a square patch on the top and bottom plane, and a fishnet
structure in the middle layer. A detailed analysis of unit cell characteristics is given in section
2.4.3. The top and bottom planes act as a capacitive layer whereas the fishnet structure act as

an inductive layer. The resultant structure act as a frequency selective surface superstrate.

Inductive

Capacitive Layers Unitcell

Fig.2.10. Three-dimensional view of FSS superstrate

2.3.2 Micro Strip Square Patch Antenna with RIS and FSS Configuration

The above-mentioned superstrate is placed at an approximately half-wavelength height
above the antenna with RIS structure as shown in fig. 2.11. The resonant cavity is created
between the superstrate and RIS structure. The waves trapped in the cavity bounce back and
forth and finally, coherent addition of rays are emitted in the normal direction. The gain and
bandwidth are simultaneously improved by adding an FSS superstrate above the antenna and

RIS structure as a ground plane as shown in fig. 2.11.

31



Chapter 2: Conventional Patch Antennas with Reactive Impedance Surface and Superstrates

t

10.8 _FR4 Substrate
0.8

. FR4 Substrate

FSS Superstrate

RIS
Strugture

Patch Antenna with RIS

}

1

1

6

| 2 g t ! <+—11.75— FR4 Substrate | |
-—3.3— FR4 Substrate 1.6

0

I

Fig.2.11. Microstrip square patch antenna with RIS structure and FSS superstrate

i

The patch antenna with RIS structure as a ground plane and FSS superstrate above the

antenna is simulated using HFSS 13 and simulation results are shown in fig. 2.12. The
simulation results show that the impedance bandwidth is 5.85 %( 5.11GHz-5.42GHz) i.e.

improvement is around 2.25% and the gain of the antenna is above 8.5dB i.e. improvement is

around 5dB over a square patch antenna.
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Fig.2.12. Comparison of simulation results of microstrip square patch, patch with RIS structure, patch
with RIS structure and FSS superstrate (a) Reflection Coefficient (b) Gain.
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2.4 Pentagonal Patch Antenna with RIS Structure and FSS

Superstrate

The earlier discussed design has not produced any circular polarization. The
conventional pentagonal patch antenna is designed and a small portion of the right side corner
is truncated to generate circular polarization. It will lead to the design of high gain and

broadband circularly polarized antennas for 5 GHz Wi-Fi applications.
2.4.1 Pentagon Shape Patch Antenna

Pentagon shape patch antenna provides better performance than other conventional
structures like a circle and rectangular structures. Other conventional structures need multiple
feeding to get circular polarization whereas pentagon shape patch antenna generates circular
polarization with single feeding only. The equilateral pentagon shape patch antenna could not
generate circular polarization. A small portion of the right side edge is removed from the
equilateral pentagon shape patch antenna [52] as shown in fig. 2.13. The feed position of the
antenna is optimized to generate two orthogonal fields with equal magnitude and perpendicular
to each other i.e. circular polarization. The pentagon shape patch is printed above the FR4
substrate and the metal layer in the bottom plane act as a ground plane. The probe feeding is
given by the SMA connector. The inner conductor of the SMA connector is connected to the

pentagon patch and the outer part of the SMA is connected to the ground plane.

- L _ Y , | P—
Pentagonal 4 Pentagonal

/ Patch
Probe

- feed
FR4 ¥~ Ground

Substrate Y Plane

a) b)

Fig.2.13. The conventional pentagon shape patch antenna a) Top view b) Side view

This antenna design is based on the finite element method in High-Frequency Structure
Simulator software. The simulation results show that impedance bandwidth is 7.8% (5.11-
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5.52GHz), Gain is 3.4-3.5dBi, and axial Ratio is 1.9% (5.27-5.37GHz) respectively as shown
in fig. 2.15. The substrate is considered large enough to accommodate the modification done

for gain and bandwidth.

2.4.2 Pentagonal Shape Patch Antenna on RIS Structure

A

FR4
Substrate RIS Structure pentagonal patch

Hz [ { ,
S s e

!
f

Fig.2.14. Pentagonal patch antenna with RIS structure (a) Top view (b) Side view

A reactive impedance surface is a structure that introduces additional reactance to
improve impedance bandwidth. In the proposed antenna, the RIS structure is added in between
the patch and ground plane to improve the impedance bandwidth of the antenna. An array of
patches will be introduced between the patch and ground plane. The square patches are selected
for the proposed design. The size of the patch and the number of patches are the parameters that
control the impedance matching. After optimizing the patch size and array size, the array is
made by a 6 X 6 array of square patches printed on the top side of the FR4 substrate. The
parametric study is done on the dimension of the square patch (L1), its periodicity (L1+P),
substrate height (H1) below the RIS surface, and substrate height (H2) above the RIS surface.
The side of square patches (L1), the distance between the patches (P), the height H1, and the
height H2 are optimized for wide bandwidth to 4.5mm, 5.5mm, 1.6mm, and 0.8mm
respectively.

34



Chapter 2: Conventional Patch Antennas with Reactive Impedance Surface and Superstrates

12 T T T T

0 ———#—Antenna only
—— Antenna with RIS
m -5 104 4
T
£ 104 ~#- Antenna only
2 8 -e- Antenna with RIS B
O —_
£ -154 m
g T o 1
O -204 _5
| — 4
(U}
% 25 4-| 0-0-0-0-0-0-0-0-0-0=0-0-0-0-5=
© 30
Y= - -
@ 24 |
-354
-40 . T . . y 0 T T T T
5.0 5.2 5.4 5.6 5.8 6.0 5.0 5.2 5.4 5.6 5.8 6.0
Frequency(GHz) Frequency(GHz)
(a) (b)

~- Antenna only
5 ———————@— Antenna with RIS

Axial Ratio (dB)

5.0 5.1 5.2 5.3 5.4 5.5
Frequency(GHz)

(c)
Fig.2.15. Comparison of simulation results for the pentagonal patch antenna, patch antenna with RIS
structure (a) Reflection Coefficient (b) Gain (c) Axial ratio

After optimization of the RIS structure, an impedance bandwidth of 12.2% (5.05GHz -
5.71GHz) is achieved as shown in fig. 2.15(a), and also there is an increase in the 3dB axial
ratio bandwidth. An axial ratio bandwidth of 2.7% (5.21GHz - 5.35GHz) is achieved as shown
in fig. 2.15 (c). The RIS technique has improved the impedance bandwidth, but there is no
considerable improvement in the antenna gain as shown in fig. 2.15 (b). In order to improve the

gain of the antenna, the FSS superstrate is placed above the antenna.
2.4.3 Frequency Selective Surface (FSS) Superstrate

FSS is a surface in which the transmission and reflection characteristics vary with
frequency. The transmission is varied by using an array of unit cells. The surface contains a
periodic array of unit cells printed on one side or two sides of the substrate. To modify the wave
propagation, the FSS is placed along the direction of wave propagation. The superstrate and
RIS structure forms a resonant cavity and it will improve the gain of the antenna when

constructive interference is created between the RIS structure and superstrate.
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2.4.3.1 Highly Reflective Unit Cell Design: The design details of highly reflective unit cells
are studied in this section. The circle-shaped patches are preferred in FSS superstrate due to
their symmetry nature along the ¢ direction and improve the CP gain over the wide frequency
range [51]. The highly reflective unit cell consists of circle-shaped patches on the top layer and
bottom layer. In addition to that, a modified fishnet structure is used as a middle layer. These
three layers are separated by the substrate in between them as shown in fig..2.16. The top and
bottom layers act like the capacitive layer and the middle layers act as an inductive layer to

form a superstrate.

Capacitive Layers

Inductive’Layer

Fig.2.16. Three-dimensional view of highly reflective FSS unit cell.

PMC

PEC
Fig.2.17. Boundary conditions of a highly reflective FSS unit cell.

The highly reflective frequency selective surface is designed as a 6 x 6 array of periodic
unit cells printed on Rogers’s RO 4003C substrate, which is used as a superstrate of the antenna.

When the FSS superstrate is placed at an approximately half-wavelength height from the
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antenna, it creates an air-filled cavity between the superstrate and the RIS structure. The
electromagnetic rays are focussed along the transmit direction and form concentrated rays in
the broadside direction, thus, the gain of an antenna is improved, when a highly reflective
superstrate is placed at an optimum height from the antenna. It is well known that directivity

can be enhanced as the magnitude of the reflection coefficient increases to unity (0dB) [46].

1+ IFfssl

D=10log————
Ogl_ |Ffss|

The unit cell is designed in HFSS software and boundary conditions are applied as shown in
fig. 2.17. The parametric study is done by changing a and b values where ‘a’ is the radius of the
top side conductor and ‘b’ is the curvature radius of the middle conductor. These dimensions

of the unit cell control the characteristics of FSS.
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Fig.2.18. Highly reflective FSS unitcell characteristics (a) Magnitude of reflection
coefficient (b) Phase of reflection coefficient.

The magnitude and phase of the reflection coefficient are shifted to the lower
frequencies with an increase in the radius ‘a’ as shown in fig. 2.18. The magnitude of the
reflection coefficient increases towards 0dB i.e. unity in the selected frequency range(5.1GHz-
5.7GHz) and the phase of the reflection coefficient is near 180° over the selected frequency
range (5.1GHz-5.7 GHz) as dictated by the requirements of a highly reflective superstrate to
improve gain. These conditions are achieved when ‘a’ is 4.98mm and ‘b’ is 5mm. The

optimized dimensions of antenna and unit cell dimensions are given in Table 2.1.
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2.4.4 Pentagonal Patch Antenna with RIS - FSS Configuration

The proposed antenna is composed of the pentagon shape patch antenna along with
highly reflective FSS and RIS structures. RIS structure is attached beneath the pentagon shape
patch antenna and highly reflective FSS is positioned above the antenna as shown in fig. 2.19
and fig. 2.20. The cavity created by the contribution of these layers acts like a Fabry Perot cavity

_ Capaci)ige Layers Inductive Layers

| 4 Rogers 4003C Substrate é |
| Rogers 4003C Substrate 1 A

u u
E
F K
L| Reactive Impedance L
O Surface Pentagonal O
N /\ Patch N

FR4 Substrate

Ground Plane Probe Feed

Fig.2.19. Geometry of composite structure of pentagonal patch with RIS and FSS (Front
View)
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Fig.2.20. Three-dimensional view of a composite structure of pentagon patch antenna with
RIS and FSS
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resonator. Here, the directly transmitted rays from the antenna and reflected rays from the
superstrate are trapped in the cavity. The coherent addition of trapped rays radiates along the

broadside direction. Hence, the gain of the antenna improved remarkably.

Table 2.1: Optimized Parameter Values

Parameter Value(mm) Parameter Value(mm)
L 70 dl 1.7
H1 1.6 L1 4.5
H2 0.8 p 55
Hs 0.813 a 4.98
M 8.4 b 5
N 7.5 h 32

The proposed antenna with RIS and FSS is simulated in HFSS software. The simulated
results are shown in fig. 2.21. The impedance bandwidth is 17.72% as shown in fig. 2.21(a) and
the improvement is around 10%. The antenna gain is around 12 dBi in the frequency range of
5.1GHz to 5.7GHz as shown in fig. 2.21(b) and the improvement in the gain is around 9 dBi.
The axial ratio is 2.5% as shown in fig. 2.21(c). The proposed antenna results are compared

with basic conventional antenna results as mentioned in Table 2.2.
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Fig.2.21. Comparison of simulation results for the antenna, antenna with RIS, and antenna
with RIS and FSS at h=32mm (a) Reflection Coefficient (b) Gain (c) Axial Ratio
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It is observed that the conventional antenna with RIS structure has considerable
improvement in the impedance bandwidth as shown in fig. 2.21. But there are no considerable
improvements in the antenna gain. The conventional antenna with RIS structure and FSS
superstrate has improvement in both gain and impedance bandwidth simultaneously as shown
in fig. 2.21. Besides, the antenna has a 3dB axial ratio bandwidth of 2.4%.

Tabel. 2.2. Comparison of antenna, antenna with RIS, and antenna with RIS and FSS at

h=32mm.
S. No. | Antenna Impedance Gain (dBi) Axial Ratio
Bandwidth
1 Pentagon Shape Patch 7.8% 3.4-3.7 1.90%
Antenna (5.11-5.52GHz) (5.27-5.37GHz)
2 Antenna with RIS 12.24% 3-4 2.7%
(5.05-5.71GHz) (5.21-5.35GHz)
3 Antenna with RIS and 17.72% 12.48 2.4%
highly reflective FSS (4.93-5.89GHz) (5.01-5.14GHz)

It is observed that the proposed antenna surface current density vector on the patch is
rotating clockwise direction as the phase increases i.e the antenna is left-hand circularly

polarized (LHCP) as the direction of propagation (Z) is topside antenna as shown in fig. 2.22.

- % \\\
B NN

‘ e "’_‘:‘73"%--:W =

a. Phase =Q° b. Phase = 90°

c. Phase = 180° d. Phase = 270°

Fig.2.22. Antenna with RIS and FSS surface current density vector on pentagon patch at
5.1GHz.

The surface current density vector is towards 135° for the phase 0° as shown in fig. 2.22

a, it is towards 45° degrees for the phase 90° as shown in fig. 2.22 b, it is towards -45° for the
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phase 180° as shown in fig. 2.22 c, it is towards -135° for the phase 270° as shown in fig. 2.22
d.

The LHCP gain is high over the entire bandwidth as shown in fig. 2.23. The right-hand
circularly polarized (RHCP) gain is -15dB at 5.1GHz frequency where the antenna is

maintaining circular polarization and the RHCP gain is increasing in other frequencies.
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Fig.2.23. Simulated LHCP and RHCP gain plot for the antenna with RIS and FSS

The proposed antenna results are compared with published literature as shown in Table
2.5. It is observed that the proposed antenna planar size is very less (1 Aox 1 Xo) and the
superstrate is placed at approximately half-wavelength height (Ao/2) as mentioned in published

literature.
2.4.5 Fabrication and Measured Results

The fabrication of the pentagon shape patch antenna with the RIS surface is done on the
FR4 substrate and the fabrication of the superstrate is done on the Rogers RO 4003C substrate
by using LPKF milling machine S100. The superstrate is placed approximately half wavelength
above the antenna using Teflon rods as shown in fig. 2.24. Teflon rods are used which has no
impact on radiation characteristics. The female type rounded four-hole coaxial RF SMA
connector is inserted through FR4 substrates and it is soldered to the pentagon shape patch and
the outer part is soldered to the ground layer. The reflection coefficient of the antenna is
measured using a network analyzer in the frequency range of 4.5GHz to 6.5GHz as shown in
fig. 2.25a. The gain of the antenna is measured by using the gain transfer method in which the

gain of a standard antenna is known.
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Fig. 2.24 . Prototype of fabricated antenna with RIS and FSS layers. a) Composite structure and its
setup b) Capacitive layers and inductive layers
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Fig.2.25. Simulated and measured results of antenna with RIS and FSS at h=32mm

(a) Reflection Coefficient (b) Gain (c) Axial Ratio
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In the setup, the standard horn antenna is used as a transmitting antenna, whose gain
values are already known. The fabricated antenna is used as a receiving antenna and it is rotated
around its axis. The measured gain is similar to the simulated gain as shown in fig. 2.25b. The
axial ratio measurement is done and it is plotted in fig. 2.25c. There is a slight change in the
results due to fabrication errors. The radiation pattern of the fabricated antenna and simulated

antenna are compared at 5.1GHz, 5.5GHz, and 5.8 GHz as shown in fig. 2.26.
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Fig. 2.26. Simulated and measured radiation patterns of antenna with RIS and FSS (a) 5.1

GHz (b) 5.5 GHz (c) 5.8 GHz.
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2.5 Truncated Corner Square Patch Antenna with RIS and
Dielectric Superstrate

2.5.1 Square Patch with Corner Truncated Antenna

- L B —H1l—

A Truncated
Patch
‘M
‘/ L Probe
dli feed
5 4
FR4 Ground
Substrate Y Plane
Top View Side View

Fig.2.27. The geometry of a square patch with a corner truncated antenna

The corners of the square patch are trimmed on their two diagonal corners and it is
printed on grounded FR4 dielectric substrate (€r=4.4, tan6=0.02, h= 1.6mm) as displayed in fig.
2.27. The dimensions of the patch are selected as ‘M’ is 12.8mm and ‘dl’ is 2mm. The patch is
excited by probe feed and its feed position is optimized to resonate at 5.3GHz. The probe is
inserted through a ground plane and substrate. The probe is connected to the truncated corner
square patch.

The antenna is simulated using HFSS 13 software and simulation results are shown in
fig. 2.28. The antenna has shown an impedance bandwidth of 6.4% (5.13-5.47GHz.). The gain
of the antenna is 3-4 dBi. The antenna is achieved an axial ratio bandwidth of 1.7% (5.23GHz-
5.32GHz).
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Fig. 2.28. Simulated results for the square patch with truncated corner antenna (a) Reflection
Coefficient (b) Gain and Axial ratio

2.5.2 Antenna with RIS and dielectric superstrate

The RIS structure is designed as a 6x6 array of square patches and it is used as a ground
plane to the truncated corner square patch antenna [6] as displayed in fig. 2.29. The Fabry Perot
resonator antenna is designed by placing an FR4 dielectric substrate (€r=4.4, tan6=0.02, h=
3.2mm) approximately half-wavelength height above the ground plane [43] as shown in fig.
2.29. The cavity is formed in between the two parallel sheets i.e. RIS structure and the dielectric
superstrate. The rays emanating from the antenna an incident upon the interface of different
media. These waves bend according to Snell’s law. The reflected rays from the superstrate are
once again reflected by the ground plane. The trapped rays inside the cavity are bounced back
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and forth and finally, a high gain resonance condition is obtained by properly choosing the
position and thickness of the high €r dielectric superstrate and coherent addition of rays emitted
in the broadside direction. Hence the gain of the antenna is improved. The dimensions of patch
(M, dI) are optimized to get the best results. The composite structure of square patch with
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Fig. 2.29. The geometry of the composite structure of the patch with dielectric superstrate and RIS
structure

Dielectric
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Fig. 2.30. A 3-D view of the composite structure of patch with dielectric superstrate and RIS structure
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truncated corner, RIS structure as a ground plane and dielectric superstrate are shown in a three-
dimensional view in fig. 2.30. The size of square patches (P) and periodicity (Q) are adjusted

to get wide impedance bandwidth. The optimized parameter values are shown in Table 2.3.

Table 2.3. Optimized Parameter Values

Parameter Values(mm)
L 70
M 11.9
dl 3.3
P 4
Q 10
h 32
H1 1.6
H2 3.2
H3 0.8

The composite structure containing a patch with RIS structure and dielectric superstrate
is simulated using HFSS software. It is observed from fig. 2.31 that the antenna has an
impedance bandwidth of 18% (4.97-5.95GHz), the gain of the antenna is 9.75dB, and the axial
ratio of the antenna is 2.9%. There are huge improvements in the gain and impedance bandwidth
simultaneously. The proposed antenna simulation results are presented in Table 2.4. The
proposed antenna results are compared with published literature results are presented in Table
2.5.

Table 2.4. Comparison Table

S. Configuration Impedance Gain Axial Ratio
No. Bandwidth (dBi) (%)
(%)

1. Truncated Corner Square 6.4% 3.75-4.2 1.7%
Patch Antenna (5.13-5.47) (5.23-5.32)

2. | FPR Antenna with Dielectric 7.36% 9.61 1.15%
superstrate (5.10-5.49) (5.17-5.23)

3. | FPR Antenna with Dielectric 18% 9.75 2.9%
superstrate and RIS surface (4.97-5.95) (5.15-5.30)
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Fig. 2.31. Comparison of Simulated results (a) Reflection Coefficient (b) Gain (c) Axial Ratio
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The simulation results for the LHCP gain and RHCP gain are shown in fig. 2.32. It is
observed that the left-hand circular polarization (LHCP) gain is very high over the resonant
frequency range. Hence the antenna is left-hand circular polarization (LHCP) antenna. The
right-hand circular polarization (RHCP) gain is less over the resonant frequency range. The
proposed antenna has shown very less RHCP gain at 5.25GHz where the antenna is maintaining

an axial ratio of less than 3dB.

o
n

—a—LHCP gain|
—— RHCP gain|

Gain(dB)

}
5]
1

0

-

o
1

46 48 50 52 54 56 58 6.0
Frequency(GHz)

Fig. 2.32. The LHCP gain and RHCP gain

2.5.3 Fabrication and Measured Results

@) (b)

©) &)
Fig. 2.33. The model of fabricated prototype (a) Truncated corner square patch (b) RIS structure (c)
Ground plane (d) Proposed antenna
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The proposed antenna is fabricated using an LPKF milling machine. The fabricated
prototype is shown in fig. 2.33. The reflection coefficient is measured using a network analyzer
and it is plotted in fig. 2.34a. The antenna measurements are done in an anechoic chamber. The
gain of the antenna measured using gain transfer method and it is plotted in fig. 2.34b. The axial
ratio is calculated from the pattern and it is plotted in fig. 2.34c. The radiation patterns are
measured at 5GHz, 5.25GHz and 5.5 GHz as shown in fig. 2.35.
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Fig. 2.34. Comparison of simulated and measured results (a) Reflection Coefficient (b) Gain (c) Axial
Ratio
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Table 2.5. Comparison of antenna with published literature

Ref | Frequency Planar Size Height of Gain(dBi) | Impedance | Axial
range (GHz) (mmxmm) Superstrate Bandwidth | Ratio
(mm) (%) (%)
[10] | 9.42-11.35 2.20 L0%2.20 Ao ~\o/2 12 dBi 18.56% -
[16] | 13.1-15.2 320 %320 ~\o/2 13 dBi 15.50% -
[19] | 29.1-31.6 2.5 Mox 2.500 =~ \o/2 15.2 dBi 9.60% 2.67%
[45] | 55.4 - 66.6 4.44 Mox 3.6 Lo Greater than | 15.6 dBi 18.40%
Lo/2
[46] | 27.5-30 2.98 20 x2.98 ko | ®h0/2 15.5 dBi 8.60%
[47] | 9.85-10.1 2.758 Mox2.758 0 | = ho/2 15 dBi 2.30% 0.60%
[48] | 14.9-15.3 7o x 7 ho ~\o/2 21 dBi 2.50% 7%
[51] | 11.7-19.8 1.75 k0 x1.75 0 | =ho/2 11.5 dBi 54% 29%
2.4 | 4.93-5.89 1.3 ko x1.3 Ao = \o/2 12.48dBi 17.72% 2.40%
25 |4.97-5.95 1.3 ko x1.3 Ao = \o/2 9.75dBi 18% 2.90%

2.6 Summary

A square microstrip patch antenna is designed for 5GHz Wi-Fi applications. By
implementing the RIS structure, the bandwidth is enhanced to 6.9% and the dielectric lens is
also attempted successfully to improve the gain up to 9.5dBi for a square patch with RIS.
Instead of using the dielectric lens, the Fabry Perot resonator is applied extensively in all the
antennas designed and discussed in the chapters. By using a highly reflective FSS superstrate,
the gain is increased up to 8.5dBi in the case of the square patch with RIS surface. Similarly
partially reflective surfaces are studied and designed. A highly reflective FSS superstrate is also
applied for the pentagonal patch with RIS and the gain is increased substantially up to 12.48dBi
and impedance bandwidth of 17.72%. Similarly, a truncated corner square patch is also
designed with high gain up to 9.75dBi and impedance bandwidth of 18%. All the antennas in
this chapter are presented in Table.2.6. All the antennas are suitable for 5GHz Wi-Fi systems.

Table 2.6. Comparison of all antennas

Antenna Technique S11 bandwidth Gain Axial
Ratio(dB)
2.2 Square Patch with RIS and 6.9% 9.5- -
Vertical Dielectric Sheets | (5.13- 5.50GHz) | 10.23dBi
2.3 Square Patch with RIS and 5.85% 8.5dBi -
FSS superstrate (5.11-5.42GHz).
24 Pentagonal Patch with RIS 17.72% 12.48dBi 2.40%
and FSS Superstrate (4.93-5.89GHz) (5.01-5.14GHz)
2.5 Truncated Corner Patch 18% 9.75dBi 2.9%
with RIS and Dielectric (4.97-5.95GHz) (5.15-5.30GHz)
Superstrate
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Chapter 3

Unconventional Patch Antennas with Reactive Impedance

Surface and Superstrates

3.1 Introduction

The conventional patches with FR4 substrate are not able to generate broadband circular
polarization. But the broadband circular polarization is needed for the present applications due
to their inherent features. The signal reception is possible independent of the orientation of the
receiver and polarization loss due to multipath propagation can also be eliminated. So the
generation of broadband circular polarization is required for present applications. The circular
polarization can be generated by exciting two orthogonal fields with the same magnitude and
in phase quadrature. This mechanism was achieved by dual feeding. However, researchers in
the last few decades are interested in designing single-feed circularly polarized antennas. The
single-feed antennas with the techniques of slots, truncated corners, and slits to the square patch
are producing circular polarization. There are perturbations on the patch due to slots, truncated
corners, and slits. The generation of circular polarization without using slots, slits and truncated
corners to the patch is a challenging problem. The broadband antenna is necessary for the
present wireless communication devices such as 5GHz Wi-Fi to transmit the data with a high
data rate. These devices also need high gain to transmit the data to longer distances. However,
the broadband circularly polarized antenna design is a challenging problem with high gain

requirements.

In the published literature, the impedance bandwidth and axial ratio bandwidth are
improved by using reactive impedance surfaces to the H-shaped patch or dipole as listed below.
Fan Yang (2005) et al proposed a circularly polarized dipole antenna using RIS structure as a
ground plane. The antenna achieves impedance and axial ratio bandwidth of 5.6% at 3.56GHz
[53]. Joysmitha Chatterjee (2018) et al proposed a circularly polarized H-shaped patch antenna
using a 4x4 array of square patches as a RIS structure. The designed structure achieved an
impedance bandwidth of 44.5% with axial ratio bandwidth of 27.5% in the 5GHz Wi-Fi region
[54].

In chapter 2, published literature is cited for gain enhancement of antenna using Fabry
Perot resonator principle. Similar works are listed below. Naizhi Wang (2014) et al proposed a

positive reflection phase gradient superstrate with complementary FSS’s. The superstrate is
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placed above the air-loaded patch antenna to improve the gain of the antenna at the X band i.e
from 8.6 GHz to 11.2 GHz and the peak gain of 13dBi[55]. Hang Ying Yuan (2016) et al
designed a superstrate with a complementary cross element for a stable reflection phase. The
gain of the patch antenna is increased when the superstrate is placed above the antenna at
13GHz [56]. Chen Zhang (2018) et al has proposed the superstrate with 3 different sizes to form
a shared aperture superstrate with positive reflection phase gradient property. After loading the
antenna with the superstrate, the impedance bandwidth is 44.7% from 7.8GHz to 12.3GHz and
the peak gain is 7dB[57]. Peddakrishna samineni (2018) et al proposed a slotted elliptical patch
antenna. The gain of antenna is further improved by 5.1dBi by placing FSS superstrate of highly
reflective behavior and the impedance bandwidth is improved by 0.13 GHz [58]. Sarath Sankar
Vinnakota et al proposed two orthogonal H shaped patches for generating dual polarization at
two different frequencies. When the superstrate is placed above the antenna, the gain of the
antenna enhanced by 9.8dBi and 10.1dBi at respective frequencies [59]. In the above-discussed

papers [55-59] the circular polarization is not reported.

In chapter 2, published literature is cited for gain enhancement of circularly polarized
antenna using Fabry Perot resonator principle. Similar works are listed below. Basit Al zeb
(2015) et al published two corner truncated patches to get dual-band operation with different
polarizations. The gain improvement in dual-band is attained by two dielectric superstrates with
higher refractivity. The antenna achieves peak gains of 16.1dB, 16.2dB and axial ratios of
1.9dB, 1.5dB are attained at 9.65GHz and 11.75GHz respectively [60]. Zhen Guo Liu (2016)
et al presented a circular polarization from the linearly polarized source by tilting the patch by
45°, Nonstandard AMC surface is acting as a ground plane and cross slot FSS acts as a top
plane to the Fabry Perot resonator to improve the gain of an antenna. The maximum gain is
observed as 12.7dB at 13.9GHz. The antenna attains a common (impedance and axial ratio)
bandwidth of 6.4%][61]. Son Xuat Ta (2019 et al investigated a PRS with a square aperture
array for the improvement of axial ratio bandwidth and gain of truncated corner square patch.
The antenna achieves axial ratio bandwidth of 13.7 %( 5.45-6.25), a peak gain of 13.3dBic [62].
The above-mentioned techniques [55-62] have focused mainly on the improvement of antenna

gain only.

In the published literature, the impedance bandwidth and axial ratio bandwidth of the
antenna improved by using a reactive impedance surface. The gain of the antenna improved by
using the Fabry Perot principle. Both the gain and impedance bandwidth can be improved

simultaneously by combining RIS structure and superstrate. Unconventional structures like H,
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C, E and S with RIS structure on FR4 substrate are designed for the broadband circular

polarization.

The authors investigated that the unconventional structures like H, C, E and S are
excited in such a way that their lengths are divided into two parts as shown in fig. 3.1. The feed
position is optimized such that the length difference between two parts is selected at
approximately A/4 for generating orthogonal fields over broadband frequency ranges in the
presence of the RIS structure. Therefore these structures are designed to generate broadband

circularly polarized antennas in the presence of RIS structure.

HL_ES

Fig.3.1. Unconventional structures for broadband circular polarization

In this chapter, the design of broadband circularly polarized antennas using
unconventional structures H, C, E and S with RIS structure on FR4 substrate is studied. The
simulation results are only discussed for H, C and E structures with RIS structure on FR4
substrate because these structures’ impedance matching is not good enough. The S-shaped
patch with RIS structure and positive phase gradient FSS superstrate is designed to get high
gain and broadband circularly polarized antenna for 5GHz Wi-Fi applications.

3.2 H Shaped Patch with RIS

The patch is designed in the form of an H shape on a grounded FR4 substrate (€:=4.4,
loss tangent tand=0.02, h=5.2mm). The patch is excited by using the SMA connector. The inner
conductor of SMA is connected to H shaped patch after inserting through the substrate. The
outer conductor of SMA is connected to the ground plane. The feed position is optimized to get
resonance at 5.4GHz. The RIS structure is designed with a 6x6 array of square patches and it
is added in the middle of H shaped patch and ground plane [54] as shown in fig. 3.2.
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Fig.3.2. Geometry of H-shaped patch antenna with RIS surface (a) Top View (b) Side View
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The electric field in the broadside direction (z-axis) can be estimated by the addition of directly

transmitting wave Eq and reflected wave from the RIS surface E; [53]:

E=Ed + E Q)
Eq =2 X+ ek @)
E, = % (’Xe—zjkd+9x + ?e—ijd+6y)e—jkz 3)

Where E, is the magnitude of the electric field component, d indicates the antenna height
above the ground plane, k indicates the wavenumber, 0 is the phase of the incident wave
polarized along X direction, and 6y is the phase of the incident wave polarized along Y direction.
Here, the antenna is placed very near to the ground plane, 2kd is approximately zero in (3).

The RIS surface is chosen with suitable polarization-dependent reflection phases i.e.
Bx=-90° and 6y= 90*

E= ’% (R+9)-j(R-¥))e ke (4)

From equation (4), it can be observed that the RIS surface converts the linear polarized wave
into a circularly polarized (LHCP) wave. Therefore RIS surface converts linearly polarized
antenna into circularly polarized antenna in [53]. The H-shaped patch antenna and H-shaped
patch with RIS structure are simulated using HFSS 13 software and the simulation results are
compared in fig. 3.3. The H-shaped patch with RIS structure has shown an impedance
bandwidth of 23.9% (5.04GHz-6.41GHz), gain of the antenna is 0-4.5dBi. In addition to that,
the axial ratio bandwidth is 16.2 %( 4.92GHz-5.79GHz). It can be observed that there is a huge

improvement in impedance bandwidth and 3dB axial ratio bandwidth when RIS structure is
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added. The authors have also investigated that C, E, and S structures also generate broadband

circular polarization in the presence of the RIS structure.
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Fig.3.3. Comparison of simulation results for the H-shaped patch antenna, and H-shaped patch
antenna with RIS (a) Reflection Coefficient (b) Gain (c) Axial Ratio

3.3 C Shaped Patch with RIS

The patch is designed in the form of a C shape on a grounded FR4 substrate (€=4.4,
loss tangent tand=0.02, h=5.2mm). The patch is excited by using the SMA connector. The inner
conductor of SMA is connected to the patch after inserting through the substrate. The outer
conductor of SMA is connected to a ground plane. The feed position is optimized to get
resonance at 5.4GHz. The RIS structure is designed with a 6x6 array of square patches and it

is added in the middle of C shaped patch and ground plane as shown in fig. 3.4.
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Fig.3.4. Geometry of C-shaped patch antenna with RIS surface (a) Top View (b) Side View.

The C-shaped patch antenna and C-shaped patch with RIS structure are simulated using HFSS

13 software and the simulation results are compared in fig. 3.5. The C-shaped patch with RIS
structure has shown an impedance bandwidth of 24.9% (4.81GHz-6.18GHz), the gain of an
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Fig.3.5. Comparison of simulation results for the C-shaped patch antenna, and C-shaped patch antenna
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antenna is 0-4dBi. In addition to that, the axial ratio bandwidth is 12.9 %( 5.18GHz-5.90GHz).
It can be observed that there is a huge improvement in 3dB axial ratio bandwidth when RIS

structure is added. The impedance matching is not good for these structures.
3.4 E-Shaped Patch with RIS

The patch is designed in the form of an E shape on a grounded FR4 substrate (€:=4.4,
loss tangent tand=0.02, h=5.2mm). The patch is excited by using the SMA connector. The inner
conductor of SMA is connected to the patch after inserting through the substrate. The outer
connector of SMA is connected to a ground plane. The feed position is optimized to get
resonance at 5.4GHz. The RIS structure is designed with a 6x6 array of square patches and it

is added in the middle of E shaped patch and ground plane as shown in fig. 3.6.
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Fig.3.6. Geometry of E-shaped patch antenna with RIS surface (a) Top View (b) Side View

The E-shaped patch antenna and E-shaped patch with RIS structure are simulated using
HFSS and the simulation results are compared in fig. 3.7. The E shaped patch with RIS structure
has shown an impedance bandwidth of 27.7% (4.82GHz-6.37GHz), the gain of antenna is 0-
4dBi. In addition to that, the axial ratio bandwidth is 12.4 %( 5.11GHz-5.79GHz). It can be
observed that there is a huge improvement in impedance bandwidth and 3dB axial ratio

bandwidth when RIS structure is added.
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3.5. S-Shaped Patch with RIS Structure as a Ground Plane and
Positive Phase Gradient FSS Superstrate for High Gain and

Broadband Circular Polarization

The impedance matching of H, C, E shaped patches with RIS structure on FR4 substrate
IS not good. These structures are designed and simulated for the analysis of unconventional
structures. Whereas the S-shaped patch is showing good impedance matching. Therefore, the
S-shaped patch with RIS structure is selected for the design of broadband and high gain
circularly polarized antenna. The S-shaped patch with RIS structure is showing good impedance
matching with broadband axial ratio bandwidth. In order to improve the gain of the antenna,
the positive phase gradient FSS superstrate is placed above the antenna.

3.5.1 S-Shaped Patch Antenna with RIS Structure

The square patch is trimmed in the form of an S-shaped patch on a grounded FR4 substrate
(€=4.4, tand=0.02, h=5.2mm). The patch is excited by using the SMA connector. The inner
connector of SMA is connected to the patch after inserting through the substrate. The outer
connector of SMA is connected to a ground plane. The feed position is optimized to get
resonance at 5.3GHz. The RIS structure is designed with a 6x6 array of square patches and it

is added at a height of 3.2mm from the ground plane as shown in fig. 3.8.
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Fig.3.8. Geometry of S-shaped patch antenna with RIS surface (a) Top View (b) Side View
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The length of square patches (Li) and their periodicity (L1+P) are chosen to obtain
broadband impedance bandwidth and 3dB axial ratio bandwidth. The length of the square

patches L1 is optimized to 4.5mm and the gap between the patches P is optimized to 2.8mm.
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The S-shaped patch antenna with RIS structure simulations are carried out in HFSS 13
Simulator software and simulated results are presented in fig. 3.9. The antenna has shown an
impedance bandwidth of 29.5% (4.68GHz-6.30GHz) and a 3dB axial ratio bandwidth of 15.1
%(5.09GHz-5.92GHz), but the antenna gain is 1-3dBi only. There is a huge improvement of
around 19.3% in impedance bandwidth compared with the simple S-shaped patch antenna and
the antenna attains the 3dB axial ratio bandwidth of 15.1%. Still, the gain of an antenna is not
adequate for many applications. The partially reflective surface superstrate is deployed above
the antenna to enrich the antenna gain. Here the frequency selective surface is used as a partially

reflecting surface.
3.5.2 Frequency Selective Surface (FSS) Superstrate

It is designed with a periodic array of meta-structure unit cells whose characteristics are
varied with the dimension of the unit cell. It has the property to allow the selected frequency
ranges and improve the gain in that selected frequency range. A positive phase gradient unit

cell is selected for the proposed antenna.

3.5.2.1 Positive Phase Gradient Unitcell: It is constructed as a circle-shaped patch printed on
the top face of Rogers RO 4003C substrate and circle-shaped etching on the bottom face of the
substrate as displayed in fig. 3.10 a. The PEC and PMC boundary conditions are assigned to
four sides of the unit cell as displayed in fig. 3.10 b. The above-mentioned unit cell is simulated

in the High-Frequency Structure Simulator software.

Capacitive Layers |

s UL UL ] i - ——

Inductive Layers

(a) (b)
Fig.3.10. Positive Phase Gradient Unit Cell (a) Geometry (3D view) (b) Boundary conditions

The superstrate is formed by a 6 x 6 array of positive phase gradient unit cells. The FSS

superstrate is deployed at approximately A/2 height above the ground plane. Fabry Perot cavity
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resonator is formed between the RIS structure and FSS superstrate, this leads to multiple
reflections in the cavity. The rays in the cavity move forward and backwards. Finally, the
constructive interference in the cavity increases the antenna gain towards the broadside

direction when the FSS is deployed at a distance (h) above the ground plane.

h=2(L+05)+N2 (5)

Where ¢ is the phase of reflection of the FSS superstrate, and A is the free-space wavelength.
N is the order of resonant mode and equal to 0,1,2,3... N. The equation of phase can be written

from equation (5)[46]. To get the optimum phase and the air gap height (h) is selected as 25mm.

¢ ="f— (2N - Dm (6)
Equation (6) shows the condition to get maximum gain in the broadside direction in terms of
positive phase gradient property over the selected frequency range [46]. To achieve the suitable
positive phase gradient property, circle-shaped patches are used on the top face of the
superstrate and circle-shaped etching on the bottom face of the superstrate. Top layers act like

capacitive layers and bottom layers act as an inductive layer to form an FSS.
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Fig.3.11. Simulated results of unit cell a) Magnitude of Reflection Coefficient b) Phase of Reflection
Coefficient

The optimized values are obtained by doing a parametric study on the a and b values
and simulation results are displayed in fig. 3.11. It is noticed that the positive phase gradient
property is shifted to the lower frequencies as “a” value increases. The parameters a=3.497mm
and b=3.5mm are selected for the design to get maximum gain enhancement in the 5GHz to 6

GHz frequency region.
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3.5.3. S-Shaped Antenna with RIS and FSS Configuration

The RIS structure is utilized as a ground plane to the S-shaped patch antenna. The FSS is
deployed at approximately A/2 height above the ground plane as displayed in fig. 3.12 and a
three-dimensional view of the composite structure of the S-shaped patch with RIS and FSS is
shown in fig. 3.13. The combination of RIS and FSS enhances impedance bandwidth and the
gain simultaneously. Besides that, the composite structure enhances 3 dB axial ratio bandwidth.
The optimized parameter values are mentioned in Table.3.1.
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—--GYT Capacitiye Layers

[: \ Rogors 4003C Substrate :]
A
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L L
: Reactive Impedance Surface S Shape Patch :
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~ Ground Plane / Probe Feed -

Fig.3.12. Geometry of composite structure of S shape antenna with RIS and FSS at h=25mm (front
view)
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Fig.3.13. Three-dimensional view of S-shaped antenna with RIS and FSS at h=25mm
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Fig.3.14. Comparison of simulation results for the antenna, antenna with RIS, and antenna with RIS
and FSS at h=25mm (a) Reflection Coefficient (b) Gain (c) Axial Ratio
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Table 3.1: Optimized parameter values for the S-shaped antenna with RIS and FSS

Parameter Values(mm)
Lg 60
H1 3.2
H2 2
Hs 0.787

L 7.3
W 2.1
L1 4.5

p 2.8

a 3.497

b 3.5

h 25

The composite structure consists of an S-shaped patch, RIS structure, and FSS
superstrate. The composite structure is simulated in HFSS 13 Simulator software and simulated
results are displayed in fig. 3.14. The composite structure has shown impedance bandwidth of
31.8% (4.81GHz-6.63GHz) as displayed in fig. 3.14 a and 3dB axial ratio bandwidth of 18.9
%(4.99GHz-6.03GHz) as displayed in fig. 3.14 c. The proposed antenna gain is around 10dBi
as displayed in fig. 3.14b. It is observed that there are improvements in impedance bandwidth,
3dB axial ratio bandwidth and gain of an antenna compared with a simple S-shaped patch
antenna. The comparison is done for the simple S-shaped patch, patch with RIS, and patch with
RIS and FSS as displayed in Table 3.2. The composite structure is compared with published
literature as mentioned in Table 3.3.

Table 3.2: Comparison of simulation results for the patch, patch with RIS, and patch with RIS and

FSS
S.No. | Antenna Impedance Gain Axial Ratio
Bandwidth
1 S-shaped patch 10.2% 1.5-3dBi | NA
(4.99GHz-5.53GHz)
2 S shaped patch with | 29.5% 1-3dBi 15.1%
RIS (4.68GHz-6.30GHz) (5.09GHz-5.92GHz)
3 S shaped patch with | 31.8% 10dBi 18.9%
RIS and FSS (4.81GHz-6.63GHz) (4.99GHz-6.03GHz)
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Table 3.3: Comparison of the composite structure of patch with RIS and FSS with published literature

Ref | Frequency | Planar Size Height of Gain(dBi) | Impedance | Axial Ratio
range (mmxmm) Superstrate Bandwidth | (%)
(GH2) (mm) (%)

[11] | 8.75-9.04, 1.78Ax1.78% | =0.1A 10.2,8.5 3.3%,19% | -
9.34-9.52

[15] | 8.35-8.56, 3.2 Ax3.2) ~N2 17.6,19 2.5%,6.1% | -
9.5-10.1

[17] | 2.49-2.59 1.6 Ax1.6\ ~0.8 A 13.5 1.12% 1.90%

[18] | 3.84-3.96 4h x40 ~ 18 3% 3%

[58] | 5.07-5.56 A XA ~N2 9.8 0.49% -

[59] | 5.8,6.2 29Ax2.9 % ~A 10.1,9.8 -

[60] | 9.65,11.25 | 3.6Ax3.6 A ~0.82 A 16.1,16.2 - 1.9%,1.5%

[61] | 13.3-13.8 2.1Ax2.13 0 | =0.25) 12.4 6.40% 6.40%

[62] | 5.23-7.2 2.40x2.4\ ~N2 10.3 31% 10.80%

3.5 |4.81-6.63 LX) ~M2 10dBi 31.8 18.90%

In the S-shaped patch antenna with RIS, the feed position is set at a position to create
two different arm lengths. The shorter arm generates the Ex component and the longer arm
generates the Ey component. The length difference between the shorter arm and the longer arm
is approximately A/4. Ex component leads the Ey component by 90° in the presence of RIS
structure. It will lead to the left hand circularly polarized (LHCP). The simulation results are

mentioned in fig. 3.15.

104 Y T Y T T 14 T

54 =@=- LHCP gain )
04 =@ RHCP gain J

Gain(dB)

-30 -

-35
4.75

500 525 550 575 6.00 6.25

Frequency(GHz)

Fig.3.15. Simulated LHCP gain and RHCP gain for the composite structure of S-Shaped antenna with
RIS and FSS
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3.5.4 Fabrication and measured results

The layers of a composite structure are fabricated by an LPKF protomat S100 milling
machine. The S-shaped patch is milled on an ungrounded FR4substrate with a height of 2mm.
The RIS structure is milled on a grounded FR4(€,=4.4) substrate with a height of 3.2mm. The
RIS structure is attached as a ground plane to the S-shaped antenna. A four-hole flange female
SMA connector is used to feed an S-shaped patch. A hole diameter of 1.3mm is cut to the FR4
substrates. The inner conductor of SMA is passed through the hole of FR4 substrates and the
projected part is soldered to an S-shaped patch. The outer conductor of the SMA is soldered to
the ground of the RIS structure. The periodic array of circle-shaped patches is milled on the top
face of the Rogers RO 4003C (€,=3.38) substrate and the circle-shaped etching is milled on the
bottom face of the substrate. This substrate is deployed as an FSS superstrate. The Teflon rods
are used to place the FSS superstrate at approximately A/2 height above the ground plane as
displayed in fig. 3.16. The radiation pattern of the antenna is not affected by Teflon rods because

they do not have any conductive property.
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Fig.3.16. Photograph of fabricated prototypes (a) S-shaped with RIS (top view) (b) S-shaped with RIS
(bottom view) (c) RIS structure (d) FSS (top view) (e) FSS (bottom view) (f) S-shaped with RIS and
FSS (3D view)

The network analyzer is used to measure the reflection coefficient from 4.5GHz to
6.5GHz frequency range as displayed in fig. 3.17a. The gain transfer method is applied to

measure the gain where the standard gain values are already noted for the transmitting antenna.
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Here, the standard horn antenna is chosen for the measurement and it is connected as a
transmitting antenna. The fabricated prototype is connected as a receiving antenna in the
anechoic chamber and it is arranged to rotate around its axis by using the software. The gain
values are calculated from the measured power values. The measured results are almost similar
to the simulated results as displayed in fig. 3.17b. The axial ratio values are calculated from the
pattern and it is displayed in fig. 3.17c. The results were disturbed slightly due to fabrication
errors. The fabricated antenna and simulated antenna radiation patterns are displayed at
5.5GHz, and 5.8 GHz as shown in fig. 3.18. It is observed that the radiation pattern is directional
towards the z-direction at the center frequency i.e 5.5GHz where side lobes are very much low.
But the radiation pattern is spread in other directions for other frequencies i.e 5.8GHz where
the side lobes are moderately increased. There is a variation between simulation radiation

patterns and measured radiation patterns due to fabrication errors.
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Fig.3.17. Comparison of simulated results and measured results for the S-shape patch antenna with
RIS and FSS at h=25mm (a) Reflection Coefficient (b) Gain (c) Axial Ratio.
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Fig.3.18. Simulated and measured radiation patterns for the antenna with RIS and FSS at h=25mm (a)
5.5GHz (b) 5.8GHz
3.6 Summary

Several types of patch structures like H, E, C and S are proposed to generate broadband
circularly polarized antennas using RIS structure as a ground plane on FR4 substrate. The S
shape patch with the RIS structure is producing good impedance matching over other structures.
Furthermore, the S-shaped patch with a RIS structure is combined with a positive phase gradient
FSS superstrate to improve the gain of the antenna over broadband frequency ranges. The S-
shaped patch with RIS and FSS is achieved an impedance bandwidth of 31.8 %( 4.81GHz-
6.63GHz), 3dB axial ratio bandwidth of 18.9 %( 4.99GHz-6.03GHz), and a peak gain is around
10 dBi at the center frequency. All the antennas in this chapter are compared in Table 3.4. The
proposed can be used in various wireless applications like WLAN, and Wi-Max at 5GHz
frequency region.
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Table 3.4: Comparison of all antennas

RIS and FSS
Superstrate

(4.81GHz-6.63GHz)

Antenna Technique S11 bandwidth Gain Axial Ratio(dB)
3.2 H Shape with RIS 23.9% 0-3dBi 16.2 %
(5.04GHz-6.41GHz) (4.92GHz-5.79GHz)
33 C Shape with RIS 24.9% 0-3dBi1 12.9 %
(4.81GHz-6.18GHz) (5.18GHz-5.90GHz)
3.4 E Shape with RIS 27.7% 0-4dBi 12.4%
(4.82GHz-6.37GHz) (5.11GHz-5.79GHz).
3.5 S Shaped Patch with 31.80 10dBi 18.90%

(4.99GHz-6.03GHz)
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Chapter 4

Metasurface with L-Shaped Aperture CPW Feed

4.1 Introduction

The antennas designed in the previous chapters are volumetric structures. The
superstrate has to be placed at an approximately half-wavelength distance above the antenna.
But the compactness is a major requirement of wireless devices. In order to design a compact
antenna, the metasurface with aperture CPW feed technique has opted. In the published
literature, the metasurface and radiating elements are designed on the different substrate layers.
The metasurface is designed on another substrate and it is placed on the top side of radiating
element to improve the gain and bandwidth of the antenna. The design of metasurface and
radiating element in single layer substrate can be realized by using metasurface on the top face
of the substrate and aperture CPW feed on the bottom face of the substrate. The slot antenna
and its coplanar feed line exist in the ground plane only. The design of a high gain and

broadband circularly polarized antenna in the single-layer substrate is a challenging problem.

Normally superstrates are working at half-wavelength or quarter wavelength distance
above the ground element. Papers are published with high gain and broadband circularly
polarized antennas using RIS structure and superstrates [63-65]. Some of the papers have
designed superstrates or metasurfaces working at a height less than the quarter wavelength as
listed below. Tarakeshwar Shaw(2016) et al presented a single-layer metamaterial superstrate
with a 3x3 ring unit cell on both sides of the dielectric sheet at a height less than A/4 above the
ground plane. The metamaterial superstrate has zero refractive index property to improve the
gain of the CPW fed slot antenna[66]. JA sheersha (2019) et al proposed a metasurface at a
height less than A/4 to improve the gain of the microstrip antenna. The metasurface is designed
with rectangular unit cells of non-uniform size to achieve circular polarization [67]. In the
above-discussed papers [66-67], the superstrate or metasurface is placed at a height less than
M4. In the following section, the metasurface is placed above the radiating element without any

air gap.

In the published literature, the metasurface is placed above the radiating element without
an air gap to improve the gain and bandwidth of linearly polarized or circularly polarized
antennas. Wei Liu (2014) et al proposed an antenna consisting of an array of mushroom cells

on the substrate to improve the impedance bandwidth and gain at 5GHz to 6GHz. The
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mushroom cells are fed by a microstrip line through a rectangular slot in the ground plane. The
slot is cut orthogonal to the microstrip line on the conductor which is present between the
mushroom cells and the microstrip line [68]. Wei Liu(2015) et al proposed a metasurface with
a grid-slotted patch antenna to improve the impedance bandwidth and gain from 5GHz to 6GHz.
The grid slotted patches are fed by a microstrip line through a rectangular slot in the ground
plane. The slot is cut orthogonal to the microstrip line on the conductor which is present
between the grid slotted patches and the microstrip line [69]. Wen quan Cao (2016) et al
proposed a metasurface with 4 x 4 arrays of square patches. The metasurface is excited by a
microstrip line through L shaped slot in the ground plane. The designed antenna achieves an
impedance bandwidth of 55.4% ranging from 4.66 to 8.23GHz and 3 dB axial ratio bandwidth
of 23.6% and a gain of 7-8dBic [70]. These papers [68-70] have published a metasurface using
dual substrate layers. One layer is used for the metasurface and another layer is used for

radiating slot and microstrip feed line.

In the published literature, a single layer substrate is used for the metasurface and CPW
fed aperture to improve the gain and bandwidth of linearly polarized antenna as listed below.
The idea of designing metasurface in single layer substrate is implemented by using a patch
with aperture CPW feed [71-73]. They have designed a patch on the top face of the substrate
and a slot is designed on the bottom face of the substrate. The slot is connected to or coupled
to the coplanar feed line in the bottom plane of the substrate. The patch is replaced with
metasurface in [36-37] to design a high gain and broadband linearly polarized antenna.
Broadband and high gain linearly polarized antenna in single layer substrate is designed with
aperture CPW feed with a stepped slot on the bottom of the substrate and the top of the substrate
is designed with a 3x3 array of two-step dipoles in a tapered manner[36]. Broadband and high
gain linearly polarized antenna in a single layer substrate is designed with aperture CPW feed
with stair-shaped slots on the bottom of the substrate and the top of the substrate is designed
with a 3x3 array of square patches[37]. In the above-discussed papers [36-37], the linearly
polarized antenna with high gain and broadband is discussed.

In this chapter, the high gain and broadband circularly polarized antenna in single layer
substrate is designed using a metasurface with aperture CPW feed technique. Initially, the
metasurface and its features are studied. Different types of feeding techniques for aperture CPW
feed antennas are discussed. The patch antenna with aperture CPW feed technique in single
layer substrate is discussed. Then the high gain and broadband antenna is designed with

metasurface with aperture CPW feed technique in single layer substrate. The realization of high
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gain and broadband circularly polarized antenna in single layer substrate is achieved with

metasurface and CPW fed L-shaped aperture.
4.1.1 Metasurface

Metasurfaces are special types of metamaterials. They are composed of planar arrays of
resonant or non-resonant subwavelength elements. Electromagnetic properties and
functionalities of metasurface are defined by structure and their coupling type. Metasurface
offers full control of transmitted fields and reflected fields as shown in fig. 4.1. Therefore the
metasurface with proper dimension and excitation can be used to improve the gain and

impedance bandwidth simultaneously.
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Fig.4.1. Functions of metasurface[100]

The metasurface is designed with 4x4 arrays of mushroom cells in [68] and an array of
4x4 square patches in [69]. This array of patches is excited simultaneously by aperture
coupling. The gaps between the patches act like slots. The slots and radiating patches produce
the dual adjacent resonant modes TM1o and TM2o close to each other. Hence, the broadband
impedance bandwidth with broadside radiation is obtained. The gain of the antenna also
improved with the combined radiation of all the patches in the metasurface. The changes are
made in metasurface and aperture coupling to generate high gain and broadband circularly

polarized antenna.
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4.2 Slot Antenna and its feeding methods

The slot antenna is designed to study its radiation properties. The ground plane is
designed on the bottom plane of the substrate. The slot is made in the center of the ground
plane. In order to feed the slot, there are two types of coplanar feed line methods. One is an
inductive type of feeding and another one is a capacitive type of feeding. In the case of inductive
type of feeding, the coplanar feedline is connected across the slot. In the case of capacitive type
of feeding, the coplanar feedline is coupled to the slot. The slot antenna is designed as shown
in fig. 4.2. The structure is simulated using HFSS software and its 3D polar plots are drawn in
fig. 4.3. It can be observed that the slot antenna radiates bi-directionally above and below the

slot antenna.
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Fig.4.2. Slot antenna with (a) inductive type of feeding (b) capacitive type of feeding
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b4

(a) (b)

Fig.4.3. 3D polar plots of slot antenna with (2) inductive type of feeding (b) capacitive type of feeding

4.3 High Gain and Broadband Antenna with H-Shaped Patch with
Meta Patches

Initially, the slot antenna is designed with an inductive type of feeding as shown in fig.
4.2. To this antenna, H shaped patch is designed on the opposite side of the slot antenna to get
a uni-directional antenna. The meta patches are added around the H-shaped patch to improve

both gain and bandwidth simultaneously.
4.3.1 H Shaped Patch with Aperture CPW feed

The top plane of the substrate is designed with H-shaped patch and the bottom plane of
the substrate is designed with a slot with an inductive type of feeding as shown in fig. 4.4. When
the patch is placed on the top plane of the substrate, the patch is acting like a superstrate [71-
72] and attracts radiation towards the top side of the patch. Even though the slot antenna has a
bi-directional broadside radiation pattern, the H shape patch with a slot in the bottom plane is
acting as a unidirectional broadside radiation pattern. The antenna radiation pattern is compared
with the slot antenna alone at frequencies 4.6GHz, 5GHz, and 5.4GHz as shown in fig. 4.5. It
can be observed that the H-shaped patch antenna with aperture CPW feed is converting the
bidirectional pattern of the slot antenna into a unidirectional pattern with more gain in the

normal direction of the antenna. The radiation pattern of slot antenna and slot antenna with H-
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shaped patch are compared in fig. 4.5. The impedance bandwidth and the gain of H shaped
patch antenna with aperture CPW feed are plotted in fig. 4.6. It can be observed that the antenna
has an impedance bandwidth of 7% (5.21-5.59GHz) and a gain of 7.5-7.7 dBi.
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Fig.4.4. H shape patch with aperture CPW feed
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4.3.2 H Shaped Patch with Meta Patches

The H shape patch antenna with aperture CPW feed has an impedance bandwidth of 7%
(5.21-5.59GHz) and the gain of the antenna is 7.5-7.7 dBi. The meta patches are added around
the H-shaped patch as shown in fig. 4.7. This structure produces dual resonant modes close to
each other[68-69] and hence the bandwidth of the antenna can be improved. All the patches
are excited simultaneously. So the gain of the antenna is improved. The H shape patch with
meta patches is simulated using HFSS 13 simulator software. When meta patches are added to
H-shaped patch, the impedance bandwidth is improved to 34.8% (4.57-6.50GHz), and the gain

of the antenna is improved to 10-11dB as shown in fig. 4.8.
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4.4 Metasurface with L-Shaped Aperture CPW Feed for High Gain

and Broadband Circularly Polarized Antenna

The H-shaped patch with meta patches has improved impedance bandwidth and gain of
an antenna. But no circular polarization is achieved. In order to attain circular polarization, the

metasurface with L shaped aperture CPW feed is proposed.
4.4.1 Antenna Configuration

The structure of the proposed antenna is displayed in fig. 4.9. The antenna is designed
on Rogers RT/Duroid 5880 substrate (£,=2.2, tan6=0.0009) with dimensions of W*W*H. The
antenna is designed by printing a 3x3 array of circle patches as a metasurface on the top face
of the substrate. The metasurface is fed by CPW fed stub-loaded L-shaped aperture CPW on
the bottom face of the substrate. The radius of central patch Rz is smaller than the radius of
outer patch R1. The optimized parameter values are shown in Table 4.1.A detailed analysis is

given in the following section.

- W >

(@) (b)

Fig.4.9. Metasurface with L-shaped aperture (a) top-plane view and side view (b) bottom plane view
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4.4.2 Design process of the antenna
W W

(@) (b) (©)

(d) (e) ()

Fig.4.10. Design steps of proposed antenna (a) Ant-1 top plane view (b) Ant-2, Ant-3, Ant-4 top plane
view (c) Proposed Antenna top plane view (d) Ant-1, Ant-2 bottom plane view (e) Ant-3 bottom plane
view (f) Ant-4, Proposed Antenna bottom plane view

Table 4.1: Optimized Parameter Values

Parameter | Value(mm) | Parameter | Value(mm)
w 58 Wy 15
R1 7.75 Ls 4
R2 6.75 Ws 0.5
D 16.45 g 0.3
L1 14.15 Wi 2.1
L. 145 H 3.175
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Reflection Coefficient(dB)

Fig.4.11. Reflection coefficient of Ant-1, Ant-2, Ant-3, Ant-4 and proposed Antenna vs frequency

Axial Ratio(dB)

Fig.4.12. Axial ratio of Ant-3, Ant-4 and proposed Antenna vs frequency

The design steps of the proposed antenna are displayed in fig. 4.10. The reflection
coefficients at each stage are displayed in fig. 4.11 and the respective axial ratio bandwidths are

displayed in fig. 4.12.

Antenna 1 is designed with a circular-shaped patch on the top face of the substrate and
this patch is fed by CPW fed uniform slot on the bottom face of the substrate. The circular-
shaped patch is coupled to the slot. The slot is placed in the middle of the ground plane and fed
by a coplanar feed line [71] as displayed in fig. 4.10. The CPW fed slot antenna in the ground
plane is normally a dual dipole antenna that has a bi-directional broadside radiation pattern.
When the patch is placed on the other side of the slot, the radiation pattern is converted into a

unidirectional broadside radiation pattern. The impedance bandwidth and gain are very less for
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such types of antennas as shown in fig. 4.11.
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High gain and broadband using metasurface radiator: Antenna 2 is designed by adding
meta patches around the central patch. The circle-shaped metasurface is excited with CPW fed
uniform slot as displayed in fig. 4.10. It is proved in [36],[37] that the Metasurface with CPW
fed uniform aperture improves the impedance bandwidth and gain of the antenna. Uniform
spacing between the patches contributes to exciting the dual adjacent resonant modes
simultaneously [68],[69] and hence the impedance bandwidth is improved. It is observed from
the fig. 4.11 that impedance bandwidth is enhanced to 25.2%. The gain of the antenna is around
10dB. No circular polarization is observed in this type of configuration.

Circular polarization using L-shaped slot: In antenna 3, the slot is proposed in the form of
an L-shape as displayed in fig. 4.10. It is investigated that the L-shaped slot generates
orthogonal fields with phase quadrature. The 3dB axial ratio bandwidth of 11.7% is noticed in
this type of configuration as displayed in fig. 4.12. An impedance bandwidth of 8% is obtained
as displayed in fig. 4.11. It is observed that the impedance bandwidth of the antenna is less
when compared with the bandwidth of antenna 2. Antenna 3 has the same gain i.e.
approximately 10dBic because of the metasurface on the top plane.

Impedance matching with stubs: It is investigated in [71], [37] that the impedance bandwidth
can be improved either by adding soldering or stubs in the slot. In antenna 4, the stubs are added
in the slot as shown in fig. 4.10. The impedance bandwidth is improved to 22.6% as shown in
fig. 4.11. And the axial ratio bandwidth is maintained at 10.5% as shown in fig. 4.12. The

antenna gain is around 10dBic.

Broadband circular polarization: In the proposed antenna, the central patch size is reduced.
When the size of the central patch is reduced, the resonant frequency of the central patch shifts
to higher frequencies. The surrounding patches maintain the impedance matching at lower
frequencies only. A combination of all patches improves the impedance matching below -18dB
over a broad frequency range. The impedance bandwidth is slightly shifted to higher
frequencies with 20.18% bandwidth as shown in fig. 4.11. When the size of the central patch is
reduced, the resonant frequency of the central patch shifts to higher frequencies, and the
respective orthogonal fields are also generated at higher frequencies. The surrounding patches
maintain orthogonal fields at lower frequencies only. The combination of all patches generates
the orthogonal fields over a broad frequency range. Hence the 3dB axial ratio bandwidth shows
a massive improvement of 16.21% as shown in fig. 4.12. The gain of the antenna is 10.43dBic.

The simulation results for all the antennas are compared in Table 4.2.
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Table 4.2: Comparison of simulation results

S.No Antenna Impedance Axial Ratio (%) Gain
bandwidth (%)
1 Antenna 1 8.1 nil 7.5 dBi
2 Antenna 2 25.2 nil 10.68 dBi
3 Antenna 3 8 11.7 10.52 dBic
4 Antenna 4 22.6 10.6 10.14 dBic
5 Proposed Antenna 20.18 16.21 10.43 dBic

4.4.3 Parametric study by changing Ls

The parametric study is done by changing the stub lengths. It is observed that the
antenna without stubs is not properly matched which causes a reduction in axial ratio
bandwidth. When the stubs are inserted, the impedance matching is improved and the 3dB axial

ratio bandwidth is also improved as shown in fig. 4.13 and fig. 4.14. The parametric study is

done by changing the stub lengths and the best suitable value is chosen as Ls=4mm.

-10 -

-15 -

-20

Reflection Coefficient(dB)

-.a.. Without stubs
-+-Ls=2mm
—te LS=4mm

475 5.00 525 550 5.75 6.00

Frequency(GHz)

Fig.4.13. Reflection coefficient against Ls
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.a. Without stubs
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Fig.4.14. Axial ratio against L
4.4.4 Parametric study by changing R:

The parametric study is done by changing the radius R of the central patch. The
simulation results of the reflection coefficient and axial ratio for different values of R» are
displayed in fig. 4.15 and fig. 4.16. It can be observed that the impedance bandwidth shifted to

higher frequencies as the radius of the central patch is reduced as displayed in fig. 4.15.

R1=7.75mm

-=. R2=7.75mm
..e-- R2=7.5mm o
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——R2=6.75mm ,__,;
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S

-15 4

204

Reflection Coefficient(dB)

254 L& ]
450 475 500 525 550 575 6.00 6.25
Frequency(GHz)

Fig.4.15. Reflection Coefficient against R

When all the patches on the metasurface are of the same size (R1=R>=7.75mm), the
orthogonal fields are generated by L-shaped slots at lower frequencies. When the size of the
central patch is decreased, the resonant frequency of the central patch is shifted to higher
frequencies and the respective orthogonal fields are also generated at higher frequencies. The
surrounding patches maintain orthogonal fields at lower frequencies only. A combination of the

central patch and surrounding patches achieves orthogonal fields over a broad frequency range
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as shown in fig. 4.16. The best suitable value is chosen as R2=6.75mm to obtain broadband 3dB

axial ratio bandwidth.
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Fig.4.16. Axial ratio against R

The simulation results for orthogonal fields are shown in fig. 4.17 to justify the 3dB
axial ratio bandwidth. It can be observed from fig. 4.17 that the magnitude of orthogonal fields
is almost the same (less than 3dB magnitude difference). A 90° phase difference is maintained
at a broadband of frequencies (5.1GHz to 6GHz) for R»=6.75mm. Hence, the required
conditions to meet the wideband 3dB axial ratio bandwidth is observed for R,=6.75mm.

R2=6.75mm
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Fig.4.17. Electric field magnitude and phase for R;=6.75mm

In the proposed antenna, the L-shaped slot generates orthogonal fields in phase
quadrature. In the orthogonal fields, the Ex component lags behind the Ey component by 90°.
Hence, the right-hand circular polarization (RHCP) is generated. The gain of co-polarization
(RHCP) and cross-polarization (LHCP) is plotted in fig. 4.18. It is observed that the RHCP gain
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is high over the resonant frequency range whereas the LHCP gain is low over the resonant

frequency range.
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Fig.4.18. LHCP gain and RHCP gain of the proposed antenna

The comparison is done for the simulation results of the proposed antenna with
published literature as displayed in Table.4.3. It can be noticed that in the published literature,
two substrate layers are used for high gain and wideband circular polarization. A few works are

published using the single-layered planar antenna to design high gain and wide bandwidth for

Table 4.3: Comparison of proposed antenna with the published literature.

Ref | Substrates Size()%) Frequency IBW | Gain AR
range(GHz) (%) (%)
[31] | Dual Layer 0.34 2x0.34 Ax0.05A | 3.1-10.6 109 5.7 dBi -
[32] | Dual Layer 1.78%x 1.78xx0.07\ 4.8-6.2 31 14 dBi -
[34] | Dual Layer 0.581x0.58Ax0.056A | 4.70-7.48 45.6 7-7.6 23.4
[35] | Dual Layer 3 3Ax0.1 A 10.8-12.4 13.7 6.52 dBic 6
[38] | Dual Layer 7.69 Ax7.69 Ax0.06A 2.2-2.4 14 2.5-5.7 15.3
[39] | Dual Layer 0.720x0.741x0.088)\ | 4.52 - 7.42 48.6 6.6 20.4
[40] | Dual layer 0.822Ax1.18Ax0.06A | 3.22-4.63 35.6 7-7.5dBic | 28.6
[54] | Dual Layer 0.581x0.581x0.1A 4.64-7.3 44.5 7.2 dBic 27.5
[68] | Dual Layer 1.10Ax1.101%0.06\ 4.85-6.28 25 9.9 dBi -
[69] | Dual Layer 1.10Ax1.101x0.06)1 4.60-6.17 29 9.8 dBi -
[70] | Dual Layer 0.931x0.931x0.054A | 4.66-8.23 55.4 7.3-8.1 23.6
[64] | Multilayer + AxXAx0.5) 4.93-5.89 17.72 | 12.48 2.4
Air gap
[65] | Multilayer + AXAX0.50 4.81-6.63 31.8 10 18.9
Air gap
[36] | Single Layer | AxAx0.053A 9.07-11.36 22.1 7.5 dBi -
[37] | Single Layer | 1.28\x1.28 Ax0.091 4.81-9.69 67.3 9.18 dBi -
4.4 | Single Layer | AxAx0.052) 4.9-6 20.18 | 10.43 dBic | 16.21
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linear polarization. In this thesis, a high gain and broadband circularly polarized antenna using

a single-layered planar substrate is designed.
4.4.5 Fabrication and measured results

The fabrication of the prototype is made using an LPKF ProtoMat S100 PCB milling
machine. The metasurface is milled on the top plane of Rogers RT/Duroid 5880 substrate. CPW
-fed L-shaped aperture is milled on the bottom plane of the substrate. A straight 4-hole flange
SMA connector is used for feeding the antenna. The co-planar feedline is soldered to the inner
conductor of the SMA connector as shown in fig. 4.19. The ground plane is soldered to the
outer conductor of the SMA connector as shown in fig. 4.19. The measurement of the reflection
coefficient is obtained by a vector network analyzer and it is plotted in the frequencies of
4.5GHz to 6.5GHz as displayed in fig. 4.20a. The measurement of the gain of the antenna is
calculated in the anechoic chamber. The standard horn antenna is connected as a transmitting
antenna in the chamber. The standard antenna gain values are already noted. The proposed
antenna prototype is connected as a receiving antenna. Software is used for rotating the
prototype antenna itself to measure gain at each angle. The simulated and measured gain values
are then compared as shown in fig. 4.20b. The axial ratio values are calculated from these
measured data and it is plotted in fig. 4.20c. The radiation pattern is plotted in the X-Z plane
and Y-Z plane as shown in fig. 4.21. The measurement results follow the simulation results

closely. There is a slight difference due to fabrication errors.

Fig.4.19. Fabricated prototype of proposed antenna (a) top plane view (b) bottom plane view
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Fig.4.21. Radiation patterns of proposed antenna at (a) 5.2GHz (b) 5.5GHz (c) 5.8GHz

4.5 Summary

A slot antenna with different types of feeding techniques are discussed. Furthermore,
the H-shaped patch is printed on another side of the slot antenna to convert a bidirectional
pattern into a unidirectional pattern. The gain and impedance bandwidth are improved

simultaneously by adding meta patches around the H-shaped patch.
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Alternately, an array of 3x3 circle patches are used as a metasurface to increase the impedance
bandwidth and gain of the antenna. Moreover, an L-shaped aperture CPW with stubs is designed
to achieve circular polarization. Furthermore, the radius of the central patch is reduced to
enhance the 3dB axial ratio bandwidth. A combination of all such aspects results in impedance
bandwidth of 20.18%, and axial ratio bandwidth of 16.21%. Furthermore, the antenna is
achieved a high gain of 10.43dBic which is remarkably very high in single-layered planar
antennas at 5GHz used for WLAN and Wi-Max applications. All the antennas in this chapter

are presented in Table 4.4,

Table 4.4: Comparison of all results

Antenna Technique S11 bandwidth Gain Axial
Ratio(dB)
4.3 H shape with CPW fed 34.8% 10-11dB -
aperture antenna with meta (4.57-6.50GHz)
patches
4.4 CPW fed L shaped aperture 20.18 10.43 dBic 16.21
coupled metasurface antenna (4.9-6GHz)
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Metasurface with Uniform Aperture CPW Feed

5.1 Introduction

In the previous chapter, the high gain and broadband circularly polarized antennas in
single layer substrate are designed using metasurface with CPW fed L shaped aperture. Instead
of using L shaped slot in the ground plane, the changes can be made in the metasurface to design
a high gain and broadband circularly polarized antenna. In the published literature, the
metasurface is designed with truncated corner square patches or 45° rotated rectangular loops
where the uniform slot is used in the ground plane [34], [74] and [75]. These antennas have
used an array of conventional patches like truncated corner square patches and 45° rotated
rectangular loops in the metasurface to get circular polarization. But they used another substrate
layer for the metasurface. The design of a high gain and broadband circularly polarized antenna
in a single layer substrate using conventional patches in the metasurface is a challenging

problem.

A high gain and broadband circularly polarized antennas are implemented by using RIS
structure as a ground plane and superstrate at a height half wavelength above the antenna [63-
65]. The metasurface or superstrates are proposed at a height less than A/4 to design high gain

and broadband linearly polarized antennas[30, 31, 66] or circularly polarized antenna [67].

Some of the papers have designed metasurface without a gap to radiating source in [68-
69] to design high gain and broadband linearly polarized antenna. They have designed
metasurface with 4x4 arrays of square patches or mushroom cells. The slot is used to excite the
metasurface. The slot is fed by a microstrip line in the ground plane. The metasurface is
designed with an array of truncated corner square patches in [74], and the metasurface is
designed with 45° rotated rectangular loops in [75] to design high gain and broadband circularly

polarized antennas. But they have used dual substrate layers.

The idea of designing in single layer substrate is realized by using a patch with aperture
CPW feed [71]-[73]. Where a patch is placed on the top face of the substrate and a slot is made
in the bottom face. The slot is fed by a coplanar feed line. The patch is replaced with a
metasurface containing a 3x3 array of patches to design a high gain and broadband linearly

polarized antenna [36]-[37].
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In this chapter, the high gain and broadband circularly polarized antennas in single layer
substrate are designed with conventional patches like truncated corner square patches and 45°
rotated slot-loaded square patches. Initially, a metasurface is designed with an array of
truncated corner square patches on one side of the substrate and this metasurface is excited by
uniform aperture CPW feed on the other side of the substrate. Then the central patch size is
increased and truncation in surrounding patches reduced to achieve a high gain and broadband
circular polarization. Later the metasurface is designed with an array of 45° rotated slot-loaded
square patches and this metasurface is excited by uniform aperture CPW feed on the other side
of the substrate. Then the middle patch sizes are increased and slot sizes in the middle patches

are increased to achieve a high gain and broadband circular polarization.

5.2. Truncated Corner Square Patch Metasurface Antenna with

Uniform Aperture CPW feed
5.2.1 Antenna Design

The structure of the proposed antenna is depicted in fig. 5.1. The antenna’s modelling
is done on a Rogers RT/Duroid 5880 substrate with a dimension of WxWxH. The antenna is
made up of a 3x3 array of truncated corner square patches on the substrate’s top face. The
central patch’s size is selected as L with the amount of truncation p on two diagonal corners.
The surrounding patch’s size is selected as M with the amount of truncation q on two diagonal
corners. On the opposite side of the substrate, a stub-loaded CPW-fed uniform aperture is
designed. The slot width of W1 is extended on both sides with a length of Li. The stubs of
dimension LsxWs are arranged in the slot. The coplanar feed of width Wt is connected across
the slot. The gap between the coplanar feed and ground plane is ‘g’. The following section has

a detailed analysis.

a) b)
Fig. 5.1. Geometry of proposed antenna (a) top view and side view (b) bottom view
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5.2.2 Design steps

The design steps of each antenna are depicted in fig. 5.2. The respective impedance
bandwidth (Si1), gain and axial ratio (AR) are shown in fig. 5.3. The dimensions of all the
patches are the same in antenna 1 and antenna 2, whereas the central patch and surrounding
patch dimensions are different in antenna 3 and the proposed antenna. Optimized parameter
values are displayed in Table.5.1.

The metasurface is designed with patches on one side and CPW fed aperture on another
side of the substrate in [36], [37] to design wideband and high gain linearly polarized antennas.
Antenna 1 is composed of square patches with a truncated corner metasurface antenna on the
top plane of the substrate and the metasurface antenna is driven by aperture CPW feed on the
opposite side. The impedance bandwidth has multiple resonant modes apart from each other
and the 3dB axial ratio bandwidth is nil for antenna 1. In antenna 2, the stubs are inserted across
the slot [37] as displayed in fig. 5.2. Here, the stubs are helpful to get resonant modes close to
each other. When all the truncated corner square patches are the same size for antenna 2, the

impedance bandwidth has two resonant modes close to each other as shown in fig. 5.3.
QE&Q

a) b)

c) d)
Fig. 5.2. Evolutions of proposed antenna (a) Top plane view of antenna 1, antenna 2 (b) Top plane
view of antenna 3, proposed (c) Bottom plane view of antenna 1 (d) Bottom plane view of
antenna 2, antenna 3, proposed.
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Table 5.1.0Optimized parameter values

Parameter|Value(mm)|Parameter [Value(mm)

w 58 L 16.25
W1 15 M 13.75

L1 14 D 2

Ls 3 p 5.3

Ws 0.5 q 4.85

Wi 2.1 H 3.175

g 0.3

In antenna 3, the central patch dimension is chosen larger than the surrounding patches. When
the central patch’s size is increased for antenna 3, the first and second resonance frequencies
overlap with each other. Hence, the impedance bandwidth and 3dB axial ratio bandwidth are
improved as displayed in fig. 5.3. In the proposed antenna, the same truncation is maintained
in a central patch and the truncation in surrounding patches is reduced. The upper resonant

frequencies and lower resonant frequencies overlap with each other to further enhance the
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Fig.5.3. Simulated results of four designs (a) Si: (b) Gain (c) AR.
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impedance bandwidth and 3dB axial ratio as shown in fig. 5.3. All these antennas are
maintaining a gain at around 10dBi because of the metasurface. The variations are explained in

detail in the following section.

5.2.3 Consider the values of ‘p’ and ‘q’ as 5.3mm and varying the dimension
‘L

In antenna 2, the size of all truncated corner square patches are the same i.e., ‘L’ and
‘M’ are taken as 13.75mm. When the size of central patch ‘L’ is increased, the resonant
frequency of the central patch is shifted to lower frequencies. The resonant frequency of
surrounding patches is maintained in the same frequency range as there is no change in the
dimensions. Further, the resonance frequency range of the central patch and surrounding
patches are overlapping with each other for ‘L’=16.25mm and impedance bandwidth is
enhanced as shown in fig.5.4 a. The axial ratio (AR) of the antenna gradually increases as the
‘L’ value increases, finally, the broadband axial ratio bandwidth is obtained at ‘L’ considered

as 16.25mm as shown in fig. 5.4b.
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Fig. 5.4. Simulated results with respect to ‘L’ (a) S11 (b) AR

5.2.4 Considering the dimension ‘L’ as 16.25mm, ‘M’ as 13.75mm, ‘p’ as

5.3mm, and varying the dimension ‘q’

In antenna 3, the size of the central patch is chosen as 16.25mm and the truncation in
the central patch is maintained at 5.3mm. When the truncation in surrounding patches is
reduced, the size of surrounding patches is increased. As a result, the resonant frequency of
surrounding patches shifts to lower frequencies and the resonant frequency of the central patch

is maintained at the same frequency range. Hence, the upper and lower resonance frequencies
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overlap with each other and the impedance bandwidth is further enhanced as the truncation in
the surrounding patches is reduced as shown in fig.5.5a.

When the uniform truncation (p=g=5.3mm) is maintained in all patches in antenna 3,
the orthogonal fields are generated for circular polarization. When the non-uniform truncation
is provided (p # q), the orthogonal fields are spread in other frequencies also. Hence, the axial
ratio bandwidth is further increased. The truncation in surrounding patches ‘q’ is chosen to get
maximum 3dB axial ratio bandwidth as shown in fig.5.5b. Therefore in the proposed antenna,
the dimension ‘L’ of a central patch is taken as 16.25mm, dimension ‘M’ of surrounding patches
is taken as 13.75mm and truncation ‘p’ of a central patch is selected as 5.3mm. The truncation
’q’ of the surrounding patch is considered as 4.85mm to achieve the broad bandwidth in
impedance bandwidth and axial ratio as depicted in fig.5.5.
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Fig. 5.5. Simulated results with respect to ‘g’ (a) Su1 (b) AR

5.2.5 Variation of Ls
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Fig.5.6. Simulated AR results with respect to Ls
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The parametric study is performed by varying the length of the stubs in the slot. It is
observed from fig. 5.6 that the proposed antenna has shown a maximum 3dB axial ratio
bandwidth when the dimension ‘Ls” as 3mm and results are represented for the other values less
than 3mm also.

The simulation results for the orthogonal fields (Ex and Ey) of proposed antennas are
displayed in fig. 5.7. It can be noticed that the amplitude of orthogonal fields (Ex and Ey) is the
same (less than 3dB difference) and the phase difference is 90° attained throughout broadband
frequency ranges (5.0GHz-5.7GHz). Hence, the axial ratio below 3dB is achieved over a
broadband frequency range (5.0GHz-5.7GHz).
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Fig. 5.7. Orthogonal fields for the proposed antenna

The simulation results for the left-hand circularly polarized (LHCP) gain and right-hand
circularly polarized (RHCP) gain are displayed in fig. 5.8. Over a resonant frequency range, the
RHCP gain is observed to be high and the LHCP gain is observed to be quite low. As a result,
the proposed antenna is a right-hand circularly polarized antenna.
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Fig.5.8. Simulated results for the LHCP gain and RHCP gain.
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Table.5.3 shows a comparison of proposed antenna simulation results with published
literature. It can be noticed that the published literature used a dual substrate layer, multilayer
substrates, and air gap to attain broadband circular polarization. In recent works, broadband
circular polarization is achieved in single-layer substrates using parasitic elements to the
truncated radiating patch [76-79]. But the holes are required for the probe-fed radiating patch
and soldering problems to the radiating patch. Such problems are avoided in some of the works
to generate broadband linear polarization in single-layer substrates. In this thesis, the above-
noticed problems are avoided to create a broadband and high gain circularly polarised antenna

in single-layer substrates.

The proposed antenna has been fabricated and is shown in fig. 5.9. The measurements
for the proposed antenna have been performed. The measured results seem to be very similar
to the simulation results. Due to fabrication errors, there is a slight variation. A vector network
analyzer is used to calculate the reflection coefficient, which is presented in fig. 5.10a. In an
anechoic chamber, the antenna gain is measured and plotted in fig. 5.10b. The patterns are used
to calculate the axial ratio, which is presented in fig. 5.10c. In an anechoic chamber, the
radiation patterns are measured and plotted in the X-Z and Y-Z planes, as illustrated in fig. 5.11.

Fig. 5.9. Fabricated Prototype model for the proposed antenna (a) top plane view (b) bottom

plane view
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Fig. 5.11. Normalized gain patterns for the proposed antennas at X-Z plane(left) and Y-Z
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5.3. 45° Rotated Slot Loaded Square Patch Metasurface Antenna
with Uniform Aperture CPW feed

5.3.1 Antenna Design

The proposed antenna geometry is designed on Rogers RT/Duroid 5880 substrate with
dimensions of LxWxH as shown in fig. 5.12. The metasurface antenna consists of a 3x3 array
of 45 rotated slot-loaded square patches separated by a distance d on one side of the substrate.
The size of square patches in the middle row is selected as P with the 45° rotated slot of
dimension rxt. The size of square patches in other rows is selected as Q with the 45° rotated
slot of dimension sxt. The metasurface antenna is fed by a stub-loaded aperture CPW feed. The
aperture is extended on both sides of length Ls with the width of Ws. The stubs of dimension
L«xW: are inserted across the slot. Coplanar feed of width Ws is connected across the slot. The
gap ‘g’ is maintained between the ground plane and microstrip feed. The following section has

a detailed analysis.

Wy lwe Lt Le

'
ﬁw.

Ls Ls

- <«Wf

(b)

Fig.5.12. Proposed antenna configuration (a) top plane view and side view (b) bottom plane view.

5.3.2 Design steps

The formulation of the proposed antenna is explained in step by step procedure in fig.
5.13. The corresponding reflection coefficient, gain and axial ratio are displayed in fig. 5.14.
The size of middle patches (P) and other patches (Q) are the same for antenna 1 and antenna 2
whereas it is different in the case of antenna 3 and the proposed antenna. The truncation in
middle patches (r) and the truncation in other patches (s) are the same for antenna 1 and antenna
2 whereas it is different in the case of antenna 3 and the proposed antenna. The optimized

parameter values are shown in Table.5.2.
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Fig.5.13. Design steps of a proposed antenna (a) top plane view of Antennal, Antenna 2. (b) top plane
view of Antenna 3, proposed (c) bottom plane view of Antenna 1(d) bottom plane view of Antenna 2,

3, proposed.

Table 5.2: Optimized parameter values

Parameter | Values(mm) | Parameter | Values(mm)

L 54 P 12.1

w 54 Q 11

Lt 2.5 r 12.8

Wit 0.5 S 125

Ls 14 t 0.9

W;s 15 d 2.5

g 0.3 H 3.175

Wi 2.1

In Antenna 1, one side of the substrate is designed with a 3x3 array of equal square
patches loaded with 45° rotated slots. These patches are excited by a uniform slot on the other
side of the substrate. The slot is connected to the coplanar feed line. The simulated results of
antenna 1 are shown in fig. 5.14. It can be observed that the antenna has multiple resonances
with zero 3dB axial ratio bandwidth in the resonant frequency range. When the stubs are
inserted across the slot in antenna 2, the resonant frequencies are coming closer to each other.
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The lower resonance frequencies overlap with each other for antenna 2. When the size of middle
patches is increased in antenna 3, the impedance bandwidth and 3dB axial ratio bandwidth is
improved. In the proposed antenna, the length of slots in the middle patches is increased further
to enhance the bandwidth of the impedance bandwidth and 3dB axial ratio. The gain of all

antennas is maintained at around 10dBi because of the metasurface on one side of the substrate.
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Fig.5.14. Simulated results of all antennas (a) Reflection coefficient (b) Gain (c) Axial Ratio

5.3.3 Considering the ‘Q’ as 11mm, ‘r’ and ‘s’ as 12.5mm and changing the
dimension ‘P’

In antenna 2, the size of all patches is the same with the same slot loaded. When the size
of middle patches (P) is increased, it can be observed that the bandwidth of reflection coefficient
and 3dB axial ratio is increased. It can be noticed in fig. 5.15 that ‘P’ is 12.1mm is showing fine
bandwidth in reflection coefficient and 3dB axial ratio. Hence, the value of ‘P’ is selected as

12.1mm for the proposed antenna.
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Fig.5.15. Parametric study of “P” (a) Reflection Coefficient (b) Axial ratio

6.2

5.3.4 Considering the ‘P’ as 12.1mm, ‘Q’ as 11mm, ‘s’ as 12.5mm and

changing the dimension of ‘r’

In antenna 3, the size of middle patches (P) is selected as 12.1mm and the size of other

patches (Q) is selected as 11mm. When the size of the slots is increased in middle patches, the

bandwidth of reflection coefficient and 3dB axial ratio is further enhanced as shown in fig. 5.16.

Hence, the value of ‘r’ is selected as 12.8mm for the proposed antenna.
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Fig.5.16. Parametric study of “r” (a) Reflection Coefficient (b) Axial ratio

5.3.5 Varying stub lengths ‘L¢’

6.0

The parametric study is performed on stub lengths (L) by changing the different values.

It is clear from fig. 5.17 that the designed antenna has shown the maximum 3dB axial ratio

bandwidth when the dimension of L: is equal to 2.5mm.
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Fig.5.17. Parametric study of “Lt”

Orthogonal fields for the proposed antenna are simulated and it is shown in fig. 5.18a.

The orthogonal fields are showing the same magnitude(less than 3dB) and 90° phase difference
over a broad frequency range (5.23GHz-5.7GHz). Hence, the 3dB axial ratio bandwidth is
observed in the frequency range (5.23GHz-5.7GHz). The gain of the left hand circularly
polarized (LHCP) and the right hand circularly polarized (RHCP) are displayed in fig. 5.18b.
The RHCP gain is high over the resonant frequency range. Whereas the LHCP gain is less over

the resonant frequency range. Hence, the antenna is a right-hand circularly polarized antenna.
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Fig.5.18. Simulated results of proposed antenna (a) orthogonal fields (b) LHCP & RHCP gain

The proposed antenna is fabricated and the fabricated prototype is displayed in fig. 5.19.

The Si11 for the fabricated prototype is measured using a vector network analyzer. The

measurements for the gain, axial ratio and radiation patterns are done in an anechoic chamber.
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(a) (b)
Fig.5.19. Fabricated model of the proposed antenna (a) Top plane view (b) side plane view
The measured results for the reflection coefficient, gain, and the axial ratio is shown in
fig. 5.20. The radiation pattern for the proposed antenna is displayed in fig. 5.21. The simulated
and measured results are almost close to each other. There is slight variation due to errors in

measurement setup and fabrication.
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Fig.5.20. Simulated and measured results are compared for the (a) Reflection Coefficient (b)
Gain (c) Axial ratio
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Fig.5.21. Radiation patterns for the proposed antenna at (a) 5.3GHz (b) 5.6GHz (¢) 5.8GHz.

Table 5.3. Comparison with published literature

Ref | Substrates Size()3) Frequency IBW | Gain AR
range(GHz) | (%) (%)

[68] | Dual Layer 1.10Ax1.101%0.06\ 4.85-6.28 25 9.9 dBi -

[69] | Dual Layer 1.10Ax1.101%0.06\ 4.60-6.17 29 9.8 dBi -

[32] | Dual Layer 1.78xx 1.781x0.07\ 4.8-6.2 31 14 dBi -

[64] | Multilayer + AXAX0.5A 4.93-5.89 17.72 | 12.48 2.4
Air gap

[65] | Multilayer + AXAx0.5M 4.81-6.63 31.8 10 18.9
Air gap

[74] | Dual Layer 1.60Ax1.601x0.065 A | 7.88-12 4145 | 135 23.16

[75] | Dual Layer 0.76 1x0.76 1x0.06\ 5-6.05 19 7.4-8.5 11.3

[36] | Single Layer AxAx0.0530 9.07-11.36 22.1 7.5 dBi -

[37] | Single Layer 1.281x1.28 Ax0.09A 4.81-9.69 67.3 9.18dBi |-

5.2 | Single Layer AXAx0.052A 4.5-6.63 38.2 10.37dBi | 13%

5.3 | Single Layer AxAx0.052A 4.56-6.21 30 10.20dBi | 8.60%0
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The proposed antenna simulation results are compared with published literature as
shown in Table 5.3. To achieve broadband circular polarization, the published literature used a
dual substrate layer, multilayer substrates, and an air gap. Few papers achieved a broadband
circular polarization using parasitic patches to the radiating patches[76-79]. But they used probe
feeding to the radiating patch. But the holes are required for the probe-fed radiating patch and
soldering problems to the radiating patch. Such problems are avoided in some of the works to
generate broadband linear polarization in single-layer substrates. In this thesis, the above
noticed probelems are eliminated to create a high gain and broadband circularly polarized

antenna in single layer substrate.

5.4 Summary

A truncated corner square patch metasurface antenna is designed with 3x3 array of
truncated corner square patches and the metasurface is driven by an aperture CPW feed. In
addition to that stubs are inserted in the uniform slot. Moreover, the central patch size in the
metasurface is increased for enhancing the bandwidth of impedance bandwidth and 3dB axial
ratio. Furthermore, truncation in surrounding patches is reduced to further enhance the
bandwidth of impedance bandwidth and 3dB axial ratio.

The truncated corner square patches in the metasurface are replaced with 45° rotated
slot-loaded square patches. Moreover, the broadband bandwidth in impedance bandwidth and
3dB axial ratio are attained by increasing the size of the middle patches. Furthermore, the
enhancement in the bandwidth of impedance bandwidth and 3dB axial ratio is attained by
increasing the slot in the middle patches. The comparison of all antennas in this chapter is
presented in Table 5.4. The antennas configured with the above specifications attain a
broadband and high gain circularly polarized antenna in single layer planar substrate at 5GHz
for Wi-Fi and Wi-Max applications.

Table 5.4. Comparison of all antennas

Antenna Technique S11 bandwidth Gain Axial
Ratio(dB)
5.2 Truncated Corner Square Patch 38
Metasurface Antenna with CPW (4.5-6 6.3 GHz) 10.37dBi 13%
fed Uniform Aperture T
5.3 459 Rotated Slot Loaded Square 30
Patch Metasurface Antenna with 10.21dBi 8.6%
CPW fed Uniform Aperture (4.56-6.21GHz)
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Chapter 6

Overall Conclusion and Future Scope of The Work

6.1 Research findings of the thesis

The present research work is aimed at exploring novel antenna configurations leading
to the designs and realizations of high gain and broadband circularly polarized antennas for 5
GHz Wi-Fi applications. The research work is focused on exploring bandwidth improvement
using reactive impedance surface and gain improvement using different superstrates. Both
techniques are applied simultaneously to enhance the impedance bandwidth and gain. In
addition to that unconventional structures are proposed to achieve a broadband circular
polarization. Later metasurface with aperture CPW feed techniques is opted to design high gain
and broadband circularly polarized antennas in single layer substrate for 5GHz Wi-Fi
applications. All the antennas are designed and simulated using high-frequency structure
simulator software. These antennas are fabricated and measurements are performed. The
measured results are found to be in good agreement with simulation results. All the high gain
and broadband circularly polarized antennas have potential applications in 5GHz Wi-Fi

applications.

In chapter 2, the microstrip square patch antenna is designed with an impedance
bandwidth of 3.6 %( 5.18-5.37GHz) and a gain of 3.5-3.63dBi. Impedance bandwidth of the
antenna is enhanced to 6.9% (5.13- 5.50GHz) by using a reactive impedance surface and the
average gain of the antenna is enhanced to 9.5-10.23dBi by using the dielectric lens to the
microstrip square patch antenna. Instead of using the dielectric lens, the Fabry Perot resonator
superstrates are studied and placed at a height half wavelength above the antenna to improve
the gain of the antenna to 8.5dBi. In addition, circular polarization is achieved by truncating the
pentagonal patch antenna and square patch antenna. The combination of the pentagonal patch
with RIS and highly reflective superstrate has attained an impedance bandwidth of 17.72%
(4.93-5.89GHz), the gain of 12.48dBi and an axial ratio bandwidth of 2.40% (5.01-5.14GHz.
Furthermore, the truncated corner square patch is combined with RIS and high dense dielectric
superstrate to achieve an impedance bandwidth of 18% (4.97-5.95GHz), the gain of 9.75dBi
and an axial ratio bandwidth of 2.9% (5.15-5.30GHz).

In chapter 3, broadband circular polarization is achieved by using unconventional patch

structures like E, C, H and S on reactive impedance surfaces with FR4 substrate. The feeding
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position of these structures are adjusted to get broadband circular polarization. These structures
are simulated and observed that the S shaped structure is providing good impedance matching
over H, C and E structures. The S shaped patch with RIS has shown impedance bandwidth of
29.5% (4.68GHz-6.30GHz) and an axial ratio bandwidth of 15.1 %( 5.09GHz-5.92GHz). But
the gain of antenna is 1-3dBi only. It is not enough for present applications. In order to improve
the gain of antenna, the positive phase gradient frequency selective surface superstrate is placed
above the antenna. The S shaped patch with RIS and superstrate has shown impedance
bandwidth of 31.8% (4.81GHz-6.63GHz) and gain of 10dBi. In addition to that an axial ratio
bandwidth of 18.9 %( 4.99GHz-6.03GHz).

In chapter 4, the realization of high gain and broadband circularly polarized antenna in
single layer substrate is achived by using metasurface with aperture CPW feed technique.
Initially, the metasurface is designed with 3x3 array of circle patches on top face of substrate
and L shaped aperture CPW feed is designed on the bottom face of substrate. The stubs are
added across the slot and central patch size in the metasurface is reduced to further enhance the
impedance bandwidth and an axial ratio bandwidth. The antenna achieved an impedance
bandwidth of 20.18% (4.9-6GHz), gain of 10.43dBi and an axial ratio bandwidth of 16.21%.

In chapter 5, instead of using L shaped aperture, the changes are made in the metasurface
to design high gain and broadband circularly polarized antenna in single layer substrate. The
metasurface is designed with 3x3 array truncated corner square patches on top face of substrate
and uniform aperture CPW feed is designed on the bottom face of substrate. The stubs are added
across the slot and central patch size is increased to further enhance the impedance bandwidth
and an axial ratio bandwidth. Antenna has achieved an impedance bandwidth of 38.2(4.5-
6.63GHz), an axial ratio bandwidth of 13% and gain of 10.37dBi. Instead of using truncated
corner square patches in the metasurface, 3x3 array of 45° rotated slot loaded square patches
are used as a metasurface on the top face of substrate and uniform aperture CPW feed on the
bottom face of substrate. The stubs are added across the slot and size of middle row patches are
increased to further enhance the impedance bandwidth and axial ratio bandwidth. Antenna has
achieved an impedance bandwidth of 30% (4.56-6.21GHz)), an axial ratio bandwidth of 8.6%
and peak gain of 10.21dBi.

In this thesis, different types of techniques are expolred to achieve circular polarization.
For probe feeding patches, truncation is applied to conventional structures like petagonal patch
and square patch to get circular polarization. Unconventional structures like E,C,H and S are

proposed to get broadband circualr polaization with RIS surface on FR4 substate. Later, the
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circular polarization is generated for the metasurface antenna with aperture CPW feed
technique. Initially, the L shaped aperture CPW feed is proposed to get broadband circular
polaization. In the case of uniform aperture CPW feed, the metasurface is designed with array
of truncated corner square patches or 45° rotated slot loaded square patches.

In this thesis, different types of superstrates are also expolred to improve the gain of
antennas such as highly reflective FSS superstrate , positive phase gradient FSS superstrate and
high dense dielectric superstrate. Diffeent types of metasurfaces are also explored improve gain

and bandwith simultaneously.

6.2 Future Scope of The Work

The FCC is assigning extra frequency bands to the Wi-Fi applications to meet the
demand of present and future applications. Moreover, Wi-Fi antennas also need higher gain to

provide signal to longer distances.

To explore the reseach work further, novel antenna design configurations can be
explored by combining reflectors and other bandwidth enhancement techniques. The
metamaterial structures can be incorporated in superstrate and parasitic elements can be added
to the radiating element. In this thesis, the inductive type of feeding is given in aperture CPW
feed. The results can be analysed using capacitive type of feeding in the aperture CPW feed.
The changes can be done in the metasurface and aperture CPW feed to further enhance the

results.
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