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Abstract

The surge in demand for high data rates has resulted in the exponential growth of
wireless communication systems. Thus, there is a requirement for compact, high gain, and
Wideband/ Ultra-wideband (UWB) antennas capable of supporting 5G and beyond
communication networks has also increased exponentially. With increasing reliance on
high data rates, wide impedance bandwidths (BW), Low-latency, and seamless
connectivity, antenna systems must evolve to address challenges such as spectrum
congestion, gain enhancement, polarisation control, and size reduction.

The antenna parameters, such as Gain, Directivity, BW, Polarisation, Radiation
Patterns and Efficiency, can be ‘enhanced’ by introducing the Metamaterials (MMTs)/
Metasurfaces (MSs). This thesis presents an in-depth investigation into the design and
analysis of gain enhanced microstrip antennas using MTMs/ MSs, and 3D-printed
Metastructures. The research is focused on Sub-6 GHz, X-band, and millimetre-Wave
(mm-Wave) frequency ranges, covering applications in Internet of Things (IoT), Internet
of Vehicles (IoV), CubeSat systems, point-to-point (p2p) terrestrial 5G communication,
and Small 5G Base stations.

In the Sub-6 GHz band, a UWB Multiple Input Multiple Output (MIMO) antenna
is designed to achieve a wide impedance BW of 2.37 GHz to 8 GHz with a fractional BW
of 108.58%. The antenna, intended for IoT/IoV applications, integrates an artificial
magnetic conductor (AMC) with dual rings to generate dual resonances, enhancing gain
and improving port isolation. The 5 x § AMC array placement enhances gain up to 7 dBi
from a baseline of 2.3 dBi, while isolation is improved to >19.66 dB. Furthermore,
essential MIMO performance metrics such as ECC (<0.0037), CCL (<0.12 bits/s/Hz), and
TARC (< -10 dB) remain within acceptable limits. The compact size and wide operational
BW of the design make it suitable for IoT, WiFi, LTE, WiMAX, and WiFi-6E bands.

For CubeSat applications, a circularly polarised (CP) antenna is proposed using a
polarisation reconfigurable metasurface (PRMS). By forming a Fabry—Perot cavity with
a 9 x 9 PRMS array, the antenna achieves an Axial Ratio BW (ARBW) of 2.31 GHz,
closely matched with an impedance BW of 2.41 GHz. The design enhances the gain from
7.3 dBito 17.1 dBi while achieving compatibility with both right-hand and left-hand CP
waves. This antenna design addresses one of the critical challenges in CP antenna design,
where ARBW is typically narrower than impedance BW, thereby making the antenna
suitable for satellite based communication.

In the X-band spectrum, a phase gradient metasurface flat lens (PGMS-FL) is
introduced to attain a high gain, narrow beams for p2p terrestrial 5G communication. The
PGMS-FL array achieves beamwidths between 13.2° and 16.5° with a maximum gain of
17.7 dBi1 at 11.2 GHz. The polarisation-insensitive nature of the PGMS unit cells ensures
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stable CP performance, making the antenna a viable candidate for terrestrial p2p 5G
communication.

Four distinct antennas are designed and analysed at mm-Wave frequencies to
overcome propagation losses and achieve high capacity wireless links. A UWB AMC
array is used to enhance the gain of a MIMO antenna from 8.5 dBi to 12.21 dBi while
maintaining port isolation above 19 dB. A second MIMO antenna, integrates a PGMS
lens for beam tilting to £+ 24°, enabling robust non-line-of-sight (NLOS) communication
to improve SNR. The third design incorporates double-negative (DNG) unit cells to
achieve a gain improvement of 4 dB and a front-to-back ratio increase from 10.81 dB to
20.6 dB, enhancing link reliability. Finally, a 3D-printed metastructure array embedded
in a planar dipole antenna achieves flat gain with 0.45 dB variance, i.e. 11.07 dBito 11.45
dBi across 22 GHz to 26.6 GHz.

The findings of this thesis emphasise the importance of unit cell design in gain
enhancement, BW widening, and polarisation stability. On the other hand, Symmetry of
the MMT/MS structure, polarisation insensitivity, and angular stability emerge as key
factors for optimising metastructures for antenna applications. Integrating AMCs, PRMS,
PGMS, DNGs, and 3D-printed metastructures with the different antennas across multiple
frequency bands demonstrates significant gain enhancements while maintaining compact
profiles.

Overall, the research outcomes provide compact, high-performance antenna
designs suitable for 5G communication. The proposed antennas cover diverse frequency
bands, which include WiFi/ WiMAX/ Bluetooth, Mid-band, Sub-6 GHz, WiFi-6E X-
band, MVDDS, and mm-Wave band, enabling its applications in IoT/IoV, terrestrial 5G
networks, CubeSat communication, and broadband satellite services. By addressing
challenges such as narrow BW, low gain, polarisation mismatching, and size, this thesis
contributes to the advancement of antenna designs that are efficient, reliable, and
adaptable to the evolving needs of modern communication systems.

The major highlights of this research are:

e Design antennas to cover newly defined frequencies by the FCC (WiFi-6E and
MVDDS) with an enhanced gain.

e To enhance the ARBW of the CP antenna and increase the gain using MMT or a
metal cavity, with a small structure.

e Design an antenna with gain enhancement for wide impedance BW, low profile
and high directivity.

e To achieve gain enhancement for UWB antennas, maintaining antenna size as
minimal as possible.

e Design an electrically small antenna with flat gain through the operating BW and
a high front-to-back ratio.
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CHAPTER 1

INTRODUCTION

1.1 Background

As technology advances, the need for internet connectivity is exploding. Cisco
reported that in 2021, 58% of the global population were internet users compared to 44%
in 2016. Mobile devices and internet connections were 2.3 billion, which rose to 3.5
billion in 2021 [1]. In November 2020, Ericsson reported data traffic at a global level of
65 Exabytes (EB) per month, excluding the Fixed Wireless Access (FWA) point, by the
end of 2021 [2]. Ericsson also reports post pandemic COVID-19, India's dependency on
telecom networks increased to satisfy its business and personal needs [2]. In 2021, India
recorded the highest growth in mobile broadband, with an average data consumption of
17 GB per month per user. Nokia reports that India's 4" Generation (4G) network carries
all data traffic [3].
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Fig 1.1: Multiple Wireless Communication devices installed with Microstrip Patch
Antennas.
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All this global data traffic is carried by a 4G network only. To which mm-wave
technology in a high-band and mid-band is a solution for tackling multiple device traffic
because of its inherent large bandwidths (BW), this Generation of wireless
communication is called the 5% Generation (5G). The Federal Communication
Commission (FCC) defined mm-wave spectrum at 24 GHz and above for 5G
communication, Internet of Things (IoT), advanced spectrum-based services, and Satellite
broadband services. The FCC allotted 24 GHz band (24.75 GHz to 25.25 GHz), 28 GHz
band (27.5 GHz to 28.35 GHz), 37 GHz band (37.6 GHz to 38.6 GHz), 39 GHz (38.6



GHz to 40 GHz), 39 GHz band, 47 GHz (47.2 GHz to 48.2 GHz), 50 GHz band (50.4
GHz to 52.6 GHz), and the 64 GHz to 71 GHz band [4], [5]. The FCC has also proposed
to expand the 70/80/90 GHz band for 5G communication [6]. The mm-Waves are defined
from 24 GHz to 100 GHz. In March 2021, the FCC opened a mid-band 100 MHz (3.45
GHz to 3.55 GHz) of the band for 5G communication in a shared spectrum of 3.1 GHz to
3.55 GHz, which is part of federal and non-federal radio services [7], [8]. Prior to this
expansion, the FCC allotted 500 MHz of bandwidth from 3.7GHz to 4.2 GHz for mobile
5G communication as a licensed spectrum [9]. All these high and mid bands will help
serve as the solution to the surge demand for high data rates in mobile/cellular wireless
communication systems. But are cellular/ mobile devices the only reason for internet
traffic? No.

Every day, multiple devices are connected to the internet, such as smartphones,
smart watches, smart speakers (Google Home and Amazon Echo), tablets, computers,
Virtual Reality (VRs), etc., through WiFi, as shown in Fig. 1.1. Apparently, mobile data
is not the epitome of internet/data traffic. The multiple devices, as mentioned earlier, use
WiFi, which provides low-cost wireless connectivity to consumers across the globe, and
are also responsible for high data rates. The demand for wireless connectivity is growing
continuously. Since the Pandemic (COVID-19), this need cannot be unseen. The FCC in
2020 reported Cisco had projected a doubling in data traffic between 2019 and 2022. Also,
most mobile data traffic is delivered through unlicensed wireless protocols such as WiFi,
Bluetooth, etc. [10].

1.2 New Frequencies

To meet this demand, different unlicensed frequencies are being studied,
expanded or utilised. The solution to these issues, while maintaining good wave
propagation, is the following set of frequencies, which can be considered as a
substitute/along with current WiFi services, i.e., 2.45 GHz and Sub 6 GHz band.

1. TV White Space (TVWS) band (470 MHz to 890 MHz) [11].
2. Ultrawide band (UWB) (3.1 GHz to 10.6 GHz) [12].
3. WiFi-6E (5.925 GHz to 7.125 GHz) [10].

4. Multichannel Video Distribution and Data Service (MVDDS) band (12.2 GHz to 12.7
GHz) [13].

5. Millimetre Waves (mm-Waves) (24 GHz to 100 GHz) [4], [5] and [6].

Out of the mentioned frequencies, TVWS, WiFi-6E, UWB, and mm-Waves are
unlicensed frequencies, while MVDDS is a licensed band which is currently being
explored. Multiple devices use wireless communication using unlicensed frequencies.
Thus, it makes communication devices inexpensive for consumers. Using a licensed
MVDDS band for the same purpose makes communication between devices with no
congestion and efficient, but expensive for wireless communication devices [10], [13],



[14]. Now that the FCC has expanded the spectrum, hopefully, it will satisfy our needs
for the BW crunch in the coming years. To serve these frequencies, Microstrip Antennas
(MSAs) are best suited. As they have simple yet effective geometry, which offers
advantages such as compact designs, low volume, light weight, easy fabrication, and easy
integration with compact planar devices [15].

1.3 Microstrip Antennas

The MSAs were studied and practically developed around the 1970s. Since then,
extensive research and analysis have been carried out for the development of MSAs. The
common features of MSA are:

(a) A dielectric substrate (&) layer sandwiched between two thin copper layers.

(b) The top region has a small amount of copper layer, often called a Patch.

(c) The bottom region copper layer is much larger than the patch is called a Ground plane.
(d) Power is applied through a feed to the patch.

A typical structure of MSA is shown in Fig. 1.2. The patch length is about 1/3 Ao
to 1/2 do (Where ho is a free space wavelength), which corresponds to the resonating
frequency. The thickness of the dielectric constant varies from 0.001 X to 0.005 Ao. A
dielectric constant closer to unity (i.e. of air) will result in high efficiency (n) and large
BW, and a material with a high dielectric constant will result in low efficiency and narrow
BW. With these properties, MSA can be low profile, conformal and robust. MSAs are
versatile in producing a wide variety of radiation patterns and polarisation depending upon
the excited mode and shape of the patch. The MSA performance is based on the
parameters, Reflection Coefficient, Bandwidth, Radiation pattern, Directivity, Efficiency,
Gain, and Polarisation [15].

Substrate

Ground plane

Fig. 1.2: Rectangular Microstrip Patch Antenna [15].



Reflection Coefficient: The Reflection Coefficient is defined as the ratio of
reflected power to incident power. If P, is the reflected power and P; is the incident
power then the Reflection Coefficient (I') is given as [15],

r=Z=21>% (1.1)

Py Zy+Z,
where,

71 is load impedance and Z, is characteristic impedance.

Bandwidth (BW): 1t is defined as a range of frequencies in which antenna
parameters are within the acceptable value of those at the centre frequency.

BW=/fu—1L (1.2)
where,

fu is the higher resonating frequency and f; is the lower resonating frequency.
Typically, Patch antennas offer 5 % to 10 % fractional BW, which is often low for
high speed communication [15].

Radiation Pattern: The graphical representation of radiation characteristics of the
antenna as a function of space coordinates. Mostly, radiation pattern is determined
in the Farfield, and it is also represented as a function of directional coordinates.

Radiation Intensity: Power radiated by the antenna in a given direction per unit
solid angle [15].

U= 1?Wyqq (1.3)
Where,
U is the radiation intensity (W/ unit solid angle)
W,qq is the radiation density (W/m?)

Radiation Density: The total power radiated, which is uniformly distributed over
the surface of a sphere of radius » [15].

PTa
Wiaa = 4 (1.4)

4772

Beam Width: Beam Width, also known as Half Power Beam Width (HPBW), is
the angle measured at one-half of the beam of maximum radiation intensity.

Directivity (D): The ratio of the radiation intensity in a given direction to radiation
intensity averaged over all directions [15].

4ty

D_

Prad

(1.5)



e Total Antenna Efficiency (n): The total antenna efficiency accounts for losses at
input terminal, conductivity, and dielectric.

N =ereceq (1.6)

where

e,is reflection efficiency (1-|I"?])
e. 1s conductivity loss

eq 1s dielectric loss

e Gain (G): 1t is the ratio of the radiation intensity in a given direction to the
radiation intensity if power accepted by the antenna is radiated isotropically.

G=nD (1.7)

e Polarisation: The property of electromagnetic (EM) waves describing the time-
varying direction and relative extreme magnitude of the electric field vector;
tracing a figure as a function of time at a fixed location in space as observed along
the direction of wave propagation. The polarisations are classified as Linear,
Elliptical and Circular polarisation.

o Linear Polarisation: An electric field vector at any point in space as a
function of time is always directed along the line; the field is said to be
linearly polarised.

o Elliptical Polarisation: If the tip of an electric field vector traces an ellipse
in space as a function of time, then it is an elliptical polarisation.

o Circular Polarisation: If the tip of an electric field vector traces a circle in
space as a function of time, then it is circular polarisation.

1.4 MIMO Antennas

High data rates up to 1 Gbps can be attained with a Single Input and Single Output
(SISO) antenna with sufficient BW and Modulation techniques as the transmitter and
receiver. However, the SISO transceiver has several issues, such as low Signal to Noise
ratio (SNR), which limits the spectral efficiency. For 5G communication, spectral
efficiency requires a high number of bits to be transmitted per unit BW, measured in bits
per second per Hertz (bits/sec/Hz). The transmit power for indoor communication is
limited to 1 W, and outdoors it is 10 times higher. The SNR is limited to 30 dB to 35 dB
because of complicated linear receivers with low phase error. The Signal to Interference
to Noise ratio (SINR) is also limited because of co-channel interference. Low SINR means
more users and more data, along with capped interference, leading to high spectral



efficiency. The average SINR lies between 10 dB and 20 dB, which means increasing
spectral efficiency beyond 2-4 bits/sec/Hz is not possible for Non line-of-sight (NLOS).
For a high data rate up to 1 Gbps, the SISO system will require 220 MHz BW, which
reduces the communication range to 35 % of the reference system range. Because wide
BW requires more power and resources, it reduces the effective coverage distance [17],
[18].

In contrast, the Multiple Input and Multiple Output (MIMO) system can reach up
to 1 Gbps data rates using 20 MHz BW and a 10 x 10 antenna array. The reference range
can be maintained up to 80 %. This shows, the MIMO system achieves high spectral
efficiency and better coverage without increasing transmit power. The SNR is improved
with no additional power. The performance improvement in the MIMO system is due to
Array Gain, Diversity Gain, Spatial Multiplexing Gain, and Interference reduction. In the
following, these properties are discussed [17], [18]:

e Array Gain: Array gain refers to the result of processing at the transmitter and
receiver to increase the received SNR by the coherent combining effect of signals
from different transmit or receive antennas.

e Diversity Gain: Diversity gain refers to the improvement in signal reliability
achieved using multiple transmit and receive antennas to counter fading and
channel impairment.

o Spatial Multiplexing Gain: The MIMO channels increase the capacity for no
additional power or BW; this gain is referred to as Spatial Multiplexing Gain. This
is realised by transmitting independent signals from individual antennas.

o [nterference Reduction: In the MIMO system, spatial diversity is preferred over
time/ frequency diversity. Multiple antennas for reception, the arriving signal from
different directions has different spatial characteristics- angle of arrival, phase and
amplitude. These signals are received by the antenna array, and co-channel signals
are leveraged to reduce interference. This allows aggressive frequency reuse,
thereby increasing multicell capacity.

1.5 Research Motivation

The Patch antennas are always used for wireless communication in various
applications because they are compact, conformal, easy to fabricate, low-cost, etc. But
patch antennas also have low efficiency, low gain, and narrow bandwidth, which are the
major drawbacks [15], [16]. Most of the reported WiFi/ WiMAX, Sub-6 GHz, and UWB
antennas (Single and MIMO) suffer from low gain due to their unconventional design,
partial ground plane and Defected Ground Structures (DGS) to accommodate wide
impedance BW, which results in low directivity, bi-directional radiation, and low
efficiency, often leads to a poor gain of the antenna [17], [18], [19], [20], [21], [22], [23],



as shown in Fig. 1.3. The gain of these antennas varies between 0.5 dBi and 6 dBi, which
is unsuitable for point-to-point (p2p) 5G communication [24]. The gain and BW of the
antenna can be improved by incorporating different techniques, such as an increase in the
height of substrate, aperture coupling, proximity coupling, stacked layers, parasitic
elements, Directors, Dielectric Resonator Antennas (DRA), and Metamaterials [25], [26],
[27], [28], [29], [30], respectively.
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Fig. 1.3: Bidirectional radiation pattern of DGS incorporated patch antenna (a) Patch
Antenna and (b) Bidirectional radiational pattern [19].

To counter the low gain, low directionality, and high side lobes for p2p
communication, Array Antennas are effective due to their low profile. Arrays are usually
used for scanning since they have a high directivity [15]. As the number of elements
increases, the gain of the antenna array increases, but as the structures keep increasing,
there are inevitable losses across the power dividers [31]. Not only, power dividers
increase losses, but also the transmission line circuit gets complex with an increase in the
number of elements, as seen in [32], [33], [34], [35], [36], [37]. In addition to this, as the
number of elements increases, maintaining isolation between these elements gets difficult.
Hence, design and analysis become complicated.

As the performance of MSAs is bound to their shape, size, and material used, i.e.,
dielectric constant (&) and their thickness, to maintain low surface waves. This mostly
affects the radiation characteristics, such as radiation patterns and gain. Also, BW and
axial ratio (AR) BW are inherently narrow [38]. To overcome these limitations,
Metamaterials (MMTs) can be integrated with the antennas to enhance their performance;
due to their unique structures and EM waves manipulation properties. Which will
significantly benefit p2p 5G communication. Therefore, MMTs are the centre of attraction
for researchers around the world. The MMTs are engineered artificial materials; materials
that show unnatural material properties, for instance, Double Negative (DNG) medium
properties, Negative Permittivity (&< 0), Negative Permeability (ju< 0), and Negative



Refractive Index (NRI) (n< 0) with a negative phase value [39], [40]. The Left Hand
Materials (LHM) MMTs are categorised into four types [41], and the Perfect Magnetic
Conductors (PMC) as Artificial Magnetic Conductor (AMC), Electromagnetic Bandgap
structure (EBG), and High Impedance Surface (HIS) are Artificial Impedance MMT
structures (AIS) which can be used as reflectors, isolators, decouplers, and to reduce
surface waves, respectively. The different types of MMT are shown in Table 1.1. MMTs
can be utilised as a /ens to enhance the gain [42], Absorbers to absorb EM waves are
required [43], Beam splitters, to convert the polarisation of the source antenna,
Polarisation converters [44], etc. An extensive survey on MMT is presented in [41], [45],
[46], [47], [48], [49]; MMTs are used as gain enhancers, absorbers, and isolation
enhancers for multiple-input multiple-output (MIMO) antennas. This indicates that
MMTs are essential to enhance the antenna performance and are key to the future low-
profile antennas for 5G communication.

Table 1.1: Categories of Metamaterial.

;l(;' Categories Material Properties
1 Negative Refractive Index The refractive index is negative at the
) Material (NRI/ NRIM) required frequencies.

5 Double Negative (DNG) Both permittivity gnd permeability

negative.
Either permittivity (ENG) or permeability

3. Single Negative (SNG) 1s negative (MNG), and the other is

positive.

Both/ Either of permittivity or
permeability are zero.

Artificial Magnetic AMC dual of a perfect electric conductor,
Conductor (AMC), EBG restricts wave propagation in the
5. | Electromagnetic Bandgap | specific frequency band, and HIS suppress
structure (EBG), and High the Surface wave, which enhances the
Impedance Surface (HIS) gain by reducing sidelobes.

4. | Zero Index Material (ZIM)

1.6 Research Contribution

In this thesis, novel designs of the MMTs and MSs for the gain enhancement of
the antenna are proposed for p2p 5G communication. The proposed MMTs and MSs are
Wideband/ UWB to encompass a wide spectrum of resonating frequencies. The key
contributions are as follows:

e Designed Sub 6 UWB GHz MIMO antenna with a high gain and high port
isolation, which covered frequencies, Wifi/ WiMAX/Bluetooth, 3.5 GHz 5G, 5
GH 5G and Wifi-6E. The MIMO antenna was mounted on a Vehicle to verify its
radiation characteristics for loT/IoV applications.



e An MS is designed to enhance the gain and ARBW of the RHCP antenna for
CubeSat applications. The compact profile of the MS incorporated antenna
resulted in ARBW almost overlapping impedance BW along with an enhanced
gain. The symmetric MS structure can also work with an LHCP antenna to result
in identical results as that of a gain enhanced RHCP antenna.

e Designed an MS to enhance the gain of the antenna with highly directive beams.
Almost flat gain is achieved for the operating BW; while maintaining a low
profile. The Axial beamwidths closely match the HPBW of directive beams. The
symmetric MS resulted in a polarisation insensitive MS.

e An AMC with UWB phase BW is designed with a capacitive slot in it to enhance
the gain of the UWB mm-Wave MIMO antenna. UWB AMC integrated MIMO
antenna has high isolation and high gain for the impedance BW.

e Designed MMTs/ MSs for the electrically small size antennas resonating at mm-
Wave frequencies to enhance their gain, which will be a flat gain for the operating
BW with high FTBR.

1.7 Thesis Organisation

This thesis is titled ‘Design and Analysis of Gain Enhanced Microstrip
Antennas using Metamaterials for SG Applications’, comprising seven chapters that
discuss the design and analysis of antennas embedded with MMTs/MSs for enhancing
their performances in terms of directivity, gain, BW, and ARBW. The operating
frequency range for these MMTs/MSs antennas is from 2 GHz to 40 GHz. The thesis is
organised as follows:

o Chapter I: Introduction

This chapter gives an insight into a general review of microstrip patch antennas.
The performance parameters with their definition, advantages and disadvantages are
briefly discussed. A light is also shed on MMTs/ MSs, the principle of working and their
types. The limitations of patch antennas, such as low gain, narrow bandwidths, and low
ARBW, can be overcome by utilising MMTs/MSs and their types are also discussed.

o Chapter 2: Literature Review

In this chapter, an in-depth characterisation of MMTs/MSs for various
applications is presented. The resonant and non-resonant behaviours are explained
through different models of Split Ring Resonator (SRR). The extraction of NRI, Negative
Permittivity, and Negative Permeability using the NRW method is explained. The MMTs,
such as LHM and AIS, with their methodology, antenna, assembly, key findings and



drawbacks are discussed extensively. Lastly, based on the study of different MMTs, the
research gaps are identified and framed.

o Chapter 3: Design and Analysis of Sub-6 GHz UWB Antenna for loT Application

The third chapter discusses the need for Sub-6 GHz and Wifi-6E frequencies for
I0T/5G applications. The design and analysis of the dual band AMC and MIMO patch
antenna are presented. The methodology to achieve high isolation by designing a
decoupling circuit for the gain enhanced antenna is given. The performance of the gain
enhanced MIMO antenna is also presented when the antenna is integrated on top of the
vehicle. Lastly, the MIMO performance is verified through testing and compared with
simulated results.

o Chapter 4: Design of Partially Reflective Surfaces to enhance Gain and ARBW of
the CP antenna

For satellite communication, high gain CP antennas operating in the X-band (8
GHz to 12 GHz) are embedded with the satellites. This chapter is devoted to the
development of MSs called Partially Reflective Surfaces to enhance the gain of the
radiator RHCP antenna. The designed MSs are modified to enhance the ARBW of the
radiator to match its impedance BW. A thorough analysis of the integration of the MS
array onto the CP radiator and enhancing its ARBW is presented. Lastly, the same MS
array is used to enhance the gain and ARBW of the LHCP antenna, which verifies the
versatility of the designed MS array.

o Chapter 5: Phase-Gradient MS Lens antenna for 12 GHz 5G communication

For terrestrial 5G communication, the MVDDS band (12.2 GHz to 12.7 GHz) is used
for its high speed video and data delivery. A polarisation insensitive MS is designed to
attain a phase gradient of 180° with high transmission levels. How each MS cell introduces
a time delay is calculated and discussed. These MSs in the form of a 15x15 array lead to
gain enhancement. A CP antenna/radiator is used as a source to feed the lens, and how
MS reacts to the CP waves is also presented.

o Chapter 6: Gain enhanced UWB and Wide band mm-waves Antennas for 5G
communication

The mm-wave antennas are widely known for their small size with respect to the
wavelength of the resonant frequency, which can be utilised to pack multiple antennas
in a compact communication device. However, mm-wave antennas also have inherent
low gain and poor propagation. Therefore, different types of MSs, such as AMC,
DNG, Phase gradient, and 3D meta-structures, are incorporated in the antenna design
for its gain enhancement.
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o Chapter 7: Conclusion, Future Scope and Social Impact

This chapter summarises the key findings and highlights the significance of the
conducted research in the previous chapters, where different MMTs/MSs are designed
and analysed to enhance the gain of the microstrip antennas. It outlines how these
enhanced antennas in the future can be tested in the field for deployment. This chapter
also gives insight, how these antennas can serve as the base station antennas in real-
time and its socio-economic impact has been discussed.
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Chapter 2

Literature Review

2.1 Introduction

As discussed in CHAPTER 1, Today, we are in desperate need of wideband and
high gain antennas. Therefore, 5G, WiFi-6E, and mm-waves antennas with high gain are
hot topics of research for compact devices. However, due to the need for wideband
compact devices for wireless communication, antenna miniaturisation has severely
affected gain. For example, a partial ground plane results in bidirectional radiation and
gain fluctuation, as mentioned earlier. An /EEE Gain of the antenna is defined as "The
ratio of intensity, in a given direction, to the radiation intensity that would be obtained if
power accepted by the antenna were radiated isotropically" [15]. This means that gain is
necessary for p2p communication with an extended range, to improves the SNR, and to
reduce interference from other signals [41].

2.2 Metamaterials and Their Types

The term Metamaterials is a composition of two letters, ‘Meta’ and ‘Materials’.
In Greek, it means beyond, and these materials are artificially developed materials which
exhibit unnatural, extraordinary EM properties. When an EM wave is passed through the
MMTs layer/slab, then EM wave properties such as phase, polarisation, intensity,
direction, etc, can be modified easily. The MMT are also addressed as Metasurface (MS)
in 2-dimensional or 2D form. MMTs are mainly divided into two types: Left Hand
Materials and Artificial Impedance Surfaces. The types are discussed in the following
sections.

2.2.1 Left Hand Materials

MMTs are artificially engineered materials with unique structures which exhibit
unnatural EM properties. Unlike natural materials, which have positive permittivity
(0 < &) and permeability (0 < u), the MMTs have negative permittivity (¢ < 0) and
permeability (u < 0). Therefore, they are also known as Left Handed Materials (LHMs),
as shown in Fig. 2.1. In general, with reference to constitutive parameters, permittivity
and permeability materials can be classified into four categories [50]:

Positive € and Positive p are double positive (DPS) materials.
Positive € and Negative p are Mu negative (MNG) materials.
Negative € and Positive p are Epsilon negative (ENG) materials.
Negative € and Negative p are double negative (DNG) materials.
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Isotropic Dielectrics
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Left-handed

, Magnetic materials
Backward-wave propagation £ f(d ing)
Phase advance vanescent (decaying) waves

SVAVAVA €>0,p<0
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Fig. 2.1: Material classification as per their permittivity and permeability [50].

SPNG = %Re(E xH)=4aS5,
—_——

GDPS _ %Re(E xH)= 4,5,

—_———

(a) (b)
Fig. 2.2: EM wave phase direction in (a) DPS media and (b) DNG media [50].

The materials shown in Fig. 2.1., the DPS are natural materials like air, quartz,
water, etc., the MNG are magnetic materials, the ENG are plasma. Among these materials,
DNG got special attention due to its double negative properties, which are not found
naturally but can be realised artificially. When the EM wave is incident on the DNG slab/
layer, it was found that the EM wave propagating through the DNG layer has a direction
of power density vector in the opposite direction to wave propagation, as shown in Fig.
2.2. Therefore, these materials are referred to as LHM or Backwards wave materials.
In Fig. 2.2, the dashed line is the direction of wave propagation, while the solid line is the
direction of the phase vector of EM wave. This results in antiparallel phase (phase

advancement) and group velocity.

As the DNG material has negative permittivity and negative permeability, the
refractive index (R/) widely noted as n, of the metamaterial can be calculated from Eqn.
(2.1), therefore, DNG materials are also known as Negative Index Materials (NIM) [39].
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n = t\ep 2.1

Snell’s law of refraction, from Eqn. (2.2-a and b), suggests that when the refractive indices
forming an interface are positive, i.e., both media are DPS, then the refracted (transmitted)
wave will be on the same side of the reflected wave, as shown in Fig. 2.3 (a). However,
when one medium has an NRI, then the refracted wave emerges on the same side of the
incident/transmitted wave, as shown in Fig. 2.3 (b). The DNG materials with NRI, the
phase constant (wave number) of the EM wave is negative and can be evaluated from
Eqgn. (2.3). This shows that, when the EM wave moves forward in time, there will be
phase advancement, i.e., phase wavefronts are moving towards the source. Instead of a
phase delay in the natural materials. Based on the above theory, DPS-DNG slabs or lenses
are studied, which are also referred to as Veseleago Lenses.

A A
DFS DPS DPS DNG
Transmitted
Reflected Reflected
ar Qﬂ' ).-
> - Ny . .
0 b; 6,
. s
Incident €9, Lo, 1y neident 92 —Hys =Ty
E1, 1. 1y 81, gy By
Transmitted
(a) (b)

Fig. 2.3: Wave refraction for (a) DPS-DPS media and (b) DPS-DNG media [39].

B1Sin0; = w+\/&,u, Sinb; = B,sinb; = w+/exU, Sinb; (2.2-a)

which can also be written as,
n,sinf; = n,sinb, (2.2-b)

Bosinf; = w+/&;, Sinb; (2.3)
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2.2.2 Artificial Impedance Surfaces

Artificial Impedance Surfaces (A41S), as the name suggests, are engineered
structures to alter the impedance of the surface to control radiation characteristics,
radiation efficiency and radiation pattern of the antenna. The Photonic Band Gap (PBG)
structures are targeted at optical frequencies. They have the ability to restrict the
propagation of a certain range of optical frequencies, creating a band gap. The PBG
structures were extended into other structures to include other frequencies, such as
Electromagnetic Band Gap (EBG) structure, High Impedance Structure (HIS), and
Artificial Magnetic Conductors (AMC) [39], are subset of the Perfect Magnetic Conductor
(PMC).

The surface waves affect the radiation characteristics, pattern and gain. The EBG
structures operate similarly to PBG structures but at microwave frequencies; they
suppress surface waves for a range of frequencies, creating a band gap for a low-profile
MSA. However, EBG structures can only be made using vias to counter surface waves,
which complicates the circuits. Also, the band gaps generated by the EBG structures have
a narrow BW. The HIS structure does not require vias; they are planar structures with the
patch and ground. When a plane wave is incident on a HIS, then it results in very high
surface impedance (Zy), this structure forms an LC circuit from which Zs can be calculated
from Eqn. (2.4) [51].

, 1
Zs =]a)L +jw_C (24)

where L is the inductance from the metal strips and C is the capacitance between the metal
strips of the HIS structure.

Metal sheets are a Perfect Electric Conductor (PEC) found naturally, but a PMC
is not. The reflection coefficient of the PEC is (I'= —1) and its dual PMC has (I'= +1).
Therefore, reflected EM waves from the PEC has a 180° phase shift with an equal
amplitude, which causes wave cancellation. Due to this, the radiation efficiency and gain
decrease. The minimum distance between the antenna and a PEC reflector needs to be 1/2
Ao (where ko is a free space wavelength). Such antenna arrangement is unsuitable for
Spacecrafts, which will result in a high Radar Cross Section (RCS) or, in general, increase
antenna profile with low efficiency. Contrary to PEC, PMC have 0° phase shift for a
reflected EM wave. Therefore, firstly, PMCs are beneficial to counter the problem of low
radiation efficiency. Secondly, as PMCs demonstrate high surface impedance, AMC are
also capable of suppressing the surface wave,

The image currents of the PMC are in-phase with the original image currents. This
property is leveraged to utilise the PMC as a reflector array and place the antenna in close
proximity of the PMC array. It reduces the antenna profile from 1/2 Ao to 1/4 Ao. The in-
phase reflection is observed for the +90° to—90° of the reflection phase. The depiction of
the PMC in-phase reflection is shown in Fig.2.4.
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Fig. 2.4: In-phase reflection and reflection coefficient of the typical AMC Unit Cell [52].

2.3 Unit Cells and MMT Extraction
2.3.1 Unit Cells

The work established by Veseleago was further studied by Pendry et al, who
suggested that artificial materials can be created by Periodic structures. Smith et al built
the periodic structures, consisting of the Unit Cells, which exhibited DNG characteristics.
It was achieved using concentric Split Rings with a thin metal strip structure etched on
the dielectric substrate thickness (d << A), which are confined to the size 1/10 Ao (Where
Ao corresponds to the resonating frequency) is called as Unit Cell (UC) [53]. These
structures are commonly known as Split Ring Resonator (SRR). An array of unit cells of
SRR are shown in Fig. 2.5.

]
]

Fig. 2.5: Array of Split Ring Resonators with thin Metal Strip [39].
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2.3.2 MMT Properties Extraction

Assuming the dielectric thickness of the MMT array is very small (d << A). The
Nicolson-Ross-Weir (NRW) method is widely used to extract Permittivity and
Permeability. When the MMT unit cell is excited with EM waves, the S-parameters data
retrieved from the simulation software or the Vector Network Analyser (VNA) is
required. For further analysis, two constants are named V; and V> [54].

V1 = 512 + 511 (25)
Vo =512 =511 (2.6)
Similarly, X and Y need to be defined,

2
_ 14V, _ 14T 2.7)

Vi+V, 2T

2
_ 14V, _ 14T (2.8)

Vi+V, 2r

Where, T and I' are the transmission coefficient and reflection coefficient, respectively.

T=X+VX2-1 (2.9)

r=Y+vrz-1 (2.10)
The Z and I" can also be written as,

7 = Elfr (2.11)

r= % (2.12)

1—z =420+ (2.13)

1-I'vy

As the thickness of the dielectric is very small and considering approximations, the
permittivity and refractive index can be obtained from:

k 1
& = (E)ZE (2.14)
k
n=Verky = (2.15)
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Here, e= ¢,¢, and u= p,u, the complex wave number given ask = w /& l,/cC
= k,+/ &1, and considering approximation T~ 1—jkd. The & is calculated from,

gzur-i—j% (2.16)

The Eqn. (2.14), (2.15), and (2.16) can be used to extract MMT parameters.

In [54] a simple approach of NRW is presented to calculate &, and p,. as follows,

2 1-v;

&~ Tpd " 1o, (2.17)
2 11,
Uy ~ Thod X TVZ (218)

where k, = ? and ‘c’ is the speed of light (3 108 m/s) and the refractive index can be

calculated using Eqn. (2.15).

Although MMT are primarily divided into two main types, DNG and AIS.
However, they are not limited to them. A few examples are Gradient Refractive Index
(GRIN), Epsilon Near Zero (ENZ), Mu Near Zero (MNZ), Zero Index Material (ZIM)
Phase Gradience Metasurface (PGMS), etc. In further sections, different reported MMTs
are discussed in detail.

2.4 Previous Work

A SRR structure is used to enhance the gain of a 2-element antenna array
resonating at 5.8 GHz [55]. However, the BW of the MMT and antenna are narrow. A
2x 3 DNG lens is used in [56]. In [57] gain enhancement for the UWB antenna is achieved
using resonant and non-resonant MMT cells over the frequency range 3 GHz to 14 GHz.
The MMT unit cells have resonance from 9.8 GHz to 12.8 GHz. A 2x2 array of MMT
unit cells placed in the same plane as the ground plane. However, the gain enhancement
is found in the MMT resonance BW, and the gain variation is 6 dB as shown in Fig. 2.6.
Similarly, A low-profile UWB antenna [58] incorporated with a dual layer of MMTs,
have high gain variation from 6 dBi to 12 dBi. In [59] the DNG cells are incorporated
with end-fire dipole antenna to enhance the gain. The DNG cells shown in Fig. 2.7 (a) are
placed close to the radiator for gain enhancement. Also, an interesting point has been
pointed out by the authors, as shown in Fig. 2.7 (b), that the reflection coefficient for the
DNG cell should be well below -10 dB, and the transmission coefficient should be 0 dB
throughout the mm-wave antenna's BW to improve the gain, i.e., it is working as
resonating MMTs. The gain was enhanced by 3.5 dB for the resonating frequencies.
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Fig. 2.6: Reported UWB Antenna with MMTs (a) Antenna Structure, (b) Gain and
Efficiency Plots [57].
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Fig. 2.7: (a) Reported DNG cell, (b) Reflection and Transmission coefficient for DNG
Cell [59].

A MMT lens is implemented in [60] to improve the gain of the inset patch antenna
resonating at 12 GHz. An MMT structure with a NRI, negative permittivity and
permeability was reported for operating BW. The two layers of MMT were stacked on
the patch antenna at 10 mm. These two layers of MMT served as the lens, which helped
to increase the gain by 71% more than the antenna without the lens. The gain is increased
by 3 dB, which was also validated by measured results. In [42], the lens concept is
reported where the MMT is addressed as NIM. The reported NIM structure has a NRI and
negative permittivity and permeability, which also qualify as DNG. The NIM lens was
kept on the top side of the antenna to enhance the gain of 8.55 dB in E-plane and 6.2 dB
in H-plane at 10 GHz. In [61], three layers of MMT are referred to as the Superstrate. The
designed MMT structure has near zero properties for permittivity, permeability, and
reflection coefficient, well below -10 dB. The three layers on top of the antenna are shown
in Fig. 2.8, increased the gain to 7.8 dB at 10 GHz which is 80% gain enhancement than
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original patch antenna. This antenna has a very narrow band, and the size is large at 10
GHz. The extensive study for MMT with DNG properties or NRI is reported [62], [63],
[64], [65], [66], [67]. In [68] MMT structures are used to deflect the beam away from
broadside radiation to +38°. Non-resonant MMT structures were placed between two
antennas. Here, S»; > -10 dB and Si;= 0 dB; therefore, the MMTs act as a reflector. The
refractive index of the MMT is negative for the operating frequencies between 5 GHz and
5.5 GHz; hence, these MMTs are called NIM.

Although NIM or DNG materials result in unnatural EM properties, materials with
a refractive index value zero or close to zero also result in a similar way. The ZIMs'
refractive index is between the values —1< n < +1; hence, they are named ZIM [69]. To
enhance the gain, the Vivaldi antenna is integrated with ZIM unit cells in the aperture of
the Vivaldi Antenna. As the EM energy flows through the ZIM, due to the geometric
placement of the unit cell, EM energy is concentrated along the MMT, enhancing gain. A
GRIN MMT in [70], i.e., the refractive index of the MMT, gradually increases with the
increase in desired frequency range, as shown in Fig. 2.9. Therefore, these materials are
called GRIN materials. The MMTs, either with negative Epsilon or negative Mu, also
deliver similar EM characteristics to NIM. The negative Epsilon is obtained from the
notches/ split rings in the patch of the unit cell are responsible for Capacitance, which
may lead to negative permittivity [71]. On the other hand, thin metal strips lead to high
Inductance and thus result in negative permeability [72]. The MMT structures, which
yield a permittivity response close to zero, but not negative, also have promising results
[73]. These MMTs are called ENZ. Similarly, MMT structures with a permeability value
nearer to MNZ are utilised to enhance the gain of the patch antenna.

Fig. 2.8: Reported antenna integrated with NRI MMT [61].
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Fig. 2.9: Reported MMT have a Gradient Refractive Index [70].

The MMTs have also gained the name Frequency Selective Surface (FSS) because
MMT structures are bound to respond uniquely to the frequencies of interest. The FSS in
[64] is used as a reflector to enhance the gain as the FSS unit cell has S»1 > -10 dB. The
gain-enhancing materials are placed at some distance from the patch. Due to this, antenna
volume has become large. Also, these antennas have narrow BW with a low Front to Back
ratio (FTBR). In [63], MMT is placed on top, at a height of 9 mm for the main patch, as
shown in Figure 2.10. Though there is some gain enhancement, the antenna has poor
FTBR, as shown in Figure 2.11.

Figure 2.10: MMT for gain enhancement for MIMO Antenna [63].
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Figure 2.11: Radiation pattern for MIMO antenna with a low FTBR, (a) E-plane, and
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Figure 2.12: (a) GRIM loaded antenna for beam deflection, (b) Deflected beam in the
E-plane at 60 GHz [74].

The research mentioned above has the gain enhancement, but with low FTBR or
wide beamwidth and broadside radiation, which does not thoroughly serve the purpose of
gain enhancement. Volume of the antenna is a constraint because of the requirement for
compact circuits, as the MMT layer is placed on top of the antenna as a lens or superstrate
at a height between 4/4 and 4/2. Therefore, end-fire antennas with gain enhancement are
studied. A UWB Vivaldi Antenna [69] has gain enhancement and beam deflection using
different MMT arrays [74], [75]. The MMT unit cells are placed in the E-plane of the end-
fire antenna to concentrate EM energy at 90° to enhance gain. The MMT cells can be
modified to tilt the end-fire from 90° to the required angle, as shown in Fig. 2.12. As can
be seen in Fig. 2.12, A Gradient Refractive Index Material (GRIM), i.e., in fact a GRIN
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MMT, is used to deflect the beam by 26° in E-plane and gain enhancement of 4 dBi for
the end-fire antenna. The end-fire antennas include MIMO configuration with the gain
enhancement; two-port dipole antennas are placed orthogonally to achieve high isolation
and gain enhancement using ZIM [76]. This shows that a pattern diversity can be
achieved along with gain enhancement. Although end-fire antennas have large BW and
low profile, including gain enhancement techniques, for the long distance p2p
communication, end-fire radiation is not always suitable in a wireless application. A
broadside radiation with a narrow beamwidth and a minimum back-lobe is required in
multiple base-station antennas.

|
X
Figure 2.13: Phase Gradient Metasurface (PGMS) for gain enhancement [77].

In recent years, coded MMT has been used as a large MxN array (where M and N
are the number of MMT unit cells) for obtaining a broadside high directivity called a Lens.
These lenses are helpful for antennas (patch or horn antennas) to generate highly
directional beams at microwave and mm-waves. These Lenses are placed at a focal
distance f from the antenna to converge the wide beam radiation into a narrow directive
beam, resulting in gain enhancement. These lenses can be transmissive or reflective;
transmissive lenses have a high transmission coefficient (1 or 0 dB), while reflective
lenses have low transmission levels (0.1 or -10 dB), widely known as a reflectarray.
However, the working of these lenses is similar. The focal distance of the lens is
calculated from Eqn. 2.19. On the surface of the lens, unit cells are placed to create a
phase variation between unit cells to converge the beam in the broadside direction. These
lenses effectively works with mm-wave MIMO antennas, since the size of a single
mm-wave antenna is very small. This way, wide-angle beam scanning is possible with
massive MIMO [77]. In Fig. 2.13, the coded lens array is reported for gain enhancement
up to 20 dBi.

VA

b0y = -2 (2.19)
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where ¢(r) is the phase shift between unit cells at a distance ‘r’ from the centre unit cell.

Also, in [78], a coded metasurface lens is reported for gain enhancement along with
different coded MMT structures. These coded MMT structures are not only used for gain
enhancement but also to change the polarisation of emitted EM waves. In [79], a
polarisation sensitive lens is reported, which acts as a transmit array and reflect array
depending on whether the incident wave is x-polarised or y-polarised, respectively. The
same concept of the lens array is also implemented in [80], [81], which increases the
directivity of the antennas. A side lobe suppression using a metasurface is reported in
[82]. One layer controls the amplitude, and the second layer controls the phase, which
ultimately leads to low magnitude side lobes. A multi-layered polarisation converter,
transmitarray, and reflectarray is reported in [83], as shown in Fig. 2.14. The ‘H’ shaped
patch in three layers can convert x-polarised waves to y-polarised waves and vice versa.
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Fig. 2.14: Structure of the reported combinational transmitarray and reflectarray [83].

The lenses are effective for the 5G base station as base stations are not restricted
to a small size as compared to small WiFi modules, which are confined to a small size
and wide BW. The MMT lens at microwave frequencies are narrowband with a large size
[84]. The wideband antennas with partial ground plane or DGS are preferred at microwave
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frequencies due to their compactness compared to antenna size at resonant length A/2.
However, the partial ground plane or DGS lead to high back lobes and side lobes.

The back lobe and side lobes suppression can be achieved by placing a reflector
under the antenna for broadside radiation. This PEC reflector is kept at a distance of A/4,
but a regular PEC reflector gives in-phase and out-of-phase reflection for different
wavelengths [51]. Due to this constructive and destructive interference of incident and
reflected waves, results inconsistency in the radiation pattern. What is a better reflector
than a metal reflector?’— PMC. The PMC is used as a reflector to suppress the back lobes
and sidelobes. PMC have the property of in-phase reflection between +90° and —90°
because they have high impedance, ideally infinite, which prevents the formation of image
current on the PMC surface [85]. This means the reflected waves have a phase difference
of 0° for PMC; unlike PEC, the reflected waves have 180° with respect to the incident
waves. Since PMC is dual of PEC, the reflection coefficient of PMC is 1 or 0 dB. Because
of this property, a PMC reflector can be placed in very close proximity to the antenna, as
shown in Fig. 2.15 [86]. The PMC does not exist naturally; they are engineered structures;
as discussed earlier, they are also known as AIS. The PMC/ AIS exhibit some interesting
properties, extremely high surface impedance, which does not allow surface currents.
Thus, these structures are also called HIS. These structures restrict the propagation of
specific frequencies, creating a bandgap for EM waves. Hence, the PMC is also known
as EBG structures [85], [86] and lastly, AMC.

Antenna o Antenna
Perfect Wave 1 Amﬁcu}l Wave 1
Electric (Radiated wave) Magnetic (Radiated wave)
Conductor a Conductor ’ ;
Destructive Constructive
180° 0° Interfy
Interference . nterference
Phase shift Phase shift
Wave 2 Wave 2
(Reflected wave) (Reflected wave)
Close spacing <\/4 Close spacing <A/4

Fig. 2.15: Depiction of destructive and constructive interference for PEC and PMC
reflectors, respectively [87].

The AMC reported in [88] have a linear reflection coefficient of 1 and reflection
between +90° and —90° for 2.65 GHz to 3.25 GHz. The mentioned AMC also acts as
EBG reflector in the given BW, thus reducing the size of the antenna. Although the height
is only 1 mm between the antenna EBG array, the EBG BW is low, which leads to gain
enhancement for narrow BWs. A MIMO antenna resonating from 2 GHz to 4 GHz is
reported in [89]. The maximum gain was achieved up to 10.8 dBi, but the total height and
diameter of the antenna are 18 mm and 125.6 mm, as shown in Fig. 2.16. The AMC BW
measured at £90° is wide enough to result in gain enhancement without affecting the
resonance of both antennas and the isolation between them. The structural symmetry of
the reported AMC supports the x-polarised and y-polarised E-fields of both ports. A
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simple dipole antenna backed with an AMC reflector in [90] works at 2.4 GHz and 5.5
GHz and maximum gain of 7 dBi and 8 dBi, respectively. And the structure size is 12.5
x 120 mm?. As seen in Fig. 2.17, a similar dipole concept is implemented in [91] for
MIMO with dual narrow bands at 2.4 GHz and 5.5 GHz. The structure size of 104 x 104
mm? and a height of 11 mm obtained a maximum gain of 7 dBi. Although both antenna
structures have broadside antenna radiation, BWs are narrow with large size structures.
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Fig. 2.16: Gain enhanced MIMO Antenna (a) Top View, (b) Side View [89].

Dipole antennas

Fig. 2.17: Dipole MIMO Antenna with AMC Reflector [90].

A Dipole Antenna with a wide BW of 4.77 GHz to 7.12 GHz is reported with a
height of 4 mm only between the antenna and AMC. The minimum and maximum gains
are 8 dBi and 9.9 dBi, respectively [92]. This suggests a wide band antenna can have a
low profile with high gain if AMC BW is equivalent to antenna impedance BW. The
coupling between the antenna and the AMC reflector will affect the reflection coefficient
as the height between the antenna and the AMC is reduced. For that antenna, parameters
need to be adjusted to the right dimensions. Wideband and UWB antennas with AMC are
also reported in various research, but with the drawback of large spacing between the
antenna and AMC. In [93], operating BW is from 4 GHz to 7 GHz, height between the
Coplanar Waveguide (CPW) antenna and AMC is 28 mm (> A./4), as shown in Fig. 2.18.
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The FTBR is poor with gain enhancement as shown in Fig. 2.19, because the spacing is
too large, which leads to broad beamwidths with high sidelobes.

(2) (b)

Fig. 2.18: Reported CPW Antenna with AMC Reflector (a) Top View, (b) Side View
[93].
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Fig. 2.19: E-plane radiation pattern of gain enhanced antenna at 4.45GHz [93].

The largest distance, 36.14 mm, between the antenna and FSS is reported in [94].
Also, the total size of FSS is 115 x 115 mm? as shown in Fig. 2.20. The antenna operates
for the UWB range from 1.8 GHz to 15.2 GHz; as mentioned earlier, as the spacing
between antenna and MMT reflector increases, it affects the FTBR and a gain variation
is observed for the impedance BW. In [95], two FSS with a dielectric constant of 10.2
and a UWB CPW antenna operating from 2.5 GHz to 11 GHz are reported. But the height
between CPW and both FSS is 22 mm, which does affect the FTBR of the antenna.
Similarly, in [96], the FSS is kept at 17 mm under the UWB antenna, affecting the FTBR.
The UWB antenna reported in [97] has a height of 10 mm below the antenna surface. In
[98], an FSS layer is kept at 10 mm below the UWB CPW, but the radiation patterns are
less directive. As the distance between the antenna and AMC is reduced, the antenna
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beams are more directive. Thus, stable ration patterns are obtained in the broadside
direction. As suggested in [99], 6 mm is established between the antenna and AMC array
with a size of only 76 x 78 mm?. The gain increased by 5 dB with a good FTBR at 4 GHz,
as shown in Fig. 2.21. A mm-wave MIMO antenna backed with an AMC at 4 mm from
the antenna improved the gain by 55% [100].

Patch
\ Antenna

Ground -~ 1
h=36.14mm
FSS
Fig. 2.20: UWB antenna with an FSS as a reflector [101].
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Fig. 2.21: CPW antenna radiation pattern without and with AMC reflector [99].

Circular Polarisation (CP) 1s essential for transmission and reception effectively,
as like polarised antennas will have an efficient signal strength and unlike polarised
antennas will have no signals at the receiver. In the patch antennas, CP is obtained by
exciting two orthogonal modes with a 90° phase difference between them. However, CP
BW are usually narrow, i.e., 10 % of Impedance BW. The MMTs are advantageous to
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overcome the limitation of narrow CP BW. MMTs' structures can manipulate EM waves
to convert their polarisation (LP to CP) and enhance the ARBW.

The Circularly Polarised Antennas (CPA) with gain enhancement are studied to
improve the p2p communication. An AMC reflector is used to convert at RFID and
WLAN frequencies [102]. With the use of the AMC reflector, substantial FTBR is
achieved in the radiation patterns. The edges of the patch antenna are chamfered to
generate CP. This is the simplest and effective method to obtain CP [103]. A 6 x 6 array
for HIS is placed in the same plane as of patch to reduce surface waves. This also helped
improve the BW for the mm-wave antenna, as shown in Fig. 2.22 [103]. The loading of
HIS also improved the axial ratio BW of the antenna, obtaining a maximum gain of 11
dBi. A MIMO configuration can also be produced using this single antenna element. Since
the HIS restrict surface waves from travelling, developed MIMO will have high port
isolation. The high gain can be obtained with no inconsistency in the radiation patterns.
This shows that with the use of PMC MMTs, impedance BW and ARBW can be
enhanced.
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Fig. 2.22: Comparison of S11 for without and with HIS loading [103].

A Cross dipole antenna also produces CP when two orthogonal arms have equal
admittance, and the angle of admittance differs by 90°[104]. A cross dipole antenna in
[105] back with an AMC reflector just 1 mm below, but it has very narrow axial bands at
2.4 GHz and 3.5 GHz. A metal cavity, as shown in Fig. 2.23, is used to enhance gain and
achieve good FTBR. The cross dipole with parasitic elements enhances the antenna's BW
and axial ratio BW. A maximum 10 dBi gain is reported, and an ARBW of almost 3 GHz
[106]. Although a high gain and wide ARBW of 3 GHz is achieved, the fabrication of the
antenna structure could be costly, and the carrying out of measurements would be
difficult. Since different heights need to be maintained within the metal cavity. Hence,
simple structures with effective output need to be explored. This reduces the cost of
fabrication, minimises human error while assembling and testing antenna structure. It is
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important to obtain precise results in measurements which match the simulated results on
the software.
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Fig. 2.23: Reported metal cavity back Dipole Antenna [106].

Fig. 2.24: A stacked substrate for gain enhancement onto a mm-wave Antenna [67].

Substrates with different dielectric constants and heights are used for antenna fabrication.
This substrate can also act as a superstrate by stacking multiple layers of the substrate on
the radiator for gain enhancement [67], as shown in Fig. 2.24. The eight layers of
Superstrate attained a gain enhancement of 4 dBi. In the past few decades of development,
it has been found that a high dielectric constant dielectric material with different sizes and
shapes acts as a resonator. These are known as Dielectric Resonator Antennas (DRA).
DRA's are used to increase the gain of the antenna. A high dielectric constant material of
different geometric shapes and sizes is placed on the feeding network, through which the
dielectric material. This configuration gives a very high gain with a good FTBR [107],
[108], [109], [110]. With these unique features of the DRA, 3D printed structures have
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their own advantages, such as easy and precise fabrication, cost efficiency, and most
importantly, light-weight 3D structures can be printed as required with different shapes
and sizes, which emulate DRA properties. Apart from this, 3D printed structures have
MMT properties to enhance gain [111], change polarisation from linear to circular [112],
[113] and radome to minimise EM interference [114]. A 3D printed lens is used to
enhance the gain of the mm-wave antenna as shown in Fig. 2.25. A 3D-Printed polariser
enhanced the gain by 5 dB and converted linear polarisation to circular polarisation. The
3D-Printed polariser is shown in Fig. 2.26 [113].

Fig. 2.26: Magnetoelectric antenna with 3D printed polariser [113].
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2.5 Research Findings

The research findings on gain enhanced antennas using LHM MMTs are
summarised in Table 2.1, and gain enhanced antennas using AIS MMTs are summarised
in Table 2.2. The tables highlight the methodology for the gain enhancement of the patch

antennas with key findings and drawbacks.

Table 2.1: Key findings and drawbacks of different types of Left-Handed Materials
integrated with patch antennas.

Antenna structure/
Ref. | Year Key findings/Drawbacks
Methodology
High gain enhancement is
Negative RI MMT layers are achieved. The MMT’s thin
[61] | 2012 | placed on top of the antenna to | metal and gaps between them
enhance gain. act as an inductor and a
capacitor, respectively.
. Positive and Negative RI are
1x4 unit cells are used as a ) )
‘ . obtained. However, high
[115] | 2015 | radiator and partial ground to o o
] variation in RI and gain is
obtain UWB.
observed.
The SRR can be used to
) improve impedance matching
To generate multibands, SRR . ‘
[116] | 2015 L at desired frequencies.
is utilised as a patch.
However, narrow bands are
obtained.
. EBG effectively adds a notch
Two EBGs are used to reject )
_ in resonance at 3.3-3.8 GHz.
[117] | 2016 the WiMAX band (3.3-3.8 .
For the UWB the gain
GHz).
variation is more than 4 dB.
Two SRR MMTs are used as a SRR rotates the E-field
[118] | 2017 - o |
polarisation rotor to enhance | orientation from Horizontal to
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isolation between MIMO

ports.

Vertical and vice versa. This
makes the polarisation of the
MIMO antenna orthogonal,

resulting in high isolation.

2x2 parasitic MMT unit cells

are used to reduce the antenna

Composite right/left-handed
material reduced the antenna

size approx. by half, and the

[119] | 2017 | | S
size and enhance impedance | enhanced BW is six times that
BW. of a conventional antenna's
BW.
High gain and wide BW of 2
A non-uniform MMT array is
GHz is achieved. The
used as a Superstrate. A non- )
[120] | 2017 ] ) Superstrate is placed at a
uniform array results in a wide
. height of 1 mm from the patch
bandwidth.
antenna.
Gain enhancement for the
UWRB is achieved using dual
High permittivity 10x25 MS
_ MS slabs placed at the top and
array slabs are installed on the S
[121] | 2017 bottom of the Vivaldi
Vivaldi antenna for gain
antenna. This antenna-MS
enhancement. o
configuration increases
antenna profile.
Interdigital Capacitor (IDC) A combination of IDC and
and SRR MMTs are loaded in SRR generates generates
[122] | 2018 the Coplanar Waveguide multiband. However, the
antenna to generate multibands | study of how CP is obtained is
and CP. not presented.
An MS array with truncated The L-shaped feed generated
[123] | 2018

edges is used as a superstrate

CP and MS enhanced the
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to enhance the gain and to

obtain a wideband CP.

ARBW. However, enhanced
gain varies more than 5 dB,

and ARBW is around 30%.

Wideband mm-wave MMT
UC have a high RI between 1.9
and 2.1. The MMT UC are

The MMT UC is a capacitive-
loaded loop, which generates

a wide UC BW. The low

[124] | 2018 . variation in RI generates low
also used to tilt the beam of ‘ o
o gain variations. The beam
EM radiation of two offset . o
tilting results in wide area
ports. )
scanning.
The superstrate forms a
Fabry-Perot cavity, which
An array of 2x4 MMT enhances the gain. Due to the
superstrate is used to enhance | low height of 9 mm between
[63] | 2019 . . .
gain and isolation between the the antenna and the
two ports. superstrate, coupling fields
are restricted, increasing
isolation.
With a slight variation in the
MS ring size, wide range of
BW is obtained. As the Non-
Non-periodic MS are used as | periodic MS array is excited,
[125] | 2019 radiating elements to widen each MS BW in combination
impedance BW and high gain. | results in a wide impedance
BW. It also increases the
directivity, thus increasing
gain.
A dual-layer non-uniform MS Although a wideband is
[58] | 2019

acts as a wideband radiator

obtained through non-uniform
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excited by an aperture-coupled

antenna.

MS, the gain variation is

almost 5 dBi.

ZIMs are placed in the aperture

The ZIMs are dual polarised;
therefore, Antenna

polarisation remains

[76] | 2019 | of the mm-wave MIMO dipole .
. unaffected. Therefore, gain
antenna to enhance the gain. ) )
enhancement is achieved for
the 6 GHz impedance BW.
The phase gradience 305°
A PGMS lens is used to with high transmission PGMS
enhance the gain of 8x8 dual UC are designed to attain
[81] | 2020 _ ' _
polarised MIMO antennas. The | maximum enhanced gain of
ports are orthogonal 22.4 dBi. The beam scanning
is £25°.
The 6x6 array of PRMS
' _ increases the gain of the
An MS with a ring on the top
aperture-coupled antenna. The
and a complement of a ring on _
MS partially reflects EM and
[126] | 2020 | the bottom side of the MS acts ] )
‘ ‘ results in constructive
as a partially reflective surface )
interference. However,
(PRS).
enhanced has 8 dB of
variation.
o As the frequency increase
High and low permittivity MS L
) permittivity increases.
are designed and analysed. The )
[127] | 2020 Therefore, the MS is

stable E-field phase leads to

gain enhancement.

addressed as High and low
permittivity MS.
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Two different GRIN MS are

13 layers GRIN MS of are
stacked and placed in front of
end-fire radiation for gain

enhancement. High and stable

[128] | 2021 used as a lens to enhance the gain is obtained,
gain of the wide band antenna. | Also, due to two metal plates
and an MS lens, the design
becomes a complex circuit to
fabricate and assemble.
The MS-1 reduces the side
Two MS lenses are
. _ lobe levels, and the
incorporated with the MIMO
MS-2 focuses the beam at the
antennas. MS-1 controls the
_ centre of the lens. Maximum
[82] | 2021 | amplitude, and MS-2 controls _ . _
gain of 23.4 dBi and side
the phase of the EM waves.
o lobes levels <—20.9 dB.
The combination of two lenses
. However, the antenna
results in a focused beam. ‘
assembly is very large.
High transmission in the
PGMS UC can be obtained
UWB PGMS is incorporated through an air gap between
[77] | 2022 | with the MIMO antenna for the | two layers of substrates in the
gain enhancement. UC. Symmetry in the UC will
result in polarisation
insensitivity.
. o maximum gain of 16 dBi is
A Fabry-Perot cavity principle
] ) attained, and average gain is
is used for gain enhancement,
[129] | 2022 more than 10 dBi for the BW

and a metal wall is installed to

tilt the radiation beam.

using PRMS and a metal

reflector.
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However, the main radiator/
antenna is suspended between
the PRMS layer and a metal
reflector acting as a ground.
This antenna combination is
difficult to assemble and test

due to its fragility.

Beam steering is achieved

through the reconfiguration

To attain high aperture

efficiency, antenna size must

[130] | 2023 technique using PIN diodes. _ )
) be restricted to a small size
The PGMS lens is used to o .
with high gain.
enhance the gain.
When an EM wave travels
MMT with a zero RI or ZIM
. from a material withn=0to a
are used to enhance the gain of S
material with n =1, then the
[131] | 2023 the mm-wave substrate
‘ ‘ refracted EM wave reduces
integrated waveguide (SIW) o
the EM phase variation to
antenna.
Zero.
Planar E-fields are obtained
A 3D printed dome lens is using a 3D printed dome lens,
[111] | 2024 used for a series-fed array which resulted in constructive
antenna. interference and high gain
enhancement.
To maintain phase velocity
_ o across the aperture of the
High and stable permittivity
o Vivaldi antenna, the number
[132] | 2024 | MMT are added to Vivaldi to

enhance the gain.

of MMT UC:s is gradually
decreased towards the

outwards to increase gain.
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Table 2.2: Key findings and drawbacks of different types of AIS integrated with patch

antennas.
Antenna structure/
Ref. | Year Key findings/ Drawbacks
Methodology
Wideband AMC is incorporated | Thick AMC substrate results
with wide dipole MIMO in high AMC BW. The
antenna for gain enhancement. | dipole antenna and AMC
[133] | 2015 ‘ o
Dipole antennas are placed structure have similar BWs;
orthogonally for high port therefore, sufficient gain
isolation. enhancement is attained.
High enhanced gain is
achieved while maintaining
A 4x4 AMC array reflector is high isolation. This is done
[91] | 2017 | used to gain enhancement of by matching the antenna and
the dipole MIMO antenna. AMC BW. However the size
of the AMC array is very
large.
The array antennas have
An EGB reflector is used as a resonance from 22 GHz to 50
reflector for gain enhancement | GHz and EBG structure has a
[134] | 2019 | of the UWB mm-wave antenna | narrow BW of approx. 2.5
array. The antenna also has a GHz. Therefore, high gain
two-port MIMO configuration. | variation more than 7 dB is
observed i.e., 104x104 mm?.
. _ The distance between the
AMC incorporated with a
o antenna and the AMC array
[135] | 2020 | varactor diode is used as a .
) is only 2mm. However,
reflector to enhance the gain
AMC has a narrow BW; less
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and for frequency

reconfiguration.

than 150 MHz. Impedance
BW is also narrow. The
frequency reconfiguration is
achieved at the expense of
impedance BW and

matching.

The wide band AMC reflector

is utilised as a reflector for the

To attain a wide AMC BW,
AMC thickness was

[136] | 2021 _ increased from 3 mm to 8
gain enhancement of the wide _ _
. mm along with a modified
band dipole patch antenna. .
AMC patch with slots.
Mainly gain enhancement is
‘ observed for frequencies
A dual band AMC reflector 1s _
. . +90°. However, UWB gain
[110] | 2022 | realised to enhance the gain of _
enhancement is also because
the DRA MIMO antenna.
of the presence of the ground
plane in the AMC reflector.
An AIS with an LP to CP Although a high gain of 5dBi
polarisation conversion is achieved with the low
[137] | 2022
property. The AIS also results | profile, the dual bands have
in high gain. narrow ARBW.
Air gap of 17 mm between
Dual polarised dipole antennas | AMC patch and ground is
with high isolation are placed maintained to result AMC
[138] | 2024 | onto the symmetric AMC array | BW of 3.5 GHz. Also metal

reflector for the gain

enhancement.

wall cavity is added to
structure for gain

enhancement.
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A symmetrical polarisation
insensitive AMC structure is
[139] | 2024 .
used for gain enhancement of

the CP antenna.

The cross dipole antenna
structure with spiral arms
results in CP at lower
frequencies. To enhance the
gain, a symmetrical AMC
structure is utilised, which
does not affect the
polarisation of the CP
antenna. However, ARBW of

the antenna are narrow.

2.6 Limitations (Gaps) in the Reported MMT and Antenna Structures

With the extensive literature survey, it is found that the MMT structures, i.e., LHM
and AIS, have emerged as a promising approach to enhance gain, change polarisation or
enhance the impedance BW of the antenna. Although antennas with wide impedance BW
and MMTs or MSs are embedded for enhancing or altering antenna performance, i.e.,
gain enhancement, ARBW enhancement, impedance BW enhancement, polarisation
conversion, etc. While maintaining the compact antenna profile, which is crucial for the

implementation of practical applications.

The limitations can be categorised as follows:

e Recently launched WiFi-6E (5.5 GHz-7.2 GHz), MVDDS (12.2 GHz-12.7 GHz),
along with mm-Wave (24 GHz-40 GHz) frequencies have not been explored with

low profile gain enhanced and high FTBR antennas for the p2p communication.

e The Perfect Magnetic Conductors (PMCs) with a narrow phase have been studied
extensively. However, PMCs with a wide or UWB phase need to be researched.
When integrated with the antenna/radiator, the whole antenna structure needs to

have a low or compact profile.

e Narrow and Wideband antennas with a high gain are investigated. However, the
antenna structures have large volumes and polarisation-sensitive MMTs/MSs
embedded in the antenna assembly. This makes MMTs/MS incompatible with

different antenna structures.
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The reported circularly polarised antennas integrated with MMTs/MSs have
narrow impedance BW and ARBW. In some wide band antennas, the ARBW is
smaller than the impedance BW. Also, these antennas have large cavities or large
reflectors for gain enhancement, which increases the antenna volume.

2.7 Research Objectives

In this thesis, different MMTs are designed to enhance the gain while maintaining

a low profile of the MSAs to improve the p2p 5G communication. To accomplish it
following research objectives are defined:

Research Objective 1: Design antennas to cover newly defined frequencies by
FCC (WiFi-6E and MVDDS) with an enhanced gain.

Research Objective 2: Increase the axial BW of the CP antenna and increase the
gain using MMT or a metal cavity, with a small structure.

Research Objective 3: Design an antenna with gain enhancement for wide
impedance BW, low profile and high directivity.

Research Objective 4: To achieve gain enhancement for UWB antennas,
maintaining antenna size as minimal as possible.

Research Objective 5: Design an electrically small antenna with flat gain through
the operating BW and a high front-to-back ratio.

2.8 Summary

The MMTs/ MSs structures, like LHM and AIS, have shown great potential in
improving antenna performance by enhancing gain, bandwidth, and polarisation, limiting
the compact antenna structures for practical application. However, challenges, such as the
limited exploration of newer frequency bands like WiFi-6E, MVDDS, and mm-Wave
with high gain, high FTBR antennas, and matching ARBW with the impedance BW while
maintaining higher antenna gain, could be addressed with the design and analysis of the
new MMT/MS structures, which will overcome these limitations being effective with
promising results, design and fabrication friendly for ease of analysis and ease of
measurements and most importantly cost effective. This approach will meet the demand
and supply for high data rates of the p2p 5SG communication.
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Chapter 3

Design and Analysis of Sub-6 GHz UWB Antenna for
IoT Application

3.1 Introduction

The demand for high data rates is increasing. Therefore, Sub-6 GHz 5G wireless
communication frequencies, 3.5 GHz, 5.5 GHz and Wifi-6E are being integrated into a
communication device [140]. Utilising this IoT has emerged to share data at high data
rates between connected devices and with minimum human interference [141]. The
Internet of Vehicles (IoV), which is a subset of IoT, is a modern-day evolving technology
[142]. The vehicles are installed with communication devices to improve the Intravehicle
and Intervehicle communication [143]. An overview of the IoT application is depicted in
Fig. 3.1 (a), and Fig. 3.1 (b) depicts vehicles installed with the Vehicular Base Station
(VBS) antennas to communicate with the wireless devices in their surroundings. Multiple
different antennas in the recent past have been studied and analysed for IoT/IoV
applications [144], [145], [146], [147]. In [144] and [145] Sub-6 GHz antennas have low
gain; also, Sub-6 GHz 5G frequencies are not part of the operating frequencies. The
multiband [146] and wideband [148] antennas have covered all required Sub-6 GHz
frequencies. In [147] A reflectarray is used to enhance the gain; however, its structure is
large, and a radome is difficult to integrate with the vehicle. To enhance the gain of the
multiband antenna AMC reflector is used in [149] and [ 150] without MIMO configuration
for vehicular communication. However, for higher data rates, wideband MIMO antennas
are preferred over multiband antennas. This will result in minimum multipath fading and
suppress interference. Therefore, MIMO antennas are key to 5G or IoT networks [151].

Multiple MIMO antennas without gain enhancement for IoV application are well
in-depth investigated in [152], [153], [154]. To achieve high isolation, antennas are placed
orthogonally with a shared aperture [152], n-shaped decoupling circuit for [ 153], Spatially
separated antenna in [154]. However, employing these techniques, antenna structures
have a large profile. Gain enhanced MIMO antennas are studied in [114], [155], [156],
[157]. To enhance the gain of the Vivaldi MIMO antenna, an MS are embedded [114];
however, the gain enhancement is observed in higher frequencies and with the gain
variation of 2.5 dB. For gain enhancement, an MS and EBG structures are utilised [155].
However, a 3 dB gain variation is observed due to the use of vias for high isolation. To
improve the gain and isolation of the antenna, an MS is used[156]. The antennas have a
high gain more than 8 dBi and an isolation higher than 20 dB, but BW less than 2 GHz in
[157] and [158]. To enhance the gain, an AMC reflector is used, and a neutralising line
(NL) serves as an isolation enhancer [110]. A symmetrical AMC reflector is used for the
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gain enhancement of a CP MIMO antenna operating at UHF and WLAN frequencies in
[159].
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(b)
Fig. 3.1: (a) Overview of the IoT application, (b) VBS connected to each other and RSUs.

Although many antenna structures mentioned above exhibit multiband
characteristics, wideband and UWB performance, high gain, and good isolation, most of
them have complex designs and relatively large profiles. Antennas with large profiles
require considerable space, making their integration into vehicles as VBS challenging.
Moreover, the existing [oT/IoV antennas do not cover Sub-6 GHz 5G frequency bands.

To overcome the limitations mentioned above, a MIMO antenna which covers
multiple communication standards, such as Wifi / WiMAX / Bluetooth / LTE frequency,
Mid-band, 5 GHz band and Wifi-6E (5.9 GHz to 7.2 GHz) and downlink satcom band
(7.36 GHz to 8.06 GHz) is designed and investigated in this chapter. A 5 x 8 Dual Ring
Dual Band (DRDB) AMC array is embedded with the MIMO antenna structure for gain .
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Fig. 3.2: (a) Proposed AMC Design, (b) Equivalent circuit, (c) Magnitude, (d) Phase,
(e) Study of different angles of incidences. (Here, p = 10, 11 = 9.6, 12 = 8, outer-width =
0.3, inner-width = 0.85, hs1 = 1.55 all dimensions are in mm, & =4.4, Ld=0.37 nH, L1
=0.77 nH, L2 =1.12 nH, Rd=0.7 Q, R1 =0.76 Q, R2 =0.001 Q, Rg=0.0025 Q, C1 =
0.63 pF, C12 =0.15 pF, C2 = 1.3 pF, Ca= 0.2 pF).

enhancement. The gain is enhanced from 3.7 dBi to 5.1 dBi, 3.2 dBi to 5.8 dBi, 4.2 dBi
to 6.8 dBi, and 5.8 dBi to 7.1 dBi at the frequencies 2.5 GHz, 3.5 GHz, 5.5 GHz and 7.2
GHz, respectively. To achieve the isolation of more than 19.66 dB between MIMO ports,
two 1 x 3 vertical AMC walls are placed between the ports, enabling space utilisation.
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The Sub-6 GHz UWB MIMO antenna for loT/IoV applications has a profile of 0.39 Lo
0.63 ho x 0.14 Ao only. This makes the proposed antenna compact, and its loT/IoV
application is verified by placing the proposed MIMO antenna on a vehicle through the
simulations

3.2 Design of DRDB AMC UC and Two Port MIMO Antenna

The proposed DRDB-AMC UC and its equivalent circuit (EC) are shown in Fig.
3.2 (a) and (b), respectively. The boundary conditions are applied in the x-direction and
y-direction as PEC and PMC, respectively, and the UC is excited from the z-direction.
The thin outer ring is responsible for the resonance at 3.5 GHz, and the thick inner ring is
responsible for the resonance at 6.3 GHz, as shown in Fig. 3.2 (¢). These dual resonances
create two PMC and two PEC bands in its de-embedded phase. Two PMC bands are
observed at 3.5 GHz and 6.3 GHz, respectively and two PEC bands, 4.25 GHz and 7.7
GHz, as shown in Fig. 3.2 (d). The PMC bands phase is measured at = 90° from 3.45 GHz
to 3.6 GHz and 6.1 GHz to 6.3 GHz, respectively. A sharp 180° phase reversal will be
observed at PEC bands 4.29 GHz and 7.68 GHz, but the magnitude will remain the same.
These found bands of DRDB-AMC UC are in the desired operating frequency range of 2
GHz to 7 GHz of Sub-6 GHz 5G communication. Different angles of incidence are studied
to verify DRDB-AMC UC stability, as shown in Fig. 3.2 (e). The incidence angle (6) is
varied from 0° to 60°, and it is observed that the proposed AMC has stability up to 45° of
angle of incidence. As the proposed AMC is symmetric in the x-direction and the
y-direction, the incident transverse electric (7E) waves and transverse magnetic (7M)
waves will generate identical phase responses, as shown in Fig. 3.2 (e).

(a) (b)

Fig. 3.3 (a) Surface Current distribution at 3.5 GHz, and (b) Surface Current distribution
at 6.3 GHz.

The outer ring constitutes a high surface current distribution at 3.5 GHz, verifying

its resonance. Similarly, the inner ring constitutes a higher surface current at 6.3 GHz,
verifying its resonance. The surface current distributions at 3.5 GHz and 6.3 GHz are
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shown in Fig. 3.3 (a) and (b). Due to the strong coupling between the rings produces
capacitance (C12).

The proposed DRDB-AMC UC can be verified through its EC, shown in the
Fig. 3.2 (b). In the EC of AMC, the inner ring produces the capacitor (C/), inductor (L7),
and resistor (R/), and the outer ring produces the capacitor (C2), inductor (L2), and
resistor (R2). C12 is the capacitance between two rings, and the Capacitor (Ca) is
produced because of the adjacent DRDB-AMC UC. Lastly, Rd is the dielectric
capacitance, and Rg is the grounding resistor of the UC. These components were tuned to
obtain identical results to the proposed DRDB-AMC UC. In Fig. 3.2 (c¢) and (d), the
magnitude and phase response of the DRDB-AMC UC and its EC are shown. It depicts
that both circuit responses are identical. The resonant frequency (fo) of AMC-EC is
calculated from the Eqn. 3.2 to Eqn. 3.5 present in [157].

1

fo= Py (3.1)
Lg = Lpl||Ld (3.2)
Lp = L1||L2 (3.3)
Cp=Cp+C12 (3.4)
Cp=Cl+C2+Ca (3.5)

The proposed MIMO antenna structure is shown in Fig. 3.4 (a) and (b). Fig. 3.4
(c) and (d) depicts the design parameters and substrate information. The proposed MIMO
antenna is designed in four steps, as shown in Fig. 3.5. At first step, Antenna A (Ant. A)
is consists of conventional square patch antennas, Antenna 1 (Ant. 1) and Antenna (Ant.
2), fed through a microstrip line of width (7w) and a partial ground plane is employed to
obtain a UWB impedance BW. To deflect E-fields away from interfering with each other,
a side arm of width ‘w1’ of 6 mm is introduced in the ground plane as shown in Fig. 3.5.
This increases port isolation between Ant. 1 and Ant. 2, which are 5.1 mm apart from
each other. These two antennas are connected by a 0.5 mm thin copper line. To achieve
UWB impedance matching below < -10 dB, a protrusion stub of width ‘w2’ of 8 mm is
added to the ground plane, and its length (G/7) is set to 13.5 mm for UWB characteristics.
The side arm length (G/2) is set to 30 mm. The Ant. A resonates from 2.55 GHz to 8 GHz,
and it has an isolation of more than 20 dB, as shown in Fig. 3.6 (a). Due to the partial
ground plane, a UWB characteristic is achieved at the expense of the back radiation,
which results in low gain as depicted in Fig. 3.6 (b).
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Connector 1 Connector 2

5x8 AMC reflector 1x3 AMC wall

(b)
P
Pl
v, IFl N
X X
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Fig. 3.4: Proposed MIMO Antenna structure: (a) Perspective View, (b) Side View,
(¢) Patch, (d) Ground Plane. (Pw=10,Pl=11,Fl=16, Tw=3.1, GlI1 =13.7, GI12 =30.7,
Gl13=164,Gl4=2.72, Gw =233, wl =6.3, w2 =8, w3 =7.8,t1 =0.3, hs2 = 1.55, all
dimensions are in mm, & = 4.4.)

Since Ant. A suffers through low gain and high back radiation due to the partial ground
plane in the lower frequencies; a 5 x 8 DRDB-AMC array is added as a reflector beneath
the Ant. A, at a height (/4) of 0.11 4o mm (4o at 2.37 GHz), this new iteration of antenna is
called Antenna B (Ant. B), shown in Fig. 3.5. The MIMO antenna parameters w2 and Gl1
are kept the same as those of Ant. A, to analyse the impact on the S-parameters. The Ant.
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B resonates from 2.53 GHz to 8 GHz as shown in Fig. 3.6 (a); however, the resonance is
affected around 7.1 GHz (-9.02 dB) because of the coupling due to the AMC. Also, the
isolation has been affected for the frequencies below 5 GHz, as shown in Fig. 3.6 (a). On
the other hand, with the introduction of the 5 x 8 DRDB-AMC reflector to the MIMO
antenna, the gain has enhanced remarkably from 2.3 dBi to 7 dBi at 3 GHz. A small gain

variation is observed over the band, as shown in Fig. 3.6 (b), which does not affect the 5G
communication.

Fig. 3.5: Steps to design MIMO antenna from Ant. A to Ant. C.
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Fig. 3.6: (a) S-Parameters for Ant. A, Ant. B, Ant. C and Ant. D, (b) Gain Vs. Frequency
plots for Ant. B and Ant. C.
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(©) (d)

Fig. 3.7: Surface Current distribution at 2.4 GHz for active port 1, (a) Ant. D without
AMC wall, (b) Ant. D with AMC wall, (c) 1x3 AMC wall Surface current distribution at 2.45
GHz, and (d) 5x8 AMC array Surface current distribution at 2.45 GHz.

To improve resonance and isolation, the thin copper line which separates antenna
1 and antenna 2 is modified into a ‘U’ shaped neutralising line (NL) as depicted in Fig.
3.5; this iteration of the antenna is called Antenna C (Ant. C), shown in Fig. 3.5. As the
NL is to the MIMO antenna, the resonance length is elongated the lower resonance is
shifted to a lower spectrum. To ensure impedance matching at 2.4 GHz, the side arm
length (GI2) is increased from 30 mm to 30.7 mm, which also increases NL length. Thus,
the resonance magnitude is improved at 2.45 GHz from -4.01 dB to -8.22 dB as shown in
Fig. 3.6 (a). The isolation for the lower frequencies is improved as compared to Ant. B.
However, an isolation of 12 dB is observed around 2.45 GHz, which is poor for 5G
communication. The poor isolation is due to the mutual coupling between the MIMO
antenna and AMC array. The gain of Ant. C is not affected by introducing NL, as shown
in Fig. 3.6 (b).

The poor isolation between the two ports at 2.4 GHz is because of the interaction
of reflected waves from Ant. 1 and Ant. 2 off the 5 x 8§ AMC array, which interacts and
disrupts both resonance and isolation around 2.4 GHz, as shown in Fig. 3.6 (a). The
surface current distribution at 2.4 GHz shows that the surface current is entering Ant. 2
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from Ant. 1, which is affecting the port isolation and resonance, as shown in Fig. 3.7 (a).
To realize resonance at 2.4 GHz while maintaining high gain and isolation levels of
approximately 20 dB across the operational BW without the use of vias, complex circuitry
two vertical 1x3 DRDB-AMC walls, based on the proposed AMC unit cell, are
positioned beneath Ant. C. This iteration is called Antenna D (Ant. D), is placed between
antenna 1 and antenna 2. With this approach, the predefined height ‘4’ between the MIMO
antenna and the AMC reflector is utilised for isolation enhancement rather than
incorporating MMT/ MS, which will increase the antenna profile. The use of the same
AMC structure for the wall as the AMC reflector also saved time to design and analyse a
different MMT/ MS. This solution avoids intricate designs and structures, which make
fabrication and measurements difficult. Along with this, the antenna profile may increase,
as reported in [114], [155], [156], [157].
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4 5 6 7
Frequency (GHz)
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Fig. 3.8: (a) Simulated Si; for Ant. D, (b) Simulated S»; for Ant. D and (c¢) Simulated gain
for Ant. D.

These vertical AMC walls are arranged back-to-back as depicted in Fig. 3.4 (b).
The interfering E-fields from both antennas are redirected away from each other. This
prevents mutual coupling and improves impedance matching around 2.4 GHz. This is
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Fig. 3.9: Parametric Analysis: (a) S11 for Side arm width (wl), (b) S11 for Protruding stub
width (w2), (c) Si11 for Protruding stub length (Gl4), (d) Si1 for ground plane length (GI1),
and (e) Sz1 for ground plane length (GI1).
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validated through the current distribution shown in Fig. 3.7 (b). It shows with DRDB-
AMC walls installed in the MIMO antenna, a small amount of surface current around port
2 when port 1 is active and similar results will be observed for port 1 when port 2 is active.
The surface current distribution at 2.45 GHz is shown Fig. 3.7 (c) and (d) depicts that at the centre
of the 5x8 AMC array has a high magnitude of surface current, since the 1x3 AMC walls are
placed in between MIMO antenna. These are preventing energy coupling from Antenna 1
and Antenna 2. The bottom part of the AMC walls are engaged in enhancing isolation by
restraining interfering fields. Therefore, it has a high magnitude of surface current. As
well as, the bottom region of AMC walls is in the close proximity with AMC array
therefore central region of the AMC array also has high magnitude of surface current
depicting region responsible for enhancing isolation. In this way, Ant. D operating
frequency is lowered to 2.37 GHz from 2.53 GHz, and isolation greater than 19.66 dB is
obtained, as shown in Fig. 3.8 (a) and (b), respectively and as the isolation around 7.2
GHz is improved, its resonance is also improved. This proves that mutual coupling does,
in fact, affect the impedance matching. The gain plots of Ant. C and Ant. D is compared
in Fig. 3.8 (¢), gain is enhanced at 2.5 GHz from 3.7 to 5.1 dBi, 3.5 GHz from 3.2 to 5.8
dBi, 5.5 GHz from 4.2 dBi to 6.8 dBi, and 7.2 GHz from 5.8 to 7.1 dBi. The gain variation
of 2.5 dB is observed over the operating BW.

The antenna parameters wl, w2, Gl1, and Gl4 were found to have a significant
impact on impedance matching; hence, a parametric analysis of these variables was
carried out, as shown in Fig. 3.9. The analysis suggested that the optimum values of w1,
w2, Gl1, and Gl4 are 6.3 mm, 8 mm, 13.7 mm, and 2.72 mm, respectively, which results
in UWB impedance BW and maintain high isolation. A separate parametric analysis was
carried out on the height ‘h’ between the antenna and the AMC reflector in order to
optimise and verify UWB impedance matching and high isolation. The corresponding S11
and S21 for different values of h are shown in Fig. 3.10 (a) and (b) respectively. Gain plot
in Fig 3.10 (c) shows, at height 15 mm provides optimal gain in lower frequencies as well
as stable gain in the higher frequencies. However, high gain variation is found between
frequencies 2.37 GHz to 5 GHz when height ‘h’ is varied from 12 mm to 30 mm.
Therefore height ‘h’= 15 mm which corresponds to h=0.11 Ao at 2.37 GHz, is chosen as
proposed cavity height. This chosen height enhances the gain and to attain UWB
resonance with high port isolation, is optimum and total height of the proposed antenna
including substrate is 0.14 Ao which is smaller than 0.25 Ao making proposed antenna a
low profile antenna for 1oT/IoV application. Therefore, Ant. D is chosen as a proposed
antenna design.
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Fig. 3.10: Parametric analysis of height ‘h’ for the Proposed antenna design (a) Si1 Plot,
(b) S21 Plot, and (c) Gain Plot.

3.3 Measured Results and Discussion

(2) (b)

Fig. 3.11: (a) Fabricated prototype of the proposed Antenna structure, (b) Radiation
Pattern testing.
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Fig. 3.12: Comparison of simulated and measured results of the proposed Antenna
(Ant. D) (a) S-parameters Plot, (b) Gain Plot.

Post simulation, the proposed MIMO antenna prototype is fabricated, which
consists of three parts: the MIMO antenna, DRDB-AMC reflector and walls, as shown in
Fig. 3.11 (a). The assembled proposed MIMO antenna is tested in the anechoic chamber,
as shown in Fig. 3.11 (b). To maintain a height ‘h’ of 15 mm, a foam spacer is used. This
foam spacer also holds the vertical DRDB-AMC walls at the centre beneath the MIMO
antenna. The measured S-parameters of the proposed MIMO antenna are compared with
the simulated S-parameters and are shown in Fig. 3.12 (a). The measured antenna
resonates from 2.34 GHz to 8 GHz, and the isolation is found to be greater than 20 dB
from 2.56 GHz. The isolation affected around 2.4 GHz is due to human errors and
fabrication tolerance. Another reason for the deviation in the measured results is the
misalignment of the AMC walls while carrying out measurements. Due to this, measured
S-parameters could be affected as compared to the simulated S-parameters over the
operating BW. In Fig. 3.12 (b), the Gain plot for the proposed MIMO antenna is compared
with the simulated results. As mentioned measured gain for the proposed MIMO antenna
with AMC reflector and walls has a variance from the simulated gain. This is due to the
misalignment errors during measurements.

The fabricated prototype of the proposed MIMO antenna radiation patterns are
measured in the anechoic chamber. Since the proposed MIMO antenna is symmetric, Ant.
1 radiation patterns are presented in Fig. 3.13, which are measured in the XZ plane and
YZ plane. The Ant. 2 radiation pattern will be identical to Ant. 1 radiation patterns
because of the symmetric structure. However, the beam direction of Ant. 2 will be in the
opposite direction of Ant. 1. A 5x8 DRDB-AMC array employed as a reflector reflects
radiation in the broadside direction. The in-phase reflected waves with the original waves
result in constructive interference and hence, enhancing the gain of the MIMO antenna.
It is observed that at 2.5 GHz, 3.5 GHz, 5.5 GHz, and 7.2 GHz, the beams are directed at
4°,36° 53° and 45°, with respect to broadside radiation in the XZ plane. This is due to the
use of the sidearm in the ground plane, which deflects E-fields away from the adjacent
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port. These tilted beams are called quasi-directional beams. The 3 dB angular beam
widths are 79.3°, 72.2°, 128° and 71.4° at 2.5 GHz, 3.5 GHz, 5.5 GHz, and 7.2 GHz,
respectively, in the XZ-plane. This shows that the beams are wider yet quasi-directive.
The quasi-directional provides better coverage and reduces multipath losses with the
MIMO configuration [154]. Therefore, quasi-directional beams at 2.5 GHz, 3.5 GHz, 5.5
GHz, and 7.2 GHz are beneficial for 5G communication.
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Fig. 3.13: 2D-Radiation patterns for the proposed MIMO antenna in XZ and YZ planes.
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3.4 Integration of the Proposed MIMO Antenna with the Vehicle
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Fig. 3.14: (a) Simulation setup for the proposed antenna as a VBS Antenna, (b) and (c)

Comparison of simulated S-parameters when proposed antenna is free space and placed
on top of the vehicle.

To verify radiation characteristics for IoT/IoV applications, the proposed antenna
is integrated with the vehicle as a VBS antenna, at height of 10 mm from the vehicle. This
setup was designed to shield the antenna from the vehicle's conductive body and to verify
its radiation performance as suggested in [153] and [154] as shown in Fig. 3.13 (a). It is
crucial for the VBS antenna to preserve its radiation characteristics [114] and [155]. The
S-parameters of the proposed MIMO antenna are compared in Fig. 3.14 (b) and (c), it
shows that, as the antenna is placed at height of 10 mm from the vehicle, the resonance
of the antenna and isolation between the ports is retained. However, around 3.5 GHz
isolation is affected which in due to the mutual coupling of antenna and vehicular body.
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Fig. 3.15: 3D radiation patterns for the Proposed antenna integrated with the vehicle.

Therefore, the resonance around 3.5 GHz is affected (The Si1 magnitude at 3.5
GHz is 7.5 dB). This affects radiation efficiency, which disturbs radiation patterns at 3.5
GHz. Similarly, at 6.8 GHz, the resonance is affected with a magnitude of 9.7 dB.
However, it has not drastically affected the radiation efficiency of the antenna. Therefore,
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the resonance around 3.5 GHz is affected (The Si1 magnitude at 3.5 GHz is 7.5 dB). This
affects radiation efficiency, which disturbs radiation patterns at 3.5 GHz. Similarly, at 6.8
GHz resonance is affected with magnitude 9.7 dB. However, it has not drastically affected
the radiation efficiency of the antenna.

The 3D radiation patterns in Fig. 3.15 show not adverse effect when the proposed
MIMO antenna is integrated with the vehicle. The Fig. 3.14 shows that the proposed
antenna has mostly preserved its quasi-directional radiation patterns at different
frequencies, such as 2.5 GHz, 3.5 GHz, 5.5 GHz and 7.2 GHz. As depicted in Fig. 3.1(b),
the proposed antenna may serve as a VBS antenna as shown in Fig. 3.14.

3.5 Proposed MIMO Antenna Diversity Performance
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Fig. 3.16: MIMO diversity performance (a) ECC and DG Plots, (b) CCL Plot, and
(c) TARC Plot.

To study the diversity performance of the proposed MIMO antenna, Envelop
Correlation Coefficient (ECC), Diversity Gain (DG), Channel Capacity Loss (CCL), and
Total active reflection coefficient (TARC) were calculated, referring to equations from
[151], [160]. For the MIMO proposed antenna, the ECC < 0.0037 and DG is found to be
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~10 dB. The CCL is < 0.12 bits/s/Hz, and TARC is below -10 dB. The ECC, DG, CCL
and TARC are shown in Figure 3.16 (a), (b) and (c), respectively. Table 3.1 compares this
work with existing studies to highlight features such as impedance bandwidth, antenna
size, isolation, ECC, and gain. The comparison indicates that the proposed antenna design
supports a MIMO configuration, which presents additional challenges in achieving
optimal values for all these parameters. The proposed antenna exhibits a wide impedance
BW that envelops WiFi, WiIMAX, Bluetooth, and LTE frequencies (2.4 GHz - 2.4832
GHz, 2.1 GHz - 3.5 GHz, 2.2 GHz - 3.8 GHz), Mid-band (3.3 GHz - 3.6 GHz), the 5 GHz
band (5.3 GHz - 5.8 GHz), and WiFi-6E (5.9 GHz-7.2 GHz). It also has high measured
isolation exceeding 20.87 dB and ECC less than 0.0037, with a gain variation of 2.5 dB
for the operating BW from 2.37 GHz to 8 GHz.

Table 3.1: Performance comparison of the previous antenna design Vs. Proposed
antenna.

Isolation
Freq. o Ant. size Gain
Ref. | Year (GHz) YoBW (mm?) meas. (dBi)
(dB)
0.617-5 38.5 x 14.9 x Single
[144] | 2021 (@5.6dB) 156.06 60 ant. <2
100
l(efr(i;[llll) Rogers Single | 14.11
[147] | 2022 10-30 129 mm RO 4003 C (horn dBi~
. ant.) 27.51
(dia. of
ref. array)
2.45, 3.5, Single 2.26-
[149] | 2023 4.6.5.9.74 <10 90 x 90 x 21.2 ant. 73
11.81, .
[150] | 2023 26455’ ;’15 5092, | 95x 101 x 21.2 S“;lgtle 3.6-8
> O 5.38,1.18 ant.
[153] | 2020 1.95-6.25 105.13 50 x 50 x 33.3 >16.5 éfé
[154] | 2022 ' . 1169,19.8, | 57x57x57 15-20 ’
5-6.1,7.15 - 172296 7
8.5,23-31 e
138.2 X 69.6 6.98-
[114] | 2021 | 7.55-22.85 100.65 <377 >18.05 1154
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1037
[155] | 2022 | 2.85-109 | 117.00 | 00%300% bS04 |
1.524
14.82
1252 % 1252 8 34
(1571 | 2021 | 2.16-3.96 58.8 o 28 | o
55.05  55.05 x 42-
(10] | 2022 | 3.7-108 97.93 o <18 | 42
7
810-920, | 1271, | 277.45 x 277.45 ’
(1591 2024 53555 6.18 x 277.45 >30 | 6.33
(max)
[68] | 2017 55,5 95 | 100x50x455| NA | <7
(6] | 2023 | 93112 1853 | 80x80x 1662 | NA 19'275
[162] | 2023 | 47533 1256 | 180x100x37 | NA 17256
[163] | 2026 | 412692 | 50724 | 204x204x2738 | =17 | 482
=538,
[164] | 2026 | 2.24-2.95 27.4 hapasy NA | 102
This | 2035 | 237t08 | 10852 | 80x50x18.1 | >20.87 | 57.5
work

3.6 Summary

In this chapter, BW limitations arising due to the narrowband, multiband or
wideband antennas in the MIMO system for the 5G communication are overcome by
designing a 5G UWB MIMO antenna for Sub-6 GHz frequencies, targeting loT/IoV
applications that demand high data rates at lower frequency ranges. An AMC reflector
and walls are incorporated to enhance antenna gain and port isolation, respectively. The
structural simplicity enables ease of analysis, fabrication and testing. The Sub-6 GHz
antenna proposed in this chapter, resonates from 2.37 GHz to 8 GHz, effectively covering
all major Sub-6 GHz 5G frequencies such as Wi-Fi, WiMAX, Bluetooth, LTE, mid-band
5G, Wi-Fi 6E, and the downlink satcom band. The antenna achieves a wide fractional
bandwidth of 108.58% (2.37 GHz to 8 GHz) with a peak gain enhancement from 2.3 dBi
to 7 dBi at 3 GHz using a 5x8 DRDB AMC array reflector. The port isolation of more
than 19.66 dB is achieved using two 1x3 DRDB AMC walls. The antenna exhibits
excellent MIMO diversity performance with ECC < 0.0037, CCL < 0.12 bits/s/Hz, and
TARC < -10 dB. The size of the proposed antenna is only 0.39 Ao % 0.63 Ao % 0.14 2o at
2.37 GHz. This makes it compact with high gain and isolation. Moreover, the proposed
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antenna is integrated with a vehicle in the simulator to verify its radiation characteristics
for IoT/ IoV applications. It was found that the antenna retains its radiation patterns when
placed on the vehicle.
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Chapter 4

Design of Partially Reflective Surfaces to enhance Gain
and ARBW of the CP antenna

4.1 Introduction

Recent studies have revealed that around half of the world’s population has no
access to the internet. It will be expensive to provide terrestrial coverage with increasing
capacity for remote, rural and urban areas as well. Hence, Satellite communication will
have an important role as a parallel solution for the coverage problem. Moreover, it will
open new avenues for the 5G antennas [165]. To prevent polarisation mismatch and
multipath effects between transmitting antennas and receiving antennas, CP antennas are
employed in the wireless communication system for seamless p2p communication [166].
Small CP antennas with high and small profiles can be installed on the small 1U cube-
satellites (CubeSat) of size 100x100x100 mm? for p2p communication [167]. Therefore,
high gain CP antennas with a low profile have caught the attention of researchers for 5G
and CubeSat applications. To fulfil this requirement for CP antennas, several techniques
have been adapted by the researchers to attain CP, such as trimmed edges patch [77], a
90° phase shift feed [168], slots or combinations of trimmed edges and slots [169], [170],
defected ground structures [171], [172], [173], Dielectric resonators (DR) with slots
[174], [175], 3D printed polarisation converters [176], [113]. These techniques easily
enable CP and emit CP waves from the antenna. Although most antenna structures are
CP, the ARBW did not match the impedance BW. It means ARBW is narrower than
impedance BW, and polarisation compatibility is found for a small fraction of impedance
BW. Which is not suitable for any practical communication. However, the ARBW
matching with impedance BW was found in [172], [173], but these antennas don’t have
sufficiently high gain. To attain CP in the low profile antenna, MMTs/ MSs have played
an important role for different applications such as 5G communication and wearable
antennas [177], [178].

The MMTs/MSs received special attention because of their ability to manipulate
EM waves to generate CP and high gain with the periodic and non-periodic placement of
UCs while keeping the antenna profile low [179], [180], [181] and [182]. Although these
antennas are CP with a low antenna profile but they have narrow ARBW. The MS are
used to convert LP to CP; when an MMT/ MS is incident with an EM wave, the reflected
wave consists of two E-field components, one component has the same polarisation as the
EM wave, called co-polarised, and the other is the orthogonal component to the incident
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polarisation, called cross-polarisation. When the MMT/MS cross-polarisation has a high
magnitude and the co-polarisation has a low magnitude, with a phase difference between
them is 90°, then LP is converted to CP [183], [184]. However, these polarisation
converters are relatively large in size, and when combined with an antenna, they further
increase the overall structural profile. A dipole antenna with high gain and CP having a
wide axial beamwidth is achieved using an AMC [185]. However, narrow ARBW is
obtained.

The techniques mentioned above have complicated and large structures. Although
MMT integrated CP generating antennas have a large profile, yet there is an MMT
antenna known as the Fabry-Perot Cavity antennas (FPCA). This antenna configuration
can have a low profile and size of the 1U-CubeSat [186]. The FPCA is an excellent
structure to generate CP with high efficiency. The FPCAs are mainly divided into four
categories. First, CP radiators are used as feed, and a partially reflective surface (PRS)
forms an FP cavity, which enhances the gain of the CP radiator. The PRS are designed in
such a way that they do not affect the ARBW [187], [188], [189]. The second category is
PRSs are designed to convert LP to CP. The feed emits an LP wave, which is converted
to a CP wave as mentioned earlier. These PRS structures are also responsible for the gain
enhancement [190], [191], [192], [193]. The third category is feed networks/techniques
that are employed to feed the patch, which generate orthogonal modes to result in CP
waves.[33] and [34]. In the last category, an anisotropic medium is filled between the PRS
layer and the radiator to generate CP waves, while the PRS layer is responsible for gain
enhancement [112], [196], [197]. However, the anisotropic media should not lower the
radiation efficiency and increase antenna complexity while measuring the antenna.

Wideband Pure CP Waves

= = =

PRMS array

’ § CP & EP Waves
hs

PCA

Fig. 4.1: Schematic for the proposed CP-FPCA.

The above mentioned CP generating FPCA has a high gain, but the ARBW is
smaller than the impedance BW. It can be noticed that obtaining ARBW matching with
impedance BW is challenging while maintaining a high gain with a low antenna profile
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[186]. It is also observed that EP and how to convert EP waves into CP waves is not
addressed in the FPCA mentioned above. Ideally, for pure CP, the ARBW <3 dB, for EP,
the ARBW lies between 3.1 dB to 15 dB and for LP, ARBW > 15 dB [198], [199].
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Fig. 4.2: Proposed PRMS UC and its response at t =1 mm, (a) Top View, (b) Bottom
View, (c) Simulation Setup, (d) Reflection Magnitude and Phase Plot.

In this chapter, the stated challenges are resolved by designing a high-gain,
wideband CP-FPCA, as shown in Fig. 4.1. A 9 x 9 array of partially reflective MS
(PRMS) UCs are employed to construct an FP cavity, which significantly improves both
the gain and ARBW of'the feeder, i.e., proximity-coupled antenna (PCA) for the operating
BW. The proposed antenna has an ARBW from 9.9 GHz to 12.21 GHz, which overlaps
the impedance BW from 9.9 GHz to 12.31 GHz. Within this band, the PCA inherently
produces EP, which is effectively converted into wideband CP by modifying the PRMS
layer. This polarisation conversion mechanism enhanced the 3 dB ARBW from 790 MHz
to 2.31 GHz and improved the peak gain from 7.3 dBi to 17.1 dBi at 10 GHz. The
following section discusses the design and analysis of the PRMS UC and PCA as a feed.
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4.2 Design of PRMS UC and PCA

4.2.1 Design and Analysis of PRMS UC

A PRMS UC is designed with a size of 8 x 8mm? and a thickness of 1.5 mm on
Rogers RT duroid 5880 substrate with a dielectric constant of 2.2. On the top layer of the
UC, the square patch of length s¢g = 7.8 mm has a cross slot with a width w/ = 0.6 mm, as
shown in Fig. 4.2 (a). The bottom layer of the PRMS UC has a square ring of size
8 x 8 mm? and thickness of = 1 mm in the x and y directions, as shown in Fig. 4.2 (b).
The boundary conditions PEC and PMC are applied in the x-direction and y-direction,
respectively. The UC is excited via waveports in the z-direction, as shown in Fig. 4.2 (¢).
To achieve high reflectivity within the PRMS FP cavity and a positive phase gradient, the
reflection magnitude of the PRMS UC is optimised between 0.82 and 0.88 for frequencies
from 9 GHz to 12.5 GHz. For the resonance, the following condition needs to be satisfied
[200],

(® + ¢)— 2Bhs = +2nm,andn=0,+1,+2, ... 4.1

where @ is a ground plane phase, ¢ is the PRMS simulated reflection phase, and ks’ is
the height of the FP cavity. As per Eqn. 4.1, the departing EM waves from the cavity have
the same phase, resulting in constructive interference and a high gain. Whereas some EM
waves will reflect into the cavity. Therefore, Eqn. 4.1 can be rewritten as [201],

4mhsf
c

¢ =

To maintain a low profile of the FP cavity, n = 0 is preferred. For the fixed
operating frequency, the height of the cavity ‘hs’ can vary with the variation of ¢. In this
way, a low-profile FPCA can be achieved. The directivity (D) of FPCA can be calculated
from the Eqn. 4.3 given below,

— @ + 2nm,andn=0,+1,+2, ... (4.2)

D = 10log ~— (4.3)

where ‘R’ denotes the reflection magnitude of the PRMS UC. A larger reflection
magnitude enables higher gain, but at the expense of a narrower BW. Therefore, to
achieve a wider bandwidth, a moderate reflection magnitude—typically in the range
0f 0.80 to 0.88—is chosen. The square ring at the base of the PRMS UC contributes to
high reflectivity, whereas the upper patch with a cross-slot introduces a positive reflection
phase gradient. The magnitude and phase responses of the PRMS are shown in Fig. 4.2
(d). The ideal phase is calculated from Eqn. 4.2 is also plotted in Fig. 4.2, which depicts
that the simulated phase obtained for the PRMS UC matches the ideal phase.

4.2.2 Design of the FPC feeder PCA

As discussed earlier, CP can be commonly generated in rectangular patch antennas
by trimming or chamfering the diagonal edges [77]. The E-field vector (E) of this CP
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antenna is decomposed into two equal magnitude but orthogonal components Ey and Ey.
The phase difference between these two orthogonal components is 90°. The Eqn. 4.4. and
4.5 describes how E-field components are decomposed,

E = (x.Eg + y.Ep)e /ko* 4.4)
|Eg|l = |Eg| and 8Ey — &E; = + 90° (4.5)
L W
W —
W i/ p—7E 2
If hl | Layer 1
(a) (b) (c)
8.5 18 —
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Fig. 4.3: Design of PCA (a) Feedline, (b) Patch, (c) Side View, (d) Si1 Plot for PCA, and
(e) Gain and AR Plot for PCA. (L =W =80, If =40, pl =9, pw = 7.5; all dimensions are
in mm).

The designed PCA with chamfered or trimmed diagonal edges generates RHCP
waves, as shown in Fig. 4.3 (a) and (b). The designed PCA has two layers of Rogers 5880
substrate with a dielectric constant of 2.2. The height of layer 1, h1 = 1.55 mm, a feedline
is designed on the top side to excite a chamfered patch, present on the top side of layer 2.
Layer 2 has a substrate height, h2 = 0.79 mm, which only contains a patch on the top side
and the copper on the bottom side is etched out. The layer 2 is placed on top of layer 1, as
shown in Fig. 4.3 (c¢). The designed PCA resonates from 10.26 GHz to 12.19 GHz. The
simulated and measured Si; for the PCA are compared in Fig. 4.3 (d), which depicts the
simulated and measured Si; are in good agreement. The simulated gain of the PCA is
approximately 7 dBi for the operating frequencies, as shown in Fig. 4.3 (e). The 3dB
ARBW of the PCA 1s 790 MHz from 10.84 GHz to 11.63 GHz, as shown in Fig. 4.3 (e).
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As it is known, the EP waves occur either due to the orthogonal components of the E-field
with a phase difference of 90° having unequal magnitudes or equal magnitudes of
orthogonal components with a phase difference not equal to 90°. The AR plot in Fig. 4.3
(e) shows that the designed PCA at frequencies 10 GHz and 12 GHz have AR 9 dB and 6
dB, respectively, which is greater than 3 dB but less than 15 dB, indicating the presence
of EP in the impedance BW [198].

4.2.3 Design and Assembly of FPC

RMS array
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Fig. 4.4: PRMS-PCA when t = Imm (a) FPCA assembly, (b) Top View of 9x9 PRMS
array, (c) Bottom view of 9x9 PRMS array (d) Si1 Plot and (e¢) Gain and AR Plot.
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An array of 9 x 9 PRMS UC is constructed and placed at a height (hs) of 12 mm
above the proposed PCA, forming a FP cavity called PRMS-PCA, as shown in Fig. 4.4,
to enhance its gain. The dimensions of the PRMS UC are set to sq = 7.8 mm, wl = 0.6
mm and t = 1 mm. The designed PRMS-PCA resonates from 9.8 GHz to 12.27 GHz, as
shown in Fig. 4.4 (d), which almost covers resonant frequencies of the PCA. Since
designed PRMS have high reflectivity, i.e., its magnitude is between 0.80 and 0.88. The
emanating CP waves from the PCA bounce back and forth in the formed cavity and depart
the cavity with an equal phase, resulting in gain enhancement in the broadside direction.
The enhanced gain for the designed PRMS-PCA is between 11.8 dBi and 16.4 dBi over
the operating BW of 2.47 GHz. For the frequencies between 10 GHz and 10.8 GHz, a flat
enhanced gain is observed. Overall, the gain has significantly enhanced for the operating
BW of 2.47 GHz, as depicted in Fig. 4.4 (e).
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Fig. 4.5: (a) Optimised PRMS UC, (b) Parametric analysis of t1 when t2 = 1 mm and
(c) Parametric analysis of t2 when t1 = 0.18 mm, (d) Optimised Reflection Magnitude and
Phase.

The ARBW of the PRMS-PCA is observed to be wider than that of the
conventional PCA without the 9x9 PRMS array. The obtained ARBW below 3 dB, which
corresponds to pure CP, is from 10 GHz to 11 GHz. This indicates an enhancement of
210 MHz of ARBW in addition to the PCA original ARBW, 790 MHz, thereby summing
a total ARBW of 1 GHz for the designed PRMS-PCA. Moreover, within the frequency
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range of 11.1 GHz to 11.5 GHz, the AR remains below 3.8 dB, while at 12 GHz it is 5.8
dB, as can be seen from Fig. 4.4 (e). These results verify that the incorporation of the
proposed PRMS array not only substantially improves the gain of the PCA but also brings
existing EP in the impedance BW closer to the pure form of CP. However, it is important
to note that the ARBW below 3 dB does not fully envelop the entire impedance BW.
Thus, further design improvements are required to achieve a wideband pure CP across the
complete impedance BW.

10 GHz

11 GHz

12 GHz

Fig. 4.6: Surface current distribution on the bottom side of optimised PRMS UC at
frequencies 10 GHz, 11 GHz and 12 GHz.
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To achieve the 3 dB ARBW enveloping or matching impedance BW, the PRMS
UC needs to be modified. As mentioned earlier, the top layer of the PRMS is responsible
for the positive phase gradience, and the bottom layer is responsible for the high
reflectivity. This is the case where the orthogonal components’ magnitudes are unequal,
but the phase difference between them is 90°. Therefore, the bottom layer thickness (t) of
PRMS UC is optimised in the y and the x directions as ¢/ and ¢2, respectively.
Consequently, the E-field components, Eg and Ey, magnitude is adjusted, resulting in their
ratio equaling 1 and obtaining a pure form of CP.
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Fig. 4.7: Simulated results of the proposed PRMS-PCA when t1 = 0.2 mm, t2 = 1.6 mm
(a) S11 Plot, (b) Gain Plot, (c) AR Plot, and (d) Axial Beamwidths at ¢ = 0° and 90°.

The optimised PRMS UC is shown in Fig. 4.5 (a). As UC is optimised, it becomes
polarisation sensitive to the E-field components, Ey and Ey. To study and analyse it, the
parametric analysis was conducted as shown in Fig. 4.5 (b) and (c). At first, #2 is set to
1 mm, and ¢/ is varied from 0.15 mm to 2 mm, then #2 is varied from 0.3 mm to 1.8 mm
while ¢/ is set to 0.5 mm. Post parametric analysis, to result in 3 dB ARBW overlapping
impedance BW, the optimum values for ¢/ and #2 are found to be 0.2 mm and 1.6 mm,
respectively. To ensure that with this optimisation, the magnitude and phase response of
the PRMS UC is not affected, hence, PRMS UC (¢/ = 0.2 mm and ¢2 = 1.6 mm) with its
initial stage, PRMS UC (¢# = 1 mm) responses comparison are shown in Fig. 4.5 (d). This
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plot shows that both responses are almost similar. As mentioned in the earlier section
4.2.1, the bottom layer provides high reflectivity; the outer dimension of the PRMS UC
is responsible for maintaining the reflection magnitude between 0.82 and 0.88, which
signifies that enhanced gain will not be adversely affected. The inner ring dimensions are
responsible for the polarisation sensitivity. Hence, the inner ring will constitute a higher
amount of surface current, as depicted in Fig. 4.6, and the AR can be optimised as
required, as shown in Fig. 4.5 (b) and (c¢).

The simulated results of the modified PRMS-PCA are shown in Fig. 4.7. The
modified antenna resonates from 9.9 GHz to 12.31 GHz, and the maximum enhanced gain
is 17.1 dBi at 10 GHz. Fig. 4.7 also shows the comparison of the modified antenna with
its previous stage, depicting that the resonance is not affected and the gain is improved
because the cross polarisation levels are reduced at 10 GHz.

The optimised 3 dB ARBW is obtained from 9.3 GHz to 12.21 GHz, i.e., 2.91
GHz. The ARBW is significantly increased from 790 MHz to 1 GHz when PRMS UC
have t = 1 mm and from 1 GHz to 1.91 GHz for the modified PRMS UC. This implies
that optimised ARBW from 9.3 GHz to 12.21 GHz almost overlaps the impedance BW
9.9 GHz to 12.31 GHz, as shown in Fig. 4.7 (¢). The axial beamwidths are presented in
Fig. 4.7 (d), which shows that the axial beamwidths are +£15° at ¢ = 0° and 90°.

To verifty ARBW overlapping impedance BW, as per Eqn. 4.5, the ratio of
magnitudes of E-field components should be 1 or closer to 1, and the phase difference
between them will be + 90° for RHCP waves and — 90° for LHCP waves. Fig. 4.8 (a)
shows that the mag (Es)/mag (Ey) is 1 and £Ey9— AE 5=+ 90° for the frequencies from 9.9
GHz to 12.21 GHz. The positive phase difference of 90° between the two E-field
components indicates that the modified FPCA is indeed RHCP. The simulated total
efficiency is shown in Fig. 4.8 (b). The E-field plots for the modified PRMS-PCA at
frequencies 10 GHz, 11 GHz, and 12 GHz are shown in Fig. 4.9.
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Fig. 4.8: (a) E-fields components magnitude ratio and phase difference plot, and
(b) Simulated Total efficiency.
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Fig. 4.9: E-Field Plots for modified PRMS-PCA (a) 10 GHz, (b) 11 GHz, and
(c) 12 GHz.
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Fig. 4.10: Results for the parametric analysis of height ‘hs’: (a) S11 Plot, (b) AR Plot,
and (c) Gain Plot.

A parametric analysis for the height ‘As’ is carried out for the modified PRMS-
PCA. The height ‘s’ is varied from 8 mm to 20 mm, and it is found that the predetermined
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height of 12 mm, which corresponds to 0.39 Ao at 9.9 GHz (the lowest resonating
frequency) has resulted in optimum gain and wide ARBW. At the lower height than
hs =12 mm, the reflected waves in the cavity are not departing the PRMS array in-phase.
Therefore the radiation characteristics are affected, which result in poor gain and ARBW.
The parametric analysis results are shown in Fig. 4.10 (a), (b) and (c¢). Therefore, modified
PRMS-PCA is considered the proposed CP antenna with high gain and ARBW
overlapping impedance BW.

4.3 Measured Results and Discussion
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Fig. 4.11: Fabricated prototype of PRMS-PCA (a) Top view of the PRMS array, (b) Back
view of the PRMS array, (c) Top view of the PCA, (d) S1 testing, (e) Radiation patterns
measurement
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With satisfactory results, the proposed antenna’s prototype is fabricated. Substrate
Rogers RT duroid 5880 with a dielectric constant of 2.2, of two thicknesses, h1 = 1.55
mm and h2 = 0.79 mm, are used. The chamfered edge patch is on the top side of layer 2,
and the feed line is on the top of layer 1, which is backed by copper ground. The 9x9
PRMS array is also fabricated using Rogers RT duroid 5880 of height 1.55 mm. The
PRMS array is placed on the fabricated PCA using four air spacers of height hs = 12 mm
as shown in Fig. 4.11 (a) to (d). The prototype of PRMS-PCA is tested on the VNA, as
presented in Fig. 4.11 (d) and radiation patterns are measured in the anechoic chamber as
depicted in Fig. 4.11 (e).
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Fig. 4.12: Comparison of simulated and measured results of the proposed antenna, PRMS-
PCA, (a) Si1, (b) Gain and AR plot, (c) ARBW and Si: plots.
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Fig. 4.13: Radiation patterns for the proposed PRMS-PCA in XZ and YZ planes.

The measured and simulated S11 of the proposed PRMS-PCA are plotted in Fig. 4.12 (a),
which shows that the fabricated prototype resonates from 9.85 GHz to 12.4 GHz, which
is in good agreement with the simulated resonating frequencies 9.9 GHz to 12.31 GHz.
The measured and simulated gain and AR are compared in Fig. 4.12 (b). The maximum
measured gain is 15.2 dBi, and the measured 3dB ARBW is attained from 9.35 GHz to
12.3 GHz as shown in Fig. 4.12 (¢). The mismatches in the simulated and measured results
are attributed to fabrication tolerance and human error while carrying out measurements.
From these results, it can be seen that measured ARBW is from 9.35 GHz to 12.3 GHz,
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which overlaps the impedance BW from 9.85 GHz to 12.4 GHz. The radiation patterns of
the proposed PRMS-PCA are measured in the XZ-plane and YZ-plane at 10 GHz, 11 GHz
and 12 GHz, as shown in Fig. 4.13. The prototype antenna has a high gain at 10 GHz, and
the cross-polarisation levels are below -15 dB. From 11 GHz onwards, side lobes are
attained with a high magnitude, which leads to a lower gain at 11 GHz and 12 GHz than
at 10 GHz. The measured patterns are almost identical to simulated patterns, implying
good agreement between simulated and measured results.

Table 4.1: Comparison of reported FPCA with proposed PRMS-PCA.

Ant,
. 3dB % Max
0
Ref. | Tech. (S):OZ;; Prof (gﬁ‘zl) IB/ %V ARBW | AR | Gain
' (GHz) | BW | (dBi)
(o)
2.4x 5.45-
021 | PRS | %Y 04s | 52372 317 | 307 37| 133
[203] 1.65x 8.35-

PRS | L0 106 | 898 | 20 | U2 | 67 | 146
[204] | prg 22'7; 05 | 93112 | 185 | 9.6-102 | 98 | 123
(91] | pc- | 2.9x 14.9 13.8

boe | 5% |04 [ost08 | 137 foanos | 0] g2
1192] | pc- | 2.62x 6.29- 6.55-

bl 52 os | 62 Jeas | 9% | sa6 | 96

11.97-
(193] 1.64x 11.55- 126, | 558 | 124-

PRS | 6a | 90| 148 | 2*7 | 1400- | 2095]| 138

14.63
(194] | pC- | 2.62x 10.5- 10.65-
e | 262 | %% (1078 | 29| 104 | M| 1S
FPC-
[196] | Aniso 9.65- 9.6-

troplg =16 | 1.1 10.46 8 1027 6.74 19

medi

um
[205] 1.45x _ 851 | 12.8

Ms | BB Toos | 8798 |19 | SO0 |28 g
[206] 1.45% | 0.05 6.26-

ms | LEEIOR enga [1es | 9% 103 | 936

76



207] | PC- | 1.02x 10.7- 11.5-
pe | 02 oaa | 10T Tass | S L | g
[208] | PC- | 2.89x 9.85- 9.65-
b B foas | 25 g0 | TOT 843 | 13
209] | PC- | 091x | .| 448 |607| 443|381 85
Ms | oss | © 839 | 6 | 652 | 7
[210] 079% | 0.02 | 876- | 203 | 89- | 163

MS V077 | 3 | 1074 | o | 1048 | 0 8.8
211 | pc- | 1.75x 243 | 101-

b | G 007 | ens | 2% Ol 157 | 4
This 2.6 9.9- 9.9-
Jhs | prs | KO s | OO0l | 00 209 | 11

Table 4.1 compares the proposed PRMS-PCA and reported CP antennas in terms of
techniques utilised, size of antenna, impedance BW, ARBW, and maximum gain. The
table presents the proposed PRMS-PCA, overcame a challenging task i.e., ARBW of2.31
GHz overlapping impedance BW of 2.41 GHz. Nonetheless, the proposed antenna design
structure is relatively less complex than the reported CP antennas. The proposed RHCP
PRMS-PCA have a maximum enhanced gain of 17.1 dBi at 10 GHz. The antenna has a
compact size of 80 x 80 x 15.89 mm?, which corresponds to 2.6 Ao x 2.6 Ao % 0.52 Ao (Ao
is free space wavelength at 9.9 GHz). The Table 4.2 summaries explicitly state-of-the-art
CubeSat CP antennas in terms of profile and ARBW, AR-beamwidth (ARBMW) and
cavity height. It shows that the proposed antenna is better performing than the state-of-
the-art CubeSat CP antennas.

Table 4.2: Comparison of state-of-the-art CubeSat CP antennas with proposed PRMS-
PCA.
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Fig. 4.14: Structural difference between the proposed RHCP and new LHCP PRMS-PCA.

Lastly, the design and analysis of RHCP PRMS-PCA are presented. With a small
structural change, PRMS-PCA can emit LHCP waves instead of RHCP waves. To design
an LHCP antenna, chamfering needs to be done on the opposite diagonal corners, as with
the RHCP PCA, as shown in Fig. 4.14. The PRMS FP cavity for the LHCP PRMS-PCA
will remain the same as the RHCP PRMS-PCA. The LHCP PRMS-PCA is simulated, and
Fig. 4.15 shows the S11 of the new LHCP antenna with gain and ARBW. Fig. 4.14 shows
the simple design approach to attain RHCP or LHCP in the antenna with high gain and
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wide ARBW overlapping the impedance BW. It also makes the designed RHCP or LHCP
antenna a strong candidate for satellite and 5G communication applications.
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Fig. 4.15: Simulated results for the LHCP PRMS-PCA (a) Si1 plot, (b) Gain and
AR plot.

4.4 Summary

In this chapter, a PRMS array is designed and experimentally validated to enhance
both the gain and the ARBW of an RHCP PCA. The wide ARBW is realised through the
conversion of EP waves into CP waves by optimising the PRMS unit cell. The
implemented FP cavity has a height of 12 mm and incorporates a 9 x 9 PRMS array,
which is integrated with the PCA. The overall antenna size is only 80 x 80 x 15.89 mm?®.
The proposed PRMS-PCA exhibits a resonant frequency range from 9.9 GHz to 12.31
GHz, maintaining an AR below 3 dB from 9.9 GHz to 12.21 GHz. This shows ARBW of
2.31 GHz, which closely matches its 2.41 GHz impedance BW. Compared to the simple
PCA, the ARBW improves from 790 MHz to 2.31 GHz, while the gain has enhanced from
7.3 dBito 17.1 dBi at 10 GHz. Furthermore, the proposed structure enables both RHCP
and LHCP operation with minor modifications in the PCA structure. These parameters
suggest the proposed RHCP or LHCP antenna design may be suitable for 1U CubeSat
applications.
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Chapter 5

Phase Gradient Metasurface Lens Antenna for 12 GHz
5G Communication

5.1 Introduction

In the previous chapter, Satellite Communication (SatCom) for non-terrestrial 5G
communication and the development of the SatCom antenna with wide ARBW were
discussed. In this chapter, the FCC in 2021 recommended the 12 GHz band (12.2 GHz to
12.7 GHz) for terrestrial 5G communication. This band is called the Multichannel Video
Distribution Service (MVDDS), which provides TV broadcast and internet connectivity
from terrestrial transmitters to consumers [218]. Therefore, for p2p terrestrial
communication, a directive antenna could be required. These antennas are supposed to
have a low profile with high directivity. Focusing lenses (FL) play an important role in
the gain enhancement of the low-frequency and high-frequency antennas, as they provide
directive beams, a wide impedance bandwidth (BW) and support multiple polarisations
[70]. Due to this, extensive research is carried out on MMTs/MSs lenses to generate
focused beams, and Phase Gradient Metasurfaces (PGMS) lenses have proved their
potential multi-purpose functionality such as multi-beams [219], beam steering/scanning
[220], [130], wireless power transfer [221], reflector [222] and gain enhancement [77].

]
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« 7 »

\I:lf

antenna

Fig. 5.1: Schematic diagram of the focusing lens with a fed source (antenna).

Strategically placed PGMS UC in the form of an array provides a distinct phase
shift or time delay to the incoming EM-waves from the source or antenna, which then
forms a desired radiation beam [223], as shown in Fig. 5.1. Higher frequencies such as
mm-Wave frequencies are an inherent provider of large impedance BW with their
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compact size. To address low gain and high propagation losses in the mm-Wave
frequencies, PGMS-FL are utilised to enhance the gain of the antenna. Due to the small
wavelengths at mm-Waves, the size of the PGMS-FL with the antenna is also compact
[130], [77], [224]. However, lower frequencies offer better coverage than mm-Waves,
and they have high propagation characteristics. Therefore, in recent years, researchers
have been exploring using the 12 GHz band for terrestrial 5G communication [225].

A PGMS array is utilised for beam scanning of the wideband antenna, and the
maximum gain reaches up to 14 dBi. To scan or steer the beam, the PGMS array is moved
in the x-direction to scan the beam in the x-direction, and later the array is moved in the
y-direction to scan the beam in the y-direction [226]. Two different MSs are designed
and analysed to achieve a phase gradience of more than 360° with a high transmission
coefficient. Although the reported MSs have wide BW and high efficiency, but the source
antenna impedance BW is only 400 MHz [227]. A multilayered PGMS array is reported,
which results in a 3 dB gain variation [228]. A CP antenna with a PGMS lens has a wide
impedance BW, ARBW is 789 MHz. However, dual layer lens have an air gap of 9.5 mm
(0.154z) between the two layers of substrate. Also, the dual layer MS has attained a phase
variation is just 46.2°, which leads to phase quantisation error and results in low gain and
efficiency [229]. Similar to a Metal dish as a reflector, a PGMS reflectarray is used for
gain enhancement and to change the polarisation from LP to EP at 5 GHz, and at 11 GHz,
the MS design widens the ARBW. However, the need to convert LP to EP at 5 GHz is not
justified, and at 11 GHz, the impedance BW is 620 MHz with a gain of 18 dBi [230].
Another PGMS reflectarray antenna has an impedance BW of 1 GHz, and the maximum
gain attained at 14.5 GHz is 17.47 dBi and the gain variation is more than 2.5 dBi [231]
while the acceptable gain variation is up to 3 dB. A PGMS UC have the BW of 1.2 GHz,
and a phase variation of more than 360° is achieved through five distinct designs of MS.
However, the impedance BW is 850 MHz [232]. The f/D is maintained < 0.5, which
ensures a low profile, where f and D are the focal length and Diameter, respectively.
Different PGMS-FL are fed with horn antennas; horn antennas have a large size and built-
in high directivity. In these antennas, f/D is maintained < 1 [223], [233], [234], [235], and
[236]. A large f/D leads to a large profile and a bulky antenna structure. Also, a small
value of /D may not be applicable since multiple reflections or coupling between the
antenna and lens should be considered while designing the antenna. The above structures
either have narrow impedance BW, since the source antenna has narrow BW, or the
antenna size 1s too large to install as a small 5G terrestrial base station.

After identifying limitations in the existing literature, it is essential to design a low
profile, high gain antenna with wide ARBW to link the terrestrial base to the satellite, and
it can also be conveniently integrated into compact 5G base station units. In this chapter,
above mentioned limitations are addressed by designing a thin profile PGMS-FL to
enhance the gain of the CP antenna. The lens profile is 0.124 Ao, and f/D is maintained to
0.2 to ensure low height structure. To build the PGMS-FL, five variants of the proposed
PGMS UC are chosen to attain a phase gradience of 0°-182.68°, i.e, 0 to « in radians. By
incorporating a lens to the antenna, for the impedance BW from 10.42 GHz to 13.26 GHz,
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the enhanced gain ranges from 15.63 dBi to 17.7 dBi with a gain variation of 2.07 dBi,
resembling almost flat gain. The 3 dB AR is observed from 10.51 GHz to 11.7 GHz.

5.2 Design and Analysis of the PGMS UC and CP Antenna
5.2.1 Design of PGMS UC

The proposed PGMS UC is a dual layered Complementary Single Circular Ring
Resonator (CSCRR), designed on the top side of the substrate with a dielectric constant
of 2.2, having a dielectric thickness of 0.79 mm. Both layers have identical designs on the
top side substrate to attain high efficiency and polarisation compatibility. An air gap of 2
mm is maintained between UC layers to result in a UWB transmission BW of 8 GHz from
7 GHz to 15 GHz. The design of CSCRR is shown in Fig. 5.2 (a) to (c).
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Fig. 5.2: Design and responses of the CSCRR UC, (a) Simulation setup, (b) Front view,
(c) Side view, (d) Transmission coefficient and (e) Transmission phase.

To simulate CSCRR PGMS UC, the boundary conditions are applied in the x and
y-directions as PEC and PMC, respectively. As the UC is symmetric, the boundary
condition directions can be switched between the x and y directions. The UC is excited in
the z-directions using two waveguide ports to analyse the Si1 and S»i responses. The
CSCRR has inductance due to the metal circular patch and metal boundary, and
capacitance generated from the complementary circular ring slot; both can be changed
with respect to the change in width ‘w’ and the ‘air gap’. This means the S-parameter
response can be affected by a change in the UC dimensions. Accordingly, the phase
response of the CSCRR UC ‘@’ is also a function of the linear change of dimension of
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the UC, i.e., with the change in the complementary ring width ‘w’, the resonance of the
PGMS UC is changed, and so does the ‘@’, as presented in Fig. 5.2 (d) and (e).

To obtain the transmission phase gradience of 180°, the ‘w’ is varied from 0.3 mm
to 2 mm of the CSCRR UC. As a result, at 11 GHz, the transmission phase gradience
(d®/dr) of 0°-182.68° is attained, as shown in Fig. 5.2 (e). The size of the proposed UC is
8x8 mm?, which is equivalent to 0.34 Ao X 0.34 Ao (lowest resonating frequency). The
small UC size is chosen to avoid large grating lobes. As mentioned earlier, the
transmission phase is a function of a linear change in the dimension. Fig. 5.3 (a) depicts
an almost linear phase response for varying complementary ring width ‘w’ of the UC at
the different frequencies. To verify the incidence stability of the UC, the UC is incident
with the EM wave with different angles (i), as shown in Fig. 5.3 (b).
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Fig. 5.3: (a) Phase variance with the change in ‘w’ and (b) The TE and TM responses at
different incident angles where w = 1.2 mm.

Different angles of incidence () are also studied on the CSCRR UC, as shown
in Fig. 5.3 (b). It depicts that the S11 and S21 responses are not affected by different
angles of incidence. The TE and TM responses of the UC are going to be identical due to
the symmetric geometry of the CSCRR UC. The TE and TM responses will be the same
for different angles of incidence as shown in Fig. 5.3 (b). The proposed PGMS-FL
supports any polarisation; this means, the proposed PGMS-FL is polarisation-insensitive.
This feature of the proposed CSCRR UC is crucial for the circularly polarised waves, and
it is leveraged for incident CP waves, as discussed in the further sections.

The spherical EM waves are transformed into plane waves as they pass through
PGMS-FL. A phase discontinuity ‘¢ (x, y)’ is introduced by each CSCRR UC, which
results in the phase compensation in the planar PGMS-FL array. Thus, planar EM waves
are emitted. Using Fermat’s principle, the phase discontinuity ‘¢ (X, y)’ can be calculated
from Eqn. 5.1 given below [77],

¢ (y) = —Z(JGZ+y) +f2—f) +2mn (5.1)
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where x and y are the UC coordinates on the planar array, and n = 0,1, 2 ... . Following
Eqn. 5.1, a planar array for 15 x 15 UCs is formed of size 5.21 Lo x 5.21 Ao, which acts as
PGMS-FL, as shown in Fig. 5.4. In Table 5.1, the transmission phase at 11 GHz
associated with the width ‘w’ of the proposed CSCRR UC is presented.
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(c)
Fig. 5.4: A 15 x 15 proposed CSCRR lens array (a) Phase distribution, (b) Transmission
phase distribution, (c) Top view of lens in the simulation setup.

The radial placement of CSCRR UCs produces a time delay (47) through phase
gradience for the incoming EM waves, as shown in Fig. 5.4. As the EM wave encounters
the proposed PGMS-FL, the EM wave is deflected by an angle ‘0’ forming a beam at the
desired direction; here, the desired direction is the broadside direction at the centre of the
lens. To ensure beamforming at the centre of the PGMS lens in the broadside direction, a
progressive increase in the time delay is required between two adjacent PGMS unit cells.
The PGMS unit cells are tuned to introduce phase delay. The PGMS unit cells at the centre
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Table 5.1: Transmission phase of the CSCRR UC at 11 GHz for different values of ‘w’.

Width ‘w’ (mm) | Unit Cell | Trans. Phase (deg)
0.3 ucCl -58.93
0.6 ucC2 23.55
0.8 ucs3 50.52
1.2 uc4 79.22
2 UCs 123.75

Table 5.2: Time delay generated by single CSCRR UC.

Phase difference Phase difference (A¢) | Time delay (AT)
between (deg) s)
CSCRR PGMS-UC g
UC2-UCl1 82.82 20.91
UC3 -ucC2 26.97 6.76
UC4-UC3 28.7 7.24
UC5-UC4 44.53 11.24
UCS5 - UCl1 182.68 46.13

of the lens experience a different phase delay than the unit cells at the edges. The
engineered abrupt phase discontinuities are responsible for the beamforming. The PGMS
unit cells with transmission phase far away from 0° are placed in the centre of the
proposed lens, while unit cells with transmission phase close to 0° are placed at the edge.
This arrangement closely resembles the convex lens, where the central part introduces a
delay compared to the edge as shown in Fig. 5.4 (a) and (b). By altering only one
dimension ‘w’ of the proposed CSCRR UC distinct phase shift from 0° to 182.68° is
obtained, which introduces time delay (47). Based on above theory, AT calculated
between two unit cells from Eqn. 5.2 and Eqn. 5.3 [237], [238],
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Sin(6) = ;T"pdqﬁ (5.2)

Sin(8) = =< Co (5.3)

where A is calculated at 11 GHz, A¢ is a phase difference, AS is the centre-to-centre
distance between two adjacent CSCRR UC. While Cy is the speed of light, AS is 10 mm
and is constant for the proposed PGMS-FL. The time delay produced between the two
consecutive UCs is given in Table 5.2.

5.2.2 Design of CP Antenna

A CP antenna is chosen as the source to feed the proposed CSCRR PGMS-FL to
verify the established hypothesis of source antenna compatibility. Similar to the source
antenna in Chapter 4, A PCA of size 50 x 47 mm? with a patch whose diagonal edges are
chamfered by 2.5 mm to produce RHCP waves is a source to the proposed PGMS-FL.
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Fig. 5.5: CP source antenna (a) Patch, (b) Microstrip line, (¢) Side view, (d) Si1 plot,
(e) Gain plot and AR plot, (f) (px = py = 8 mm and If = 25.5, all dimensions are in mm).

The PCA is designed on the substrate RT Rogers 5880 with two heights h1 = 1.55
mm and h2 = 0.79 mm as shown in Fig. 5.5 (a) to (c). Both heights have the same
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substrates with an identical dielectric constant to maintain high efficiency in the antenna
structure. The designed PCA has a resonance from 10.42 GHz to 12.92 GHz as shown in
Fig. 5.5 (d), covering MVDDS frequencies. The ARBW is 770 MHz, from 10.83 GHz to
11.60 GHz, and the gain of the CPA is between 6.09 dBi and 6.7 dBi, as shown in Fig.
5.5 (d). The radiation patterns in the XZ-plane and YZ-plane at 11 GHz are shown in Fig.
5.6 (a) and (b). The HPBW in the XZ-plane and YZ-plane are 105° and 114.8°,
respectively. This shows that the CPA has a wide HPBW in both planes. To generate
focused beams and directive patterns, the proposed PGMS-FL needs to be integrated with
the designed CPA.

(2) (b)

Fig. 5.6: (a) Normalised gain patterns in XZ-plane at 11 GHz, and (b) Normalised
radiation pattern in YZ-plane at 11 GHz.

5.3 Proposed PGMS-FL Antenna

The proposed PGMS-FL is integrated with the CP-PCAS for gain enhancement
and directive beams. The assembly of the proposed gain enhanced antenna is shown in
Fig. 5.7 (a). The FL array is placed at a height or focal distance ( /) of 30 mm from the
CP-PCA. This distance is equivalent to 0.124 Ao, and the arrangement results in the
/D as 0.2, making this design a compact antenna. The proposed PGMS-FL PCA resonates
from 10.42 GHz to 13.26 GHz as shown in Fig. 5.7 (b). The dimensions of the patch, px,
py and chamfered edges were optimised to 7.8 mm, 8§ mm, and 2.8 mm, respectively, to
achieve the desired resonance and ARBW. The reason for the optimisation was the
coupling between the PGMS lens and source CP-PCA [81].
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Fig. 5.7: Proposed gain enhanced PGMS-FL antenna (a) Assembly side view, (b) S11 plot,
(c) Gain plot, and (d) Total efficiency plot.

Since the PCA is the RHCP antenna, the E-field components in the x-direction
and y-direction may be equated from the Eqn. 5.4 and Eqn. 5.5 given below,

E (=% [ES+EP] (5.4)
E(0) =Eo[3+]jje™ "0 (5.5)
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Fig. 5.8: 2D radiation patterns at 11 GHz, 11.5 GHz, and 12 GHz in the xz-plane (a, b,

and c) and yz-plane (d, e, and f).

Assuming PGMS-FL with ‘N xN ’ array can add phase gradience to incoming RHCP
waves from the PCA to deflect waves by the angle ‘0’ for desired beamforming.

Therefore, from Eqn. 5.2, the Eqn. 5.5 may be rewritten as [239], [240],

. dP
E(t) =Egucp(D X N-pe™"Car =¥
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The gain of the CP-PCA is enhanced dramatically by utilising PGMS-FL, as
shown in Fig. 5.7 (c). For the operating frequencies 10.42 GHz to 13.26 GHz, the gain
has increased by almost 10 dB. The proposed PGMS-FL PCA has a maximum gain
attained is 17.7 dBi, from 6.09 dBi at 11.2 GHz. The enhanced gain resembles a flat gain
with a gain variation of only 2.07 dB; the enhanced gain varies between 15.63 dBi and
17.7 dBi. The simulated total efficiency is plotted in Fig. 5.7 (d), which depicts the
efficiency for the resonating frequencies that lie between 87% and 92%.
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Fig. 5.9: 3D Polar plots for the proposed PGMS-FL PCA at (a) 11.2 GHz and (b) 12 GHz.
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Fig. 5.10: Power flow in XY-plane displaying focused beams on the proposed PGMS-FL
at (a) 11 GHz, (b) 11.5 GHz and (c) 12 GHz.
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As mentioned earlier, the proposed CSCRR UC would be beneficial for the CP
waves. The Fig. 5.7 (c¢) shows the substantial gain enhancement. The radiation patterns at
11 GHz, 11.5 GHz and 12 GHz in xz-plane and yz-plane are shown in Fig. 5.8 (a) to (¢)
and (d) to (f), respectively. These figures show that narrow and directive beams are
obtained when PGMS-FL is utilised. The HPBW at 11 GHz, 11.5 GHz and 12 GHz are
16.5° and 15.7°, in the XZ-plane and YZ-plane, respectively compared to The HPBW at
11 GHz in the XZ-plane and YZ-plane are 105° and 114.8°, respectively. The 3D polar
plots at 11.2 GHz and 12 GHz are presented in Fig. 5.9, which shows directive beams and
low side lobes levels due to the small size of the PGMS UC. Fig. 5.10 (a) to (c) have
power flow plots in the xy-plane, which demonstrate that focused and narrow beams are
attained at the centre of the PGMS-FL at 11 GHz, 11.5 GHz and 12 GHz. It is empirical
from Fig. 5.7 to Fig. 5.10 that the proposed PGMS-FL is indeed a focusing lens generating
directive beams.

The AR plot of the proposed PGMS-FL CPA is shown in Fig. 5.11 (a). A wide
ARBW of 1.19 GHz is obtained from 10.51 GHz to 11.7 GHz. The ARBW is increased
from 770 MHz to 1.19 GHz, CSCRR PGMS UCs have improved the ARBW. This also
proves the importance of the symmetrical designs for CP waves, and it is insensitive to
the polarisation. The 3 dB axial beamwidth is shown in Fig. 5.11 (b) at 11 GHz between
+13.7°, which is almost equal to the HPBWs (16.5° and 13.2°) at 11 GHz. This is crucial
for the CP antenna with directive beams to have matching axial beamwidth and HPBW,
which reduces the polarisation mismatch losses at 50% of power. Ideally, CP has electric
field vector components Eg and E,, of equal magnitude and phase difference between
them is 90° as shown in Eqn. 5.7. To solidify the proposed PGMS-FL CPA CP results, as
per Eqn. 5.7, the magnitude (|Eg||E,|) and phase difference (AEQ — LE(p) for the
obtained ARBW is approximately 1 and + 90°, respectively as shown in Fig. 5.11 (c). The
positive phase difference of (+ 90°) means that the proposed PCA is an RHCP antenna.

|Eg| = |E,| and 2Eg — LE, = % 90° (5.7)

To analyse the performance of PGMS-FL side lobes suppression for the proposed
gain enhanced antenna, the effective angular range (EAR) is studied [235]. The proposed
antenna assembly in the xz-plane is shown in Fig. 5.7. The effective EAR for the proposed
PGMS-FL [ 6] is calculated using Eqn. 5.8, where 0 is the angle between the normal and
the emitted ray from the focal point of the source antenna to the edge of the PGMS-FL
and =30 mm and D = 150 mm.

0 = arctan (D/2f) (5.8)

The EAR for the proposed FL is found to be + 68.2°; when the emitted rays from
the source antenna placed at the focal point exceed + 68.2°, the emitted rays shall not pass
through the PGMS-FL, as shown in Fig. 5.12. This effectively suppresses the magnitudes
of side lobes; the side lobes levels are ~ -15 dB in the xz and yz planes, as shown in
Fig. 5.8.
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Fig. 5.12: The effective angular range (EAR) for the proposed PGMS-FL PCA.

5.4 Measured Results for PGMS-FL PCA

1 = =Meas.
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Fig. 5.13: (a) Fabricated prototype assembly, (b) Si1 measurement set-up, (c) Pattern
measurement set-up, (d) Comparison of simulated and measured Si1.
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A prototype was fabricated of the simulated proposed PGMS-FL PCA using RT
Rogers 5880 substrate with the mentioned heights and dimensions in Section 5.2. To
maintain the height between the source PCA and PGMS-FL, two Rohacell foam spacers
are used. Similarly, to maintain a 2 mm air gap between PGMS-FL, Rohacell foam was
used, as shown in Fig.5.13 (a). The aperture of PGMS-FL is 150 x 150 mm?, and the
thickness of the lens is 3.58 mm. The prototype is measured on the VNA and anechoic
chamber as shown in Fig. 5.13 (b) and (c), respectively. The Si1 plot in Fig. 5.13 (d)
depicts resonance from 10.24 GHz to 13.27 GHz, and it almost matches with the
simulated Si; from 10.42 GHz to 13.26 GHz. This also shows that the prototype is
fabricated and well assembled.
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Fig. 5.14: Measured radiation patterns of the proposed antenna at 11 GHz, 11.5 GHz, and
12 GHz in the XZ-plane and YZ-plane.
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Fig. 5.15: Measured vs. Simulated (a) Gain plot and (b) AR plot.

Table 5.3: Comparison of the proposed PGMS-FL PCA with the reported PGMS antenna.

AR
Freq. . f Gain | ARBW Ant.
Ref. Ant. Size (M%) yd ) Freq.
H B H
(GHz) (20) (dBi) | (GHz) (GHz) type
9.9- 343 x3.43 x Single
[227] 102 114 099029 | 1.67 No No patch
9.4- 4.07 x 4.07 x Dual
22 1. 2 1
Y 1.38 0610261 19 1 No | No | o
R
[229] | 5-6.3 - - - 13.4 | 0.789 5' 6 patch
' array
4.95-
5.06, | 4.52%x4.52x% 10.68- | Single
[230] 10.68- L61 14 | 03 17.9 0.62 113 | patch
11.3
14.09-
142491 7.51 x 7.51 % 12.01 Dual
[231] 2997 )04 1.87 | 2.5 14.7 No No la}t/elr1
23.11 pate
9.31- | 4.03 x4.03 x Single
232 . 2 1
23211 10,16 1.1 09510231 19 1 No | No | ich
This | 10.42- | 5.21 x 5.21 x 10.51 | Single
1.04 | 0.2 | 17.7 1.19
work | 13.26 | 1.12 -11.7 | patch
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The radiation patterns are measured in the xz plane and yz plane at 11 GHz, 11.5
GHz and 12 GHz as shown in Fig. 5.14. It depicts that the measured and simulated
normalised radiation patterns are almost identical. However, some mismatches in the
results are due to the misalignment of the focal point between FL and PCA. It also proves
the established theory about polarisation-insensitivity for the proposed lens; otherwise,
gain enhancement would not have been achieved. The measured and simulated gain and
AR are plotted in Fig. 5.15 (a) and (b), respectively. The simulated gain is found between
15.63 dBi and 17.6 dBi, and the measured gain varies between 14.58 dBi and 16.6 dBi,
as shown in Fig. 5.15 (a). The measured 3dB AR is from 10.58 GHz to 11.66 GHz, which
1s also almost identical to the simulated ARBW from 10.51 GHz to 11.7 GHz, as shown
in Fig. 5.15 (b). The mismatch in the measured gain and ARBW are due to the fabrication
tolerance and alignment error while carrying out the measurements.

Table 5.3 presents a comparative study between the proposed gain enhanced
antenna with PGMS-FL and the reported PGMS-FL antenna. The table compares resonant
frequencies, antenna profile, maximum gain, 3 dB ARBW and the type of source used as
a feed. Table 5.3 distinguishes proposed antenna is better performing with low profile,
high gain, wide ARBW than the reported antennas embedded with PGMS-FL.
Furthermore, the proposed antenna provides a high gain, which appears almost flat. These
aspects make the proposed CP PGMS-FL PCA suitable for 12 GHz 5G terrestrial
communication.

5.5 Summary

In this chapter, an antenna is developed for the terrestrial 5G communication at 12
GHz since it has long distance propagation, and 700 MHz BW from 12.2 GHz to 12.7
GHz is sufficient for 5G communication compared to its counterparts, Sub-6 GHz
frequencies. A high gain enhancement is achieved through a polarisation insensitive
PGMS-FL with a planar array size of 5.21% % 5.21A0. The antenna demonstrates around
10 dBi gain enhancement across frequencies 10.42GHz to 13.26 GHz, maintaining a
nearly flat response with gain values between 15.63 and 17.7 dBi. Radiation patterns
remain consistent, with beamwidths in the xz-plane of 16.5°, 15.7°, and 13.2° and in the
yz-plane of 15.7°, 16.4°, and 13.5° at 11, 11.5, and 12 GHz, respectively. Due to CSCRR
PGMS UC symmetric structure, the design was polarisation insensitive, supporting multi-
polarisation. A CP is achieved with a 3 dB ARBW from 10.51 GHz to 11.7 GHz. The
PGMS-FL have + 68.2° EAR and side-lobe levels are suppressed by approximately 15
dB. The antenna maintains a low-profile configuration with an /D ratio of 0.2 and overall
dimensions of 5.21h0 % 5.21%0 x 1.12.

96



Chapter 6

Gain Enhanced UWB and Wideband mm-Waves
Antennas for 5G Communication

6.1 Introduction

In the previous chapters, 5G communication relied on the lower frequencies, such
as the Sub-6 GHz, 10 GHz and 12 GHz bands. In this chapter, the requirements of mm-
Wave antennas with unique antennas and MMT/ MS geometry are discussed thoroughly.
Although lower frequencies (Sub-6 GHz and 12 GHz bands) offer long distance
propagation and stability in the signal, when it is reflected off the surfaces but mm-Waves
offer high spectral efficiencies through its large BW. Large BW means high data rates
[241]. As per Chu’s, the electrical size of the antenna is defined through a limit, where an
imaginary sphere of radius ‘a’ encompasses the complete antenna structure. If ka < 1,
then antenna has electrically small size, where, & is a wavenumber (2zA). A Quality factor
(Q) and BW can be calculated as per Chu’s limit, if value of ‘ka’ sufficiently large than
QO is small which results in the wideband or UWB [15]. The mm-Wave frequency bands
at 28 GHz and 38 GHz have high potential for 5G cellular systems, because they have
negligible atmospheric attenuation, i.e., 0.06 dB/km and 0.08 dB/km, respectively [242].
However, mm-Wave suffers from the path loss, human blockage loss, material
penetration loss, etc.

P
C :BZO’gz(].-i‘m) (61)

The above mentioned losses can be compensated by beamforming. Thus, multiple
antennas are key for mm-Wave communication. Since link capacity increases with
directional high gain antennas. To attain multiplexing gain, multiple antennas are
employed at the transmitter and receiver for parallel data stream transmission and
reception, where these streams are independent. This reduces bit error rate, SNR, and Co-
channel interference. As per Eqn. 6.1, the channel capacity (C) is calculated, where P is
the signal power, which is in real-time limited by regulation, and Ny is the noise spectral
density. If powers are regulated, then as per Friis transmission equation in Eqn. 6.2, where
P: is the received power, Pt is the transmit power, Gt is the transmitting antenna gain, Gr
is the receiving antenna gain, and d is the distance between the two antennas; increasing
the gain of the antennas is suitable for mm-Wave wireless communication. To maintain a
high SNR, the transmit power needs to be increased. However, transmit power cannot
exceed the set limit. Therefore, a multi-antenna arrangement system in the form of
directive antennas or MIMO antennas is required [243]. The MIMO/ beamforming is
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crucial for the mm-Wave communication. Due to the short wavelengths at mm-Waves,
multiple antennas can be fit into a compact communication device.

2
P = P.GGy () (6.2)

Thus, high gain MMT/MS mm-Wave antennas with MIMO configurations are
being researched. To enhance the gain of the antenna, a High Refractive Index (HRI)
MMT UC are employed, and a PGMS lens to deflect EM radiation. Although high gain
and beam deflection are achieved, the MIMO configuration is not reported, and three
layers of the PGMS lens increase the antenna profile [237]. An FSS array of size 3 x 5 is
used as a reflector to deflect the beam to +23° and if FSS is rotated by 90° then beam is
deflected to —29°. The gain is enhanced by a small fraction, from 10 dBi to 11 dBi [244].
Five slabs of 1 x 4 HRI MMT structures are used to tilt the radiation to 35° from end-fire
direction, and the gain is enhanced by 5 dBi [245]. Similarly, 4 slabs of 1 x 3 of HRI
materials were utilised for beam deflection and gain enhancement [246]. The HRI
material behaves as a metalens, which effectively increases the aperture size, resulting in
gain enhancement. [247]. An ENG ‘H’ shaped MS are incorporated in the Vivaldi antenna
aperture for the gain enhancement. With the large MS B, gain enhancement with less gain
variation is observed for the impedance BW of 16 GHz [248]. Yet these antenna structures
are deprived of the MIMO configuration. The PGMS-FL lenses are employed to enhance
the gain of the three-port MIMO antennas [77], [249]. The offset ports from the centre
encounter phase variation, which leads to beam tilts. To achieve beam tilts in the EM
radiation, MMTs are usually modified. The purpose of the beam tilt is to maintain the link
in the non-line-of-sight (NLOS) regions as well [250]. The ZIM is loaded onto the 2-port
end-fire dipole MIMO antenna. The gain is enhanced by 2 dBi to 2.5 dBi for the operating
BW of 3 GHz [76]. An anisotropic MS are utilised for phase correction and gain
enhancement of the Vivaldi antenna; a high gain with low variation is attained, but to
maintain high isolation, the ground planes are kept disconnected [251].

For the broadside radiation for the mm-Wave antennas, an FSS reflector is used
for the gain enhancement of the single mm-wave antenna with a BW of 4 GHz. The FSS
UC have -6 dB BW, replicating the impedance BW of the antenna. At 28 GHz gain is
enhanced from 5 dBi to 10.3 dBi [252]. The AMC reflector has a wide phase BW of
approximately 2 GHz, measured at £90°. The mm-Wave antenna has an impedance BW
from 25.9 GHz to 35.5 GHz and enhanced gain varies between 5 dBi and 9 dBi. Also, a
single antenna configuration is reported in [253]. A narrow band EBG reflector is
integrated with a MIMO antenna; however, due to the narrow EBG BW, a high gain
variation is observed across the operating BW and port isolation is maintained at 20 dB
[134]. A5 x 5 array of EBG structure is used as a reflector for a wearable application to
reduce back radiation [254]. An AMC reflector for the gain enhancement of the MIMO
antenna with a BW of 6 GHz. In this antenna, also, the grounds of all four ports are not
connected [255]. A similar case of disconnected grounds, in a four port gain enhanced
MIMO antenna [256]. Although gain enhancement and high isolation are achieved but
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disconnected grounds have reduced coupling between ports. A narrow BW MS is
employed as a superstrate for the MIMO antenna, and a high gain is achieved in [31].

Achieving wide or UWB for MS is challenging, especially for the AIS [157].
However, an attempt is made to achieve a wide BW for AIS or AMC in [157], [257],
[258], but a wide phase BW for AMC is achieved by maintaining an air gap between the
patch on the substrate and its ground in the UC [138]. It is observed that the MMT/MS
structures mentioned above are confined to MMT/ MS BW < 8 GHz. The wideband /
UWRB response of the MMT/ MS needs to be explored. Also, the MIMO antennas with a
common ground are equally crucial for the communication system, with a common
voltage reference for all the antenna elements that need to be studied. In this chapter,
different types of MMT/MS are studied for different antenna structures to enhance the
gain of the mm-Wave antennas. Therefore, 4 distinct antenna structures, of which two are
MIMO antennas and two are single antennas, are studied in the upcoming sections.

6.2 UWB mm-Wave MIMO Antenna

In this section, a UWB AMC is designed and analysed to enhance the gain of the
UWB mm-Wave MIMO antenna with its findings and results.

6.2.1 Design of UWB MIMO Antenna

At first, a single UWB antenna is designed with a size of 15 x 13 mm? on a
substrate with a dielectric constant of 2.2. The geometry of the single patch antenna is
shown in Fig. 6.1 (a) and (b), respectively. The patch has a middle arm and two side arms.
These have the width (#2), which is responsible for enhancing or widening the impedance
BW with a partial ground plane. The parametric analysis of width W2 is illustrated in Fig.
6.1 (c). To attain UWB impedance matching at —10 dB partial ground plane length (GpL)
is chosen to be 9.65 mm. The designed single mm-Wave antenna resonated from 22.30
GHz to 38.90 GHz at W2 = 1.7 mm, as shown in Fig. 6.1 (c). The design dimensions are
given below, Fig. 6.1.

With the satisfactory impedance BW of the single antenna shown in Fig. 6.1, the
single antenna is transfigured into a 4 x 4 MIMO antenna, as shown in Fig. 6.2 (a) and
(b). The four antennas are placed orthogonally with a space of 4.5 mm between these
antenna elements (Al, A2, A3 and A4). This configuration of the MIMO is chosen to
achieve port isolation of 20 dB, as the electric fields are orthogonal to each other. This
makes the size of the MIMO antenna measuring 31.5x31.5 mm?. Initially, the ground
planes of all four antenna elements are disconnected to avoid direct ground current, thus
improving ports isolation as suggested in [251]. For the MIMO configuration, antenna A1l
has resonance from 21.78 GHz to 37.89 GHz, and antennas A1, A2 and A3 have isolation
more than 20 dB, as shown in Fig. 6.2 (c¢). As the ground planes of the MIMO elements
are disconnected, high port isolation is attained, but to maintain the same reference
potential between the four ground planes, a neutralising line (NL) of width 0.2 mm is
incorporated in the MIMO design. The NL runs across the perimeter of the substrate of
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size 31.5 x 31.5 mm?. The common ground plane MIMO antenna has -10 dB impedance
matching from 22.59 GHz to 38.31 GHz and high isolation of more than 20 dB, as shown
in Fig. 6.2 (c).

Ll

_30_ B W2=0.5mW2=0.78 W2=0.9 _
= W2=1.1= W2=1.3' W2=1.5

m W2=1.7 m W2=1.9 = W2=2

“405—>5 30 35 40
Frequency (GHz)

(©)

Fig. 6.1: Design of single Antenna (a) Front view, (b) Back view, (c¢) Parametric analysis
for W2 (Lf=8.99,L1=51L2=2, WI=1.7, W2=1.7, GpL =9.65, hl =0.254, ¢,=2.2
all dimensions are in mm.).

As the partial ground plane is utilised to achieve the UWB impedance BW, at the
expense of back radiation with back lobes. The radiation patterns in the XZ-plane are
shown in Fig. 6.3 (a). The Fig. 6.3 (a) depicts that, at 24 GHz, 28 GHz, 34 GHz, and 38
GHz, back lobes are present. The Gain and Efficiency of the single antenna and the design
MIMO antenna with NL are plotted in Fig. 6.3 (b). It is observed that a single antenna has
a gain between 3.8 dBi and 6.6 dBi, and the efficiency lies between 77 % and 91 %.
However, the MIMO antenna with NL has a gain between 5.08 dBi and 7.14 dBi, and
efficiency lies between 86.77 % and 97.92 %.
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Fig. 6.2: MIMO Antenna design with NL (a) Top view, (b) Bottom view, Simulated
S-Parameters without and with NL. (All dimensions of the MIMO antenna are the same
as those of the single antenna.)
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Fig. 6.3: Simulated results for MIMO antenna with NL (a) Radiation patterns at 24 GHz,
28 GHz, 34 GHz, and 38 GHz, (b) Gain and Efficiency plot.
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6.2.2 Design of UWB AMC UC

The in-phase reflection property at + 90° of the AMC and reflection magnitude
close to 1 or 0 dB, which reduces the space between the antenna and the AMC reflector
to Ao/4, resulting in a reduction of antenna profile or volume. The proposed UWB AMC
UC with its design dimensions is shown in Fig. 6.4 (a). In Fig. 6.4 (b), the simulation
setup for the proposed AMC is shown. The AMC UC is excited in the +Z-direction,
replicating back radiation from the MIMO antenna due to the partial ground plane. The
boundary conditions are applied in the X-direction and Y-direction as PEC and PMC,

respectively.
i i‘

14 s

(a)
. Waveport

pect PMClppe

PMC
b,

X

(b)

Fig. 6.4: Proposed UWB AMC UC (a) top view, (b) Simulation setup. (p = 4, s = 3.7,
w=0.35,h2=0.79, &= 2.2, all dimensions are in mm.)

The proposed UWB AMC UC is embedded with a ‘+’ shaped slot in a square
patch, maintaining symmetry in the x-direction and y-direction. This exclusively excites
the TM20 mode and enables the UWB phase BW for the proposed AMC. The proposed
AMC has a phase BW of 14.08 GHz measured at + 90° from 23.49 GHz to 37.57 GHz.
The proposed AMC is designed in three steps, as shown in Fig. 6.5 (a) to (c). The resonant
frequency (fo) of the is calculated from Eqn. 6.3 [259],

1

f 0~ o m (6~3)
where Crand Lr are the total capacitance and inductance of the metallic patches and
substrate of the unit cell, respectively.

At the first step, AMC-I, the assembly of the AMC UC is simple; the RT Rogers
5880 substrate with a dielectric constant of 2.2 1s sandwiched between a square patch and
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Fig. 6.5: E-fields at 30 GHz and ECM for respective AMC (a) AMC-I, (b) AMC-II,
(c) AMC-III, (d) Simulated Phase and Magnitude response for AMC-I, AMC-II, and
AMCHIII, and (e) Analysis of Aol for proposed AMC-III.

ground. When AMC-1 is excited, the E-fields vary in the x-direction, resembling two half-
wavelengths, but the fields are evenly distributed along the y-direction, implying TM10
mode is excited in the AMC-I, as shown in Fig. 6.5 (a). The E-fields are tightly coupled,
which oscillates between adjacent AMC UC and resemble a capacitor (Ca) between two
UC. The patch behaves as an inductor (L1), and the dielectric behaves as an inductor (Lq)
in the Equivalent Circuit Model (ECM) [133]. The resultant phase BW +90° to -90° for
the AMC-I is undesired for the frequencies from 22 GHz to 38 GHz. The Fig. 6.5 (d)
shows the phase BW for the AMC-1. The TM10 mode is responsible for the narrow phase
BW. To UWB phase, BW higher mode needs to be excited, such as the TM20 mode.

For the second step, AMC-II, symmetrical slots have been made in the AMC-I
patch. The size of these slots is 1.2x0.35 mm?. To analyse AMC-II, two iterations have
been done AMC-II’ and AMC-II’’. In the first iteration of AMC-1I, i.e., AMC-II’s owning
slot size 1.2 x 0.35 mm? generates capacitance (C1) in the ECM as shown in Fig. 6.5 (b).
The capacitor (C1) is connected in series with L, and both of these are connected in
parallel with C,; as the inherent fringing capacitance produced by the patch is connected
in parallel [259]. For the AMC-II’, the E-fields can be seen between the newly added
slots, as shown in Fig. 6.5 (b). As a result, the phase BW response is shifted between
+180° and the magnitude is maintained close to +1, as shown in Fig. 6.5 (d). However,
AMC-IT” also does not have the desired phase BW. Therefore, the length of the added slot
is increased by 1.5 mm from 1.2 mm; this iteration of AMC-II is referred to as AMC-II"".
Post slot optimisation, the E-fields observed between the slots have a higher magnitude,
resulting in C1 >> Ca, and the phase response is shifted in the lower spectrum as shown
in Fig. 6.5 (d). However, spurious modes are obtained for both iterations of the AMC-II,
and the transition between mode TM10 and TM20 is observed in Fig. 6.5 (b).

In the third step, AMC-III, to achieve the UWB phase BW response and to excite
the TM20 mode, the slot length is increased to 18.5 mm from 1.5 mm (AMC-II""). Doing
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so, the AMC patch is divided into four adjacent patches in the AMC UC, as shown in Fig.
6.5 (¢). The E-fields are shown in Fig. 6.5 (c), which depicts a large and equal magnitude
of the E-fields across adjacent patches of the AMC UC and adjacent AMC UC, resulting
in mode TM20. A clear transition of modes from TM10 to TM20 can be observed in
Fig. 6.5 (a) to (c). In the ECM of the AMC-III, inductance (L2) and capacitance (C») are
introduced, which are formed by the four adjacent square patches in the AMC UC [157].

The AMC-III and its ECM resulted UWB phase response measured at +90°.
Finally, AMC-III dimensions s and w were optimised to 3.65 mm and 0.4 mm,
respectively, to match the impedance BW from 22.59 GHz to 38.31 GHz of the designed
mm-Wave MIMO antenna. The proposed AMC-III phase BW is obtained from 23.49
GHz to 37.57 GHz at + 90° and -90°, respectively, as shown in Fig. 6.5 (d).

CT = C1+ C2 + Ca (6.4)
LP = L1]||L2 (6.5)
LT = LP||Ld (6.6)

For the ECM of the proposed AMC-III, since the E-field magnitude is equal for
adjacent patches and adjacent UCs. The capacitors Ci, C2 and C. will have almost
identical values. The EMC values for L4, L;, L2, C;, C> and C, are 0.536 nH, 0.477 nH,
0.07 nH, 0.151 pF, 0.149 pF, and 0.152 pF, respectively. To study the incidence stability
of the proposed AMC-III, the angle of incidence (Aol), i.e. 0, is varied from 0° to 45°, and
the phase response is plotted in Fig. 6.5. (e). It shows that the AMC-III phase is affected
as the incidence angle is increased to 45°. This shows the proposed AMC-III is stable for
higher angles of incidence. The polarisation insensitivity of the AMC-III is verified
through TE-polarised and TM-polarised waves will have identical responses as shown in
Fig. 6.5 (e).

6.2.3 AMC Array and MIMO Antenna Integration for Gain Enhancement

As the designed MIMO antenna exhibits low gain, which is seen in Fig. 6.4, a
10 x 10 array of proposed AMC UC is designed, which measures 50 x 50 mm? and is
placed at a height ‘ht’ beneath the MIMO antenna for the gain enhancement. The
geometry of the proposed gain enhanced MIMO antenna is shown in Fig. 6.6. In the AMC
array, AMC UCs are 1.2 mm apart from adjacent UCs. This is done to maintain the desired
impedance BW of the MIMO antenna, without changing its dimensions. The height ‘ht’
is chosen to be 5 mm, which is equivalent to 0.38 4o (40 at 23.27 GHz). The height ‘ht’ of
5 mm is chosen considering the design and dimensions of the connector to feed the MIMO
antenna [260]. The simulated S-parameters for the proposed gain enhanced antenna are
plotted in Fig. 6.7 (a). The proposed antenna resonates from 23.27 GHz to 39.3 GHz, and
the ports isolation is more than 19.84 dB.
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A significant gain enhancement is found for the proposed antenna; the enhanced
gain is between 8.7 dBi and 12.21 dBi for the impedance BW 16.03 GHz from 23.27 GHz
to 39.3 GHz. The gain is enhanced from 6.02 dBi to 8.7 dBi at 24 GHz, 6.74 dBi to 10
dBi at 28 GHz, and 6.96 dBi to 11.2 dBi at 38 GHz. Different sizes of AMC arrays are
also used as a reflector for the gain enhancement, including a PEC reflector. Different
sizes, such as 6 x 6, 8 x 8, 10 x 10 (prop.) and PEC reflector placed are at a height of 0.38
Ao from the MIMO antenna. It was found that the proposed AMC array size of 10 x 10
UCs results in better gain, maintaining a compact size of 50 x 50 mm?, as shown in
Fig. 6.7 (b).
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Fig. 6.6: Assembly of the proposed antenna (a) Top view, (b) Side view.
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Fig. 6.7: Proposed Antenna responses (a) Simulated S-parameters (b) Simulated Gain and
Efficiency.

6.2.4 Measured Results of the UWB mm-Wave MIMO Antenna
The proposed mm-Wave MIMO prototype is fabricated, and S-parameter measurements

were carried out on the VNA as shown in Fig. 6.8 (a) and (b). A Rohacell foam spacer is
used to maintain the established height of 5 mm. The measured S-parameters are

106



compared with simulated S-parameters in Fig. 6.8 (c). It shows a fabricated antenna
resonates from 22.56 GHz to 39.14 GHz with a BW of 16.58 GHz, and the achieved
isolation is more than 20.1 dB. The measured and simulated almost match each other. The
measured gain is plotted with the simulated total efficiency in Fig. 6.8 (d). The maximum
gain has enhanced from 5.66 dBi to 12.21 dBi at 31.5 GHz, and total efficiency is found
between 89.14% and 96.13 %.
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Fig. 6.8: Proposed gain enhanced MIMO antenna (a) Fabricated prototype, (b) VNA
measurements, (¢) S-Parameters, (d) Gain and Efficiency plot.

Fig. 6.9 shows the radiation patterns measured in the XZ-plane and YZ-plane at 24 GHz,
28 GHz, and 38 GHz. In Table 6.1, the proposed antenna is compared with the reported
antenna in the literature. It shows the proposed antenna has UWB impedance, BW and
UWB phase BW for the proposed AMC, which is an MS. The proposed antenna measures
3.8 ho X 3.8 Ao, which is the length x width of the proposed AMC array, and the side
profile stands at 0.38 Ao. The fractional impedance BW is 49.52 % (16.03 GHz), and the
AMC UC phase BW is 46.11 % (14.08 GHz).
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Fig. 6.9: Comparison of measured and simulated radiation patterns.

Table 6.1: Comparison of the proposed UWB mm-Wave antenna with the antennas in the

literature.
UC- Ant. | Ant.
Freq % BW Isolat. | Peak Gain
Ref. BW ht. Size
(GHz) Ant. (dB) (dBi)

(GHz) | (W) (M?)

[252] | 25.5-30.8 18.82 NA 11 5 0.42 4.45
[261] 24-28 15.38 NA 9.8 10 0.06 2.43

[251] 24-32 28.57 >15 10.2 8 0.04 8.3
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[76] 27-30 10.52 >22.25 9.6 6 0.04 7.78

[255] 26-31.5 19.13 >21 10.1 <0.5 042 | 16.56
23.41-

[256] 21.02 >22.25 10.42 9.5 0.33 2.92
2891

[31] | 24.55-26.5 7.63 >30 10.27 <0.8 048 8.57
24-26, 8, >28, 9.2, 12.5,

[262] 1.04 3.53
37-39 5.26 >20 11.5 5
27.34-

[263] 4.71 >25 8.35 NA 1.35 7.84
28.66

Pro.
23.27-39.3 49.52 >19.84 12.21 14.08 0.38 | 14.44

ant.

The diversity performance analysis of the proposed MIMO antenna is conducted
by referring [151], [264]. The Envelope Correlation Coefficient (ECC) and Diversity gain
(DG) are plotted in Fig. 6.10 (a). It is found that ECC < 0.005 and DG > 9.9 dB.
The Channel Capacity Loss (CCL) and Total active reflection coefficient (TARC) are
plotted in Fig. 6.10 (b). The CCL < 0.26 bits/sec/Hz and TARC < -10 dB. These
parameters ensure that the proposed antenna can work efficiently as a 5G mm-Wave
MIMO antenna.
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Fig. 6.10: MIMO Diversity Parameters (a) ECC and DG, (b) CCL and TARC.
Cases are (Case 1: 8p5=0°, 6;=30°, 8,=60°, 85=90°, Case 2: 0y=0°, 6;=30°, 6,=60°, 65=180°,
Case 3: 6p=0°, 6,=30°, 6:=60°, :=270°, Case 4: 6,~0°, 0,=60°, 0:=120°, 5=180°, where
0; is the phase of the incoming signal at (i+1) th antenna).
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6.3 Beam tilting MIMO Antenna using PGMS lens

A mm-Wave MIMO antenna is designed to resonate at 28 GHz, and a PGMS lens
is utilised to deflect the radiation of the antenna elements and to enhance its gain [265].

6.3.1 Design of MIMO Antenna

Fig. 6.11: Design of QWT MIMO Antenna.

A Quarter Wave Transformer (QWT) Antenna is designed to resonate at 28 GHz.
The feed is matched to 50 ohms, and substrate RT Rogers duroid 5880, which has a
dielectric constant of 2.2 and a thickness of 0.254 mm, is used. The design of the MIMO
antenna is shown in Fig. 6.11. The design dimensions are as follows: Ls = 15.5 mm,
|[Ws =21.25 mm, Lp = 3.25 mm, Wp = 5.5 mm, Lqwt = 2mm, FI = 6 mm.

6.3.2 Design of Beam Tilting PGMS Lens

The Beam Tilting PGMS UC comprises three layers of identical design etched on
the top of the substrates. The design has ‘T’ shaped arms whose length is responsible for
the phase variation. The PGMS UC is designed on the RT Rogers 5880 with a thickness
of 0.254 mm, as shown in Fig. 6.12. Three layers of substrate were chosen to maintain
high transmission magnitude (> 0.5), as shown in Fig. 6.13. The wide transmission BW
is obtained because of the air gap of 0.8 mm between the substrate layer [77]. The
dimensions of the PGMS UC are L=1mm, L; = 1.7 mm, t; = 0.1 mm, t; = 0.15 mm,
d =4 mm. The total UC profile is the tri-layered lens profile, which is 0.29 Ao (Ao at 28
GHz).
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(a) (b)
Fig. 6.12: Tri-layer PGMS UC, (a) Isometric for simulation view, (b) Top view.
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Fig. 6.13: Simulated Transmission magnitude for the designed PGMS UC at different
values of ‘S1°.
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Fig. 6.14: Simulated Transmission phase for the designed PGMS UC at different values
of ‘S1°.
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The magnitude and phase of the designed PGMS UC vary with the change in the
Space S1 between the ‘T’ shaped arms, as shown in Fig. 6.13 and Fig. 6.14. Post analysis
of the designed PGMS UC, six UC were chosen with transmission magnitude > 0.7 to
cover the phase from 0° to 226.25°. High transmission will result in better radiation
characteristics.

The phase difference (Ag) of 45° is kept between these six PGMS UC. Each of
these UC introduces a controlled phase delay, and the antenna beam is deflected to an
angle ‘0s’ with respect to broadside radiation, which is calculated from Eqn. 6.7 [250],

Sin(0s) = % Ag (6.7)

6.3.3 Results of the Proposed Beam Tilting MIMO Antenna

Number of Unit cells
w [\%]

o~

6 -5 -4 -3 2 1 1 2 3 4 5 6
Phase Distribution of MS lens

Fig. 6.15: Phase distribution on the 5 x 12 array.

Fig. 6.16: Schematic of the proposed beam tilting MIMO antenna.
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The angle at which the beam tilt will be observed is 20° for the phase difference
(A@) of 45° between two successive PGMS UC. This means the broadside radiation of
the MIMO antenna can be deflected to 20°, if PGMS UCs are placed in phase progression
on the array. Therefore, an array of size 5 x 12 PGMS UC is built, in which UCs are
placed in the progressive phase from the centre to both edges of the array, as shown in
Fig. 6.15. The designed tri-layered PGMS array is placed on the designed QWT MIMO
antenna as a lens to deflect the radiation and tilt the beams. The Separation between the
Beam tilting lens and the MIMO antenna is 5 mm (0.45X0 at 27.4 GHz), and the schematic
of the proposed beam tilting antenna is depicted in Fig. 6.16.
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Fig. 6.17: Beam tilting PGMS UC distribution on 5 x 12 array.
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Fig. 6.18: Simulated S-parameters of the proposed MIMO Antenna.

The S-parameters of the proposed MIMO antenna with and without the beam
tilting PGMS lens are shown in Fig. 6.18. A slight shift in the resonance and a reduction
in isolation are caused by the coupling between the antenna and the lens. The proposed
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antenna resonates from 27.4 GHz to 28.26 GHz, and the minimum isolation stands at
15.71 dB. With the introduction of the PGMS lens to the antenna, a controlled time delay
or phase has pointed the beam radiation in the xz-plane to —24° and +24° for antenna 1
and antenna 2, respectively.

= ¢ =0 with PGMS lens
= §=0 w/o PGMS lens

(a) (b)
Fig. 6.19: Radiation patterns in xz-plane at 28 GHz (a) Antenna 1 and (b) Antenna 2.
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Fig. 6.20: Comparison of the beam tilts for Antenna 1 and Antenna 2.

To avoid rigorous EM-simulations, the values for the ‘S1° were chosen to result
in the phase difference (Ag) between two successive unit cells is close to 45°. Therefore,
a difference of 4° is obtained between the calculated and simulated beam tilt. The beam
tilts are shown in Fig. 6.19 for antenna 1 and antenna 2 in the XZ-plane. In Fig. 6.20, the
beam tilts of both antennas are compared, showing the directive patterns at +24°. Since
the QWT antennas are identical and the phase distribution on the lens is symmetric,
identical radiation patterns are attained in the opposite direction. In Fig. 6.21 (a), a small
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gain enhancement is observed around 28 GHz, and the simulated efficiency is more than
75%, as shown in Fig. 6.21 (b).
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Fig. 6.21: Proposed Antenna Response (a) Gain and (b) Total Efficiency.

6.4 DNG loaded mm-Wave Antenna

A DNG MS is designed to enhance the gain of the mm-Wave Dipole Antenna and
to attain high FTBR. In the following subsections, the design of DNG MS and the dipole
antenna are presented with results.

6.4.1 Design of DNG MS

A square SRR UC is designed with offset splits on each arm resonating at 26 GHz,
as shown in Fig. 6.22. To achieve the desired DNG properties, i.e. offset splits are
modified to maintain negative permittivity and negative permeability. The width of the
offset split is 0.2 mm, and Rogers RT duroid 5880, which has a dielectric constant of 2.2,
is used as a substrate. The thickness of the substrate is chosen to be 0.79 mm to avoid the
fragility of the antenna. The size of the UC is 4 x 4 and Ux = Uy = 3 mm. The PEC and
PMC are the boundary conditions applied in the x-direction and z-direction, respectively,
and UC is excited in the y-direction, replicating EM incidence from the dipole antenna
whose E-fields are in the x-direction. The reflection and transmission coefficient of the
DNG UC are shown in Fig. 6.23, which shows that DNG UC has an operating bandwidth
from 22 GHz to 30 GHz. MS to work as a transmitive MS, the transmission coefficient
should be close to 0 dB for the required operating frequencies. In Fig. 6.24, negative
permittivity and negative permeability, and NRI refractive index for the frequencies from
22 GHz to 26.5 GHz and RI is zero for the frequencies 26.5 GHz to 28 GHz. Therefore,
the designed UC is referred to as DNG UC. To extract the MMT properties, i.e. DNG
properties, are extracted referring [266].
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Fig. 6.22: Designed Square SRR DNG UC.
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Fig. 6.23: Reflection and Transmission Coefficient for Square SRR DNG UC.
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Fig. 6.24: Extracted parameters of the designed square SRR DNG UC.
6.4.2 Design of the Dipole Antenna and DNG Loading

A dipole patch antenna is designed to resonate at 26 GHz using Rogers RT duroid
5880 substrate with a thickness of 0.79 mm. The dipole arms are matched to 50 ohms for
maximum power transfer. The designed DNG UCs are placed in the aperture of the dipole
arm, forming an array size of 4 x 5 UCs for gain enhancement ensuring small size of
1.6ho%x1.5%0 (Ao at 27.4 GHz). The DNG UCs are loaded on the dipole antenna in two
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stages. First, UCs are placed in the same plane as the dipole patch, i.e. top side. In the
second stage, another array of the same size is placed in the same plane as the ground
plane of the dipole antenna, i.e. bottom side. The proposed dipole antenna with DNG
loading is shown in Fig. 6.25. The size of the proposed antenna is 20 x 19 mm?. The
dimensions of the dipole antenna are Dw = 3.25 mm, GpL = 13 mm, GpW = 6 mm.

The proposed dipole antenna design produces maximum radiation along the
y-direction by narrowing the radiation beam, while minimising the back lobe. Therefore,
to enhance the gain, DNG cells are placed in front of the dipole antenna.

L1050 L]
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Fig. 6.25: Design of the proposed gain enhanced dipole antenna.
6.4.3 Results of the DNG Loaded Dipole Antenna

The Simulated Si1 of the proposed DNG loaded Dipole Antenna is shown in
Fig. 6.26. Fig. 6.26 also compares the Si1 of the first stage, i.e. single DNG loaded and
without any DNG loaded dipole antenna. Since the DNG UC has 0 dB transmission
magnitude over the operating BW, the resonance of the dipole antenna is almost
unaffected. The proposed DNG loaded dipole antenna resonates from 24 GHz to 28 GHz.

To enhance the gain of the dipole antenna, DNG arrays are loaded on the top and
bottom sides of the substrate. These DNG UCs are excited by the E-fields and
H-fields of the dipole antenna. Each segment of these arrays is responsible for
concentrating the radiation in a single direction. At first, the dipole antenna was loaded
with 4 x 5 DNG UCs on the top side, which enhanced the gain of the antenna by 3 dB for
the operating BW from 24 GHz to 28 GHz, as shown in Fig. 6.27. A significant gain
enhancement is achieved with just a single DNG loading. Therefore, another 4 x 5 DNG
UCs are loaded on the bottom side of the antenna, as illustrated in Fig. 6.27. The gain of
the dipole antenna is enhanced by 1.2 dB to 1.5 dB. At 24.4 GHz, the gain is enhanced
from 5.01 dBi to 8.99 dBi, and at 27.8 GHz, the gain is enhanced from 5.6 dBi to 9.8 dBi,
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as shown in Fig. 6.27. The gain has been significantly enhanced by at least 4 dB, and the
enhanced gain is stable and flat for the operating BW of 4 GHz.

The total simulated efficiency for all three stages is plotted in Fig. 6.28, which
depicts that the proposed double DNG loaded dipole antenna has efficiency between
85 % and 92 %. While the first and second stages also have almost similar efficiencies.
This means the efficiency of the dipole antenna is unaffected, just as resonance minor
variance is observed, which is in an acceptable range. The radiation patterns at 26 GHz
are plotted in Fig. 6.29. In Table 6.2, the FTBR for three stages of DNG loading are
compared at 26 GHz. A high FTBR of 20.59 dB, i.e., ~ 20.6 dB, is achieved using double
layer DNG loading.

'3 0 ] === Prop. Ant. (Double DNG loading)
== Single DNG loading
==  W/O DNG loading

0 :
22 24 26 28 30
Frequency (GHz)

Fig. 6.26: Simulated Si at all three stages of DNG loading onto dipole antenna.
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Fig. 6.27: Simulated Gains at three stages of DNG loading onto dipole antenna.
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Fig. 6.28: Simulated Efficiencies at three stages of DNG loading onto dipole antenna.
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Fig. 6.29: Simulated radiation patterns in xy-plane at three stages of DNG loading onto
dipole antenna.

Table 6.2: Comparison of FTBR at three stages for DNG loading.

Stages of DNG loadings FTBR (dB)
g
Without DNG loading 10.81
(simple dipole antenna). '
Single layer DNG loading 17.97
(top side loading). ]
Double layer DNG loading 20.59
(top and bottom sides). ’
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6.5 3D-Printed Metastructure

In recent times, 3D printing has evolved, and new avenues for 3D-printed MMT
structures or Metastructures have been opened and are being explored. Different types of
3D-printing material with different dielectric constants are available in the market at low
cost. Using these materials, the required structures can be easily 3D-printed. These
3D-printed structures may behave and share similar properties to MMTs/ MSs. A horn
antenna is 3D-printed for mm-Wave frequencies with high gain [267]. A 3D printed
hemispherical structure is used to attain high gain at microwave frequencies [268]. A 3D-
printed PGMS reflectarray is incorporated with the mm-Wave antenna for its gain
enhancement [269]. 3D-printed polariser to convert LP to CP waves [176], [270].
However, the 3D-printed Metastructure are large, which makes antenna design bulky and
fragile.

A 3D-printed Metastructure is designed using readily found 3D printing material,
Polylactic Acid (PLA), to enhance the gain of the dipole antenna. A 4 x 2 array of
Metastructures is embedded onto a dipole antenna with an offset placement at each
segment to tilt the beam radiation [271]. The design and analysis of 3D-printed
Metastructure and integration with a dipole antenna are further discussed.

6.5.1 Design of 3D-printed Metastructure UC

A cuboid shaped 3D-printed Metastructure is designed as shown in Fig. 6.30. The
dielectric constant of the material PLA is 2.55, and its tangent loss (9) is 0.05. The height
of the cuboid is 3 mm, which is placed on the thin Rogers RT duroid 5880 substrate with
a thickness of 0.254 mm, to ensure a low profile for the dipole antenna. The designed UC
is employed with boundary conditions as PEC and PMC in the x-direction and y-direction,
respectively, and waveports are applied in the z-direction.

4 mm
/

z&

 — 6mm

3 mm

v

Fig. 6.30: Designed 3D-printed Metastructure UC.

The simulated S-parameters for the 3D-printed Metastructure UC are plotted in Fig. 6.31,
which shows that the designed UC has a UWB resonance from 18 GHz to 30 GHz and a
transmission coefficient close to 0 dB with a negative phase passing through 0° at 24 GHz.
This signifies that the designed 3D-printed Metastructure UC replicate the MMT/MS
properties. The MMT properties for the designed UC are extracted from [266] are shown
in Fig. 6.31. These properties are similar to the MMT properties found for the copper-
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substrate based MMT UCs. Therefore, the designed 3D printed UC can be used as an
MMT.
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Fig. 6.31: S-parameters for the 3D-printed Metastructure and its Transmission Phase.

6.5.2 Designed dipole antenna integrated with Metastructures

The proposed dipole antenna size is 30 X 33 mm?, and 0.254 mm is the thickness
of the Rogers RT duroid 5880. As shown in Fig. 6.32, three directors are placed in front
of the main dipole radiator at a distance of 1.7 mm to increase the directivity; also, they
are placed offset from the dipole to deflect the beam radiation. An array of 4 x 2
Metastructures are strategically chosen and placed in front of the three directors for the
gain enhancement. Each 1 x 2 segment of the array is placed offset to the previous 1 x 2
segment by 1.5 mm in the +x-direction, as shown in Fig. 6.32. Consequently, the EM
radiation in the +y-direction is deflected to 21° from the end-fire direction. Thus, beam
deflection or tilting can be achieved. The parasitic arms of length R/ are introduced to the
dipole antenna to improve the impedance BW. The dimensions of the dipole antenna are
Gpl=5mm, Pl=3.15 mm, Rl=3 mm, Dd = 1.5 mm, D/ =4 mm, d/ = 1.5 mm, and d2 =
I mm.

d2

d1

Dl «—
fr—

=

L

Fig. 6.32: Proposed Antenna design with 3D-printed Metastructure.
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6.5.3 Results for the Dipole Antenna with 3D-printed Metastructure

The proposed antenna is designed in four stages. The first stage, a simple planar dipole
antenna without any gain enhancement techniques, resonates from 21.73 GHz to 25.2 GHz.
At the second stage, directors are added to the planar dipole antenna structure, which has a
resonance from 22.2 GHz to 26.5 GHz; a little shift in the frequency is obtained due to
coupling between the antenna and the directors. At the third stage, a 4 x 2 array of 3D-printed
Metastructures is incorporated into the planar dipole antenna with directors; this antenna
resonates from 22.4 GHz to 26.6 GHz. At the final and fourth stage, parasitic arms are
introduced to improve the impedance BW. The final stage antenna, which is the proposed
antenna, resonates from 22 GHz to 26.6 GHz. The S-parameters for four stages are plotted in
Fig. 6.33.
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Fig. 6.33: S-parameters for the 4 stages of antenna design.
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Fig. 6.34: Gain plot for the 4 stages of antenna design.

The primary aspect of designing a gain enhanced antenna is that the resonant
frequencies should remain unaffected while achieving substantial enhancements for the
operating BW. The gain plot shown in Fig. 6.34, suggests a high gain enhancement between
stage one and stage four. At the first stage, the gain of the planar dipole antenna is less than 6

122



dBi for the operating bandwidth from 21.73 GHz to 25.2 GHz. At stage two, with the
introduction of the directors, the gain has been enhanced by 3 dB to 5 dB, but the gain variation
is close to 2.8 dB to 3 dB, which is not optimum for mm-Wave communication. Therefore, at
stage three, to improve and stabilise the enhanced gain for the operating BW, a 3D-printed
Metastructure is employed in the antenna structure. As shown in Fig. 6.34, the enhanced gain
is improved significantly at lower frequencies from 7.2 dBi to 11.04 dBi and at higher
spectrum, enhanced gain has improved from 10 dBi to 11 dBi. The maximum enhanced
improved gain is 11.45 dBi at 24.5 GHz, and a gain variance of 0.45 dBi is achieved for the
operating BW from 22 GHz to 26.6 GHz. The achieved flat gain is optimum for the
mm-Wave Communication.
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Fig. 6.35: Radiation Patterns at 26 GHz for the 4 stages of antenna design
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Fig. 6.36. Efficiency plot for the 4 stages of antenna design.

By placing the directors offset by 1 mm from the centre of the planar dipole antenna,
the radiation is tilted to 5°, and with the placement of a 4 x 2 3D-printed Metastructure array,
the gain is enhanced and the radiation beam is tilted to 21°. Since each 1 x 2 segment of the
Metastructures is placed offset by 1.5 mm from the previous segment, the radiated energy gets
coupled between these Metastructures, eventually tilting the radiation beam to 21° from
end-fire direction. The radiation patterns in the xy-plane are shown in Fig. 6.35, which is the
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E-plane for the planar dipole antennas. The Fig. 6.35 also compares the radiation patterns for
all four stages and depicts how the beam is tilted at every stage of antenna design. The
Efficiency is plotted in Fig. 6.36, the proposed antenna has an efficiency between 85 % and
90 %. After introducing 3D-printed Metastructures, although the gain has enhanced,
efficiency has dropped, due to a loss tangent (8) of 0.05 of the PLA 3D-printing material.
However, this drop in efficiency has not affected the gain of the antenna as shown in
Fig. 6. 34. With these features, the proposed dipole antenna with 3D-printed Metastructures is
suitable for mm-Wave communication.

In this chapter, different mm-Wave antennas with different impedance BWs and radiation
characteristics are studied. To enhance the gain of these antenna structures, a variety of
MMTs yielding distinct responses are utilised, ensuring compatibility with impedance
BW and without compromising antenna size. The first antenna is the UWB MIMO
antenna, for which an AMC with UWB phase response is designed to enhance gain in the
broadside direction, and the incorporated MMT/AMC should not affect the MIMO
parameters of the antenna. The second antenna is a narrow-band antenna, in which the
PGMS lens is loaded to concentrate the radiation energy away from the broadside
direction at a certain angle to enhance the gain of the antenna. The third design has wide
impedance BW; therefore, wide BW DNG cells are loaded for gain enhancement first in
the top place and later at the bottom side, ensuring maximum energy is concentrated in
the endfire-direction. Lastly, 3D-printed Metastructures with low profile/height are used
with the dipole antenna to stabilise the gain variation after incorporating the directors. The
following table compares different antennas with different types of metamaterials. The
Table 6.3 given below shows that different types of metamaterial structures responded
distinctly to incident EM waves, resulting in a BW that overlaps with the impedance BW
of the antenna, thereby enhancing gain.

Table 6.3: Summary of variety of MMT studied to enhance gain of different antennas.

Impedance MMT Gain
Al:telzna Radiation BW l\:i\;[(;r BW enhancement
yp (GHz) (GHz) | achieved (dB)
UWB ) 23.49-
MIMO Broadside | 23.27-39.3 | AMC Reflector 3757 6.55
Narrow | Broadside-
Band beam tilt 27.4-28.26 PGMS lens 25-30 1.6
Wide | b d-fire 2428 DNG Array | 22-30 5
Band
Wide 3D printed
End-fire 22-26.6 Metastructures 18-30 6
Band
array
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6.6 Summary

In this chapter, two mm-Wave MIMO antennas and two single mm-Wave antennas
are proposed with gain enhancements for p2p communication. For these four antenna
structures, four distinct MTM/MS structures were designed and analysed, such as UWB
AMC, PGMS UC, DNG UC and 3D-printed Metastructures. All four structures have unique
designs and novel results with high gain, which ensures the p2p connectivity between Users
and mm-Wave Base stations. For Antenna 1, TM20 is excited in the AMC, which resulted in
a UWB phase BW of 14.08 GHz from 23.49 GHz to 37.57 GHz measured at £90°. An array
of 10 x 10 UCs is constructed to enhance the gain of the UWB MIMO antenna resonating
from 23.27 GHz to 39.3 GHz. The maximum gain is enhanced from 5.66 dBi to 12.21 dBi at
31.5 GHz, and the obtained isolation is close to 20 dB for the operating BW. For Antenna 2,
A PGMS lens is placed on top of the MIMO antenna at a distance of 5 mm to deflect the
radiation beams in + 24°. The total antenna profile is 0.71A0 (Ao at 28 GHz), and the
maximum enhanced value at 28 GHz is 9.71 dBi, and the isolation between the two ports
is more than 15 dB. For Antenna 3, A DNG MMT arrays are placed on the top and bottom
sides to enhance the gain of the antenna. With the Double DNG loading, the gain has been
enhanced to 9.8 dBi at 26 GHz, and the FTBR is increased from 10.81 dB to 20.6 dB.
Lastly, for Antenna 4, 3D-printed Metastructures are incorporated into the antenna to
enhance and stabilise the improved gain using the directors. The gain variation for Antenna
4 is only 0.45 dB, and the maximum enhanced gain is 11.45 dBi. These features make the
proposed antenna structures suitable for the p2p SG mm-Wave communication.
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Chapter 7

Conclusion, Future Scope and Social Impact

7.1 Conclusion

To improve p2p 5SG communication, high gain and wide impedance BW antennas
play an important role. Antenna parameters, such as BW, Directivity, Gain, Efficiency and
Polarisation, can be influenced as per user demand employing MMTs/MSs. In this thesis,
an in-depth investigation is conducted for the design and analysis of the gain enhanced
microstrip antennas using MMT, MS and 3D-printed Metastructures. To satisfy user
demand for high data rates in Gbps, wideband/UWB antennas with high gain and compact
sizes are the main attraction for the researchers. Therefore, through a combination of
theoretical and simulation analyses, different wideband/ UWB antennas, embedded with
MMT/ MS, are designed and analysed to enhance their gain while maintaining a low
antenna profile. Other antenna parameters, such as directivity, polarisation and efficiency,
are also equally significant, as high gain. Therefore, MMTs/ MS are designed in such a
way that these parameters can also be influenced. The microstrip or patch antennas are
designed for 5G spectrums spanning 2 GHz to 8 GHz, 10 GHz to 13 GHz and 20 GHz to 40
GHz, and different MMTs/MSs such as AMC, PGMS, PRMS, DNG and 3D-printed
Metasurface are utilised to enhance the gain of these antennas.

A Sub-6 GHz MIMO antenna is designed, which has UWB impedance BW from 2.37
GHz to 8 GHz, and the fractional BW stands at 108.58 % for the IoT/IoV applications. To
enhance the gain of the MIMO antenna, an AMC is designed with dual rings, which generate
dual resonance. These dual resonances have two PMC and PEC bands, which, in combination
with the ground of the AMC, enhanced the gain of the MIMO antenna. An AMC array of size
5 x 8 AMC array is placed at a height 0.11 Ao (Ao at 2.37 GHz). Meanwhile, to improve port
isolation, the same AMC structure wall of size 1 X 3 is constructed and placed between the
ports, enhancing the isolation. The maximum enhanced gain achieved is 7 dBi from 2.3 dBi
at 3 GHz, and port isolation > 19.66 dB for the operating frequencies. The Sub-6 GHz
antenna integrated with the vehicle retains the free space radiation patterns. The MIMO
parameters, ECC < 0.0037, CCL < 0.12 bits/s/Hz, TARC < -10 dB are in the acceptable
range for the MIMO communication. The Sub-6 GHz UWB MIMO antenna structure size
is only 0.39 Ao x 0.63 ko % 0.14 X0, and its impedance BW covers all major frequencies
such as WiFi/ WiMAX/ Bluetooth/ LTE Frequency, Mid Band, 5 GHz band and WiFi-
6E, which makes it advantageous for the IoT/ IoV applications.

The avoid transmission and reception loss through polarisation mismatch, CP
antennas are always preferred in the base station/ satellite communication. However, the
ARBW are narrow compared to impedance BW. It is challenging to match ARBW with
the impedance BW. Therefore, a PRMS is designed and modified to enhance the ARBW
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of the PCA by forming an FPC cavity of an array of 9 x 9 PRMS UCs. The EP waves are
converted into CP waves by optimising 9 x 9 PRMS UCs of the FPC cavity array. The
proposed antenna, FPC-PCA, is an RHCP antenna that has resonance from 9.9 GHz to
12.31 GHz and 3 dB ARBW from 9.9 GHz to 12.21 GHz. This implies 2.31 GHz of
ARBW matches with its 2.41 GHz of impedance BW. The FPC-PCA has a cavity height
of 12 mm, and the volume is 80x80%15.89 mm?>. The 3 dB ARBW is enhanced from 790
MHz to 2.31 GHz; meanwhile, the gain has enhanced from 7.3 dBito 17.1 dBi at 10 GHz.
The design PRMS UC or array is compatible with RHCP waves and LHCP waves, making
it CP friendly. These features make the proposed antenna suitable for CubeSat
applications.

The above designed CP CubeSat antenna needs a terrestrial CP antenna with high
gain and low profile antenna, operating at 10 GHz to 12 GHz for p2p terrestrial 5G
communication. A polarisation insensitive PGMS-FL array of size 15 x 15 UCs is
constructed to generate high gain with narrow beams. Each PGMS UC generates a time
delay (AT) ranging from 6.76 ps to 46.13 ps at 11 GHz and phase gradience 0° to 182.68°.
The attained beamwidths are between 13.2° and 16.5° for the xz-plane and yz-plane.
Maximum enhanced gain 17.7 dBi at 11.2 GHz, and gain variation is less than 2.5 dB for
the impedance BW from 10.42 GHz to 13.26 GHz. The polarisation insensitive property
is leveraged to attain 3dB ARBW from 10.51 GHz to 11.7 GHz. The size of the PGMS-
FL is 5.21 Ao x 5.21 Ao, focal distance (f) of 1.04 Lo, PGMS lens profile is 0.124 Ao (Ao at
10.42), and f/D is 0.2. This verified that the proposed PGMS-FL antenna has a compact
profile with high gain and narrow beam widths.

Although lower spectrum frequencies have better propagation, the growing
demands for higher data rates could be overcome by utilising mm-Wave frequencies high
gain antennas. Therefore, a UWB mm-Wave MIMO antenna embedded with UWB AMC
phase BW. The UWB AMC phase BW of 14.08 GHz, ranging from 23.49 GHz to 37.57
GHz, is designed by exciting the TM20 mode by etching capacitive slots in the AMC
patch. A 10 x 10 UWB AMC array is placed at a height of 0.395 Ao (Ao at 23.27 GHz)
below the MIMO antenna to enhance its gain. The gain is enhanced from 8.5 dBito 12.21
dBi for the resonating frequencies from 23.27 GHz to 39.3 GHz, and port isolation is found
to be more than 19 dB for the orthogonally placed MIMO antenna elements. The size of
the proposed antenna is 3.95 Ao x 3.95 Ao % 0.395 Ao.

In the second mm-Wave MIMO antenna structure, a PGMS beam tilting lens is
designed to deflect EM radiation + 24° from the broadside direction. This ensures the
NLOS communication and increases the SNR. The PGMS lens has the phase gradience of
0° to 226.5°, with transmission magnitude more than 0.7. A 5 x 12 PGMS array is
constructed and placed on top of the MIMO antenna at a height of 0.46 Ao (Ao at 28 GHz)
to tilt radiation away from the broadside direction. The proposed antenna resonates from
27.4 GHz to 28.26 GHz, and the port isolation is more than 15.71 dB. The obtained gain
is between 8.7 dBi and 9.71 dBi.

In the third mm-Wave antenna design, the DNG UC are designed to enhance the
gain and increase the FTBR of the planar dipole antenna. The DNG UC have the
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impedance BW of 8 GHz, and the transmission coefficient is close to 0 dB. Two 5 x 4
arrays are embedded in the planar dipole antenna on the top side and bottom side for gain
enhancement. The gain is enhanced by 4 dB for the operating BW from 24 GHz to 28
GHz. The enhanced gain is between 8.99 dBi and 9.8 dBi. The FTBR is increased from
10.81 to 20.6 dB. The total size of the antenna is only 1.73 Ao x 1.64 Ao (Ao at 26 GHz).

In the fourth mm-Wave antenna structure, a 4 x 2 array of 3D-printed
Metastructures is introduced in a planar dipole antenna to enhance and stabilise its gain.
A PLA 3D-printing material with a dielectric constant of 2.55 is chosen for its readily
availability. The offset placement of the 3D-printed Metastructures array and director
tilted the beam from end-fire direction to +21°. The proposed antenna resonates from 22
GHz to 26.6 GHz, and the enhanced gain varies from 11.07 dBi to 11.45 dBi, i.e. a flat
gain is achieved by using a 3D-printed Metastructures array. The size of the planar dipole
antenna with 3D-printed Metastructures is 2.4 Ao % 2.64 Ao % 0.26 Ao (Ao at 24 GHz). The
achieved high gain in all four mm-Wave antennas is suitable for mm-Wave 5G
communication with a compact antenna size or profile.

To sum up, the findings in each chapter highlight the significance of the design
and structure of the MMT/ MS UC. The symmetry, polarisation insensitivity, and
polarisation stability for different angles of incidence are crucial for the gain enhancement
of the antenna. The proposed gain enhanced microstrip antenna designs operating at Wifi
/ WiIMAX / Bluetooth / LTE frequency, Mid-band, 5 GHz band and Wifi-6E and
downlink satcom band, X-band, MVDDS and mm-Wave frequencies offer promising
results with their compact and low profile for 5G communication.

7.2 Future Scope

The results and findings open up new avenues for future research in terms of
optimisation, fabrication and real-time tested results to improve p2p communication.

e Optimisation:

o The proposed antenna delivers promising results of gain enhancement and high
efficiency for the wideband/UWB antenna, maintaining its compact size.

o There is still room for improvement and analysis to present better results.
Optimisation of these antennas may enhance the performance and analysis for
real-time measurements and applications.

e Fabrication:

o Post optimisation, the antenna needs to be fabricated with precision through
machine and less human interference is important.
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This will improve the quality of antenna structures and precision in measured
results.

3D-printed stands to hold the MMT/MS array, which will provide stability to
the antenna structure to achieve more precise measured results.

Real-Time Measurements:

o The proposed antennas can be tested in a real-time environment by placing a

Sub-6 GHz antenna on vehicles for IoT/IoV applications.

An FPC antenna can be placed on a 1U CubeSat, and measurements can be
carried out. The PGMS-FL antenna can be tested in an open-air environment.

The mm-Wave antennas can be installed in the small base stations to measure
their radiation pattern with enhanced gain to verify their potential as base
station antennas.

Real-Time Deployment:

(@]

If satisfactory results are obtained in the real-time measurements, then these
antennas can be deployed as the 5G base station antennas in the Bus, Metro,
Cars, Satellites, and Small Base Stations for the close proximity p2p
communication.

7.3 Social Impact

The rapid growth in wireless communication and demand for high data rates has
forced the deployment of 5G for the betterment of society. This will enable, high speed,
reliable and seamless connection. This thesis addresses several crucial aspects and
challenges, such as high gain variance, mismatch of ARBW and impedance BW, low
FTBR in compact devices, polarisation sensitivity, importance of symmetric designs etc.
The proposed antenna designs, which cover Sub-6 GHz, X-band, and mm-Wave
frequencies, have a profound social impact in several domains:

Seamless Connectivity:

o

The Wifi / WiMAX / Bluetooth / LTE frequency, Mid-band, 5 GHz band and
Wifi-6E bands provide excellent connectivity and high data rates through
UWB Sub-6 GHz MIMO antenna in the urban and populated areas.

The PGMS-FL antenna can provide connectivity in rural areas where
terrestrial infrastructure is lacking
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o The mm-Wave antennas with gain and low variance, with their huge BW, can
provide data rates in Gbps in the local area network (LAN).

e Intelligent Vehicular Transportation:

o Sub-6 GHz MIMO antennas designed for loV applications, which enhance
vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) communication.

o This contributes to safer roadways, intelligent traffic systems, and the
foundation for autonomous vehicles.

e Contribution to Space and Satellite Communication:

o The CP CubeSat antenna with high gain supports small satellite missions,
enabling affordable space research, Earth observation, and global
communication.

o These advancements promote low-cost satellite launches, benefiting climate
monitoring, disaster management, and global connectivity.

7.4 Summary

In summary, the proposed gain enhanced antennas operate over different
frequency bands from 2 GHz to 40 GHz, enveloping crucial 5G frequencies for p2p
communication. The designed patch antennas have a large BWs to accommodate high
data traffic, and the addition of MMT/MS to the antenna structures has significantly
enhanced the gain of the antenna. The directive patterns of the antennas will serve a
specific set of users in a given direction. The high will consequently reduce the
interference and increase the SNR. The gain enhanced MIMO antenna configuration
diminishes fading effects, improves coverage, capacity and reliability. Collectively, these
features improve wireless link capacity. The outcomes of this research not only provide
technical advancements in antenna engineering but also contribute to the betterment of
society by connecting people to the internet and empowering them with the power of 5G
wireless communication.
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Abstract

This article presenis a wircless communication Sth Generation (5G) Ultrawideband (UWB) Multiple Input Multiple Outpat
(MIMO} antenna, at Sub-6 GHz frequencies for [nternet of Things (1oT) applications. to address the requirement of high data
rates at lower frequencies. The Anificial Magnetic Conductor (AMC) reflector and walls are used to enhance the gain and
isolation, respectively, for the UWEB MIMO Antenna. The fractional bandwidth (FEW) of 108 58% is below — 10 dB from
2.37 to 8 GHz. A Dual Ring and Dual Band (DRDB) 5 x 8 AMC array is placed at a height 0.11 Gy (3 at 2.37 GHz) from
the antenna to enhance the gain. The maximum enhanced peak gain achieved is 7 dBi from 2.3 dBi at 3 GHz. Teo 1 x 3
DRDB AMC array walls are incorporated to isolate the ports. The simulated isolation is > 19.66 dB from 2.37 w & GHz. The
size of the proposed antenna structure is 0L39 by » 0063 by = 0,14 g, with ECC < 0.0037, CCL < (.12 bitsfs/Hz, TARC =
— 10 dB. The proposed antenna operates for the Sub-6 GHz communication bands, WiFyWiMax/Bluetooth/LTE Frequency,
Mid Band, 5 GHz bund and WiFi-6E, which makes it advantageous for the loT applications. In addition, the proposed antenna
15 integrated on a vehicle to study its radiation characteristics in the simulator.

Keywords Arnificial magnetic conductor - Gain enhancement - MIMO antenna - [oT - loV - Vehicular communication - 5G

1 Intreduction required Sub-6 GHz 5G frequencies are not covered in reso-

nance. However, the Multiband and wideband antenna in [7]

With the increase in demand for high data rates, Sub-6 GHz
5th Generation (5G) technology wireless communication fre-
quencies 3.5 GHz, 5.5 GHz and Wifi 6-E are also being
incorporated into a single communication unit [1]. This gave
rise to the Internet of Things (IoT), for its ability w share
information between connected devices with high data rates
and minimal human interference [2]. On the other hand, Inter-
net of Vehicle (loV), which is a part of IoT, is a modern-day
evolving technology [3]. Here, vehicles are integrated with
smart devices to improve the Intravehicle and Intervehicle
communication [4]. A broad overview for the loT applica-
tonisshownin Fig. la_and Fig. 1b shows a vehicle integrated
with the Vehicular base station (VBS) to communicate with
the devices in the surrounding. In the recent past different
antennas have been studied for [oT/ oV applications [5-8).
The Sub-6 GHz antennas in [5] and [6] have low gain, and all
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and [9] covers all Sub-6 GHz 5G frequencies, but it has a low
gain. A high gain antenna with a reflectarray to enhance gain
is reported in [8]: however, practically, it is difficult to install
such large profile antennas with a Radome on a vehicle. Also,
these amtennas are reported withour Multiple Input Mulu-
ple Output (MIMO) configuration. Gain enhanced multiband
antennas backed by an artificial magnetic conductor (AMC)
reflector in [ 10] and [11] are reported for vehicular commu-
nication without MIMO configuration. However, wideband
antennas are preferred over multiband antennas for their large
bandwidths (BW), which result in better data rates and min-
imise multpath fading, and suppress interference. Hence.
widehand MIMO antennas with high isolation are the key
enabler of 5G loT network [12].

Therefore, several 5G MIMO antennas (without gain
enhancement) are investigated with different high isolation
techniques for oV application [13-15]). The shared aperture
antennas, in [13], high isolation is achieved using orthogo-
nal placement of antenna and in [14], a n-shaped decoupling
circuit and parasitic stubs are used for impedance match-
ing. In [15], anicnna clements are spatially separated with
orthogonal placements to attain high isolation. Although high

rp—
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ARTICLE INFO ABETRACT

Feywerds: This article presents a 9« 9 partially reflective metasurface [PRMS) array used to form a Fabey-Perot cavity
Axtal Ratio enhancement {FPC} o enhance gain and enhance 7 dB avial ratio bandwidth [ARBW) of the wideband circularly polarised [CP)
Qureular polarisation antenna. The battom side of the PRMS unit cell produces high reflectivity, while the tap side yields positive phase
Fabiry-Penot Cavity

gradience. The CP feeder resonates from 10.26 GHz to 12.19 GHe, and AR < 3 dB is from 10,84 GHz to 11.63
GHz and elliptical polarisation {EF) is observed at 10 GHz and 12 GHz. Which is leveraged in the FPC configs
wraticn to convert EP inta CF waves, thus ARBW. The prop FPC antenna From 9.9 GHz
to 12.31 GHz and has enhanced ARBW below 3 dB from 9.9 GHz to 12.21 GHz. The enhanced ARBW of 2.31 GHz
overlaps 241 GHz of & BEW. The gain at 10 GHz ic 17.1 dBi from 7.3 dBi The
propassd antenna is right-hand circulardy pelarised (RHCP), and the total profile is 206 e x 2.6 g = 0.52 by only

Gain ephancement
Memsurfaces and Partially Reflective Surfaces

(where 4 is free space wavelength at 9.9 GHz), which can be installed on 1U=-Cube Sat.

1. Introduction

In a point-to-point (p2p) wireless communication, elecularly polar-
Ised (CP) antennas have a vital role because of their ability to overcome
polarizarion mismatch and multipath effects between transmiting and
recelving antennas. [1). Small CP antennas are usually wsed for p2p
communication, which can be installed on the small 1U cube-sarellites
(CubeSat) of size 100 x 100 x 100 mm? [2]. Therefore, low profile
high gain CP aniennas are the cenire of interest in the 5G/CubeSat
communication. To fulfil this requirement, sewveral techniques are
studied to attain CP in an antenna, such as trrimmed edged paich [3], a
Q0F phasze shift feed [4], slots or combinations of trimmed edges and
slots [5,6], defected ground structures [7,4,9], [Melectric resonators
(DH) with slods [10,11], 3D printed polarisation converers [12,13].
However, only [5] and [¥] have ARBW overlapping impedance BW,
while other reported antenna designs have narrow 3 dB AREW. The
Metasurfaces (MS) are also used to generate the CP [14,15]. Amongst
these structures, MS got special attention due to it unigue, efficlent
properties to generate wideband CP and high gain with its periodic
placement of unit cells while maintaining a low peofile [16,17, 18,19
Ewven so, these low-profile antennas have narrow axial ratlo bandwidrh
[AREW). The M5s are also capable of polarisation conversion (PC) from
linear polarieation (LF) to CP [20,21]; howewver, these polarisers happen

*+ Corresponding authar.
E-mail addresses: rofitkhar

Kar?

hitps:/#doi.org/10. 1016/ .asue 2025, o7
Received B March 2025; Accepted 7 April 2025
Available cnline 8 April 2025

o have large dimensions, and when integrated with an antenna, the
overall structural profile/size further increases. A high gain CP dipole
antenna with wide axlal beamwidth is achieved using Arificial Mag-
netic Conduetor (AMC), is reported in [22]. Out of these known tech-
niques, the Fabry-Perot Cavity antennas (FPCA) are well-known
structures to achieve CP and high gain because of their low profile and
excellent total efficiency. Based on the literature survey, the FPCAs with
CP can be mainly divided into four categorles. First, FPCAs with CP feed
where the gain of CP antennas is enhanced using a partally reflective
surface (PRS) forming an FP cavity withour affecting ARBW
[23,24,2 '4]. Second, the PRS structures have been designed to
convert LP waves from source or feeder to CP, and the high reflectivity of
the PRS array & placed on top of the LP sources to enhance gain
[29,30,1,22]. In these PC structures, the phase difference between two
E-field components is maintained at 90° with equal magnitudes to
generate CP, Third, different feed networks/techniques are employed in
the designs to generate CP waves from the antenna, as in [33] and [34].
In the last category, an ansotrople medium is placed between PRS and
feeder with the ground to generate CP waves, while PRS are solely
responsible for gain enhancement [35.° However, with the
introduction of anisstropic media, antenna profile and complexity in-
crease while making and testing a prototype.

In most of the reported CP-FPCA designs, high gain is obtained at the
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Heywords: This article presents 2 polarisation-insensitive Phase Gradient Metsurface (PGMS) for gain enbancement of the
Girculas pelarisation antenna. Designed duaklayer G ¥ Single Circular Ring Resonator (CSCRR) PGAMS unit cell [UC) re-
Dinie sembenncornm sults in a phase gradient of 0* tod 82 69° in five steps. The CSCRR PGMS.UCs introduce a time delay (AT) ranging
Loms Fruem 6.76 ps bo 46.13 ps at 11 GHz. A 15 x 15-unit cell planar array of size §.21 by, « %21 i was loaded on top of

Fhase Gradient Metanstace (PGMS)
Polarsalie-inse asithe structune
50

12 GHz band

a circularly polarised (CF) antenna at a focal distance (f) of 1.04 A to enhance the gain. The enhanced gainof the
propased anterma varies between 1563 dBi and 17.7 dBi, which ix an almost flat gain from 10042 GHz b 1326
GHz Maximum gain ephancement of 177 dBi is achieved ar 11.2 GHz by 11.61 dB. The beam widths in the w2
plare are 16.5%, 157, and 132 and in the yr.plane are 15.7°, 16.4° and 13.5% ar 11 GHz, 115 GHz, and 12
GHz, respectively. The Polarisation msensitivity feature of the PGMS array is utilised to maintain an avial mtio
below 3 dB, ranging from 10,51 GHz to 11.7 GHz. The CSCRR-PGMS lers profile is 00124 ko and with f70 is 0.2

1. Intreduction

Foeusing lenses (FL) are the centre of attraction for gain enhance-
ment of the antenna in low and high frequencies because they provide
directive beams, wide impedance bandwidth (BW) and support different
polarisations [1]. Extensive studies have been carried out on the phase
gradient metasurfaces (PGMS) lens for diverse purposes such as multi-
beams [2], beam steering/scanning [3,4), wireless power ransfer [5),
reflector [£] and gain enhancement [7].

The planar array of PGMS unit cells (UCs) provides a distinct phase
shift or time delay 1o the forthcoming waves from the antenna, which
helps 1o form a desired beam [3), as shown in Fig 1. For mm-Wave
communications, various studies are conducted using PGMS-FL 1o
enhance the gain of the antenna while maintaining a low profile,
because mm-Wave anlennas provide a large impedance BW, a3 reported
in [4,7,9]. Howeves, lower frequencies offer better coverage; therefore,
in recent years, the use of the 12 GHz band (12,2 GHz 1o 12.7 GHz) for
the terrestrial 5G communication is also in progress [10]. The 12 GHz 5G
addresses the limitations of narrow BW at Sub-6 GHz and propagation
bosses it mm-Wave frequencies.

In [11], a low profile beam steerable antenna with a maximuem gain

(CPYantenna in [14] has a maximum gain of 13.4 dBi and axial ratio BW
(ARBW) of 789 MHz: however, the PGMS-FL have an air gap of 9.5 mm
between two layers, and phasze variation is just 46.2°, which leads 1o
phase quantisation ervor and results in low gain and efficiency. A PGMS
reflectarray is reported in [15), though the gain reached 18 dBi bug it has
an impedance BW of 1.3 GHz and ARBW of 620 MHz. In [16], the PGMS
reflectarray antenna has @ gain variation of more than 2.5 dB for the
impedance BW of 1 GHz and the maximum gain attained at 14.5 GHz is
17.47 dBi. A low-profile PGMS-FL antenna in [17] has a wide phase
gradience, but the antenna impedance BW is 850 MHz with a maximum
gain of 10 dBi. Also, in [5,18,19], and [20], PGMS-FL fed by a Hoen
antenna and Vivaldi antenna [21] are reported, which namrally pro-
wvides a directive beam and high gain. In these antennas, /D is main-
rained < 1, where, f and D are focal length and Diameter, respectively.
This meand, they have a large profile, which is unsuitable o install in a
small 5G terrestrial base station. Understanding the limitations pressnt
in the literature, there is a need to develop a low profile, high gain an.
nenna with wide ARBW to link with sstellives, and essentially, it can be
eazily installed in a small 5G base station unit.

In this article, the authors have focused on using a thin-profile PGMS-
FL with a thickness of 0.124 Jy to enhance the gain of the drculady

larised antenna, frD = 0.3, which ensures a low-profile

reaching 14 dBi is presented, using a PGMS array. A single-layer PGMS
Bens with a high gain is reported in [12); however, the antenna has a BW
af 400 MHz. A PGMS-FL linearly polarised (LP) antenna reported in [13]
has a BW of 1.2 GHz with a gain variation of 3 dB. A dreulady polarised
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structure. In the PGMS-FL, five-unit cells (UC) are chosen 1o obtain a
phase gradient of 0°-182.68°. The enhanced gain ranges from 15.63 dBi
w 17.7 dBi, and an almost flar gain is observed throughout the
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Abstraci—This letter presents the design and analysis of an ul-
trawideband (UWE ) artificial magnetic conductor (AMC) aimed to
enhance the gain of a UWE millimeter-wave (mm-wave) multiple-
input-multiple-output (MIMO) antenna. The AMC features ca-
pacitive slots te excite TM20 mode to achieve a phase bandwidth
of 14.08 GHz, ranging from 2349 GHz to 37.57 GHz A 10 = 10
AMC array is positioned 0380, (L, is free-space wavelength at
2327 beneath the MIMO antenna for the gain enhancement. The
proposed antenna resonates from 2327 GHz to 393 GHz with an
impedance bandwidth of 16.03 GHz. The isolation between guad
ports is greater than 19.84 dB. The enhanced gain of the proposed
MIMO antenna ranges from 8.7 dBi to 12.21 dBi, with maxinum
gain reaching 12.21 dBi at 31.5 GHz. The proposed antenna shows
diverse performance in terms of envelope correlation coefficlent <
05, channel capacity loss < 0.26 sz, and total active reflec-
ton coefficlent <¢ — 10 dB. The size of the proposed antenna is 384y
® 3.8hg ® 0.38Lg only. This makes the proposed antenna soitable
for a 50 bastion antenna.

Index Terms—5G communication, artificial magnetic conductor
{AMC), gain enhancement, millimeter-wave (mm-Wave ), multiple-
inpot-multiple-sutpat (MIMO), ultrawideband (UWE).

I INTRODUCTION

N the set of 5G frequencies, millimeter wave (mm-Wave)
I constitutes large bandwidth (BW), enabling high data rates
in gigabits per second (Gbps) [1]. The multiple-input—multiple-
output (MIMO) technology enables parallel data transmission
in tightly packed devices, which improves data rates, spectral
and power efficiency [2]. [3]. On the other hand, the signal-to-
noise ratie (SNR) suffers from fast signal fading at mm-wave
frequencies; therefore, high-gain MIMO antennas are essential
for mm-Wave 5G communication [4].

A high refractive index structure (HRIS) 15 used for gain
enhancement, and a phase gradient lens forbeam tilting in [5]. In
[6]a 5 = 5 array of frequency selective surface (FSS) reflectors
is used for gain enhancement, but the impedance BW is only
5.3 GHz. In [7], an artificial magnetic conductor { AMC) phase
BW (refer to AMC phase BW as AMC-BW) measured at £90° is
extremely narrow, and the distance between antenna and AMC
is 9 mm. In [8], epsilon negative (ENG) metasurfaces (MSs)
are used for gain enhancement, covering frequencies 24 GHz to
40 GHz. In [%], maximum enhanced gain is 9.8 dBi, but the an-
tenna only has an impedance BW of 4 GHz. Although significant
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gain enhancement is achieved in [5]. [6]. [7]. [8]. [9]. and [10],
MIMO configuration is not reported. However, implementing
MIMO with gain enhancement techniques in these antennas will
result in bulky antenna structures.

To enhance the gan of the MIMO antennas, different MSs
are used, such as a very narmowband electromagnetic bandgap
(EBG) reflector in [11]. An anisotropic MS enhances the gain of
the Vivaldi MIMO antenna, but ground planes are disconnected
to avoid direct grounding current o achieve high isolation [12].
In [13], zero index matenal (ZIM) is loaded onto the 2-part
MIMO antenna. The gain is increased by 2 dBi w 2.5 dBi
throughout the BW of 3 GHz. An AMC is used for gain en-
hancement of a MIMO antenna from 5 dBi to 10 dBi [14].
However, the AMC"s reflection phase BW is narrow, i.e., focused
on 28 GHz only. In [15], a four-port MIMO antenna has a small
BW, and the gain is enhanced at 28 GHz from 7 dBi wo 10 dBi. A
gain-enhanced narrowband four-port MIMO antenna is reported
in [16]. Achieving wide AMC BW is challenging [17]; however,
in some reported AMC structures, wide phase BW is achieved,
such as [17], [18). and [19]). but the maximum phase BW
achieved at 907 is 4 GHz in [2(]. The structures {antennas and
metamaterials) mentioned in the above literature are confined
to BW < 8 GHz. Hence, achieving ultrawideband {L'WB) gain
enhancement of low-profile antenna becomes challenging with
the complex MIMO configuration.

This letter presents a method for achieving UWHB AMC-BW.
The capacitive slots excite the TM20 mode in the AMC unit cell,
resulting in UWE. The AMC unit cell has a phase bandwidth
of 14.08 GHz (23.49 GHz to 37.57 GHz at £9(F°). A 10 = 10
array of the proposed AMC is constructed to enhance the gain
of the mm-Wave MIMO antenna. The proposed antenna has an
impedance BW of 16.03 GHz (23.27 GHz to 39.3 GHz), with
isolation exceeding 1984 dB. Gain is enhanced from 6.74 dBi to
10dBiat 28 GHz, 5.6 dBi 1o 9.25 dBi1 at 34 GHz, and 6.96 dBi to
11.2 dB1 at 38 GHz. The maximum gain enhancement achieved
at 315 GHz is from 5.66 dBi to 1221 dBi.

II. DESIGN OF SINGLE AND MIMO ANTENNA

The proposed single UWE antenna measures 15 mm %
13 mm. The patch is divided into a middle arm and two side
arms, as shown in Fig. 1(a) and (b). The side arms with width W2
enhance wide impedance matching with a partial ground plane.
Parametric analysis of “W2" is depacted in Fig. 1(c). The partial
ground plane (Gpl) with a length of 9.65 mm is chosen to attain
the impedance BW below —10 dB. The proposed antenna at

1548.5757 © 2025 IEEE. All rights reserved, including rights for text and data mining, and training of artificial inlelligence and similar techmologies.

Persomal use is pe but

reqquires IEEE permission. See hitps:ifwww.izee.orgfpublications/rightsfindex. htmll for more information.

154


https://doi.org/10.1016/j.aeue.2025.155836

5. Rohit Khandekar, Deepika Sipal, “Gain Enhanced mm-Wave Dipole Patch
Antenna with an End-fire Radiation for 5G Applications”, IEEE Microwaves,

Antennas, and Propagation Conference, (MAPCON), 2022, doi:
10.1109/MAPCONS56011.2022.10047806.

{RAGPCON] | S78-1-665 445 103 872 34551 00 D30 X2 IEEE | DOk 101 109 MAPODKS 60113022 . 1004 7806

HIXD IEEE

97B-1-6654-5203-8/22/$31.00 ©2022 |EEE

2022 IEEE Microwawes, Antennas, and Propagation Canference (MAPCON)

Gain Enhanced mm-Wave Dipole Patch Antenna
with an End-fire Radiation for 5G Applications

Rohit Khandekar™, Deepika Sipal®,
2 Department of Electronics and Communication Engineering,
Delhi Technological Universaty, Mew Delhi, India
rohitkhandekar 7@ gmail com

Abstract— A wniplanar compact End-fire dipole antenna
with a size of 20mm>1%mm and height 0.8mm i proposed for
S0 applications. An array of a Double Negative (DNG) cells is
introduced on the planar antenna structure for a fat gain
enhancement of 4 dB throughout the bandwidihi BW) of 4
GHe, ie, 24-28 GHz The maximum obtained gain is 9.8
dBi, and mavimum elficiency of 92% is achieved after
double DNG cells loading. The front-to back-ratio (FTER)
is 20.59 dB and is improved by 9.78 dB due to doable DNG
cells boading.

Keywords— Dipeie anienna, DNG, End-fire radietion, FTER,
Cerin enfoncement, mm=Wave, Dniplaner, S0,

1. INTRODUCTION

Due to the heavy demand for bandwidih (BW)
mm-waves are being extensively explored for  better
communication. However, mm-waves have low propagation
characteristics, which lead rescarchers to enhance the gain of
an antenna for poini-to-point (p2p) communication [1]-7].
Multiple mm-Wave antennas are reported with different gain
cnhancement techniques. In which some are non-planar and,
some are planar antenna structures operating between 24 to
28 GHz. A mm-Wave antenna backed with a reflector at Tmm
for gain enhancement of 2.5 dB only is reported in [2]. An
F55 reflector in [3] is kept around Smm to improve the gain
by 5dB. But these non-planar strisctures increase the total size
of the antenna. A dipole with three sets of metamaterials are
placed in fromt of a planar dipole antenna for the gain
cnhancement upto T4dBi at 26 GHz in [4]. A planar dipole
antenna [5] loaded with 6 in-planc metamaterial cells to
increase the gain of the radiator by 3.5 dB throughout the
BW. In [6], a set of directors are used for gain enhancement
in a dipole antenna to increase it by 2.2 to 3.4 dB at 60 GHz.
A four types of metamaterial cell with slight variations are
ciched on a diclectric slab which is used as a lens for a
radiator to enhance the gain by 3.5dB [7]. The abowve-
mentioned research has in-plane loading of unit cells only on
the top side of the planar antenna substrate for the gain
cnhancement.

Therefore, in this proposed work, a planar dipole antenna
is designed with loading of Double Negative (DNG) cells on
the top and bottom side of the planar strecture; hence, Double
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layer DMG cells loading. The proposed work covers the
frequency spectrum between 24 GHz to 28 GHz, and this mm-
Wave band is universally accepted for the 5G application [1].
The gain has increased significantly by 4 dB and remains
constant throughout the BW after introducing DNG cells in
the antenna design. This planar arangement of a dipole
antenna with DNG cells occupics a minimal area in the
communication device as can be seen in Table L

Tahle 1. Comparison with studied aniennas

Ref. nc:‘ﬁtﬂl.;nn Size of Structure F“':":“'
21 Moneplanar 1652457 " 25dn
[H] Nor-planar T w250 mm S3an
] Flanar F0 305050 me” iTam
[E] Planar F0% 1370508 mm” 3548
::; Planar 20190.8 mm’ 4dB

Il ANTENNA DESIGN

A dipole patch antenna is designed using Rogers RT
duroikd 3880 substrate with a diclectric constant of 2.2, The
patch is & combination of a small radiating element connected
to a 50 ohms matched transmission line. For a good matching
impedance, the dipole antenna width is matched o a
transmission line. The antenna size is 20=19 mm?, and the
height of the substrate is only 0.8 mn. A 45 DNG cell amay
are placed on both sides of the substrate of the planar antenna,
as shown in Fig. 1. In Table I, all dimensions of the dipole
antenna and unit cell are mentioned. The proposed dipole
antenna configuration yvields the maximum radiation in the y-
direction with a minimum back lobe. Therefore, the DNG
cells are introduced in fromt of the dipole antenna to increase
thee gain.

I UNIT CELL DESIGN
A simple square ring inspired by [8] is designed with an offset
split on each arm of the ning to make the unit cell resonate near
26 GHz, as shown in Fig 2. The width of the ring and the gap
are same, i.c., 0.2 mm. The DNG is designed using Rogers BT

duroid 5880 substrate with a diclectric constant of 2.2 and the
height of 0.8 mm. Fig. 2 also shows the boundary conditions
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Abstraci— A robust beam tilting tri-lavered Phase
Gradient Metasurface {FGMS) lens is proposed for Multiple
Input Multiple Outpat {(MIMO) applications. The PGMS wnit
cell has transmission coelficient > 0.7 and transmission phase
varies from 0% to 226.25% An array af 5212 wnil cells lens is
kept al @ height of (L46 be 1o till the beams of Antenna 1 and
Anmtenna 2 lo -24% and +24" respectively in XZ-plane. The
resonating frequency of proposed anlenna is from 27.4 GHz
to 28.26 GHez. The mavimom gain s %.71 dBi at 28 GHz and
the Efficiency of ihe anienna is 83.6%. The Balation between
two MIMO antenna is 15.71dE with PGMS lens. The total
anlenma profile with the lens i .71 s

Keywords— Beaw rilt, Phase Gradient Metasarfoce, MIMO, 56
Comm unicafions, sl ave.

1. INTRODUCTICR

The Millimeter Wave {(mm- Wave) frequencics are being
explored extensively because of its high channel capacity
than the current communication system [ 1]. Therefore, it is
one of the reasons mm-Waves frequencies are part of 5%
Generation (50) communication system. The mm-Wave
antennas sige s small with respect o wavelengths.
Therefore, multiple mm-Wave antennas can be added to the
communication devices to form a Multiple Input Multiple
Chtput (MIMO) system. The MIMO system is used o
improve the performances such as, channel capacity raie,
signal to moise ratio (SNR) and fidelity of the
communication devices [2], [3]. Although, with all these
advantages, mm-Wave with MIMO configuration lacks the
good propagation and high SNR [1], [2].

These issues of mm-Wave anicnnas are tackled with gain
enhancement using Metamaterials! Metasurfaces reported
in [4-11]. In [4] Eleciromagnetic Band Gap (EBG)
structures are used to suppress unwanted radiation through
surface waves and increase the broadside radiation with a
maximum gain of 10 dBi at $0 GHz. The lens ammay used is
made upof 9=6 similar M35 unit cells to achieve 10 dBi gain
at 26 GHz in a broadside direction [5]. The Zero Indexed
Matenial (ZIM) wsed to achieve gain enhancement upto 9
dBi at 28 GHz [6]. In [7] a Vivaldi MIMO anmtenna with
shared aperure is reporied. In this article modified Split
Ring Resonators (SRR) are placed in front of the aperture
to increase the gain up to 9 dBi at 28 GHz. In [8] array of
4=5 SRR are placed on the paich level and ground planc
level to enhance the gain from 5 dBi to 9 dBi. These above
reported antenna designs have broadside [4.5] and end-fire
[6-8] radiation respectively. The average gain of these
reponed antennas with gain enhancement techniques is
0.5 dBi.

Communication between non line of sight (NLOS)
transmitter and receiver is equally important as line of sight
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(LOS) communication. Therefore, beam tilting or beam
deflection comes into the picture. In [9] an armay of 3=35
Frequency Selective Surfaces (F55) placed undemneath the
antenna is used to tilt the beam by +23% and when FSS is
rotated by 90" beam tilis to -29%. The gain increased to
11dBi from 10 dBi after introducing FS5. In [10] beam
tiltmg and gain enhancement s achieved for WiMAX
frequency band (3.4 GHz 3.6 GHz) using High Refractive
Index Material (HRIM). An array of 1=4 HRIM consist of
5 slabs and are placed in close proximity with bow tie
antenna. The beam tilt of 35" and gain enhancement of 5
dBi are reported.

A planar Phase Gradient Metasurface (PGMS) lens, which
has a transmission phase variation from 0 w0 2x, gained
interests of researchers for its versatile outcome such as gaimn
enhancement and beam tilting when loaded on the antenna.
In [11] 2 mm-Wave MIMO anicnna with a planar lens armmay
of size 13%13, is reported with a phase difference {Ag)
berween two MS ks m. The maximum gain achieved is 193
dBi and the beam tilis of +13% and -13° are observed for the
two offset antennas. A two layered PGMS lens is reported
for gain enhancement [12]. The gain enhancement repored
in [12] is upie 20 dBi in the broadside direction. In [13] a
PGMS array is used to beam tilt by 20° with the gain of 10.6
dBi at 28 GHz.

The above reported antenma designs have broadside
radiation and end-dfire radiation with the gain enhancement
technigues. However, fewer beam tilting antenna designs
have been reported which have beam tilts either small,
asymmetrical or beam tilting is achieved by rodating the
metastructure which makes system complex.

This communication reporis beam tilting of the MIMOD
antenna in two opposite directions. A 5=12 aray of PGMS
used as a lens for the beam tilting of the MIMO antenna
keeping a low profile. The spacing between the antenna and

the lens is 046k The main lobe beam is tilted from
broadside direction to -24° and +24° for antenna 1 and
antenna 2 respectively in XZ-planc. The design and analysis
of antenna and proposed PGMS lens is discussed in section
11 and results are discussed in section 11

1. ANTENNA AND PHASE GRADIENT MS DESIGN

A Anmtenna Design

A Ouarter Wave Transformer (QWT) Anienna
resonating at 28 GHz with feed matched to 5042 is designed
with subsirate Rogers RT duroid 3880 having diclectric
constant 2.2 and height 0.254mm, as shown in Fig. 1.

B, PGMS Unir cell Design

A Tri-layered PGMS unit cell is designed with four “T7
shaped arms on cach side of square ring is shown in Fig. 2.
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Abstraci—In Uhis article, A Planar Dipale Antenna (PDA)
is proposed with a Nat gain of 11 dBi over the bandwidih of
b GHz The PIVA antenna is operating from 22 GHz to 2606
GHez. A 3D printable Foly Lactic Acid (PLA) material is
used as 30 structure for gain enhancement by a litke more
than SdBi and to il the main beam from end-fire o +21%.
The dimensions of 3D Structure is 6x4x3 mm' and
height of sabstrate i 0254 mm. The maximum gain
achieved is 1145 dBi and minimum gain is 1107 dBi. The
gain variance i reduced from 3 dE w045 dB after
incorporating 3D printed Metasirpciure to PDAL. With the
appropriate gain the proposed anlenna is suitable for 5G
communication with a compaci profile of 30 x33x3.254
mn’ anly.

Keywordv—{iain enhancement, Flat gain, 31 printed struc-
twres, Planar Dipole Anienna, SG.

1. INTRODUCTION

With the small size and low profile mm-wave antennas
can provide wide bandwidth (BW) therefore, for 5G
communication mm-wave antennas are the center of
attraction. However, mm-wave antenna have low gain. That
is why, gain enhancement techniques are used to improve
the signal propagation through the air [1]. In [2] 2 high gain
Vivaldi antenna with metasurface is reporicd. In [3] a
double negative metasurfaces are wsed for  gain
enhancement. In [4] a wide band antenna with large lens i
reported for a flat gain. Now a days, 30- printed structures
are also being studicd, multiple 3D-printing material with
different diclectric constants available in market. Multiple
3D printed structures are also reporied to enhance the gain
of antenna. A high gain 3D printed hom antenna for
mm-wave communication is reported in [3]. A 3D printed
hemispherical structure with a rectangular base to attain
high gain at microwave frequencies is reported in [6]. A 3D
printed reflect phase gradient reflect array in [7], A phase
gradient 3 printed lens for gain enhancement in [8], A solid
3D printed sphere for gain enhancement in [9], A similar
approach is reported in [ 10]. 3D printed structures ane used
for to generate circular polarzation which also improved
the gain of the antenna in [11}-[13].

In shove reported antennas with 30 printed structure,
the antenna profiles are very large which also includes the
large 3D printed structures.  which makes  the
communication unit assembly bulky. Henceforth, In this
articke, A Planar Dipole Antenna (PDA) is proposed with
enhanced flat gain. To enhance the gain of PDA, directors
and four small 30 printed Metastructure array of 1 x 2
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rectangular structures are wsed. And beam is tilted to 217
using these stuctures with each 1% 2 Metastructure
keeping a little offset at every level.

1. DESIGN OF 3D- PRINTED METASTRUCTURE LINIT
CELL AND PLANAR DNIPOLE ANTEMNA

In this section, Firstly, the design and analysis of 30
printed unit cell and later, Planar Dipole Antenna (PDA)

are discused in-depth.
A AD-printed Metasoruciure Uit Cell

Fig. . Proposed 3D-printed PLA Metasinuciure.

The 3D printed Unit cell is shown in Figure 1 along
with its dimensions. Diclectric material wsed is Poly Lactic
Acid (PLA) which has a dielectric constant 2.55 [14). The
height of the unit cell is chosen 3mm only and it is placed
on the Rogers RT duroid 5880 substrate with a dielectric
constant 2.2 and thickness 0254 mm, to maintain the low
profile of the amtenna. Here, substrate layer is also
considered in unit cell simulation setup. The Electric and
Magnetic boundary conditions applied in X and Y
directions respectively. The Waveports applicd in the £
direction. The simulated S-parameters for the unit cell is
shown is Figure 2(a). The 511 is well below -10dB from
18 GHz to 30 GHz and 521 is less than -0.8 dB. This
signifies, the 3D printed Metastruciure have good
resonance in the mm- wave frequencics and all the
cnergy is flowing from port 1 to port 2 with minimum
losses. The transmission phase is negative passing through
0" at 24.7 (GHz as shown in Figure 2{a). In Figure 2{b)
The extracted parameters from 511 and 521 using
equations in reference [15] are shown., The proposed 3D
printed Unit cell suffices and resembles all propertics
which has been reported for the copper-substraie
integrated unit cells [16], [17]. Henceforth, the proposed
unit cell with 3D printable material PLA can be called as
a Metastructure.
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Rohit Khandekar (4Antenna and RF Engineer)

Contact no: +91 9637177149 Email ID: rohitkhandekar7@gmail.com

Profiles: LinkedIn and Google Scholar Current Location: New Delhi, India

Ph.D. Scholar at Delhi Technological University with 5+ years of academic research
experience in Antenna Design, RF circuit development, and testing. Published in
reputed international journals and conferences, with strong hands-on expertise in RF
engineering, Microwave Systems, and Electromagnetic Simulation tools. I seck a
research role in the RF industry.
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Antennas Antennas Antennas Antennas

5G and IoT 3D- Printed Reconfigurable PCB Designs
Antennas Antennas Antennas
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Antennas Antennas
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CST ANSYS-HFSS ADS MATLAB
VNA Spectrum Calibration Kit Oscilloscope
Analyser
Anechoic Soldering RF Photolithography EMC and EMI
Chamber Components in-depth
knowledge
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Peer-Reviewed Articles (SCI/SCIE)

¢ Rohit Khandekar, Deepika Sipal, “Sub-6 GHz Ultrawideband Gain Enhanced
Antenna for IoT Applications”, Arabian Journal for Science and Engineering
doti: https://doi.org/10.1007/s13369-025-10455-9.

¢ Rohit Khandekar, Deepika Sipal, “Design and Analysis of mm-Wave MIMO
Antenna with a UWB AMC” [EEE Antennas and Wireless Propagation Letters.
doi: 10.1109/LAWP.2025.3577607.

160


mailto:rohitkhandekar7@gmail.com
https://www.linkedin.com/in/khandekarrohit07/
https://scholar.google.com/citations?user=UU_5tx4AAAAJ&hl=en
https://doi.org/10.1007/s13369-025-10455-9
https://doi.org/10.1109/LAWP.2025.3577607
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¢ Rohit Khandekar, Deepika Sipal, “Polarisation-Insensitive Phase Gradient
Metasurface Gain Enhanced Antenna”, AEU - International Journal of
Electronics and Communications, 2025,
doi: https://doi.org/10.1016/j.acue.2025.155836.

International Conferences

e Rohit Khandekar, et all, “mm-Wave Gain Enhanced Antenna with Phase
Gradient Metasurface for Beam Deflection”, Accepted for IEEE Microwaves,
Antennas, and Propagation Conference (MAPCON), 2025

¢ Rohit Khandekar, Deepika Sipal, “Beam Tilting Phase Gradient Metasurface
for mm-Wave Antenna”, IEEE Microwaves, Antennas, and Propagation
Conference (MAPCON), 2024, doi: 10.1109/MAPCON61407.2024.10923509.

e Rohit Khandekar, Deepika Sipal, “Flat Gain Antenna with 3D Printed
Metastructure for S5G Applications”, IEEE Microwaves, Antennas, and
Propagation Conference (MAPCON), 2024,
doi: 10.1109/MAPCON61407.2024.10923502.

¢ Rohit Khandekar, Deepika Sipal, “Gain Enhanced mm-Wave Dipole Patch
Antenna with an End-fire Radiation for 5G Applications”, IEEE Microwaves,
Antennas, and Propagation Conference, (MAPCON), 2022,
doi:_10.1109/MAPCONS56011.2022.10047806.

¢ Rohit Khandekar, et all, “Antenna for Machine-to-Machine (M2M)
Communication”, International Conference on Advances in Computing,
Communication and Applied Informatics (ACCALI), 2022,
doi: 10.1109/ACCAI53970.2022.9752535.

¢ Rohit Khandekar, Deepika Sipal, “Huygens Unidirectional End-Fire Pattern
Reconfigurable Antenna”, IEEE Indian Conference on Antennas and
Propagation (InCAP), 2021, doi: 10.1109/InCAP52216.2021.9726333.

¢ Rohit Khandekar, et al., “A Frequency Reconfigurable Antenna for Sub-GHz
and TV White Space Applications”, Advances in Signal and Data Processing.
Lecture Notes in Electrical Engineering, Springer, Singapore.
doi: https://doi.org/10.1007/978-981-15-8391-9 33.
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¢ Rohit Khandekar, Deepika Sipal, “Millimetre Wave Ultrawideband Artificial
Magnetic Conductor ” - INDIAN PATENT (FILED)- 2025.

> Ph.D. RESEARCH Jan 2021-Present

Title- DESIGN AND ANALYSIS OF GAIN ENHANCED MICROSTRIP
ANTENNAS USING METAMATERIALS FOR 5G APPLICATIONS.

ANTENNAS DESIGNED FOR THE Ph.D. RESEARCH

e Designed an Artificial Magnetic Conductor (AMC) metamaterial reflector to
enhance the gain and isolation more than 20 dB of the MIMO antenna for
Internet of Things or Vehicles (IoT/IoV) application at Sub-6 GHz (Wifi-6E)
frequencies.

e Designed a Phase Gradient Metasurface (PGMS) lens to enhance the gain of the
12 GHz 5G antenna. The F/D ratio was maintained at 0.2, which ensures a low-
profile antenna, and the maximum gain achieved was 17.7 dBi.

e Designed a Partially Reflective Metasurface (PRMS) to match the 2.31 GHz
ARBW of the antenna to the 2.41 GHz impedance BW, and the maximum gain
achieved is 17.1 dBi.

e Designed a low-profile ultrawideband (UWB) AMC with 14 GHz impedance
BW by exciting the TM20 mode. This is used to enhance the gain of the mm-
Wave Antenna with 16 GHz BW.

e 3D Printed Metastructures are designed to achieve a flat gain of 11 dBi with 0.5
dB gain variation for a BW of 4 GHz at mm-Waves frequencies.

e All research findings are published in the reputed SCI/SCIE journals and
IEEE International Conferences.

» MASTERS’ RESEARCH July’2017-18

Title- DESIGN AND ANALYSIS OF RECONFIGURABLE MICROSTRIP
PATCH ANTENNA

e Modelled and simulated Frequency Reconfigurable Patch Antennas for the L-
band (1-2 GHz), and TV White Space band (490 MHz to 960 MHz).

e Inset patch for L-band (1-2 GHz), attained a Frequency Reconfiguration in four
combinations using PIN diodes.
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Multiband Frequency Reconfiguration was attained through a combination of
four PIN diodes for a Meandered patch antenna for a TV White Space (TVWS)
application.

Used Infineon PIN diodes and Skyworks Varactor diodes as the RF switches
due to achieve reconfiguration.

MENTORSHIP FOR B. TECH STUDENTS Jan 2021-Present

Mentored B. Tech (3" and 4%) and M. Tech students for their Minor and Major
research projects at DTU.

Trained students to use CST/HFSS/ADS to design antennas and RF circuits.
They have published their research findings in the IEEE international conferences.

TEACHING ASSISTANT Jan 2021-Dec 2024

Conducted B. Tech and M. Tech LABS as a part of Teaching Assistantship for
different subjects, such as Digital Electronics, Basic Electronics and
Communication, Microwave Engineering, Electromagnetic Theory, Electronic
Instrumentation and Measurements, Embedded Systems, and Project LABS.

Conducted Administrative work, Management, and Examination duties.
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Microwave Engineering
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Ph.D, Electronics and Communication Engineering, Delhi Technological
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Master of Technology (M. Tech), Electronics and Telecommunication
Engineering,
Symbiosis Institute of Technology, Pune, Maharashtra. (2018).

Bachelor of Engineering (B.E.), Electronics and Telecommunication
Engineering,
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