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ABSTRACT

The fifth generation (5G) technology for cellular communication utilizes three main
frequency bands: low band (600-850 MHz), mid band (3.4-3.6 GHz), and high band (24-
30 GHz). Each of these bands has some distinct advantages and disadvantages. For fast
data communication, 5G networks utilize the mid band frequencies, which also necessitate
smaller antenna components. In this thesis we explore Single-Input Single-Output (SISO)
and Multi-Input Multi-Output (MIMO) microstrip patch antennas that meet the gain,
band-width, efficiency and diversity parameters for 5G wireless technology. Further,
simulation, analysis, and testing are conducted to achieve a highly efficient, low-profile
MIMO antenna specifically designed for 5G applications.

A microstrip patch antenna for 5G communication with highly reflecting metasurface
(MS), excited by a coplanar waveguide (CPW) feed is designed. This antenna is suitable
for the frequency band 3.86 GHz to 4.49 GHz. The use of MS enables to achieve a higher
gain, wider bandwidth, smaller return losses, and better efficiency. Also, a Fabry Perot
cavity-based microstrip patch antenna for 5G communication is investigated to achieve
higher gain. The Fabry Perot cavity based antenna used three techniques: a perfect electric
conductor (PEC) sheet, high dielectric superstrate, and metasurface superstrate. The size
of the PEC sheet needs to be kept large to reflect the radiation resulting in larger antenna
size. A high dielectric superstrate provides better return loss and gain as compared to PEC,
however it increases the antenna cost. Finally, metasurface superstrate is explored in the
design microstrip patch antenna for 5G communication which has better gain, bandwidth
and return loss as compared to PEC and dielectric superstrate antennas.

Further, simulation, analysis are also performed to design highly efficient, low-profile
MIMO antenna tailored for 5G applications. A closely integrated MIMO patch antennas
operating at 3.5 GHz with improved isolation is designed. This configuration comprises
of two mirror-symmetrical single-feed patch antennas with a separation of 0.011 Ao is

implemented. A metasurface is employed as a decoupling structure that consists of pairs



of uniform cut wires. An enhanced isolation of 10dB to 35dB between the closely spaced
antennas is achieved by employing the metasurface and gain of 3.85 dBi. Further to reduce
antenna size, atwo-port circularly polarized (CP) MIMO antenna operating at sub-6 GHz
with a distinctive slot and a circular split ring resonator (SRR) at the ground plane is
designed. A sequence of parasitic elements in the shape of ‘h’ is placed in the space
between the two antenna elements for decoupling. The designed antenna has an
impedance bandwidth of 3.3 to 3.6 GHz, axial ratio bandwidth of 3.35 to 3.51 GHz and
minimum 20 dB isolation.

An innovative integrated dual-band MIMO antenna featuring unit cells arranged
orthogonally and fed by a CPW is designed. By incorporating a curved design into the
antenna's radiator elements, the antenna effectively operates in two resonant frequencies:
3.5 GHz (Wi-Max) and 5.5 GHz (WLAN). This design eliminates the need for additional
isolation components while still achieving high isolation. Finally, a triple-band two-port
MIMO antenna with self-isolation was designed for the frequency bands: 2.58 GHz to
2.84 GHz, 3.4 GHz t0 3.9 GHz, and 4.3 GHz to 4.6 GHz. The gain enhancement, radiation
pattern, radiation efficiency, MIMO diversity parameters using microstrip patch antenna

and other key aspects are presented in the thesis.
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Chapter 1

Introduction and Literature Review

The fifth-generation (5G) wireless technology represents the next phase in cellular
communication development. 5G operates across three primary frequency bands: low
(600-850 MHz), mid (3.4-3.6 GHz), and high (millimeter wave, 24-30 GHz). Each band
has distinct advantages and disadvantages. The mid-band spectrum provides a wider
coverage area than the high-band millimeter wave spectrum and is also capable of
penetrating walls. It offers faster speeds and greater capacity compared to the low-band
spectrum. In the millimeter wave range, frequencies such as 24 GHz, 28 GHz, 38 GHz,
and 60 GHz are designated for 5G use; however, they face the challenge of high
propagation loss.Given these limitations, most early 5G services are expected to operate
within the 3.3-3.8 GHz and sub-6 GHz bands. Antennas with low gain, broad bandwidth,
and beam steering capabilities were utilized in earlier wireless technologies to guide signal
transmission and reception. However, 5G technology requires antennas with high gain for
extensive network coverage and beam-steering capabilities (efficient coverage), high
speed for signal transmission (high-speed data rate), and compactness to occupy less
space.

To attain the high gain required for 5G communications at millimeter-wave
frequencies, beamforming technology is crucial. Various large network structures are
employed for beamforming, including Butler matrices, Rotman lenses, and phased array
antennas, which are crucial for beam steering. However, these methods often add
complexity, weight, and cost to the design. Disruptive beamforming offers a solution to
these challenges by eliminating the need for phase shifters and power dividers to steer
beams. Instead, it utilizes structures like artificial magnetic conductors (AMCs),
metasurfaces, superstrates, and RF absorbers to achieve high gain, wide bandwidth, and
beam steering.

This chapter provides a quick overview of 5G technology and outlines the anticipated
spectrums. Subsequently, the specifications for antennas in the next wireless technologies

are also explained. In conclusion, several kinds of periodic structures are also investigated



for beam steering and gain augmentation. The groundwork required to understand and

value the work done in this thesis is laid forth in this introduction.

1.1 Evolution of Mobile Communication
Mobile communication technologies have evolved and improved in performance across

numerous generations, which may be categorized as follows:

1.1.1 1G Communication Systems

The initial generation of mobile phones was analogue and solely utilized for voice
communications, hence we might refer to this period as the analogue generation. In
Europe, various first-generation communication systems were in use, such as TACS
(Total Access Communication System), which operated at 900 MHz and had a channel
bandwidth of 25 kHz and a data rate of 2 kbps. The most well-known system in the United
States of America was called AMPS (Advanced Mobile Phone System), and it operated
on the 800 MHz band with a 30 kHz channel bandwidth and a 10-kbps data rate. Because
the technologies utilised in the various systems are incompatible, users of TACS and

AMPS were unable to call one another (Rappaport, 2009).

1.1.2 2G Communication Systems

The second generation started when the communication networks were switched from
analogue to digital. More services, such as brief message, data transfers, authentication,
and data encryption, are made possible in addition to voice traffic. Among 2G
communication systems, GSM (Global System Mobile) is the most well-known. The
majority of the world's population uses it at 900 MHz and 1800 MHz, whereas the USA,
Canada, Maxico, and certain nations in South America use it at 850 MHz and 1900 MHz
(WorldTimeZone.com). It employed FDMA, which divides the channel's bandwidth into
non-overlapping subchannels, and time division multiple access (TDMA), which divides
the time frame into eight slots per channel, to achieve a 64 kbps data rate. Other 2G

systems exist, such as the digital advanced mobile phone system.



1.1.3 2.5G Communication Systems

The circuit switch network architecture was utilised by the 1G and 2G systems. Whether
or not the channel was utilised in this technique, it was formed between the transmitter
and receiver and could not be used by other callers until the conversation between the
transmitter and receiver was terminated. A system improvement was made possible in
2.5G by using a packet switch network architecture, which increased the data rate to
144Kbps. In this technique, a packet containing addressing data is used to transmit the
information data. By delivering their packets to the location indicated in the addressing
data, several users can use the channel. This generation includes a number of technologies,
including general packet radio service (GPRS), high speed circuit switch data (HSCSD),
and increasing the GSM evolution's data rate (GSM). All of these technologies are thought
to represent improvements to the GSM system and a transitional phase between 2G and

3G communication systems (Rappaport, 2009).

1.1.4 3G Communication Systems

The preceding generations have undergone a true revolution that is based on Internet
Protocols and supports both the circuit switch network and the packet switch network (IP).
This function facilitates the globalisation of 3G systems and boosts data rates to 2 Mbps.
Applications for multimedia have been supported, including full-motion video and video
conferencing. The main 3G systems are based on the Universal Mobile
Telecommunication System (UMTYS). It is a development of the GSM system that utilises
the wideband code division multiple access (WCDMA) standard, which offers a faster

data rate and more capacity than GSM (Rappaport, 2009).

1.1.5 4G Communication Systems

The primary objective of any enhancement for any communication system is to increase
the system data rate. In addition to the 3G capabilities, 4G systems offer a high data rate
of up to 100 Mpbs and add Multimedia Messaging Services (MMS), Digital Video
Broadcasting (DVB), and improved clarity for watching. The main 4G technology for



television is called Long Term Evolution (LTE), and it offers more data security, higher

bandwidth, and better quality of services (QoS) than prior generations.

Figure 1.1: Evolution of wireless technology

1.2 5G Technology

The next fifth-generation (5G) wireless technology is a new worldwide wireless standard
that follows 1G, 2G, 3G, and 4G. More connection is expected to be provided by 5G
compared to previous technologies. 5G promises to only enhance cellular capabilities by
increasing broadband power and mobile capacity and data speeds. Actually, compared to
previous generations, 5G cellular networks are 10-50 times quicker. 5G technology may
be used to develop new applications including the Internet of Things (IoT), Machine to



Machine (M2M) communications, Device to Devices (D2D), and the Internet of VVehicles
(loV) [1].

1.3 5G Expected Spectrum

In order to fulfill the future demands of cutting-edge, soon-to-be 5G wireless technology,
more spectrums must be investigated for 5G services. Clearing prime bands should be
given priority as 5G will need a significant quantity of additional, harmonised spectrum

to fulfill market demand. Three sections comprise the 5G spectrum:

) Lower Band
i) Mid-band
i) Higher Band

i) Lower Band: The sub-1 GHz spectrum facilitates extensive coverage, including
indoors, as well as in rural, suburban, and urban areas. Increasing low-band capacity is
crucial for reducing the digital divide and ensuring more equitable broadband access

between urban and rural regions.

i) Mid-band: It offers an excellent balance of capacity and coverage benefits. Most
commercial 5G networks operate in the 3.3-3.8° GHz band of frequencies.
Long-term maintenance of 5G service quality and meeting growing demand would need
more spectrum (e.g., 3.3-4.2 GHz, 4.8 GHz and 6 GHz).

iii) Higher Band: The GSMA advises supporting the 40 GHz, 66-71 GHz, 28 GHz, and

26 GHz bands for mobile devices.

Implementing connection quality standards at mm-wave frequencies presents additional
challenges:
» Atsub-6 GHz, impairments are not a concern; but, at mm-wave frequencies, they

become more troublesome.



» Wider channel bandwidths at mm-wave frequencies are anticipated, which affects
baseband and RF designs due to common signal impairments.
» 5G radio solutions address these issues by employing beam steering and multi-
antenna spatial diversity on base stations and mobile devices [2].

1.4 Requirements of the Antennas for Future Wireless Technology
According to the IEEE definition, "An antenna is a transitional structure between free
space and a guiding device that allows radio waves to be transmitted or received" [3]. As
the demand for effective signal transmission and reception in wireless communication
technologies—such as satellite communication, cell phones, and laptops—continues to
grow, the role of the antenna becomes increasingly critical. Antennas are essential for
transmitting and receiving signals in all wireless communication systems, converting
electrical signals into electromagnetic waves and vice versa. Future advancements in
wireless technology will greatly benefit from antennas that offer high gain, wide
bandwidth, low ohmic losses, and high radiation efficiency.
To cover extensive network areas, 5G technology requires antennas that offer high-speed
transmission, high gain, and compact size. Beamforming antennas are essential for mobile
carriers utilizing 5G New Radio (NR) as they play a critical role in network capacity.
Developing beamforming technology is key to achieving high-gain antennas, as it enables
the creation of highly directional antenna patterns, particularly those that can be
electronically steered. Unlike conventional antennas used in earlier wireless technologies,
which only broadcast and receive based on fixed radiation patterns, beamforming antennas
dynamically adjust their beam directions—both main and null—according to the location
of connected users. This dynamic capability enhances signal direction, reduces
interference, and improves the signal-to-interference-plus-noise ratio (SINR) [4].
1.5 Multiple Input Multiple Output (MIMO) Antenna
In the new era of modern wireless communication, it requires an errorless channel capacity
with lower error rate, bonded with high-speed data rates. However, these features are
hindered due to co-channel interference and multipath fading occurring in the

communication systems. Multipath fading occurs as a result of signal being reflected by



various paths getting distorted and signal weakened. Co-channel interference occurs as a
result of same frequency signals travelling on the same path get interfered on each other.
In order to avoid all these errors, we use multiple antennas in transmitter and receiver side.
While increasing the channel capacity, these errors are minimized and codes are
developed for multiple antenna system. A variety of antenna strategy is utilized for radio
correspondence which is planned by M number of sending and N number of getting
antennas to concentrate on as far as possible on the information pace of various antenna
framework in a Rayleigh blurring climate. The primary center was to utilize an equivalent
number of antenna cluster components at both the transmitter and collector to build the
channel limit. Further, space-time codes for transmission were acquainted which used
various types of antennas without the necessity of any criticism from the recipient to the
transmitter [5].
(MIMO is one of the smart antenna technologies employed in modern wireless
communication systems. In this technique, channel capacity is being increased with the
existing power and bandwidth without the need for modifying the bandwidth of the
system. Here, channel capacity is increased by implementing multiple antennas in both
transmitter and receiver sides, hence the name MIMO. They can be characterized into
various forms as shown in Figure 1.2.
MIMO (Multiple-Input Multiple-Output) essentially integrates various multiple antenna
techniques, including:
e SISO (Single-Input Single-Output): This is a traditional system where both the
transmitter and receiver are equipped with a single antenna each.
e SIMO (Single-Input Multiple-Output): In this system, there is one transmitting
antenna and multiple receiving antennas.
e MISO (Multiple-Input Single-Output): This configuration features multiple
transmitting antennas and a single receiving antenna.
MIMO builds on these concepts by utilizing multiple antennas at both the transmitter and

receiver ends to enhance communication performance.
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Figure 1.2 Multiple antennas configuration

MIMO innovation has attracted interest in latest wireless correspondence frameworks. An
imperative expand in channel limit is accomplished without the need of additional
bandwidth or sending power by sorting out numerous antennas for transmission to achieve
an exhibit advantage and variety of advantages, consequently recuperating the unearthly
effectiveness and dependability[6]. The high decoupling mechanism needs between
antenna advancements and a smaller size for application in versatile gadgets in MIMO
antenna framework. Figure 1.3 shows the configuration of MIMO system.



r— —
m! m!

User Data Stream | User Data Stream

I M* CHANNEL W™’ I

BT

Figure 1.3 MIMO antenna configuration

In Figure 1.3, the transmitter section is designed with the MT number of transmit antennas,
and the receiver section is designed with MR number of receiving antennas. The MIMO
system is designed with the following equation.

y = Hx+n (1.2
Whereas,
y is the receive vector;
x is the transmit vector;
H is the channel vector;

n is the noise vector;

Diversity is multiple links between transmitter and receiver. It is used to combat the fading
nature of the antenna system. If one of the links between the transmitter and receiver is
attenuated or damaged, there is other link present for the communication between them.
The antenna system with diversity will have low 3D cross correlation [7].

The performance of good antenna diversity can be achieved by following three methods:



(a) Spatial Diversity

This type of diversity is used to improve the reliability of the communication system. In
this, same amount of data are sent across different path or propagation or parallel
transmission of the data. This aims to improve the data rate of antenna system known as
spatial multiplexing. In this type of diversity, the correlation between the antennas should

be as low as possible.

(b) Beam Diversity
The antenna has different gains in different directions.

(c) Polarization Diversity

This diversity is basically the easiest form for achieving any diversity with small MIMO
antenna communication system. In this type of diversity, multiple antennas radiate in a
specified direction and the polarization between them should be orthogonal.

With respect to the above types of diversity, no antenna will give a perfect diversity
system. Generally, it is a combination of different types of diversity, even if polarization
diversity effect is strongest. The best choice of any antenna diversity system is the
propagation of the signal between transmitter and receiver. In designing the MIMO
antenna system, propagation of the signal is generally defined by pattern diversity. Pattern
diversity is the placement of the antenna to give the pattern. Polarization diversity and
pattern diversity will generally affect the performance of the MIMO antenna. So, when
four or more antennas are placed, all types of diversity factors should be included in
designing the MIMO system [8].

1.5.1 Design Factors of the MIMO Antenna
For the MIMO Antenna For good diversity of MIMO antenna, the following factors
should be included in antenna design:

¢ Antenna should have some type of directivity in the system so that it can be controlled

e The cross polar discrimination between the antennas should be considered.
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e The mutual coupling between the antenna elements must be as low as possible.

e Antenna must have the property of directed spatial radiation.

e MIMO antenna or multiple antennas should be more efficient than single antenna (S1SO)
having all types of diversity.

e The size of antenna should be as low as possible.

¢ Impedance matching of the antenna should be high.

The imperfect cross-polarization of the antenna element will create a high correlation
between the antennas at the receiver side. This will reduce the gain in the diversity system.
So, this effect should be considered, while designing the MIMO antenna. When signal
correlation increases the cross-polarization will reduce the diversity gain of the system.
So, coupling between the antenna elements becomes the deciding factor for any designer
to design a good MIMO antenna for communication [9].

For the reduction of antenna coupling, the following factors should be considered:

e Current produced in the common ground plane

This type of problem in the antenna is very likely. These are basically due to the coupling
of antenna elements together. Defected Ground Structure (DGS) and Meta material are
commonly used here to reduce the current induced in the common ground plane. This will
basically enhance the isolation between antenna elements.

e Direct radiation between two antennas

These are generally created when the antennas lie in each other with near field regions.

e Scattering from nearby things

This can be reduced by careful design of the antenna (whole device). This issue can be
mitigated through careful antenna design. By considering the placement of the antenna
relative to other components and using techniques like shielding, engineers can minimize

reflections and improve overall performance. [10].
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1.6 Literature Survey

1.6.1 Microstrip Patch Antenna

In 1953, Deschamps initiated the primary idea of microstrip antenna (Deschamp 1953).
Unfortunately, the fabrication of the microstrip antenna was not be possible for the
researchers at that time due to the unavailability of appropriate substrate material and
printing technology. After two decades of microstrip antenna fabrication, the first realistic
microstrip antenna was developed in 1972. After that, widespread investigations were
done on the advancement of microstrip antenna and arrayed antenna, for utilizing their
abundant advantages like lower cost, easy to configure, lesser weight, lower volume, more
compatible with integrated circuits.

As this technology gained more popularity for microwave and millimeter wave
applications in the early 1970s, with terrific growth in modern communications and
wireless technology applications. The printed circuit board utilized for low-frequency
electronic circuit notion can equivalently be compared with the fundamental configuration
of microstrip. The copper film is coated on both sides of the low-loss thin substrate. The
copper-clad surface is utilized as a ground plane and the printed transmission lines,
patches, etc. are cut out from another side. A quasi - Transverse Electric and Magnetic
(TEM) wave generated and permitted to spread in between the radiating patch antenna

and the ground plane.

Radiating Patch
Substrate

\ Feed Line

Ground Plane

Figure 1.4 Basic structure of a microstrip patch antenna
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As shown in Figure 1.4, the basic structure of microstrip patch antenna encloses the
radiator patch or radiating element and ground plane in one and other sides of the substrate
respectively. The thicknesses of these layers are approximately t << A, where A is the
wavelength in free space. On the two layers of metal, the dielectric substrate is placed.
Normally gold and copper is used to make a metallic layer.

The width and length of the microstrip patch antenna are given as,

c
W= (1.2)
whereas,
fo is the operating frequency (2.4 GHz)
Cc
0 |€ref
€, €r h,-1
Erer= 2“ +— (1412 =) (1.5)

A wide range of dielectric constants as 2.2 < go > 12 and thickness in the range of 0.003
A0 <h>0.05 A are available for the antenna’s substrate and the antenna’s performance is
affected by the substrate thickness such as bandwidth, gain etc. The different structure or
geometry can be selected for design requirements such as ring sector, hexagonal, dipole,
square, circular, rectangular, circular ring, elliptical and triangular and as illustrated in

Figure 1.5.

13



(a) Rectangular (b) Square (c) Circle (d) Elliptical
(e) Triangular (f) Hexagonal (g) Dipole  (h) Circular Ring (i) Ring Sector

Figure 1.5 Various geometry of microstrip ntenna

This structure offers several unique advantages, including a low profile, lightweight
design, ease of fabrication, low production costs, and straightforward integration with RF
circuits. Additionally, it is well-suited for conforming to curved surfaces. These benefits
have made microstrip technology appealing since its early development. As a result,
microstrip antennas have become a preferred choice for various applications such as
satellite communication, spacecraft, mobile communication, telemetry, missile guidance,
and biomedical applications. However, despite these advantages, microstrip antennas also
face limitations such as narrow bandwidth, low radiation efficiency, high Q factor, poor
isolation, and low polarization purity (Balanis 2005). Recent research has focused on
developing advanced technologies to address and mitigate these constraints.

1.6.2 High Gain Antenna

In today’s world, the demand for high-speed data transmission is there in the wireless
communication systems [10]. Because of their lightweight and low cost with excellent
performance, wideband microstrip antennas play an important role to fulfil these needs
[11-13]. The research of broadband antenna design for 5G applications has gained

prominence in recent years. The primary focus of researchers is on developing antennas
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with wideband properties. Recently, Microstrip Patch Antennas (MPAs) have gained
significant attention, particularly for low-power wireless communication applications [14-
15]. The main challenge in designing these antennas is achieving a compact size while
ensuring wide impedance bandwidth and excellent radiation patterns across the entire
band [16]. Due to their low profile, small size, lightweight nature, and ease of
manufacturing, microstrip patch antennas have garnered considerable interest for mobile
communications, radar applications, and other uses.

This paper explores radio frequency designs suitable for 5G operations in the 4 GHz band
and the 3-4 GHz range [17]. Various feeding methods are discussed, including probe-fed,
microstrip line-fed, edge-fed, inset-fed, and Coplanar Waveguide (CPW) feeding. The
CPW feeding method is particularly advantageous due to its wideband properties, as it
uses a central strip for signal transmission and side-plane guiding ground. Consequently,
CPW-fed slot antennas are considered among the most promising and effective for
wideband applications [18-19].

Next-generation wireless technologies for 5G and beyond require high gain antennas with
wide bandwidth. The 3.5 GHz frequency band has shown promising results in the
implementation of 5G. The deployment speed of the 5G network in the mid-bands e.g. 3.5
GHz is significantly faster due to its propagation characteristics. There have been efforts
to implement 5G communication systems in the 3.5 GHz band [20]. A microstrip patch
antenna is broadly used over conventional antennas because of its size, cheap cost, and
lightweight [21-22]. The metasurface-enabled conformal antenna consists of two
components with an operating frequency from 2.36-2.4GHz gain is 6 dBi [23-35]. The
EBG-based dual-layer patch multi-antenna structure for MIMO applications operates at
2.45 GHz, has a gain of 3.26 dBi, and has a 59.68 % efficiency [26]. Whereas, 6.3dBi gain
is reported in [27] where a finite-size small high impedance surface (HIS) antenna is used
to create a highly directional antenna for a smartwatch with an operating frequency is 2.4
GHz and an efficiency of 46 %. However, the RF antenna filter achieved 4.7 % of
bandwidth which covered 4.06 - 4.2 GHz band and a maximum gain of 4.3 dBi [28-30].
Based on the Theory of Characteristic Modes (TCM), a wideband is created with a
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consistent omnidirectional radiation pattern [31-33]. Microstrip patch antenna with partial
substrate removal shows 5 % impedance bandwidth and 7 dBi gain [34]. Whereas the
metamaterial-based lens antenna was reported in [35] which achieved a 6 dBi gain.

1.6.3 MIMO antenna

In the past few years, as wireless communication has swiftly advanced and its user base
has expanded significantly, the need for elevated data rates and dependability has become
crucial. The increased demand has led to a focus on Multiple-input-multiple-output
(MIMO) systems among researchers, given their notable advantages in channel capacity
and reliability [37-38]. A MIMO antenna engineer's goal is to design antennas that provide
High isolation. Various researchers have proposed to improve port isolation between
different components trying to attempt to reduce correlation. In [39-41] Decoupling
networks, negative group delay lines, and neutralization are used in this process, along
with the inclusion of parasitic components [42], metamaterial [43], meta-surface antenna
array decoupling (MAAD) [44], a blend of these methods [45] or metasurface [46].
However, it has been documented a shared coupling is used between two antennas [47-
48].

In [49] used potential for the decrease in p to enhance isolation might unintentionally and
the radiation patterns of the antenna array [50]. Consequently, although these techniques
reduce coupling between the MIMO antenna's components, increasing radiation
efficiency, it is uncertain how they may affect channel correlation. In [51] that uses
genuine articulation, it is conceivable that the decrease in p happened because the design
set for isolation improvement unintentionally wound up shifting the radiation antenna
elements [52]. Hence, the previously stated techniques, even while they increase the
MIMO antenna's radiation efficiency by reducing coupling between its components, do
not guarantee a definite impact on channel correlation.

In [53] DGS was used for separating two dual-band antenna arrays and isolation [54] was
achieved by cutting in the ground plane. The dual-band achieved by L slot in the patch
and element spacing is 0.023A 0 and decoupling is obtained by cross-shaped metal strips

shorted to the ground plane [55]. The isolation is achieved greater than 15 dB by a V-slot
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loaded in an antenna and spacing is 0.057 A o [56]. To enhance the isolation in closely
spaced inverted-F MIMO antennas dual band with a separation of approximately 0.115 A
0, two decoupling mechanisms were used. These include a meandering resonant branch

and an etched ground plane with an inverted T-shaped slot [57].

To enable the new era of the internet of everything, the 5G mobile network system is a
new global wireless framework that is designed to provide ubiquity connectivity to
everyone and everything at once, including machines, objects, and devices, in a way that
is incredibly reliable and reasonably priced [58]. MIMO systems efficiently take
advantage of the multipath environment to boost wireless system performance as a whole.
Systems using 5G MIMO considerably increase speed and capacity while delivering low
latency and excellent dependability. Strong mutual coupling between antenna elements
caused by compact MIMO antenna design may lead to a decline in the performance of
system diversity overall and inter-element isolation. It is allowed for the 5G sub-6GHz
MIMO system to have an isolation level of 10 dB. To improve MIMO performance,
however, lower bound isolation of at least 15 dB should be needed. When compared to
their linearly polarized (LP) counterparts, circularly polarized MIMO antennas provide
several advantages, including the prevention of multipath interference, fading, and quality
of service (QoS) [59-61]. In addition to the aforementioned, CP antennas, as compared to
LP antennas, also aid in overcoming the orientation issue between the transmitter and
receiver, greater mobility due to suppressed multipath interference, and better weather
penetration [62]. Circularly polarized MIMO antennas have so been discussed in the
literature in recent years. A compact CP MIMO antenna design in [63] using two truncated
corner square patches with parasitic periodic metallic plates. It requires costly Taconic
substrate, increasing manufacturing costs. A MIMO antenna proposed in [64] has
employed an inexpensive FR-4 substrate to reduce production cost and to improve the
performance of the antenna applying an eyebrow-shaped strip, however, it has a very big
dimension of 85 mmx73 mm. The spatial diversity method has been used by [65] to
increase the isolation between nearby antenna components (adjacent elements are

separated by a distance of 13.75 mm). According to [66], the low-profile, microstrip-fed
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MIMO antenna with the isolation of more than 17 dB, it is noteworthy that the gap
between the two antenna elements, measured from centre to centre, is just 0.16, and
isolation of up to 18.50 dB can be attained without the use of any extra decoupling
structures. A dual port dielectric resonator-based CP antenna is also suggested for 5G
communication [67]. Controllable CP, compact size, superior isolation, and simple
geometry are this antenna's main benefits. Compact CP array antennas with minimal
mutual coupling have been constructed in [68]. The broad impedance bandwidth of this
antenna is 36%, and the CP BWs are around 23%. Additionally, there is a low envelope
correlation coefficient and a large diversity gain (DG). A small two-port CP MIMO
antenna for 5G outdoor applications was created in [69]. This CP MIMO antenna has left-
hand circular polarization and covers the future 5G range between 3.3GHz and 3.8GHz.
With a total footprint of 37x 30x0.8 mm3, for use at sub-6 GHz, a four-port small MIMO
antenna with a built-in isolator has been developed. The circular isolator that was
integrated into the device eliminates the need for any decoupling components and
conserves space between individual antenna elements [70]. The goal of [71] is to achieve
CP bandwidth with enhanced isolation employing a new ground structure and asymmetric
Z-shaped radiating patch. This antenna geometry is extremely small thanks to the
innovative ground construction. Different antenna design methodologies are presented
[72-73] to achieve good mutual coupling between the antenna parts while also reducing
the antenna's geometry. These papers will address several methods for achieving excellent

isolation and compact dimensions.

According to reference [74], a MIMO antenna with a single split ring resonator on the
top side and a defective ground structure on the bottom is designed to cover both the mid
5G band and C-band. The suggested antenna offers more than 15 dB isolation between
antenna parts without the use of any decoupling mechanisms, as well as circular
polarization at the second band useful for satellite applications. A two-element slotted
octagon-shaped antenna for use in the sub-6 GHz range is described in [75]. A T-shaped
structure that is positioned at the ground plane helps to provide isolation of more than 20

dB. The design and optimization of a five-port MIMO antenna system with polarization
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and pattern diversity for the n79-5G band. Four end fire linearly polarized monopole
antennas are merged with a broadside circularly polarized antenna [76]. The same dual-
band MIMO antenna is designed in [77] to operate in the 3.3-3.8 GHz and 4.3-5.7 GHz
frequency bands. In [78], two-shaped and one rectangular defect have been introduced
into the ground plane to ensure wideband isolation [79] across the operating frequency
range. In [80], a two-arm monopole antenna incorporating a coplanar waveguide feed line
operate between 3.2 GHz and 4.12 GHz, with proper isolation.

MIMO systems utilize multiple transmitting and receiving antennas, capitalizing on the
effects of signal propagation via various paths [81-83]. Nevertheless, the efficiency of
antennas and the performance of MIMO systems can be compromised due to heightened
mutual interaction when multiple antennas are positioned near [84-85]. This issue has
emerged as a significant challenge requiring attention. Substantial endeavors have been
devoted to alleviating this mutual interference.

To tackle the above issue and accommodate the constrained space within smartphones, a
solution involves integrating 2 or 4 closely positioned or shared-radiator MIMO antenna
elements. This approach effectively reduces the overall spatial requirement through spatial
reuse [86]. In one instance [87-88], the method of using neutralization lines is employed
to mitigate mutual interference among four closely positioned open-slot antenna elements
covering the frequency band of 5G. This results in a compressed antenna size for a four-
antenna unit. In another study [89], two gap-coupled loop antennas, which are mirror
images of each other and function in the frequency range of 5G mid-band, are integrated
to create a unique self-decoupled module. Through innovative methods [90], Utilizing
grounded strips and distributed coupling capacitances for closely spaced loop antennas.
Further advancement is seen in [91], by skilfully combining parallel and series LC tanks,
a novel compact module housing four antennas is devised to function. In an array of
research [92], an inventive orthogonal-mode strategy is introduced to naturally achieve
high isolation across the frequency band [93] or shared radiator [94] obviating the need
for supplementary decoupling structures. Recently, researchers have been more interested

in using coplanar waveguides (CPW) feeding techniques to enhance antenna functionality
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and achieve multiband capabilities. In the existing literature, antennas employing CPW
feeding exhibit several benefits compared to alternative methods such as microstrip and
coaxial probe feeding. These advantages encompass cost-effectiveness, reduced
dispersion, favourable omnidirectional patterns, minimal surface wave propagation, and
streamlined integration with both passive and active components [95-96]. Due to the
appeal of these advantageous attributes, the choice has been made to employ CPW for
crafting the antennas presented in this study.

The double-antenna or 4-antenna modules, characterized by their high integration and
effective isolation, represent significant advancements in reducing the spatial
requirements of MIMO antenna systems. Nevertheless, the limited bandwidth decoupling
capability inherent in these design approaches could present a challenge as the global 5G
New Radio (NR) industry progresses [97]. In the context of 5G mobile devices, there is a
need to incorporate approximately MIMO antenna components working within the sub-6
GHz. This must be accomplished within the constraints of a compact environment and
alongside existing 2G/3G/4G antennas. A straightforward strategy involves physically
separating individual antenna elements and achieving partial decoupling through spatial
distancing [98-99].

The intended frequency operating range is achieved with the structure of the single-
element antenna. The antenna design results in resonance at 3.5 GHz and 5.9 GHz. The
MIMO antenna [100-103] is tested where good agreement is achieved between overall
results. The MIMO antenna design suggested in reference [104] comprises four identical
radiating elements in an octagonal shape. These elements are arranged orthogonal to each
other. The antenna possesses the capability to reject signals in two frequency bands,
namely 3.5 GHz and 5.5 GHz, which align with the Wi-MAX and WLAN bands. [105-
108]. The parametric analysis including variations in length, widths of patches, varying
sizes of DGS, Interlaced Lozenge Structure (ILS) are considered for surface wave
radiations suppression. This results in better mutual coupling between radiators [109-112].
The design aspects of a compact four-port MIMO antenna with proper isolation for

different application like Internet of Things (1oT) are explored in [113-119].
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Different types of MIMO antennas are proposed in [120-126] to reduce mutual coupling
between antenna radiators. MIMO systems, which take advantage of multipath
propagation, employ multiple transmitting and receiving antennas [127-128]. However,
the reduced efficiency of the antennas and the performance of MIMO caused by the
increased mutual coupling that arises from positioning several antennas close to one
another make this a critical issue to overcome.

To enhance the level of integration for MIMO antennas and to facilitate the upcoming
requirements of the broad-spectrum 5G NR sector, a pair of self-decoupled MIMO
antennas connected by a common radiator can be utilized. Even though two antenna
components are combined to create a paired antenna sharing a common radiator, sufficient
isolation is attained without the need for additional decoupling methods. A mode-
cancellation method (CM) constructed around a new understanding of common mode
(CM) and differential mode (DM) cancellation has been introduced to analyses the actual
workings of the self-decoupling phenomena. The combination of CM and DM currents
might mimic the current mode delivered via a single port, as outlined by the MCM.
Consequently, half of the existing current in the shared radiator is overlapped. While the
current in the other half is negated, resulting in a natural self-decoupling feature [129-
131]. Because it gives a clear design route for tackling the mutual coupling issue, recently
MIMO antenna designs have used the approach of even-mode and odd-mode [132-135].
In this part, antennas with closely spaced feed points can be examined. Around antenna
feed points, electromagnetic fields or currents tend to congregate [136-139] and
significant electromagnetic fields or currents can be created at additional feed sites when
one feed point is energized. As a result, achieving a high level of isolation in this situation

is challenging [140].

1.7 Motivation and Objective of the Thesis

The sub-6 GHz band is a crucial component of 5G networks due to its balance of coverage,
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capacity, and compatibility with existing infrastructure, making it essential for widespread
and reliable 5G deployment.

The literature survey indicates that numerous research groups are actively exploring 5G
antenna design and have achieved varying degrees of success. Building on these
advancements, our research focuses on enhancing key features such as gain, isolation, and
bandwidth through the use of different periodic structures, which are examined in detail.
The following challenges serve as motivating factors for our research in the field of 5G
antennas:

e Conventional microstrip patches antennas for 5G applications have the problem of low
gain, high Sidelobe Level (SLL).

e Investigation is needed to design a novel antenna having superior radiation
characteristics (radiation pattern, gain, directivity and efficiency) and easy to integrate
with the 5G system.

e To overcome the challenges of 5G wireless communication there is a need to design
dual-band and multi-band antenna for different applications such as radar & satellite
communications, and vehicle radars.

e MIMO antenna design is required for higher link reliability, data speeds, high
throughput, low latency & high channel capacity without requiring additional power or
spectrum.

Based on the factors mentioned, the primary objective of this thesis is to design and
analyze MIMO and microstrip patch antennas, with a focus on achieving high isolation
and enhancing MIMO parameters.

The main objectives of this thesis are listed below:

e To design a microstrip patch antenna for 5G wireless communication with improved
gain.

e To design and fabricate a novel microstrip patch antenna having superior radiation
characteristics for 5G wireless communication.

e To design a multiband antenna for 5G wireless communication.

22



e To design a MIMO antenna having high isolation and superior radiation
characteristics for 5G wireless communication.

e To design MIMO antenna with improved gain and for 5G wireless communication.

1.8 Design Guidelines of the Antenna

Figure 1.6 shows the overall work is divided into the following steps:

Step 1: Based on the literature review identification of the requirements of the 5G
antenna.

Step 2: Design and simulation of the antenna and performance analysis of the antenna
in virtual or simulation mode.

Step 3: Once satisfied with the results of the simulation, prototyping, or fabrication of
the antenna.

Step 4: After the fabrication of the antenna again the performance measurement of the
antenna parameters in the real environment.

Step 5: If the performance of the designed antenna is up to the mark, the overall work

needs to be documented in terms of a research article.
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Choose the frequency of operation of antenna and
select the material and its dielectric

Used the design equation of the antenna for

finding the resonant frequency

Use the appropriate technique to achieve
desire parameters

Designed the propose structure by using Ansys
HFSS and apply proper boundary conditions

Parametric analysis have been performed to know
its effects on antenna performance

If Results
Are Desirable?

Start fabrication of prototype

Figure 1.6 Design methodology of the proposed antennas
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1.8.1. Organization of the Thesis

The thesis is organized into eight chapters, outlined as follows:

Chapter 1: This chapter provides an overview of 5G technology, including the anticipated
frequency spectrums. It also discusses the future requirements for antennas in wireless
technology and explores methods for enhancing gain and optimizing MIMO antennas.
This introductory chapter establishes the necessary background to understand and
appreciate the research presented in the subsequent chapters.

Chapter-2: This second chapter introduces a Coplanar Waveguide (CPW)-fed microstrip
patch antenna designed for 5G communication. To enhance antenna performance, a highly
reflective metasurface is integrated. The antenna operates in the 3.86 to 4.49 GHz
frequency range and is fabricated on a FR-4 substrate. The CPW-fed configuration is
employed to improve bandwidth and gain compared to traditional feeding methods. The
core innovation lies in the incorporation of a metasurface superstrate above the antenna,
which significantly enhances gain and enables beam scanning. Simulation results using
Ansys HFSS demonstrate the effectiveness of the proposed design, achieving a substantial
gain of 6.06 dBi, a wide bandwidth of -10 dB, high efficiency of 92%, and a scanning
capability of -4 degrees. These results highlight the potential of the CPW-fed metasurface-

enhanced antenna for advanced 5G applications.

Chapter 3-: This third chapter presents a microstrip antenna design optimized for 5G
communication. To enhance antenna performance, we explored the integration of a Fabry-
Perot cavity structure. Conventional techniques using PEC sheets or high dielectric
superstrates faced challenges in terms of size and cost, respectively. This study introduces
a metasurface superstrate as a promising alternative. By strategically placing the
metasurface above the antenna, we create a resonant cavity that significantly boosts gain
and bandwidth. Simulation results using Ansys HFSS demonstrate the effectiveness of the

proposed design, achieving a substantial gain of 6.8 dBi, a bandwidth of -10 dB covering
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3.44-3.61 GHz, and an efficiency of 69%. These findings underscore the potential of

metasurface-enhanced antennas for reliable and efficient 5G communication systems.

Chapter- 4: This fourth chapter pesents an approach to enhance the performance of
closely integrated MIMO patch antennas operating at 3.5 GHz. The proposed design
employs a pair of mirror-symmetrical patch antennas with an exceptionally small
separation distance of 0.011A0. To address the critical challenge of isolation between these
closely spaced antennas, a metasurface-based decoupling structure is introduced. This
structure, composed of uniform cut wires, effectively mitigates signal interference,
leading to a substantial improvement in isolation levels. Simulation and experimental
results corroborate the effectiveness of the proposed design. The metasurface not only
significantly enhances isolation from 10 dB to 35 dB but also contributes to a gain increase
from 1.85 dBi to 3.85 dBi. These findings underscore the potential of the metasurface-
based decoupling structure as a promising solution for improving the performance of
closely coupled MIMO patch antennas. While this study focuses on a two-element antenna
array, the concept holds promise for future applications involving larger antenna systems.
The developed MIMO patch antenna exhibits exceptional characteristics, making it a
suitable candidate for 5G wireless communication systems. By addressing the critical
issue of isolation in closely spaced antennas, this research contributes to the advancement
of antenna technology and paves the way for more efficient and reliable wireless

communication.

Chapter-5: This chapter fifth presents a novel approach to antenna design for 5G sub-6
GHz applications through the development of a two-port circularly polarized MIMO
antenna. The proposed design incorporates a unique combination of a patch antenna, a
circular slot, and a circular split ring resonator to achieve optimal performance. By
carefully integrating these elements and introducing parasitic elements for isolation, we
have designed an antenna that exhibits impedance bandwidth of 3.3 to 3.6 GHz with

impedance matching better than 10 dB and has an axial ratio bandwidth of 3.35 to 3.51

26



GHz. The proposed 2-port CP MIMO antenna design with insect fed gives good diversity
performance with ECC 0.004, DG 10 dB, CCL 0.40 b/s/Hz, MEG 1.03 dB, and TARC 10
dB. The results that the proposed antenna surpasses existing MIMO systems in terms of
channel capacity loss and diversity performance. With a wide impedance bandwidth,
stable radiation patterns, and robust diversity characteristics, this research contributes

significantly to the advancement of antenna technology for 5G communication systems.

Chapter -6: This sixth chapter introduces an integrated dual-band MIMO antenna
designed for global systems for mobile communications applications. The proposed
antenna's unique orthogonal arrangement of unit cells eliminates the need for additional
isolation components, simplifying the fabrication process. By incorporating a curved form
into the radiator elements, the antenna achieves dual-band operation at 3.5 GHz (Wi-Max)
and 5.5 GHz (WLAN) frequencies. The compact four-port MIMO antenna demonstrates
impressive performance, exhibiting isolation exceeding 18 dB for both frequency bands
and a low envelope correlation coefficient. Experimental results align closely with
simulations, validating the effectiveness of the proposed design. This research contributes
significantly to the advancement of MIMO antenna technology by offering a compact,
efficient, and high-performance solution for dual-band wireless communication systems.

Chapter — 7: This seventh chapter introduces a two-port MIMO antenna designed for
5G mobile phones, featuring a unique self-isolation mechanism that eliminates the need
for additional decoupling components. By employing a mode-cancellation technique, the
antenna achieves exceptional isolation of approximately 22 dB across the crucial triple-
band spectrum of 2.58-2.84 GHz, 3.4-3.9 GHz, and 4.3-4.6 GHz. The proposed antenna
demonstrates impressive performance with a respectable overall gain across all bands and
exceptional diversity metrics, including ECC and DG. These characteristics, combined
with its compact design and simple structure, make it highly suitable for integration into

modern 5G devices. This research contributes significantly to the advancement of MIMO
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antenna technology by offering a promising solution for enhancing wireless

communication performance and user experience.

Chapter — 8: In conclusion, eighth chapter provides a summary of the overall findings
and outlines future research directions. This thesis involved designing a variety of
antennas, including microstrip patch antennas with microstrip and CPW feeding,
metasurface-based MIMO antennas, single-band, double-band, and triple-band MIMO
antennas. The goal was to achieve high gain, excellent isolation, and improved diversity
parameters for 5G applications. These antennas are designed to support 5G applications
operating in mid-band sub-6 GHz frequency ranges.
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Chapter 2

CPW-Fed Microstrip Patch Antenna for SG Applications

This chapter introduces a CPW-fed microstrip patch antenna for 5G. A metasurface
enhances the antenna's performance, resulting in increased gain, wider bandwidth, lower
losses, and better efficiency. The antenna operates at 3.86-4.49 GHz and is simulated
using Ansys HFSS.

2.1 Introduction

The escalating demand for high-speed wireless data transmission has driven the need for
efficient antenna solutions. Wideband microstrip antennas, renowned for their
lightweight, low cost, and exceptional performance, have emerged as key components in
fulfilling these requirements. Research into broadband antenna design for 5G applications
has intensified in recent years. Microstrip Patch Antennas (MPAs) have emerged as a
popular choice for low-power wireless communication systems. However, designing
compact antennas with broad impedance bandwidth and consistent radiation patterns
remains a significant challenge.

In the literature, the low profile, lightweight construction, and ease of manufacturing of
MPAs make them attractive candidates for mobile communication, radar, and other
applications [18]. This chapter introduced radio wire plans appropriate for 5G works in
the 4 GHz band and in (3-4 GHz). Feeding methods include probe fed, microstrip line fed,
edge fed, inset fed, and Coplanar Waveguide (CPW) [20]. The CPW is the signal feeder,
with the side-plane guiding ground and the signal carried by the centre strip. The wide
band properties of a CPW fed slot antenna are one of its advantages. As a result, the CPW
fed slot antenna is the most promising and effective antenna for wideband distance
applications [21].

The proposed antenna has a high impedance transmission capacity and radiation. Because
of their low profile, tiny size, lightweight, and ease of manufacture, microstrip patch

antennas have gained a lot of interest in wireless communications, mobile
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communications radar applications, and other applications. Coaxial probe fed, microstrip
line fed, edge fed, inset fed, and CPW fed are some of the feeding techniques available.
The CPW is the signal feed, with the side-plane conductor serving as ground and the signal
carried by the centre strip. The wide band properties of the CPW fed slot antenna are an
advantage. As a result, the most effective and promising antenna for wideband wireless
applications is the CPW fed slot antenna. They do, however, have some drawbacks, such
as limited bandwidth and low gain. In this work, a novel design for a broadband planar
antenna with CPW-fed technology is proposed for WLAN applications, consisting of a
rectangular-shaped patch embedded with two slots.

2.2 Geometry of the Proposed Antenna

2.2.1 Design Procedure CPW Fed Microstrip Patch Antenna

This section outlines the antenna design methodology. Typically, the goal of constructing
a wideband antenna is to create a compact, basic antenna with a broad bandwidth and low
distortion. The design of a 4 GHz resonant frequency metasurface superstrate-based
microstrip patch antenna with CPW feed is described. The design parameters of the

proposed antennas are presented in Table 1.

Lg

-

Figure. 2.1 Microstrip patch antenna dimensions with CPW fed
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Table 2.1: Design Parameter of Proposed Antenna with CPW feed

S.No. Proposed (40x40) Antenna
Lg 40
Wg 40
Lp 20
Wp 18
Cl 17
Cw 10
L 11.7
W 3
a 9.38
h 1.6

The geometry of the proposed CPW fed slot antenna is shown in Figure 2.1 with all
dimensions in mm given in Table 2.1. The above figure shows the basic design of the
antenna with CPW feed with all dimensions.

2.2.2 Design of Composite CPW Fed Micrstrip Patch Antenna with Superstrate

In the proposed antenna design Figure 2.2 (a) the unit cell has a 10 mm periodicity and
the metasurface contains a 4x4 grid of square metallic patches with a dimension of 9.38
mm. as shown in Figure 2.2 (b). The work was done on a FR4 substrate with a height of
1.6 mm and a permittivity of 4.4. At 4 GHz, the proposed metasurface superstrate is
designed. The metasurface superstrate and antenna are separated by 5.2mm.

Metasurface superstrate

Antenna

—

(@)
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— Top view
9.28 /

L5

(b)
Figure 2.2 Proposed antenna with (a) metasurface superstrate (b) top view of

metasurface su perstrate

2.3 Parametric Analysis

The antenna design was simulated over the operational band and the antenna structure's
design parameter was optimized using Ansys HFSS. Parametric study of the parameter
size of the unit cell of the metasurface superstrate is used to determine the antenna's

dimensions. The influence of 'a’ on the s-parameter shows in Figure 2.3 (a) & (b).
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Figure 2.3. Effects of varying the parameter ‘a’ of the antenna. (a) S-parameter (b)
realized gain.

2.4 Simulated and Analysis of Results
2.4.1 S- Parameter

Figure 2.4 compares the simulation results of reflection coefficient of the design without

metasurface and with metasurface superstrate.The metasurface superstrate improves the

antenna return loss, as can be shown in Figure 2.4.

0
-5
—
o -10
©
Nt
—
w15
-20
Antenna without metasurface
— Antenna with metasurface
-25 \ . |
3 3.5 5 5

a4 4.
Frequency (GHz)

Figure 2.4 Comparison of the s-parameter without metasurface & with metasurface.
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2.4.2 Realized Gain
Figure 2.5 illustrates the design's achieved gain with and without metasurface superstrate.

The antenna gain is improved to 6.06 dBi by using a metasurface superstrate.

7.5

o
tn

Realized Gain (dBi)

Antenna without metasurface
= Antenna with metasurface

-0.5 !
3.5 3.75 4 4.25 4.5

Frequency (GHz)

Figure 2.5 Comparison of the realized gain without metasurface & with metasurface

2.4.3 Radiation Pattern

Figure 2.6 illustrates the antenna gain was enhanced by increasing the forward radiation
in the 3D radiation pattern of the antenna with metasurface superstrate. Figure 2.7
Radiation pattern of the proposed antenna at 4 GHz.
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Figure 2.6 3D radiation pattern with metasurface superstrate.
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Figure 2.7 demonstrates a different phi cut in a 2D pattern at 4 GHz.

35



2.4.4 Beam Scanning
The beam scanning of the metasurface superstrate antenna is -4 degrees, as shown in
Figure 2.8. The metasurface superstrate antenna, on the other hand, has a higher gain than

the other designs, making it more appropriate for application.

15 ¢
== \N/ithout metasurfaces

= 10! — With metasurfaces (6=-4")
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o
e
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O
T
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-10 i L L J

-200 -100 0 100 200

Theta (degree)
Figure 2.8. Comparison of beam scanning without metasurface & with metasurface

upto -4
2.5 Comparative performance analysis of proposed antenna with existing design

This section provides a comparative analysis of the proposed antenna’'s performance
against existing designs. Such as gain, size, feeding method, substrate and permittivity,

and operating frequency band are considered.
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Table 2.2 — Comparison of different type of existing antenna and proposed antenna

References | Operating _ Substrate & | Gain | Feeding
S.No Size (mm) o )
frequency band Permittivity | (dBi) | method
2.01-4.27 GHz ) _
Pan et Teflon Microstrip
1. & 5.06-6.79 48x58 2
al. [16] (2.65) feed
GHz
Karli & 2.72-2.76 GHz ) _
Microstrip
2. Ammor [1 | & 6.62- 60x70 FR-4 -
feed
7] 7.5GHz
Jen-Yea 3.3-3.8
FR-4(4.4) CPW-fed
3. Jan, et GHz,3.2-4.2 50x50 53
al. [18] GHz
D. Wen, .
Coaxial
4. Y. Hao 1.85-29 Ghz | 80x40 FR-4(4.4) 2 fod
e
[19]
J. Joubert
5. 2.4 Ghz 125x100 Rogers 5.3 CPW-Fed
[20]
A.Bagwari | 2.51-3.96GHz
6. , RTiwari | &5.2-5.9GHz | 35x39 FR-4(4.3) 3.67 | CPW-Fed
[21] GHz
Proposed
7. 3.86-4.49 GHz | 40x40 FR-4(4.4) |6.06 |CPW-Fed
Antenna
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As evident from the Table 2.2, the proposed antenna exhibits superior gain, wider
bandwidth compared to the existing designs. Additionally, the proposed antenna's
compact size, low profile, simple structure. Furthermore, a detailed discussion of the

factors contributing to the performance improvement of the proposed antenna is presented.

2.6 Conclusions

The CPW-fed approach was created to improve the antenna's properties. We're utilizing
CPW-fed to increase bandwidth and gain. A metasurface-based patch antenna for 5G that
is CPW-fed and enabled by a metasurface superstrate above the antenna is shown in the
proposed work. The metasurface superstrate is positioned above the antenna and reflects
the antenna's radiation in phase, resulting in increased gain and scanning. The realized
antenna has a -10 dB bandwidth (3.86-4.49 GHz), 6.06 dBi realized gain, 92 percent
efficiency, and a -4-degree scanning capability. The suggested research demonstrates that

the antenna may be utilized for 5G connectivity.
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Chapter 3
High Gain Microstrip Patch Antenna with Fabry-Perot Cavity for 5G

Communication
This chapter explores techniques to enhance gain of a Fabry-Perot cavity-based
microstrip antenna for 5G. We investigate PEC sheets, high-dielectric, and metasurface
superstrates. While PEC increases gain, it enlarges the antenna. High-dielectric
superstrates are costly and less accessible. This chapter lays groundwork for a practical
high-gain antenna solution.

3.1 Introduction

Next-generation wireless technologies for 5G and beyond require high gain antennas with
wide bandwidth. The 3.5 GHz frequency band has shown promising results in the
implementation of 5G. The deployment speed of the 5G network in the mid-bands e.g 3.5
GHz is significantly faster due to its propagation characteristics. There have been efforts
to implement 5G communication systems in the 3.5 GHz band. A microstrip patch antenna
is broadly used over conventional antennas because of its size, cheap cost, and lightweight.

In the literature, the metasurface-enabled conformal antenna consists of two components
with an operating frequency from 2.36-2.4GHz gain is 6 dBi [24]. Whereas, 6.3dBi gain
is reported in [2] where a finite-size small high impedance surface (HIS) antenna is used
to create a highly directional antenna for a smartwatch with an operating frequency is 2.4
GHz and an efficiency of 46 %. However, RF antenna filter achieved 4.7 % of bandwidth
which covered 4.06 - 4.2 GHz band and a maximum gain of 4.3 dBi [26]. Based on the
Theory of Characteristic Modes (TCM), a wideband is created with a consistent

omnidirectional radiation pattern [27].

In this chapter, design a metasurface superstrate-based antenna. Instead of employing
multiple elements, a single element antenna is design using a metasurface superstrate. The

gain of the antenna is increased by a perfect electric conductor (PEC) sheet, high dielectric
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superstrate, and metasurface superstrate. A comparison of performance among the three
antennas and previous work is also presented to determine the most efficient design.
Finally, the proposed metasurface-based antenna achieved better results as compared to
the PEC sheet and high dielectric superstrate-based antenna.

3.2 Design of the Proposed Antenna

The design of the metasurface superstrate-based microstrip patch antenna is described
which has a resonant frequency of 3.5GHz.

3.2.1 Design Procedure of Metasurface Unit Cell

The design and phase reflection characteristic of metasurface superstrate is shown in
Figure 3.1. The metasurface comprises of 4x4 grid of square metallic patches with a size
of 9.83 mm and the unit cell has a 10 mm periodicity. The dielectric used in work is FR4
substrate of height is 1.6 mm and permittivity 4.4. The proposed metasurface superstrate
is designed at 3.5 GHz.

Periodic boundary
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Figure 3.1 Reflection phase characteristics of metasurface (a) unit cell (b) Phase.

3.2.2 Design Procedure of Microstrip Patch Antenna

A microstrip patch antenna with microstrip fed as shown in Figure 3.2. The antenna
geometry is defined by its length (1) and width (W) and is fed via a 50 Q SMA connector.
Fabricated on an FR4 substrate ( (er = 4.4, tan 6 = 0.02) with a thickness of 1.6 mm, the
antenna dimensions are as follows: Lg = 40 mm, Wq = 40 mm, L = 35 mm, W, = 20 mm,

Ls=11.67 mm (all dimensions in millimeters).

Figure 3.2 Dimensions of the microstrip patch antenna. [Dimensions in mm Lg = 40, Wy
=40, Lp=35 W, =20, Lf=11.67]
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3.2.3 Design of Proposed Microstrip Patch Antenna with Three Configurations

In the first design, the antenna gain is increased by a PEC sheet placed below the antenna
at 5.6 mm far away which acts as a reflector as shown in Figure 3.3 (a) and reflects the
radiations from the antenna at 180° phase shift and increase the forward radiation. The
limitation of the PEC sheet acquires large space and alignment with the center of the
antenna is complicated which may affect the performance of the antenna. In the second
design, the gain of the antenna is also enhanced by using a 1.6 mm high dielectric
superstrate with permittivity of 40 as shown in Figure 3.3 (b). The limitation of high
permittivity substrate is not easily available and the cost of the design increases also. In
the third design, the metasurface works as Fabry Perot cavity formed between the antenna
and metasurface superstrate which decides the gain after multi transmission and reflection
is presented in Figure 3.3 (c). The antenna gain is drastically enhanced as compared to
PEC and high dielectric superstrate. The side view of the metasurface-based microstrip
patch antenna is shown in Figure 3.3 (d) where gp (11.8mm) is the gap between

metasurface superstrate and the antenna.

(@)
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High dielectric superstrate

Antenna

(b)

Metasurface superstrate

Antenna

etasurface superstrate

Antenna

(d)
Figure 3.3 Proposed antenna with (a) PEC sheet (b) high dielectric superstrate (c)

metasurface superstrate (d) side view of the proposed metasurface superstrate antenna.

3.4 Parametric Analysis

Using Ansys HFSS, the antenna design over the operated band was simulated and design
parameter of the antenna structure was optimized. The dimensions of the antenna are
obtained by performing parametric analysis on the parameter g, gap between the antenna

and metasurface superstrate. The effect of ‘gp’ on the s-parameter is studied in Figure 3.4
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(a). The value of ‘gp’ is varied from 12 to 15 mm. It is observed that the optimized value
of gp = 15 mm which provides desired bandwidth and good return loss. In the case of

realized gain, the variation of gp is given in Figure 3.4 (b). The optimized value of gp=15

mm provides better gain with a high return loss.
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Figure 3.4 Parametric analysis of the antenna. (a) S-parameter (b) Realized gain.
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3.5 Results & Analysis of the Antenna

3.5.1 S- Parameter
Figure 3.5 shows the s-parameter of the design with the PEC sheet, high dielectric
superstrate, and metasurface superstrate. It can be observed that the metasurface

superstrate (Fabry-Perot cavity) increases the bandwidth and also improves the antenna

return loss.
0
-5
-10
)
3 '1 5
- -20
7))
-25 Simple patch
= +PEC sheet
-30 High dielectric superstrate
- Metasurface superstrate
-35 :
3.2 3.3 34 3.5 3.6 3.7 3.8

Frequency (GHz)

Figure 3.5 Comparison of the s-parameter with a simple patch, superstrates, and PEC
sheet.

3.5.2 Realized Gain

The multiple reflections and transmissions between the antenna and metasurface (Fabry-
Perot cavity) increase the gain of the antenna. The wave coming out after multiple
reflections and transmissions are in phase which results in gain enhancement. It is
observed from Figure 3.6, that a gain of the metasurface superstrate structure is improved

as compared to the PEC sheet and high dielectric superstrate antenna.
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Figure 3.6 Comparison of realized gain with a simple patch, superstrates, and PEC sheet.
3.5.3 Radiation Pattern
Figure 3.7 shows the 3D radiation pattern of the antenna with a simple patch, PEC sheet,
dielectric superstrate, and metasurface superstrate. It shows that the metasurface
superstrate-based antenna increased more forward radiation among PEC sheet and high
dielectric superstrate which increased the antenna gain. Figure 3.8 demonstrate 2D pattern
at 3.5 GHz with different phi cuts.

(a) (b)
- Qv—_' -3 - )- :;-..AI', o w . ._/ K'j ;F:n:r,,)r'a)
© @

Figure 3.7 3D radiation pattern (a) Simple patch (b) with PEC sheet (c) with dielectric

superstrate (d) with metasurface superstrate
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Figure 3.8 Radiation pattern of the proposed antenna at 3.5 GHz.

3.5.4 Efficiency
Figure 3.9 illustrates that the efficiency of the metasurface superstrate antenna is more

than the PEC sheet-based antenna but slightly less than the high dielectric superstrate
antenna. However, the gain of the metasurface superstrate antenna is high as compared to
the other two structures which makes it more suitable to use.
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Figure 3.9 Simulated efficiency of the antenna
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3.6 Comparative Performance Analysis of Proposed Antenna with Existing Design

The proposed design's comparisons are shown in Table 3.1 in terms of size, bandwidth,
gain, and efficiency with existing work, reported in the literature. The proposed work
shows better results as compared to other antennas.

Table 3.1 Comparison of different existing structures

Ref no. | Antenna Type Dimension Frequency | Gain Efficiency
(ho) band (dBi) (%)
(GHz)
[23] Metasurface- 0.5%0.3x0.02 | 2.36-2.4 6.2 -

enabled conformal | 8

[24] Dual layer EBG 0.17x0.17x0. | 2.45 3.26 59.68
5

[25] HIS 0.30x0.30x0. | 2.4 6.3 46
24

[26] RF antenna filter 30x20x1.6 4.06-4.26 (4.3 -

(mm) (3.95)
[27] Wide band 0.49x0.24x0. | 1.85-2.9 2 -
004
This Metasurface MSA | 0.467x0.467x | 3.44- 6.8 69
Work 0.175 3.61(4.9%
)
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3.7 Conclusions

The proposed work demonstrates a metasurface-based patch antenna for 5G, which is
enabled by a metasurface superstrate over the antenna which works as a Fabry Perot
cavity. The metasurface superstrate is placed above the antenna which reflects the
radiation in phase from the antenna which increases the gain as well as bandwidth. The
realized antenna achieved - 10 dB bandwidth which covers (3.44-3.61 GHz), 6.8 dBi
realized gain and 69 % efficiency. The proposed work shows that the designed antenna

can be used for 5G communication.
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Chapter 4
Metasurface Decoupling for Closely Spaced 5G MIMO Antennas

This chapter introduces a compact MIMO antenna array operating at 3.5 GHz. To
enhance isolation between closely spaced patch antennas, a metasurface-based
decoupling structure is proposed. Simulation and measurement results demonstrate a
significant improvement in isolation from 10 dB to 35 dB, while also increasing antenna
gain by 2 dB. The proposed design offers a promising solution for high-performance
MIMO systems.

4.1 Introduction

In recent years, the wireless communication landscape has undergone rapid evolution,
characterized by a burgeoning user base and escalating demands for enhanced data rates
and reliability. To address these challenges, Multiple-Input-Multiple-Output (MIMO)
systems have emerged as a focal point of research due to their inherent advantages in
channel capacity and link robustness. A primary objective for antenna engineers in MIMO
system design is to achieve superior isolation between antenna elements. To this end,
considerable research efforts have been directed towards mitigating correlation and
improving port isolation.

In the literature, [50-51] used the potential for the decrease in p to enhance isolation
unintentionally and the radiation patterns of the antenna array[52-54]. Consequently,
although these techniques reduce coupling between the MIMO antenna's components,
increasing radiation efficiency, it is uncertain how they may affect channel correlation. In
[56-57] the previously stated techniques, even while they increase the MIMO antenna's
radiation efficiency by reducing coupling between its components, do not guarantee a

definite impact on channel correlation.
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A metasurface based decoupling method (MDM) consists pair of non-uniform cut wires
with different lengths reducing mutual coupling dual-band two-element MIMO antenna
array closely coupled with a distance of only 0.008 and achieved isolation is 25 dB[24].
This paper introduces a rectangular microstrip MIMO antenna operating at 3.5 GHz with
decoupling structures. It has a 1 mm (0.011 Xo) spacing between antennas, and a
metasurface is employed as the decoupling structure. A metasurface made up of two
uniform cut wires is placed as a superstrate above the antennas, achieving a substantial 35
dB isolation at 3.5 GHz.

4.2 Design Procedure of Proposed Antenna

4.2.1 Metasurface Design and Analysis

The design and reflective index characteristics of the metasurface unit cell are shown in
Figure 4.1. The metasurface consists of two cut wires with a size of 58 mm width and 45
mm length. The FR-4 substrate with a height of 0.8mm and a dielectric constant of 4.4.
The proposed metasurface is designed for 3.5 GHz and the real part of permeability is

negative.
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Figure 4.1 (a) Unit cell with cut wire (b) Permeability characteristics of metasurface
4.2.2 Design of Microstrip MIMO Antenna

The geometry of two antennae with a separation of Imm is shown in Figure 4.2(a). The
FR-4 substrate with a dielectric constant of 4.4 is used for the fabrication of both antennas.
The overall size of the two-element antenna array is 40 mm (width) x 58 mm (length).
The dimensions are: W=58 mm, L=40 mm, W1=26 mm, L;=20.55mm and G=1mm .
Figure 4.2(b) shows the simulated and measured S-parameter of 2- Port MIMO antenna
where isolation is -10dB at 3.5GHz and S11 is well below -10 dB.

1 w .
AD '
- iy >
L
Ly
-l

(@)

52



'

-

o
|

N
=
|

&
=
|

S-Parameter(dB)

—® -S11 Simulated
-e -+ S21 Simulated
v S11 Measured
—t— 521 Measured
'50 T T T T T T T T T
3.0 il 3.4 3.6 3.8 4.0
Frequency (GHz)

(b)
Figure 4.2 (a) Geometry (b) Simulated & Measured S-parameter of MIMO antenna

-40 -

4.2.3 Design of Microstrip MIMO Antenna with a Metasurface

To improve the isolation a metasurface with two cut wires on the top of the mimo antenna
with a certain height has been incorporated in Figure 4.3. The key variables of Metasurafec
for improving the isolation of MIMO antennas are Wire length, Wire Gap, and Height of
Metasurface. Due to the metasurface superstrate inevitably influencing the initial
matching condition, adjustments are made to the antenna geometry and feed structure after
successfully decoupling the two antennas to meet the matching specifications. The final
optimize dimensional of the MIMO antenna is given in Table 4.1. The simulated and
measured S-parameters with the metasurface are presented in Figure 4.6(a). Using
metasurface the isolation between two antennas improved by 35 dB for the frequency
range of 3.42 GHz to 3.62 GHz.

53



Y
le

kR d

(@
- W o
(b)
‘ H

(©

Figure 4.3 (a) Proposed MIMO antenna with metasurface (b) top view (c ) side view
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Table 4.1Dimensions of the metasurface (Units: mm)

W

L

W3

Ls

H

G1

G2

58

45

5

20.25

15

22

0.5

Figure 4.4 shows the electric field current distribution with and without metasurface at
3.5GHz. When the metasurface superstrate is not present, a noticeable concentration of
the electric field occurs around antenna2. Upon introducing the metasurface, the
distribution of the electric field around antenna2 decreases significantly. Instead, the
electric field is strongly concentrated on the metasurface, forming shielding zones for

antenna2.
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Figure 4.4 Simulated magnitude of electric field distribution (a) without metasurface (b)

with metasurface

4.3 Parametric Analysis

Using Ansys HFSS, the simulation of the antenna design across the operational frequency
range was conducted, and the design parameters for the antenna structure were fine-tuned.
The antenna's dimensions were determined through a parametric analysis involving the
metasurface height (parameter H) and the length of cut wires (parameter L3). The impact
of H and Lz on the Sy1 and Sp1 parameters is illustrated in Figure 4.5. The H varied between
14 and 16 mm, while Lz ranged from 19.25 to 21.25 mm. The optimized values were
identified as H = 15 mm and Lz = 20.25 mm, resulting in the desired favourable return
loss.
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4.4 Simulated and Measured Results

The simulated and measured S-parameters of the suggested antenna are presented in
Figure 4.6(a). The measured findings confirm the effective suppression of the mutual
coupling between the antennas. Figure 4.6(b), shows that the proposed antennas with the
metasurface exhibit an enhanced peak gain in contrast to the original antennas without
metasurfaces at 3.5 GHz, the gain has been increased from 1.82 dBi to 3.85 dBi.

=4 =S11 Simulated
[ —e - S21Simulated
==le=511 Measured
=521 Measured

-l -

S-Parameter(dB)

3.0 3.2 3.4 3.6 3.8 4.0
Frequency (GHz)

(@)
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(b)

3.8

4.0

Figure 4.6 Simulated and Measured (a) S-parameter of the proposed antenna and (b) Gain

with and without metasurface.

Figure 4.7(a) illustrates S-parameter measurement by VNA & Figure 4.7(b) shows

anechoic chamber measurement of the radiation pattern, fabricated antenna samples and

the test antenna, each antenna is independently stimulated, with the other antenna

terminated by a matched load. To validate the simulated radiation patterns, a comparison

is made between antennas without a metasurface and with a metasurface at 3.5 GHz,

depicted in Figure 4.7(c) and (d). Additionally, Figures 4.7(e) and (f) present a comparison

between the measured and simulated results with the metasurface.
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Figure 4.7 (a) S-parameter measurement by VNA (b) Radiation pattern measurement
setup (a) Phi=0 Simulated with & without metasurface (b) Phi=90 Simulated with and
without metasurface (c) Phi=0° Measured & Simulated with metasurface (d) Phi=90°

Measured & Simulated with metasurface.
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A comparative analysis between the proposed method and other decoupling techniques is
summarized in Table 4.2. It is observed that the proposed method achieves superior
decoupling performance with the smallest spacing among the compared methods.

Table 4.2 Comparison of the proposed and other decoupling techniques

Ref. | Method Frequeny | Edge to Edge | [S21| | Gain
(GHz2) spacing (o) (dB) | (dBi)
[43] MAAD 5.8 0.02 27 2
[45] Metasurface 2.5 0.27 25 2.5
[52] Decoupling surface & defected | 3.7 & 4.1 0.034 284 | 2.2&0.8
ground &
25.9
[53] Parallel coupled-line resonator | 3.5 0.07 26.2 1.25
(PCR)
[54] Metal strips and walls 3.5/5.7 0.023 & 0.038 18.4 2.7&2.8
& 5
22.7
[57] MDM 2.6/3.5 0.008 & 0.011 25 7.8&8.6
This MSB 35 0.011 35 3.85
Work

4.5 Conclusion

In this paper, closely integrated MIMO patch antennas operating at 3.5GHz with improved
isolation are designed. This design comprises two mirror-symmetrical patch antennas with a
metasurface double layer of cut wires used for decoupling of closely coupled two
microstrip patch antennas with edge-to-edge distance is 0.011 Ao. The Simulated and
measured results show that the isolation between two patch antennas enhanced from -
10dB to -35dB and the gain increased from 1.82 dBi to 3.85 dBi. Currently, the decoupling
structure applies only a two-element microstrip antennas but in future, we can use the
three and more antenna elements. The MIMO patch antennas is used for 5G wireless

communication.
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Chapter 5

High-lIsolation Circularly Polarized MIMO Antenna for Sub-6 GHz
Applications

This chapter introduces a novel circularly polarized MIMO antenna designed for 5G sub-
6 GHz applications. The antenna consists of a patch with a unique slot and a circular split
ring resonator (SRR) on the ground plane. H-shaped parasitic elements are strategically

placed to achieve a minimum isolation of 20 dB between antenna ports.
5.1 Introduction

To enable the new era of the internet of everything, the 5G mobile network system is a
new global wireless framework that is designed to provide ubiquity connectivity to
everyone and everything at once, including machines, objects, and devices, in a way that
is incredibly reliable and reasonably priced. MIMO systems efficiently take advantage of
the multipath environment to boost wireless system performance as a whole. Systems
using 5G MIMO considerably increase speed and capacity while delivering low latency
and excellent dependability. Strong mutual coupling between antenna elements caused by
compact MIMO antenna design may lead to a decline in the performance of system
diversity overall and inter-element isolation.

In the literature, it is allowed for the 5G sub-6GHz MIMO system to have an isolation
level of 10 dB. To improve MIMO performance, however, lower bound isolation of at
least 15 dB should be needed. When compared to their linearly polarized (LP)
counterparts, circularly polarized MIMO antennas provide several advantages, including
the prevention of multipath interference, fading, and quality of service (QoS) [61-64].
Circularly polarized MIMO antennas have so been discussed in the literature in recent
years. A compact CP MIMO antenna design in [66] using two truncated corner square
patches with parasitic periodic metallic plates. It requires costly Taconic substrate,

increasing manufacturing costs. A MIMO antenna proposed in [70] has employed an
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inexpensive FR-4 substrate to reduce production cost and to improve the performance of
the antenna by applying an eyebrow-shaped strip,

In this chapter, an innovative slot in the patch antenna and a circular split ring resonator
at the ground plane makes up the suggested compact two-port CP MIMO antenna.
Investigating a special slot at the patch antenna can help to accomplish circular
polarization and bandwidth increase. A sequence of parasitic components in the shape of
h is placed in the space between the two antenna elements to decouple the two antenna
elements. The suggested MIMO CP antenna achieves an impedance bandwidth of 3.3 to
3.6 GHz with impedance matching better than 10 dB and has an axial ratio bandwidth of
3.35 to 3.51 GHz with a steady radiation pattern in both planes over the operating
frequency bands.

5.2 Design Procedure of Proposed Antenna

(w

(a) (b) (©)
Figure 5.1 Schematics of the single-element antenna to showing step by step design (a)
Ant. 1 (b) Ant. 2 (c) Ant. 3

This section will describe the step-wise design and analysis of a novel sub-6 GHz compact
patch antenna before moving on to the design and analysis of the proposed CP MIMO
antenna. Three prototype antennas, referred to as Ant.1 through Ant.3, serve as a
description of the proposed antenna's design step and their corresponding impedance

bandwidth and axial ratio bandwidth.

66



a
© o

-30 -

Parameter(dB)
N
o

2+« Ant.1 -_— Ant.2 — ANnt.3

¥ —- ¥
0 3.2 3.4 3.6 3.8 4

S-
A
:

1
L))
o

3. . . . .0
Frequency (GHz)
(a)
Jsurf Jsurf
[A/m] o [A/m]
PN Max 30000 - T
,/gﬁﬁg\ I : =T
AR b s
qiﬂ £y i‘ 24.200 T B 54 200
\:\1 i Ei LE'/ 20,333 t; : 20,333
\gx i /// 16467 g SSdet
= -12500 h g !12.600
1' 8.733 L 8733
l 4867 i i 4867
1.000 3 1.000
Min:_1.000 2] Min:_1.000
(b) (i) Ant. 2 (i) Ant.3

Figure 5.2 (a) Simulated S-parameter of Ant.1 to Ant.3 (b) Surface current density
distribution of (i) Ant.2 (ii) Ant.3

First, as seen in Figure 5.1(a), an inset feed circular patch antenna has been created to
function at frequencies of about 6 GHz. Figure 5.2(a), depicts the Frequency response of
S-parameter Ant.1 to Ant.3, but the resonance frequency is not visible due to the selected
frequency range. In Figure 5.1(b) the inset feed circular patch antenna loaded with a

circular split ring resonator (Ant.2) has a new resonance frequency of 3.5 GHz as shown

67



in Figure 5.2(a). The high concentration of current observed around the circular SRR

increased the resonance frequency shift towards lower frequency, as shown in Figure
5.2(b)(i).

In Figure 5.1(c), the Ant. 2's bandwidth is increased by the addition of a special slot that
combines an L-shaped slot with an inverted fork-shaped slot, and it will occupy a complete
5G Sub-6GHz band. The patch antenna’s bandwidth is primarily improved by an inverted
fork-shaped slot, which also serves as an impedance matching and an L-shaped slot.
Because of this, the unique slot offers good impedance matching and bandwidth
enhancement. Along with that, this unique slot is also responsible for the axial ratio
bandwidth for the proposed antenna because the introduction of L shape slot perturbed the

surface current density distribution of the radiator, as shown in Figure 5.2 (b)(ii).

5.3 Parametric Analysis

Using Ansys HFSS, the simulation of the antenna design across the operational frequency
range was conducted, and the design parameters for the antenna structure were fine-tuned.
The antenna dimensions were determined through a parametric analysis involving the slot
moving in the horizontal direction (parameter Y) and the slot moving in the vertical
direction (parameter X). The impact of Y and X on the Si1 parameters is illustrated in
Figure 5.3.

0

0
104 @10 -
J H
o o
2 -20 ~ £-20 -
b ©
£ =
© 1]
 -30 4 B 3.
ﬂl- Y= 0mm w
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40 4+—r—r—Tr—r-r1rrTrTrTrTT 40 41T rTTrTrTTTrTTr
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(@) (b)

Figure 5.3 Parametric analysis of proposed antenna (a) |S11| with Y (b) |S11| with X
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The Y & X varied between -1 to 1 mm. The optimized values were identified as Y =0

mm and X = 0 mm, resulting in the desired favourable return loss.

5.4 Proposed MIMO Antenna Design

Figure 5.4(a) & (b) shows the proposed 2-port CP MIMO antenna geometry from our
research. The proposed 2-port CP MIMO antenna is created on an FR4 substrate with
0.019 as the loss tangent and 4.4 as the dielectric constant. It has two Ant.3 prototypes
that are connected by a succession of h-shaped parasitic element slots to improve isolation
in the sub-6GHz band, it has an axial ratio bandwidth of 3.35 to 3.51 GHz and covers the
frequency range of 3.3 GHz to 3.6 GHz. The proposed 2-port CP MIMO antenna's final
dimensions are summarized in Table 5.1 after some parametric analysis. Figure 5.4(c) will
display the proposed antenna's frequency response after the activation of both antennas

simultaneously with and without h-shaped parasitic element (strip) and achieve a

\‘w?

minimum isolation of 20 dB on its operating band.
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S-Parameter(dB)

40 =g S21 Without strip =521 With strip
& S11 Without strip =511 With strip

3.0 3.2 3.4 3.6 3.8 4.0
Frequency (GHz)

Figure 5.4 Schematics (a) Top View (b) Bottom View (c) S-parameters with & without
strip of the proposed 2-port CP MIMO antenna.
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Table 5.1 Different parameters of the proposed 2-port CP MIMO antenna
Parameters | L W | L Wi R1 Wr | W2 | Ws | W7 | Ws
Values 65 |50 |6.75 | 9.5 12.7 | 3 15 |15 |3 1
(mm)
Parameters | Lo | W3 | W4 | L¢ Ls 0r |92 |R2 |We | L4
Values 25 |25 |7 3041 | 375 |35 |1 6 2 1.5

(mm)

5.5 Result and Analysis of the Proposed 2-port CP MIMO Antenna

The HFSS tool and a vector network analyser are used to simulate and measure the S-
parameters of the proposed 2-port CP MIMO antenna as shown in Figure 5.5(a).
According to Figure 5.5(b), the proposed 2-port CP MIMO antenna has the same
resonance frequencies in simulation and measurement. The experimental and simulated
S21 is greater than 20 dB. The proposed 2-port CP MIMO antenna achieves an impedance
bandwidth of 3.3 to 3.6 GHz with impedance matching better than 10 dB and has an axial
ratio bandwidth of 3.35 to 3.51 GHz, as shown in Figure 5.5(c). Due to manufacturing
errors, there are small variations in experimental and simulated measurements. It is also
evident that the suggested design results in good isolation and return loss. The gain of the
proposed 2-port CP MIMO antenna is shown in Figure 5.5(d), the maximum gain is
observed to 3.8 dBi.
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Figure 5.5 (a) S-parameters (b) Measurement setup of S-parameter by VNA (c) Simulated

and Measured axial ratio plot (d) Simulated and Measured gain of the proposed 2-port
CP MIMO antenna

5.5.1 Radiation Characteristics

Figure 5.6(a) & (b), shows the view of the anechoic chamber along with the proposed 2-

port CP MIMO antenna used to measure radiation & diversities properties of the antenna.
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To measure the values of the E and H plane, the antenna was placed horizontally and

vertically in an anechoic chamber using positioning equipment.
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Figure 5.6 Radiation pattern measurement setup (a) Front view (b) Back view (c) E-Plane
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As shown in Figure 5.6(c) & (d), the simulated and measured radiation pattern of the
proposed 2-port CP MIMO antenna for the E-& H-Plane is plotted to make comparisons.
A very good similarity is obtained between the simulated and measured results while the
minor noncompliance is due to manufacturing tolerances and calibration errors during
measurements.

5.6 Diversity Parameter of the MIMO Antenna
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Figure 5.7. Measured diversity parameters (a) ECC (b) DG (c) TARC (d) CCL (e) MEG
of the proposed 2-port CP MIMO antenna

To observe MIMO antenna diversity performance is observed by plotting diversity
parameters by using measurement results. The ECC of the proposed 2-port CP MIMO
antenna is calculated using (5.1) [9].

N
2n=1 Sznsn,j

|p€ (lljl N)l = Hk(:i,j)[2g=1sznsn,k]
The ECC of the proposed 2-port CP MIMO antenna are shown in Figure 5.7(a). Itis 0.004
throughout the entire spectrum of frequencies, showing that the proposed 2-port CP

(5.1)

MIMO antenna successfully provides diversity functions. The ITU (International
Telecommunication Union) has set a limit of 0.5. ECC should be less than 0.5 to enhance
diversity performance. The outcome of 0.004 shows a very low correlation between the
antenna components. The diversity gain demonstrates the differences in time-average
SNR signals and provides the communication channel with effective diversity is

determined using (5.2).
DG = 10V1 — ECC? (5.2)
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The proposed antenna's DG values are around 10 dB as illustrated in Figure 5.7(b), and
the DG values should ideally be 10 dB. The radiating elements are located close to one
another and are used simultaneously in MIMO antenna architecture; however, the
interference performance is also influenced by this configuration of radiating antennas
which can be calculated by using (5.3).

Jdsursoerheeds sy e
VN
Figure 5.7(c) displays the simulated TARC values, which are below 10 dB in the 5G Sub-

TARC =

(5.3)

6GHz band while the predicted values are 0.25 dB. The communication environment's
efficient signal transmission without any signal distortion or bit loss is indicated by the
channel's capacity. The CCL is a key diversity parameter calculated using the equation
(5.4).

CCL = —log, det[ﬂR] (5.4)
where, ] [ ﬂ]l ﬂ” (5.5)
Bui=1- ( =1 1Si] ) (5.6)
B = —(Si:Sij + S;iSij) (5.7)

The proposed 2-port CP MIMO antenna has CCL values of 0.10 b/s/Hz, shown in Figure
5.7(d). A MEG is another antenna performance factor that compares the average received
signal strength of a MIMO antenna array to its average incident power. MEG can be used

to calculate the average received power intensity for each antenna by using (5.8) & (5.9)

MEG; = 0.5[1 - j.V=1|5U|2] < —3dB (5.8)
MEG; = 0.5 [1 - §V=1|sij|2] < —3dB (5.9)
|MEG, — MEG;| < 3dB (5.10)

% = +3dB (5.11)

In which i, j denote Ant.1 & Ant.2 separately. Figure 5.7(e) displays the MIMO antenna's
mean effective gain. The 3.3-3.6 GHz range of the proposed 2- port CP MIMO antenna
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comes within the 5G above frequency range. The proposed 2-port CP MIMO antenna is
compact and has a wideband, a very low ECC value, high isolation, diversity gain, and
MEG.

Table 5.2 Comparison of the proposed 2- port CP MIMO Antenna with other MIMO

Antennas

References Antenna Material used BW@ Polariz- | Isolation | ECC Max.

no. Geometry 10dB, ation (dB) Gain

(mm?) (GHz) (dBi)

[68] 37 %30 FR4 (er = 4.3, 3.3-4.2 CP 15 0.10 25
tand = 0.019) GHz

[73] 21 x 46 FR4 (er = 4.4, 3.4-3.6 LP&CP | 15 <0.003 3.25
tand = 0.019) GHz & 4-

8 GHz

[74] 55x 38 FR-4 (er=4.3, | 3.1-45 LP 20 <0.0004 | 3.17
tand = 0.025) GHz

[77] 59x55 FR4 (er=4.4, 3-7GHz | LP 18 0.21 3
tand=0.02)

[78] 82x40 FR4 (er=4.3, 3.66-3.7 CP 15 0.05 4.6
tand=0.02)

[79] 66 x 66 ROGERS3003/ | 3.2-4.12 LP .20 <0.05 3
0.13

[80] 50 x 100 FR4 4.4/4.5 2.7-3.6 LP 25 3

Proposed 65%50 FR4 (er = 4.4, 3.3-3.6 CP 20 <0.004 3.8

Antenna tand = 0.019) GHz

The proposed 2-port CP MIMO antenna is compared to the most recent state-of-the-art
design in this part, which is tabulated in Table 5.2 and is discussed with earlier published
work. The proposed 2-port CP MIMO antenna makes use of an FR4 substrate, which
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elevates it to the status of a leading candidate for microwave-integrated circuit (MIC)
circuit integration. The comparative table also indicates too good diversity performance
from the proposed 2-port CP MIMO antenna. The MIMO antenna’s innovative design
makes it more suited for use in a variety of mobile devices intended for 5G applications.

5.7 Conclusion

The 2-port CP MIMO antenna proposed in this research study uses a distinctive slot and
a circular split ring resonator at the ground planes which help to accomplish circular
polarization and enhance bandwidth. The proposed 2-port CP MIMO antenna achieves an
impedance bandwidth of 3.3 to 3.6 GHz with impedance matching better than 10 dB and
has an axial ratio bandwidth of 3.35 to 3.51 GHz with a steady radiation pattern in both
planes over the operating frequency bands. The proposed 2-port CP MIMO antenna design
with insect fed gives good diversity performance with ECC 0.004, DG 10 dB, CCL 0.40
b/s/Hz, MEG 1.03 dB, and TARC 10 dB. The peak gain for the proposed antenna is 3.8
dBi.
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Chapter 6

Dual-Band CPW-Fed MIMO Antenna for 5G Applications

This chapter introduces a novel, integrated dual-band MIMO antenna for global system
mobile networks. The antenna's unique orthogonal configuration eliminates the need for
isolation elements, simplifying design. Curved radiators enable operation at 3.5 GHz and
5.5 GHz. Fabricated on a low-cost FR-4 substrate, the antenna achieves excellent

isolation and low correlation.

6.1 Introduction

MIMO systems utilize multiple transmitting and receiving antennas, capitalizing on the
effects of signal propagation via various paths. Nevertheless, the efficiency of antennas
and the performance of MIMO systems can be compromised due to heightened mutual
interaction when multiple antennas are positioned near. This issue has emerged as a
significant challenge requiring attention. Substantial endeavours have been devoted to
alleviating this mutual interference.

In the literature, to tackle the above issue and accommodate the constrained space within
smartphones, a solution involves integrating 2 or 4 closely positioned or shared-radiator
MIMO antenna elements. This approach effectively reduces the overall spatial
requirement through spatial reuse [86]. In one instance [87-88], the method of using
neutralization lines is employed to mitigate mutual interference among four closely
positioned open-slot antenna elements covering the frequency band of 5G. This results in
a compressed antenna size for a four-antenna unit. In another study [89], two gap-coupled
loop antennas, which are mirror images of each other and function in the frequency range
of 5G mid-band, are integrated to create a unique self-decoupled module, antennas
employing CPW feeding exhibit several benefits compared to alternative methods such as
microstrip and coaxial probe feeding. These advantages encompass cost-effectiveness,
reduced dispersion, favourable omnidirectional patterns, minimal surface wave

propagation, and streamlined integration with both passive and active components [94].
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A MIMO antenna with four ports has been introduced in a suggested chapter using a
substrate made of FR-4 material, having a thickness of 1.6 mm, relative permittivity (er)
of 4.4, and a loss tangent (tan &) of 0.02. This antenna design covers two frequency bands.
The antenna exhibits effective isolation properties within both of these frequency bands.
Every individual component within the MIMO arrangement comprises a monopole
antenna characterized by a unique sickle-shaped design. This monopole is connected to
an asymmetric CPW feed, a configuration chosen to increase the operational bandwidth.
The spacing between these antenna elements is increased by positioning the four elements
in a perpendicular orientation relative to each other. Notably, no additional decoupling
structures are employed, simplifying the overall design approach. In conclusion, the work
presented in the paper offers several advantages and introduces novel concepts, which can
be summarized as follows:

e The proposed configuration demonstrates flexibility through the utilization of an
FR-4 substrate and attains isolation exceeding 18 dB between ports, all without
necessitating an additional decoupling structure. Additionally, the antenna yields
a satisfactory gain, thereby bolstering its suitability within dual-band networks.

e Theantenna's flexibility and compactness facilitate seamless integration with other
components, effectively conserving space.

e Moreover, the antenna exhibits favourable performance in terms of S-parameters,
ECC, and diversity gain (DG), reaffirming the stability of the suggested dual-band
antenna design."

6.2 Antenna Design
6.2.1 Procedures for Designing a Single Unit Antenna

Figure 6.1 displays the suggested configuration of the dual-band MIMO antenna in a
single unit. The antenna configuration comprises a monopole antenna with a distinct
sickle-shaped design. This monopole structure takes the form of an 'I' shape with curved
extensions, and it is connected to an asymmetric 50 Q coplanar waveguide (CPW) feed.
The operational bandwidth is broadened by adjusting parameters such as the distance (g)

separating the feed line and the asymmetrical ground, along with the width (Wr) of the
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feed line. Both the sickle-shaped monopoles and on the same side as the ground plane of
an FR-4 substrate. This substrate possesses specific dimensions, with a thickness of 1.6
mm, a relative permittivity (er) of 4.4, and a loss tangent (tan 8) of 0.02. These components
collectively result in an antenna size measuring 32 mm x 32 mm. The antenna is designed

and optimized using the HFSS and its dimensions are tabulated in Table 6.1.

Table 6.1 The dimensions of the single unit dual band antenna.

Ls Ws Lg Wy Lr Wr |Lri [Wga |9 Wr1 | RL
32 32 14 14.15 | 23 3 6.3 7 035 |15 11.79

Ws

+—
Figure 6.1 Single antenna design
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S-Parameter(dB)

Frequency (GHz)

Figure 6.2 Single antenna developments.

Figure 6.2 shows the progression of the antenna unit's evolution, commencing with the
original design and culminating in the suggested configuration. Antenna @1 (I-shaped
with the symmetric ground) to achieve the desired frequency band at 5.5 GHz. The
simulated S11 parameter (depicted by the blue line) demonstrates antenna operation
within the frequency range of 4.6 to 7 GHz. The reverse C-shaped radiator configuration
is produced, maintaining the same symmetric ground setup (antenna@2). The simulated
S11 parameter (indicated by the black line) indicates the antenna's operation across two
frequency bands 2.7 to 3.9 GHz and 5.7 to 7.4 GHz. Following this, the sickle-shaped
radiator configuration is generated while retaining the same symmetric ground
arrangement (antenna@3). The simulated S11 response (shown in green) demonstrates
the antenna functioning within two frequency ranges 2.7 to 4.2 GHz and 5.1 t0 6.2 GHz.

Finally, through the implementation of an asymmetric ground setup (antenna@4),
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improvements are observed in the antenna’s matching characteristics, particularly within

the lower frequency band. The Si1 parameter (represented by the red colour) achieves a

frequency range between 3.0 to 4.4 GHz and 5.0 to 6.6 GHz.
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Figure 6.3 The surface current distributions at (a) 3.5 GHz and (b) 5.5 GHz
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Figure 6.3(a) illustrates that there was a higher concentration of current near the curved
area, which led to the presence of the Wi-MAX band. Likewise, Figure 6.3(b)
demonstrates that a significant current followed the I-shaped path, contributing to the
generation of WLAN signals. As a result, the antenna successfully exhibited dual-band
characteristics.

6.2.2 Suggested Four-Port Configuration

W
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(b)
Figure 6.4 (a) Geometric arrangement (b) physical prototype of MIMO antenna

Figure 6.4(a) displays the spatial arrangement of the MIMO antenna, while Table 1
furnishes the key design measurements. This MIMO configuration employs microstrip-
line feeding for four identical sickle-shaped monopole antenna elements. These elements
are strategically oriented at right angles to optimize performance. In the layout schematic,
the feeding sites for the antenna are identified as ports 1, 2, 3, and 4. The proposed sickle-
shaped monopole antenna design is replicated in four instances and strategically
positioned in orthogonal orientations. This arrangement aims to enhance the isolation
between antenna ports, thereby leading to an overall improvement in the performance of
the MIMO system. The four antenna units are placed near one another to minimize the
overall size of L =W =64 mm x 64 mm. Furthermore, the setup of the fabricated prototype

is presented in Figure 6.4(b).
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(b)

Figure 6.5 Measurement setup (a) reflection coefficient in dB (b) radiation pattern
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The MIMO is tested using VNA to produce S-parameters as shown in Figure 6.5(a). The
proposed antenna is subjected to testing at port 1. These tests are conducted within an
anechoic chamber, and depicted in Figure 6.5(b) the configuration of the testing setup.

6.3 Simulated and Measured Results

The MIMO is tested using VNA connected to port 1 and the obtained test results (S11, S22,
Ss3 and Sas) are shown in Figure 6.6. The antenna exhibits simulated and measured Si:
results from 3.0 to 4.4 GHz centre at 3.5 GHz and 5.0 to 6.6 GHz centre at 5.5 GHz.

Figure 6.7 depicts the comparison of the results of the MIMO antenna's simulated and
tested transmission coefficient. The antenna showcases an isolation level of less than 21
dB within the frequency band of 3 GHz to 4.4 GHz and less than 18 dB within the range
of 5.0 to 6.6 GHz. Furthermore, the agreement between the simulated and tested results

demonstrates reasonable matching.
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Figure 6.6 S-parameters of the MIMO antenna (Simulated and tested)
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Figure 6.8 Radiation characteristics of the designed antenna at (a) 3.5 GHz and (b) 5.5
GHz
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Figure 6.9 Simulated and tested (a) Gain and (b) Efficiency of the proposed MIMO
antenna

The antenna's normalized radiation patterns were assessed at frequencies of 3.5 GHz and
5.5 GHz, both in the x—z and y-z planes. In the Co-polar, semi-omnidirectional patterns
are introduced, while bidirectional patterns are observed in the Cross-polar. These patterns
exhibit reasonable consistency, as depicted in Figure 6.8. Additionally, Figure 6.9(a)

displays the comparative results of peak gain from simulation and testing. The antenna'’s
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measured gain varies from 1.4 dBi at the lower band to 4.8 dBi at the upper band,
demonstrating favourable alignment between the outcomes. Figure 6.9(b) illustrates the

overall efficiency at all ports of the proposed antenna design.

6.4 MIMO System Evaluation

To assess the MIMO system's performance and its diversity characteristics, like ECC, DG,
MEG (mean effective gain), TARC (total active reflection coefficient), CCL (channel
capacity loss) parameters of the MIMO antenna are computed & analysed. The ECC
parameter serves as an indicator of the isolation between ports. Enhanced MIMO
effectiveness is indicated by lower ECC values. ECC values below 0.5 are considered
favourable for robust MIMO implementation. The value of the ECC is lower than 0.01
from 3.0 to 4.4 GHz and lower than 0.03 from 5.0 to 6.6 GHz as shown in Figure 6.10(a).
The simulated and tested DG outcomes are displayed in Figure 6.10(b).
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The DG results exhibit values of at least 9.9 dB across the specified operational band
configurations. Figure 6.10(c) illustrates the MEG is a performance metric that compares
the average received signal strength of a MIMO antenna array to its average incident
power. It helps calculate the average received power intensity for each antenna & MEG
values for all four antennas defined by industry and standards limit of -3 < MEG (dB) < -
12. The MIMO antenna architecture utilizes closely spaced radiating elements that operate
simultaneously. However, this configuration can impact interference performance, which
is quantified by the TARC as shown in Figure 6.10(d) which are below -10 dB. The
channel capacity of a communication system reflects its ability to efficiently transmit
signals without distortion or loss of bits. In the case of the proposed MIMO antennas, a
CCL value below 0.10 b/s/Hz as
shown in Figure 6.10(e). A comparative analysis between the proposed MIMO antenna
and other designs is presented in Table 6.2 to validate its performance. The suggested
MIMO antenna stands out with its compact dimensions while maintaining favorable levels

of isolation, gain, and ECC values. These characteristics make it well-suited for
applications in dual-band network scenarios.
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Table 6.2 Comparing the MIMO antenna presented here with previously documented MIMO
antenna designs.

Referenc | Antenna MIMO | Frequency Isolati | Peak Efficien | ECC
e no. dimension antenna | bands (GHz) | on Gain(dBi | cy
(mmq) Element @@aB) |)
S
[86] 100x100x1. 4 3555 > 20 - - <0.1
6
[101] 58x58x0.8 4 3555 > 18 7 - <0.07
[84] 81x87x1.6 4 4.8,7.7 >20 5 60%,87 | <0.1
%
[83] 110x97x1.4 4 2.4,5.8 25-33 4 60%,70 | <0.1
%
[102] 54x54x0.13 4 4.5,8.5 > 17 4.5 - <0.03
[100] 60%65%1.6 4 3.5,4.5 > 15 4.85 80% <0.13
[99] 140%x70x9.5 4 2.7,3.5 > 20 2.1,3.7 70% <0.5
5
[98] 65x65%1.6 4 3.55.9 > 20 2.9,3.7 80% <0.01
[103] 200x150xO0. 4 - > 15 4.2 95% <0.01
76
[104] 100x50%4.5 4 3 > 25 3 80% <0.01
[105] 120%x65x1.6 4 3.5,4.8 > 18 4.71 - <0.14
[106] 145%75x0.8 8 3.44.9 - - 85% <0.15
[107] 150%70x%0.8 8 3.5,5 >17 | 4455 61% <0.01
[108] 45x38x0.2 4 2.5,3.6,5.5 > 20 4 - <0.04
[109] 100x80x%1.6 4 3,5.43 > 20 5.42 - <0.1
[110] 55%55x0.2 4 3.6,4759.1 | >15 4 - <0.17
[111] 90%90%1.57 4 3.56,5.28 > 22 42,28 | 88%,79 | <0.05
%
[112] 40x40x1.6 4 3.44.8 > 16 2.6,4 93% -
[113] 36%27%1.6 4 8.5 >18 3.55 70% <0.01
[114] 66x66x0.13 4 3.5 >20 3 99% <0.05
[115] 30x40x1.6 4 4.5 >17 3.5 85% <0.05
[116] 100x60x1.6 4 2.6,3.2 > 20 5.3 - <0.01
Proposed | 64x64x1.6 4 3.555 >18 14,49 | 94%,92 | <0.03

Antenna

%
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6.5 Conclusions

This chapter explores a compact four-port MIMO antenna featuring dual-band
capabilities. The suggested design comprises four resonators of matching shapes,
organized in an orthogonal arrangement, with the diagonal components arranged in an
anti-parallel pattern. The antenna successfully exhibited an isolation of >18 dB for both
Wi-MAX and WLAN frequency bands (3.5 GHz and 5.5 GHz, respectively). The study
encompassed simulations and practical measurements of gain, S-parameters, isolation,
ECC, and radiation patterns. The outcomes proved that the decoupling worked without
any element being achieved and a favorable diversity response was attained. The results
obtained showcase the capacity utility of the suggested MIMO antenna for dual-band

applications.
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Chapter 7
Triple Band Self-Decoupled MIMO Antenna Pair for 5G
Communication

This chapter introduces a new two-port MIMO antenna designed for 5G mobile phones.
Its unique self-decoupling feature eliminates the need for additional decoupling
components. By using a mode-cancellation technique, the antenna achieves excellent
isolation (over 22 dB) across three frequency bands: 2.58-2.84 GHz, 3.4-3.9 GHz, and
4.3-4.6 GHz. Experimental results show high isolation between ports and good overall
gain (1.9 dBi, 3.77 dBi, and 2.9 dBi). This design offers a promising approach for highly
integrated 5G MIMO antennas due to its simplicity, efficiency, and self-decoupling
capabilities.

7.1 Introduction

Multiple-Input-Multiple-Output (MIMO) technology is a wireless communication
technique that uses multiple transmitting and receiving antennas to improve the
performance of wireless systems. MIMO takes advantage of the multipath propagation
phenomenon, where signals sent from a transmitter reach the receiver through multiple
paths due to reflections, diffractions, and scattering in the environment. MIMO has been
widely adopted in various wireless communication standards, including Wi-Fi
(802.11n/ac/ax), cellular networks (4G LTE, 5G), and wireless point-to-point links. Its
effectiveness in increasing data rates and system capacity has made it a fundamental
technology for addressing the ever-increasing demand for more data speeds in modern
wireless networks.

In the literature, A licensed band of frequencies between 4.40 and 5.01 GHz, 3.30 and
3.80 GHz, and 3.30 and 4.20 GHz is needed for the Sub-6 GHz 5G. While Wi-Fi 6E 5G
provides quality of service (QoS) suitable for Industrial Internet of Things (loT)
applications, which require low latency and high capacity, and has become the standard
networking technology for both households and businesses, including robotics [116]. To
enable independent usage of Wi-Fi 6E and 5G bands in indoor networks and seamless

transition between them, the aim of a compact MIMO antenna capable of functioning
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across multiple frequency bands. One particular issue with the MIMO antenna design is
the mutual interaction between components of densely positioned antennas, lowering the
MIMO antenna’s efficiency in terms of effective spectrum utilization and high-speed data
transmission [102]. When a large number of antennae group together the mutual couplings
increased and it reduces antenna efficiency and MIMO performance. It is a serious issue
in the MIMO technology-based antenna system [125].

This chapter presents, a triple-band monopole MIMO antenna with improved isolation.
The proposed design is created and evaluated to confirm the simulation and measured
results by analysing the S-parameter, radiation pattern, efficiency & peak gain using
HFSS. The overall dimension of the entire model is 70 mm x 31 mm. Measured outcomes
for the combined antenna indicate that the proposed antenna functions within three
frequency bands, achieving Si: values of less than or equal to 10 dB from 2.58 GHz to
2.84 GHz, 3.4 GHz to 3.9 GHz and 4.3 GHz to 4.6 GHz. Furthermore, peak gain at three
bands is 1.9 dBi, 3.77 dBi and 2.9 dBi. Two symmetric feeding strips are used to
individually excite the individual radiator, which has a diameter of 35 mm by 18.5 mm.
The distance between the two feeding ports is Do=10 mm, which is an essential
requirement for port isolation of more than 22 dB.

7.2 Antenna Design and Decoupled Structure
7.2.1 Triple-Band Antenna Design

The evolution of the suggested triple-band antenna is depicted in Figure 7.1. To reach the
suggested 50 Q of impedance, microstrip lines having a width of 3 mm for transmission
and a ground plane-to-transmission line gap of 1.6 mm provide fed. Figure 7.2 shows the
simulated Si1 results for each configuration. The radiator shape for antenna 1 is a
rectangular patch, as seen in Figure 7.1a. The operating bandwidth is affected by the
ground plane's length. The antenna is used in the frequency range from 3.3 GHz to 3.6
GHz when the ground plane measures 31 mm, as illustrated in Figure 7.2 red dotted line
(antenna 1).
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By making adjustments to the radiator's design, utilizing a conventional two-triangle cut
on the antenna (illustrated in Figure 7.1b), an antenna slanted to the left is generated,
exhibiting resonance across two frequency bands. Figure 7.2 (antenna 2, indicated by the
blue dotted line) demonstrates a band with an S11 level below 19 dB, centred at 3.47 GHz.
The bandwidth of this band extends from 3.3 GHz to 3.6 GHz, with S1; levels < 10 dB.
Additionally, a second band is observed between 4.7 GHz and 4.9 GHz, featuring an S11
level <10 dB.

Figure 7.(5) Evolution of the(?%icrostrip-fed (ril)onopole antenna (a) Antenna_1 (b)
Antenna_2 (c) Antenna_ 3

Moreover, the introduction of a rectangular slot, illustrated in Figure 7.1c and also
observable in Figure 7.2 (a) (depicted by the solid black line for antenna 3), leads to a
transformation of the dual-band antenna into a triple-band configuration. This
transformation occurs due to modifications in the current distribution within the antenna's
structure, resulting in the emergence of novel resonant frequencies encompassing the 2.5
GHz to 2.8 GHz bands. In this revised arrangement, the initial band functions within the
2.5 GHz to 2.8 GHz frequency range (260 MHz) with a central frequency of 2.7 GHz.
Subsequently, the second band, centred at 3.6 GHz, from 3.4 GHz to 3.9 GHz (500 MHz).
Lastly, the third band operates with a central frequency of 4.5 GHz and covers the 4.3
GHz to 4.6 GHz frequency range (300 MHz).
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7.2.2 Parametric Analysis

Using Ansys HFSS, the simulation of the antenna design across the operational frequency
range was conducted, and the design parameters for the antenna structure were fine-tuned.
The antenna's dimensions were determined through a parametric analysis involving the
length of the slot (parameter W>). The impact of W- on the S11 parameters is illustrated in
Figure 7.3. The W> varied between 9 to 11 mm. The optimized values were W> = 10 mm,

resulting in the desired favourable return loss.
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7.2.3 Proposed Self-Decoupled Antenna Pair

Figure 7.4 shows the design of the proposed two symmetrically mirrored tilted monopoles
whose dimension is 70 mm x 31 mm, which is located above the ground plane with the
substrate on a 1.6 mm thick RT-Duroid (er = 2.2, tand =0.009) without using any the
isolating structure. As indicated in Figure 7.4(a), the two comparable monopole-tilted
radiators are placed 10mm apart from one another in a horizontal orientation. The
parameters of the tilted monopoles MIMO antenna are L=70mm, W= 31mm, L1=17.5mm,

W1=20.5mm, L>=0.8mm, W>=10mm, Ls;=30mm, Ls>=30mm, g:=10mm, W3=8mm.

L

L1

Wz

£1

W3

()

(b)
Figure 7.4 Layout and design of self-decoupled MIMO antenna, (a) top view (b) bottom
view
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7.2.4 Decoupling Analysis

The active reflection coefficients for the common-mode (CM) and differential-mode
(DM) signals in a symmetric and reciprocal 2-port network are calculated and simplified
using the theory of microwave networks. The S-parameters of the network satisfy Si11 =
S22 and Si12 = S1 under this condition. The ratio of the reflected incident signal is known
as the active reflection coefficient Scm for the CM signal, & the incident signal to the
reflected signal is known as the active reflection coefficient Spm for the DM signal. The
greater the isolation between ports 1 and 2 the smaller the difference between these
coefficients.

The Euclidean distance in the Smith chart makes it simple to determine the distinction
between the CM and DM complex reflection coefficients. Scm = Spm, which means that
just the CM and DM reflection coefficients are equivalent & If port 1 and port 2 are
properly isolated, the opposing currents in common mode (CM) and differential mode
(DM) can be eliminated through flawless self-isolation (i.e., S21 = 0). For instance, if the
isolation between ports 1 and 2 in Sp; is less than -10 dB = 0.316, then |Scm - Spm| is less
than 0.632 (The Smith chart's radius is normalized to a value of one). To establish good
isolation between port 1 and port 2, it is essential to adjust the CM and DM signals' active

reflection coefficients must be similar (or as close in the Smith chart) as possible.

Figure 7.5 Simulated Smith chart showing the feeding distance Do=10mm and the CM
and DM reflection coefficients
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Figure 7.5 shows the Smith chart to create good isolation by adjusting the impedances
of two ports, CM and DM, and their active reflection coefficients. The feeding distance
DO, or distance between these ports, is an important factor that can be changed to
enhance their performance. Based on the information given, it is possible to get an
optimised self-isolation performance when Do is equal to 10 mm. Figure 4 depicts the
Smith chart for the DM impedance, which has a longer curve and is less uniform than
the CM impedance. Because of the influence of the horizontal dipole-like mode's
inverse ground mirror current. To achieve good results, both impedances can be
changed to a comparable status.

The CM and DM-fed antenna pair vector current distributions as shown in Figure 7.6.
Two folded monopole-like current distributions in the antenna cause the current to be
out of phase when the antenna is supplied using a common mode (CM) signal, as
illustrated in Figure 7.6(a). This indicates that the current on either side of the antenna
runs in opposing directions. The antenna's current distribution resembles a horizontal
dipole and is in a phase when the antenna is supplied using the differential mode (DM)
signal, as illustrated in Figure 7.6(b). This shows that the current flows in the same
direction through the antenna on both sides. When designing and analysing antennas
with CM and DM feeding, it's essential to take these current distributions into account

because they may have an impact on the antenna’s performance and radiation pattern.
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Figure 7.6 Self-decoupled antenna pair's vector current distributions at 3.6GHz (a) CM
fed. (b) DM.

7.3 Simulated and Measured Results

The simulated and measured MIMO antenna’s S-parameters for ports 1 and 2 such as S,
S22, S12, and Sp1 are shown in Figure 7.7 (a) & (b). The simulation results indicate an
isolation of over 22 dB between ports 1 and 2 of the MIMO antenna and operates at three
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bands 2.7 GHz, 3.6 GHz and 4.5 GHz, a bandwidth ranging from 2.5 GHz to 2.8 GHz and
computed at S11 < 10 dB for the first band, 3.4 GHz to 3.9 GHz for the second band and
4.3 GHz to 4.5 GHz for the third band, respectively. The results exhibit identical frequency
ranges to those observed in the simulated and measured results, as seen in Figure 7.7 (blue
and red curve). The measurements indicate the antenna operates in three bands with a
centred on 2.7 GHz, 3.6 GHz and 4.5 GHz, with bandwidths ranging from 2.5 GHz to 2.8
GHz, 3.4 GHz to 3.9 GHz and 4.36 GHz to 4.57 GHz for three bands. Here measured and
simulated outcomes are nearly identical, with only a minor difference between the two.
This is due to the fabrication step and simulation impact. The S-parameter measurement
setup can be shown in the Figure 7.7(c).

[
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Figure 7.7 Self-decoupled MIMO antenna pair (a) S11 & S21 (b) S22 & Si2 simulated and
measured results (c) experimental test bench setup
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7.3.1 Radiation Pattern

Figure 7.8(a, b, c) depicts the simulated and measured radiation patterns in the E and H
planes at frequencies of 2.7 GHz, 3.6 GHz, and 4.5 GHz. An anechoic chamber is being
used to test the antenna, as shown in Figure 7.8 (d). The antenna exhibits a bidirectional

pattern in the H-plane.
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Figure 7.8 Radiation patterns of self-decoupled MIMO antenna (a) at 2.7GHz (b) at
3.6GHz (c) at 4.5GHz (d) Measurement in anechoic chamber
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7.3.2 Peak Gain & Efficiency

Figure 7.9 (a) displays the antenna's peak gain as observed in simulations and
measurements. The antenna simulated the peak gain of 1.9 dBi, 3.77 dBi and 2.9 dBi for
three bands and measured the peak gain of about 2 dBi, 3.8dBi, and 3 dBi. Figure 7.9(b)
illustrates the overall radiation efficiency of proposed antenna design. The efficiency of
the antenna at three different resonances are 83 %, 86 % and 89 % respectively.
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Figure 7.9 Self-decoupled MIMO antenna pair (a) Peak gain (b) Radiation efficiency
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7.3.3 Diversity Performance Analysis

The diversity evaluation (ECC, DG, TARC, CCL and MEG) has significance for
confirming the two-port MIMO antenna's performance, which was examined through
simulations and experiments. The envelop correlation coefficient (ECC) graph for the
specified frequency ranges is shown in Figure 7.10 (a). The ECC of the two-port MIMO
antenna was less than 0.04 across the whole band, confirming that this MIMO antenna
performs similarly to whatever is necessary for MIMO diversity performance. Figure 7.10
(b) illustrates the diversity gain (DG) of a dual-port MIMO antenna. The measured and
simulated DG results for the far-field radiation patterns closely align with the target value
of 10 dB.

The radiating elements are located close to one another and are used simultaneously in the
MIMO antenna architecture; however, the interference performance is also influenced by
this configuration of radiating antennas which can be calculated by TARC (Total Active
Reflection Coefficient) Figure 7.10 (c) displays the TARC values, which are below 10 dB.
Channel capacity loss (CCL) is a critical factor in evaluating the effectiveness of a MIMO
antenna in high-data-rate communication systems, as it directly impacts the ability to
transmit signals and information reliably and without distortion. Figure 7.10 (d)
demonstrates that the CCL value is lower than the practical limit (0.4 bits/s/Hz), indicating
that it meets the requirement for communication. In Figure 7.10 (e) shows mean effective
gain (MEG) of the antenna, when powered by ports 1 and 2 respectively, shows a
consistent value of below 3 dB across the entire frequency band. The MEG1/MEG2 is
nearly one. These findings indicate that the radiating elements in the MIMO design

maintain a stable gain performance.
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7.4 SAR Analysis

The SAR analysis setup is displayed in Figure 7.11, phantom model consisting of skin
2mm, fat 3.5mm, muscles 10mm, and bone 10mm [23] is placed at a distance of 3mm
from the antenna. The maximum value of SAR is 0.497W/kg at 100mW which is less than
the prescribed 1.6W/kg. Therefore, the antenna is suitable as well as safe to be used in

near human body for 5G communication system.
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Figure 7.11 SAR of the proposed antenna

These findings indicate that the two MIMO antennas with self-isolation are effectively
decoupled from each other, making them well-suited for applications involving MIMO
technology. To validate the design's novelty, the proposed design is compared to previous
works, as seen in Table 7.1. From Table 7.1 it’s clear that our proposed antenna has better
isolation and compact size. Similarly, ECC & DG are comparable with the other
references. The proposed antenna is the ideal design for triple-band wireless applications
since it offers outstanding performance and a small footprint.

Table 7.1 Comparisons of the decoupled antenna pair for recent literature

Ref. Element | Decoupling |-10dB | Size of | Isolation | Distance | ECC | DG
Mechanism | Su1 antenna between
feed
[129] |8 Self 3.3-4.2 | 150x75 | >10.5 9mm <0.2 |-
x0.8
[130] | 4 Coupled 3.7-71.3 | - >20 5.6mm <0.0 |-
CPW 3
[131] |2 - 1.46- 120x12 | >16.3 2mm - -
1.52 0x0.3
[132] |8 Asymmetric | 3.4-3.6 | 10x7x1 | >10 <0.1 |-
ally
mirrored
[133] | 4 Orthogonal | 3.4-3.6 | 25x7x1 | >20.1 - <0.0 |-
mode 5 08
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[134] | 4 - 4.3 100 x > 15 15mm < -
6.45 60 x 0.00
0.76 4
[135] | 4 Parasitic 2.6-2.8, | 140x70 | >20 - - -
resonant 3.4-3.6 | x9.5
strip
[136] | 4 Orthogonal | 4.8,7.7 | 81 x87 | >20 - < >0,
mode x 1.6 0.15 | 9
[137] | 4 Parasitic 3-5 65%60x | >15 - <0.0 | >9.
Meandering 1.6 5 7
Resonator
[138] | 4 orthogonal | 3.5,5.9 | 65%x65 | >20 - < >0,
x 1.6 001 |9
[139] |2 Defected 299 - | 62x25. | <16 - - -
ground 3.61, 6x1.52
4.53- 4
4.92
[140] |2 Slotted 2.4,3.5, | 48x31x | <20 - <0.0 | >9.
ground 55 1.6 03 9
plane
Propo | 2 Self 2.5- 70x31x | >22 10 mm <0.0 | >9.
sed 2.8,3.4- | 16 4 9
3.9,4.3-
4.5

7.5 Conclusion

The efficient development, exploration, and assessment of the design have resulted in a
dual-port MIMO antenna that meets the bandwidth needs of both the Sub-6 GHz and 5G.
The dual-pair MIMO antenna demonstrates operation across three bands with impedance
bandwidths: 2.5 GHz to 2.8 GHz, 3.4 GHz to 3.9 GHz, and 4.3 GHz to 4.5 GHz.
Additionally, it achieves a peak gain of 1.9 dBi,3.77 dBi and 2.9 dBi. To make sure that
the MIMO antennas closely spaced have an effective mutual coupling of over -21 dB, a
self-decoupling structure is implemented antenna. The ECC value of 0.04 and DG
measurement of greater than 9.98 dB have been established to comfortably meet practical
standards. The dual-port MIMO antenna can be seamlessly integrated into contemporary

Sub-6 GHz 5G improved diversity analysis, and compact design. Furthermore, it is highly
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suitable for constructing extensive antenna arrays that improve the quality of wireless
communication transmission and reception. Additionally, its design simplifies and

enhances effortless internet accessibility.
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Chapter 8

Conclusion and Future Scope

This chapter is divided into two primary sections. (i) A comprehensive summary of the
key findings and accomplishments presented throughout the thesis, and (ii) Potential
avenues for further exploration and development based on the research conducted. The
presented thesis is mainly focused on the high gain, beam scanning, MIMO antenna and

diversity parameters.

8.1 Conclusion of the Presented Work

The first chapter provides an overview of 5G technology and the anticipated frequency
bands. It then examines the future needs for various types of antennas like microstrip
patch, MIMO antennas. Additionally, it explores bandwidth, isolation, gain and diversity
parameters. This introduction establishes the groundwork necessary to understand the

research presented in the thesis.

In the second chapter, a design for a coplanar waveguide (CPW)-fed patch antenna
integrated with a metasurface superstrate. The metasurface layer, positioned above the
antenna, is designed to reflect the radiated electromagnetic waves in phase, resulting in
enhanced gain and beam-scanning capabilities. By employing the CPW feeding technique,
we have achieved significant improvements in bandwidth and overall antenna
performance. The proposed antenna exhibits a -10 dB bandwidth of 3.86-4.49 GHz, a
realized gain of 6.06 dBi, an efficiency of 92%, and a scanning capability of -4 degrees.
These promising results demonstrate the potential of this antenna design for 5G wireless

communication applications, offering enhanced performance and flexibility.

In the third chapter, 5G patch antenna design incorporating a metasurface superstrate. The
metasurface layer, positioned above the antenna, functions as a Fabry-Perot cavity,
reflecting the radiated energy in phase and thereby enhancing both gain and bandwidth.
The realized antenna achieved a -10 dB bandwidth of 3.44-3.61 GHz, a realized gain of
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6.8 dBi, and an efficiency of 69%. These results demonstrate the potential of the proposed

antenna design for 5G applications, offering improved performance and efficiency.

In the fourth chapter, This paper presents a novel design for closely integrated multiple-
input multiple-output (MIMO) patch antennas operating at 3.5 GHz. To improve isolation
between the antennas, a double-layer metasurface composed of cut wires is incorporated
between the two mirror-symmetrical patch elements. This configuration effectively
decouples the closely spaced antennas, which are separated by a distance of 0.011 Ao
(where Ao is the wavelength at 3.5 GHz). Simulation and measurement results demonstrate
a significant enhancement in isolation from -10 dB to -35 dB, while simultaneously
increasing the antenna gain from 1.82 dBi to 3.85 dBi. The proposed decoupling structure
is currently applied to a two-element MIMO antenna, but its design can be extended to
accommodate three or more antenna elements in future applications. The enhanced
isolation and improved gain achieved in this design make these MIMO patch antennas

well-suited for 5G wireless communication systems.

In the fifth chapter, 2-port circularly polarized (CP) MIMO antenna design incorporating
a unique slot and circular split ring resonator (CSRR) at the ground plane. These elements
contribute to achieving circular polarization and improving the antenna's bandwidth. The
proposed antenna demonstrates an impedance bandwidth of 3.3 to 3.6 GHz with an
impedance matching better than 10 dB. Additionally, it exhibits an axial ratio bandwidth
of 3.35 to 3.51 GHz while maintaining a stable radiation pattern in both planes across the
operating frequency range. When fed using an insect antenna, the proposed 2-port CP
MIMO antenna delivers excellent diversity performance. Key diversity metrics include an
envelope correlation coefficient (ECC) of 0.004, a diversity gain (DG) of 10 dB, a channel
capacity (CCL) of 0.40 b/s/Hz, a maximum eigenvalue gain (MEG) of 1.03 dB, and a total
average correlation (TARC) of 10 dB. The antenna's peak gain is 3.8 dBi.

In the sixth chapter, a compact four-port MIMO antenna design operating in dual-band

mode. The proposed design features four identically shaped resonators arranged in an
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orthogonal configuration, with the diagonal elements positioned in an anti-parallel
arrangement. The antenna demonstrated an isolation of > 18 dB for both Wi-MAX (3.5
GHz) and WLAN (5.5 GHz) frequency bands. Comprehensive simulations and
measurements were conducted to evaluate gain, S-parameters, isolation, envelope
correlation coefficient (ECC), and radiation patterns. The results confirmed the
effectiveness of the decoupling mechanism without the need for any additional elements
and demonstrated favorable diversity performance. These findings highlight the suitability
of the proposed MIMO antenna for dual-band applications, offering compact size and

robust performance.

In the seventh chapter, a dual-port MIMO antenna design that effectively supports both
Sub-6 GHz and 5G frequency bands. The antenna operates across three bands with
impedance bandwidths of 2.5-2.8 GHz, 3.4-3.9 GHz, and 4.3-4.5 GHz, achieving peak
gains of 1.9 dBi, 3.77 dBi, and 2.9 dBi, respectively. To ensure minimal mutual coupling
between the closely spaced MIMO antennas, a self-decoupling structure is incorporated.
This design achieves an effective mutual coupling of over -21 dB, with an envelope
correlation coefficient (ECC) of 0.04 and a diversity gain (DG) exceeding 9.98 dB,
comfortably meeting practical standards. The dual-port MIMO antenna is well-suited for
integration into modern Sub-6 GHz 5G systems, offering enhanced diversity performance
and a compact design. Its versatility enables the construction of large-scale antenna arrays,

leading to improved wireless communication quality and seamless internet access.

8.2 Future Scope of the Presented Work

The thesis presents a comprehensive study of MIMO antenna systems, focusing on various
key parameters such as high gain, efficiency, radiation pattern, and diversity parameter.
The research explores single-band, dual-band, and triple-band MIMO antennas, as well as
metasurface-based single-band MIMO antennas. It establishes specific limits for
conventional parameters like impedance, bandwidth, isolation, gain, and efficiency to
ensure optimal performance. Additionally, the thesis addresses the challenges of

integrating MIMO antennas into transceiver systems while maintaining their performance.
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Future research may involve techniques to enhance conventional parameters and
overcome the limitations of MIMO antennas.

The thesis primarily focused on the foundational design principles of MIMO antennas.
While it provides a comprehensive understanding of single-band, dual-band, and triple-
band configurations, it's important to note that the field of MIMO antenna design is
continually evolving. Exploring alternative design methodologies can potentially lead to
innovative solutions for achieving multiband applications, expanding the versatility and
capabilities of MIMO technology.

Multi-antenna systems are indispensable for 5G and future wireless technologies like 6G,
particularly given the higher frequency ranges employed in millimeter-wave and terahertz
bands. These frequencies face challenging propagation conditions due to factors like
atmospheric absorption and blockage. Multi-antenna configurations and beamforming
techniques can effectively address these issues. Furthermore, there is a growing emphasis
on circular polarization, which offers advantages in 5G and 6G systems, such as improved
signal quality and reduced interference

This thesis could be extended to investigate the integration of filtering capabilities into
MIMO antenna systems, which could enhance their performance in microwave and

millimeter-wave applications.
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