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Abstract

Fifth-generation (5G) wireless communication systems employ millimeter-wave (mm-

wave) frequency bands to achieve a very broad spectrum for high data rate transmis-

sion. To meet the requirements of the system, the design of antenna arrays with high

capacitance and �exibility are essential. Thus, in this thesis, the design and perfor-

mance analysis of single element, 2x1, 4x1, 2x2, 4x4, and 8x8 metamaterial inspired

millimeter wave antenna (MIA) arrays are proposed. Rogers' 5880, a substrate mate-

rial with a 2.2 dielectric constant and a thickness of 0.35 mm, is used in the design of

the antenna elements to operate at a 38 GHz central frequency. The simulated design

of the single, 2x1, 4x1, 2x2, 4x4, and 8x8 MIA arrays bandwidth and total e�ciencies

(η%) are: 1.971 GHz, 2.278 GHz, 4.704 GHz, 2.51 GHz, 4.156 GHz, 5.44 GHz; and

95.55 %, 94.01 %, 95.87%, 95.58%, 93.21%, and 85.38% respectively. As compared

to other works, improved performance has been achieved by considering the e�ect of

metamaterials on the radiator and at the ground of microstrip patch antennas (MPA).

The selected type of metamaterials alters the current distribution of the radiating patch

that enhances the fringing �elds at the edge of MPAs, which inspires the radiation of

antennas and reduces the surface wave loss at the radiators' ground plane. The pro-

posed MIA antenna arrays have improved on the drawbacks of traditional MPAs in

terms of bandwidth, VSWR, and return losses to enhance the data rate and device to

device communication for 5G wireless systems.

keywords: Bandwidth, Beam-Gain, Directivity, Meta-material, Split Ring Resonator,

and Return loss.
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Chapter 1

1 Introduction

1.1 Background of the Study

The advent of �fth generation (5G) in wireless innovation is fundamentally transform-

ing telecommunications. The growth of wireless data applications and the increasing

prevalence of smart devices have resulted in a signi�cant expansion of wireless data

tra�c [1, 4]. This expansion presents both challenges and prospects for mobile service

providers, prompting them to navigate the complexities of increased demand while si-

multaneously exploring opportunities for innovation and improved service delivery[1].

5G is projected to enable more economic growth through the digitization of a con-

nected society, encompassing people and all possible items, and the readiness for the

growth of smart cities, smart agriculture, smart grids, energy, smart manufacturing, au-

tonomous driving, logistics, public safety, and numerous other verticals[4]. The network

requirements are on the rise due to the anticipated enormous development in associ-

ated devices and a signi�cant increase in information activity shortly [4]. However, the

overwhelming challenge to reaching these heights, as has continuously been the case

with mobile communications, is the availability of valuable and applicable spectrum [1].

5G systems are deployed in various spectrum bands; such as below 1 GHz, between

1 and 6 GHz, and, for the �rst time in the spectrum beyond 6 GHz in the mm-wave fre-

quency range. The utilization of the underutilized mm-wave bands (o�cially 30 to 300

GHz), particularly referring to the 24 GHz spectrum, is responsible for the bandwidth

scarcity that occurs in wireless applications[2]. These frequencies o�er a large amount

of spectrum, with approximately 100 GHz de�ned for 5G broadband mobile commu-

nication networks. The range of millimeter waves, combined with the low-, mid-band

spectrum, and the novel technologies to fully leverage the 30-300GHz spectrum, are

expected to signi�cantly boost the performance of 5G cellular networks with increased

spectrum bandwidth, massive parallel communications, and ultra-dense networks. 5G,

1



the latest radio technology, is the �rst mobile technology generation to make use of the

mm-wave spectrum [1].

As the mobile communications industry continues to make strides in the develop-

ment and deployment of 5G systems in the mm-wave band, a wealth of new information

has emerged regarding methodologies, performance results, and insights gained from

various trials and deployments, providing valuable insights into the mm-wave spec-

trum, its advantages and the di�culties in this �eld[2]. As 5G systems at millimeter

wave frequencies progress, a notable example of anticipated outcomes is their ready

applicability to provide enhanced mobile broadband services. This enables operators

to meet the increased need for high-speed data among average users in outdoor de-

ployment scenarios (e.g., dense urban micro, suburban, etc.)d[2]. 5G NR mm-Wave

o�ers a compelling complement to existing communication deployments, both for in-

door venues (e.g., convention centers, event halls, concerts, indoor stadiums, etc.) and

in enterprise deployments (e.g., o�ce buildings, shop �oors, meeting rooms, audito-

riums, etc.). Mm-Wave can provide new and enhanced experiences with multi-Gbps

data rates, low latency, and virtually unlimited capacity, supporting various devices

beyond smartphones, tablets, and laptops. It delivers on this promise through dense

spatial reuse enabled by beam-forming at both the cell site and device, utilizing vast

amounts of spectrum [2, 3].

However, deploying mobile communications in the mm-wave range, commonly re-

ferred to as the mm-wave spectrum, poses challenges due to the harsh radio frequency

(RF) environment within the domain of frequencies in the higher spectrum range. Fac-

tors such as higher path loss, reduced scattering, a resulting decrease in channel diver-

sity, and increased blockage from weaker non-line-of-sight paths need to be addressed

for e�cient mobile communications in the millimeter-wave spectrum [3]. Additionally,

the impact of noise power is more pronounced in millimeter waves due to the usage of

larger bandwidths. Several issues must be overcome to use this spectrum e�ectively.

Massive MIMO, beamforming, and using small cells or ultra-cell densi�cation are key

solutions for 5G mobile developments in millimeter waves. Understanding and develop-
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ing these technologies e�ectively can unlock exciting new horizons in mobile broadband

communications [3].

The frequency bands range from low-band to mm-wave, with speci�c considera-

tions for antennas supporting compact designs, especially in millimeter-wave frequen-

cies like 28 GHz, where phased array con�gurations are prevalent [2]. Metamaterials

o�er a promising perspective by enabling miniaturization, improving gain, and tailor-

ing bandwidth for speci�c 5G frequency bands. Various antenna components, must

be carefully chosen to minimize signal loss and ensure high transmission e�ciency [2].

The integration with diverse infrastructure, environmental resistance, durability, and

cost-e�ectiveness are additional factors in the complex landscape of antenna material

selection for 5G. The continuous exploration of innovative design approaches remains

essential as 5G technology evolves and expands [2].

1.2 Millimeter Wave Spectrum

In the context of the 5G industry, spectrum usage extends to slightly longer wave-

lengths than mm-waves, including frequencies like 24 GHz, and 28 GHz which share

many functional properties. Frequencies at 30 GHz and higher, are collectively termed

millimeter waves [2]. The primary attraction of the microwave spectrum lies in its

extensive bandwidth, which enables the delivery of gigabit wireless services. Another

advantage is the diminutive size of antennas used for transmission and reception. This

allows for packing several hundred antenna components into a small area, facilitat-

ing high antenna gains and beam formation, even in handsets. Advances in silicon

manufacturing have signi�cantly reduced the cost of mm-wave hardware, making it

feasible for consumer electronics. Ongoing research and development further indicate

the promising integration of mm-Wave into 5G systems [2].

The signi�cant propagation attenuation in the millimeter-wave frequency band may

provide additional bene�ts in terms of frequency reuse and communication security.

Overcoming obstacles, such as radio channel measurement modeling and estimation,
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antenna design and measurement, beamforming and energy e�ciency, commercial hard-

ware design and development, multi-cell cooperation, network planning, and interfer-

ence, system performance assessment, and optimization, as well as the exploration

of new use cases and 5G applications, is crucial for the commercial viability of 5G

millimeter-wave communications [4].

However, millimeter waves face challenges related to limited range and susceptibil-

ity to atmospheric absorption and blockage by obstacles. Metamaterials, conversely,

present a promising avenue for overcoming some of these challenges. They are crafted to

display electromagnetic properties that are distinct and not naturally present in materi-

als [4]. Metamaterials can be customized to interact with and control millimeter waves.

This capability enables the design of compact antennas, beamforming structures, and

devices that enhance signal propagation, mitigate absorption losses, and optimize per-

formance across communication systems operating in the millimeter-wave range. The

integration of metamaterials in the millimeter-wave spectrum holds the potential for

advancing the capabilities and overcoming the limitations associated with these fre-

quencies, contributing to the e�ective deployment of high-speed and low-latency wire-

less communication technologies [2].

1.3 Meta-materials

The word "meta-material" is the Greek words "meta" and "material," where "meta"

denotes something above and beyond the ordinary, altered, transformed, or advanced

[5]. It is an arti�cial substance made to have physical qualities that are not present in

natural substances [5]. The term "metamaterial" was originated by Rodger M. Walser,

who also de�ned the term: "Macroscopic-composite materials with arti�cial three-

dimensional periodic cellular architecture intended to produce the �awless combination

of two or more reactions that do not occur normally" [5, 6]. Numerous de�nitions of

electromagnetic meta-materials are put out, all of which can help us comprehend this

concept as follows:

� The creation of homogeneous metal structures yields electromagnetic metama-
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terials, which are manmade materials with peculiar features not seen in natural

materials [7].

� To create a unit cell of meta-materials, an e�ective homogeneous structure must

be signi�cantly less than the bounded wavelength[6].

� When micro-structures known as cells are placed, metamaterials are created.

� These cells can be constructed from dielectric, electrical, or non-electric materials

[7].

� Atoms can be arranged in an organized or chaotic way, to achieve the necessary

macro-characteristics for the metamaterial.

� Conversely, various structures yield distinct types of metamaterials, and their

applications are categorized based on the material's permittivity and permeability

values generated by these structures [7].

1.4 Unit cell of metamaterials

The metamaterials used in the antenna design can take the shape of an array made

up of several unit cells. Therefore, the primary factors in�uencing the resonance fre-

quency, permittivity, and permeability of its unit cell must be designed and analyzed

as the initial stage in building the antenna metamaterials[8]. The unit cell design for

metamaterials is derived by calculating sizes and simulating unit cells to ensure that

the permittivity (ϵ) and permeability (µ) parameters meet the speci�ed requirements

at the anticipated resonant frequency. The unit cell array of the antenna design is the

form of the metamaterials. As a result, the �rst step in creating antenna metamate-

rials is to create and evaluate the primary variables that in�uence the fundamental

structural unit's resonance frequency, permittivity, and permeability. The design of

unit cells of metamaterials is the modeling of unit cells and size computation, so that

the parameters permittivity and permeability at the anticipated resonance frequency,

these unit cells will meet the requirements. For each unit cell type, the dimensions of

the unit cell can be adjusted to satisfy conditions at resonant frequency. Depending
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on the arrangement of the metamaterial, a unit cell is typically less than 1/10 of the

operational wavelength, although the size varies [9].

1.5 Statement of the Problem

There have been recent events of interest in the need to miniaturize and integrate

several features into wireless communication devices, especially those that could be

substantially used in conjunction with 5G applications. To ful�ll this requirement,the

5G application materials ought to be compact, able to multi-function, and su�cient

with bandwidth operation. Despite their widespread use in a variety of applications,

conventional antennas have several material restrictions that need to be carefully taken

into account when the design is being developed. The characteristics frequently limit

antennas' performance; therefore, careful design technique and selection of metamate-

rials required to enhance the performance.

Aside from the requirement for compatibility and optimization, other factors to take

into account are cost, availability, and integration with active components. Therefore,

this study proposed to get around these restrictions and improve the performance of

antennas in a variety of applications, investigating materials and design techniques.

An antenna is certainly considered one among them; it ought to be consistent with the

frame of the device, decreased in size, and successful in running at a high-performance

level. Nowadays, there are numerous technical answers implemented inside antenna

production to meet these requirements. Microstrip antenna technology is currently

made more compact by using pins that are shorted to a wall and a substrate with

a high permittivity. However, these techniques have shortcomings, large return loss,

and minimal gain. Therefore, to mitigate this kind of disadvantage, it is necessary

to improve the antenna design and method by using SRR meta-materials that will

increase bandwidth, and antenna gains, as well as improve various antenna parameters

with the reduction of antenna dimensions and the return loss.
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1.6 Research Questions

To improve MIA arrays performance; the following questions will be answered at the

end of the thesis.

� How to enhance bandwidth, gain, and radiation e�ciency of metamaterial-inspired

antenna arrays?

� How to minimize di�erent losses in metamaterial-inspired antenna arrays?

1.7 Objectives

1.7.1 General Objective

The general objective of this thesis work is to enhance the performance of metamaterial-

inspired mm-wave antenna arrays for 5G wireless applications.

1.7.2 Speci�c Objectives

The speci�c objectives of the study are:

� To enhance the performance of meta-material-inspired antenna arrays regarding

bandwidth, radiation beam gain, and radiation e�ciency for 5G wireless appli-

cations.

� To minimize surface wave and spurious wave losses in antenna arrays.

� To mitigate mutual coupling and impedance mismatch of antenna arrays.

1.8 System Design and Methodology

� System design: This involves determining di�erent antenna parameters, and

types of antenna simulation software. Analyzing various metamaterial inspired

models used in the millimeter-wave for 5G wireless applications. To improve the

performance of an antenna the following techniques have been used.

� Designing meta-material unit cells and arrays.
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� Designing millimeter-wave meta-materials as an antenna to improve band-

width, e�ciency, and size of an antenna.

� Designing millimeter wave meta-materials as the ground of an antenna for

reducing the return loss and increasing antenna propagation.

� Simulation: To analyze the performance of metamaterial-inspired millimeter-

wave antenna; unit cells and antenna parameters are designed and simulated

using CST Studio Suite simulation.

� Analysis of the simulation results.

� Conclusion and recommendations

1.9 Scope of the Study

This thesis analyzes the performance of millimeter-wave MIA arrays for 5G wireless

applications. Improving antenna parameters, mitigating mutual coupling, and reducing

the size of antennas are the main concepts of this proposed work. The analysis of

metamaterial antennas and the fringing properties of conventional and proposed works

have been studied. The design procedure has been started by studying the properties

of metamaterial unit cells, and merging with conventional antennas is the �rst step of

the thesis. The single, 2x1, 4x1, 2x2, 4x4, and 8x8 MIAs are designed and simulated

by their perspective steps. The simulated results of di�erent MIA have been compared

with di�erent literature.

1.10 Signi�cance of the Study

The bene�t of this thesis will be the ability to use smooth communication, large data

exchange, compact size of the device, and communication at large frequencies with

low latency. For 5G applications, this thesis will help by using su�cient bandwidth,

decreasing the power loss of the system and the volume fraction of antennas. Also

high-speed communication for devices and ful�ll the requirements for 5G applications

by enhancing the performance of the model and familiarizing ourselves with high fre-

quencies.
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Figure 1.1: Block diagram of proposed methodology

1.11 Organization of the Thesis

The thesis is organized into six chapters. Chapter one includes an introduction of the

thesis context, a clear statement of the problem, the thesis objectives, system design

and methodology, research questions, anticipated outcomes of the investigation, scope

of the research, and organization of the thesis. The second chapter has theoretical re-

views and conceptual frameworks of di�erent antennas that were designed and proposed

by di�erent authors at di�erent times. The third chapter discussed fundamentals of

antennas and metamaterials, with subsections on the fundamentals of antennas, meta-
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materials, and antenna miniaturization based on metamaterials. Design of MIAs in

the thesis has been discussed in chapter 4. The simulation result and discussion were

analyzed under chapter 5. To conclude the thesis, chapter 6 has a conclusion and a

future work that has been studied and analyzed in the thesis.
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Chapter 2

2 Literature Review

In recent years, meta-materials have been a sensitive area for researchers to discuss

how to increase antenna performance for 5G applications. In this chapter, di�erent

works and literatures based on MIAs reviewed and synthesized.

Due to the related number of multi-band frequencies and limited bandwidths [10],

the consecutive resonant frequency will interfere with each other. The design [10] to

make compact in size and operate at a single frequency band has limited. Antennas

designed using left-handed material [11], present surveillance equipment with auto-

mated dependence receiver equipment. According to the result of the study using

left-handed metamaterial has no values added to the performance of conventional mi-

crostrip antennas. The studied result in [11] will be achieved and get high e�ciency of

surveillance-broadcast at sub-6 frequency, but the studied work does not describe the

real characteristics of inspired metamaterial antennas rather it is conventional antennas.

An antenna inspired by metamaterial characteristics [12, 13], uses metamaterials

for the size reduction of antennas and studies the properties of metamaterials. The

study only considers reducing the size of an antenna and increasing gain [12]. The

criteria of 5G wireless applications are addressed by the size of an antenna or by using

metamaterials as an antenna, and integrating metamaterials into the mm-wave band

was limited by the part of the study [13].

A metamaterial-inspired antenna intended for use in the unlicensed national informa-

tion infrastructure (UNII) band in the sub-six gigahertz range has been proposed with

rectangular patches transformed into u-shaped ones by cutting a slot across the middle,

which increases antenna bandwidth and gain [14]. However, the study has no mathe-

matical model for the use of di�erent shapes of antennas. The metasurface is created

to o�er band-stop functionality within the antenna's operational bandwidth.
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When compared to conventional antennas, the suggested technique demonstrates a

mutual coupling improvement [15]. The idea to use metamaterials as a ground antenna

to reduce the mutual coupling of the two antennas were analyzed. Because of air in

gaps between the metasurface and antennas and the compactness of electromagnetic

properties will increase the mutual coupling of an antenna. The study of [16], presents

a unit cell featuring a combined EM-wave resonant mode that illustrates a near align-

ment of electric and magnetic responses within a particular frequency range centered

around the resonance. This alignment leads to the e�ective wave impedance matching

that of free space. Because of related resonance frequencies, interference between the

two frequency bands will be high.

Small metamaterial quarter band antenna [17], as well as an ultra wide-band pla-

nar [18], are studied with an antenna's transmission lines with a right and left hand

are made using unit cells of an asymmetric extended composite, which serves as the

component's primary resonator and a 50Ω co-planar wave-guide as the feeding part.

The designed rectangular 5G patch antenna using arti�cial metamaterial is designed

with a two-port square microstrip antenna to resonate at 1-to-3 GHz frequency range

and provided a bandwidth of 53 MHz with a re�ection loss of -19.74 dB at its resonant

frequency. The CST microwave studio has been used for designing the patch antenna

using metamaterial structure [19]. According to the result of the study, a patch an-

tenna will satisfy all of [17, 18, 19] results. Here, no need to use complexity to satisfy

such types of antenna performance results.

In [20], the MIMO antenna for mobile terminals with extremely small e�ective re-

duced mutual couplings is to scale down the antenna size and degrade the connection

between the antenna elements. Two complementary SRRs are etched on the ground

plane [20]. Miniaturizing of about 60 % in the whole area of the antenna is reached,

and a mutual coupling improvement of around 10 dB between those emitting radiation

is observed. This paper, study about mutual coupling and reducing the size of an

antenna only. To ful�ll the requirements of 5G wireless applications, those components

will not be satis�ed and the wishes of 5G applications are not only at sub-6 frequencies.
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An array of novel compact metamaterial unit cells [21], are characterized and em-

ployed for the gain enhancement of a microstrip antenna operating at 7.1 GHz. This

paper [21], uses metamaterials as a superstrate of an antenna. By using this type of

technique, only the gain of an antenna will be improved, but the other performance of

an antenna will be as it is and an antenna operated at sub-6 frequencies.

The proposed work of the millimeter-wave metamaterials unit cell that operates

at 28 GHz is presented [23]. The suggested design is a split-ring material resonator

with a bandwidth of up to 1.1 GHz. However, the study covers only properties and

compares the shape of metamaterials at millimeter-wave frequencies. The antenna for

Ka-band [24] has very low epsilon metamaterial unit cells implanted at the plane of the

antenna's aperture to increase antenna gain. Regarding frequency bands, the antenna

has a complicated shape. This paper proposed only to enhance the antenna gain and

has a limitation of related frequency bands, which will have mutual polarization with

each other.

Asymmetric double-layer wide-band frequency Huygens' meta-surface [25], of the

arti�cial cell, is designed for a wide-angle antenna for the next technology comings.

The designed antenna has been proposed for a �at lens and does not consider the

requirements for an antenna (i.e. gain, bandwidth, return loss, etc.).

Enhancing antenna power gain relies on factors such as the number of superstrates,

the characteristics of the unit cell, and the separation distance between the radia-

tion elements and the superstrates. In addition, mechanisms of designing superstrates

enhance only the gain of antennas. The main drawback of using metamaterials as a

superstrate is the increased size of antennas and the di�culty in manufacturing. In gen-

eral, the lack of employing the meta-materials in simultaneous modes of operation, i.e.,

applying meta-materials as an antenna and as a ground, the antenna's performance

is limited. Besides the above limitations, the existing related works also challenged
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Table 2.1: Summary of Literature Review

Ref No. Techniques Frequency
bands

Limitations

[10] Metamaterials with an
antenna

Sub-6 frequency Related multiple bands, no static
resonant frequency

[11] Metamaterial loaded to
antenna

Sub-6 frequency High interference, Large VSWR

[12, 13] Metamaterial as an an-
tenna

Sub-6 frequency Only for reduction of size

[17, 18,
19]

Metamaterials as part of
antenna

Sub-6 frequency Only for GSM [17], large VSWR
[18], For WiMAX and GSM, but
high Interference [19]

[20] Metamaterial Loaded on
antenna

Sub-6 frequency Low e�ciency

[21] Super-strate Sub-6 frequency large return loss
[9] Ground metamaterial Sub-6 frequency Proposed for WLAN applications

only
[23] Negative refractive mm-wave Unit cells properties only
[24] Plane Metamaterial mm-wave Complex shape, Related fre-

quency bands, High interference
[25] Meta-surface mm-wave Meta-surface properties only
[29] Ground metamaterial mm-wave Large return loss(-18dB)
[32] Defected ground struc-

ture
mm-wave Limited bandwidth

[33, 36,
58]

Conventional material mm-wave High return loss [58] and low gain
[33] Very limited in bandwidth
[36, 58]

[39] Metamaterial antenna mm-wave Limited in gain, return loss and
bandwidth

[42] MIMO antenna mm-wave Large in size and has cross polar-
ization

[43] inset feed method mm-wave Large in size and high return loss
[44] EBG structure mm-wave High return loss
[57] X-slot radiator mm-wave Limited in gain, return loss and

bandwidth

mm-wave frequencies. Designing a complex shape of meta-materials made it a chal-

lenge to operate and introduce in bands of mm-wave frequencies in the previous works.

The relationship between the meta-material cell and an antenna was not taken into

account, even though this interaction is rather crucial for the current distribution that

highly determines the operational e�ectiveness of the antenna.

14



Designing an antenna with a meta-material inspiration can be straightforward, but

successful in reaching broad objectives and good performance requires further design

factoring in things like feeding methods, meta-material type, the place of the slot

cell, the shape of the main antenna body, etc. This work proposes meta-materials

in simultaneous modes, i.e. as an antenna and as a ground technique to achieve im-

proved performance. Further, we study the properties of meta-materials to overcome

challenges with design complexity in millimeter-wave bands and operating at a higher

frequency. By overcoming these challenges this thesis will overcome and help:

� Enhancing the performance of antennas by using arti�cial properties of meta-

material.

� Making antennas compact and reduced in size without its performance degrada-

tion.
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Chapter 3

3 Fundamentals of Antenna and Meta-materials

The fundamental aspects of antennas represent the foundational parameters used for

the design and discussion of various antenna types, serving to de�ne and distinguish

each antenna's characteristics.

3.1 Antenna Fundamentals

As mentioned in [26], antenna fundamentals de�ne an antenna's capabilities. As part

of the antenna design process, some design parameters like return loss, the operational

frequency spectrum, radiation patterns, gain, directivity, and e�ciency need to be

modi�ed as required. Some of the parameters are discussed below and not all of them

are necessary to describe antenna performance.

3.1.1 Antenna Gain

The measure of an antenna's radiation pattern directionality is denoted by its antenna

gain. It indicates how well an antenna focuses energy in a particular direction compared

to an isotropic radiator (a theoretical antenna radiating equally in all directions).

3.1.2 Directivity

Directivity quanti�es the e�ectiveness of an antenna in concentrating or directing its

emitted power in a particular direction. It measures the concentration of radiated en-

ergy in a speci�c angular direction, o�ering insights into the antenna's capability to

transmit or receive signals e�ectively in that particular direction [26].

3.1.3 Return Loss

Return loss measures the re�ected power to the source caused by impedance mismatches

in the antenna system. It is usually expressed in decibels (dB) and is calculated using
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the following formula:

Return Loss (dB) = −20 · log10
(
Re�ected Power

Incident Power

)
(1)

A higher return loss value indicates less power is being re�ected, meaning a better

impedance match between the antenna and the transmission line or source. Conversely,

a lower return loss suggests a higher level of re�ection and potential ine�ciencies in

the antenna system. Return loss is an essential parameter in antenna design and opti-

mization, as it helps ensure e�cient power transfer between the source and the antenna

[26]. It is particularly crucial in applications where minimizing signal loss is important,

such as in wireless communication systems. Additionally, the Voltage Standing Wave

Ratio (VSWR) is often used as an alternative representation of return loss:

VSWR =
1 + ρ

1− ρ
(2)

where:

ρ = 10−
Return loss (DB)

20

A lower VSWR value corresponds to a higher return loss and better impedance match-

ing. Both return loss and VSWR are essential metrics in evaluating the performance

of antennas and ensuring optimal signal transmission [26].

Typically, the Voltage Standing Wave Ratio (VSWR) serves as a measure of the

degree of mismatch between an antenna and the connecting feed line. The range of

values for VSWR is from one to ∞. For the majority of antenna applications, a voltage

standing wave ratio of less than 2 is acceptable. The antenna has a good match, to

use the technical term. Therefore, when someone states that an antenna is poorly

matched, they are referring to a frequency where the VSWR value is more than two

[26].
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3.1.4 Bandwidth

The bandwidth of an antenna delineates the spectrum of frequencies within which the

antenna can pro�ciently transmit or receive signals. It is like the tuning range of a

radio station. A broader bandwidth means the antenna can handle a wider range of

frequencies, making it versatile for di�erent communication technologies. On the other

hand, antennas with narrower bandwidths are more specialized, focusing on speci�c

frequency ranges [26]. The bandwidth of an antenna is a key consideration in designing

communication systems, ensuring compatibility with the desired frequency range and

supporting e�cient signal transmission or reception. In this thesis, the substrate height

of 0.35 mm and a dielectric constant of 2.2 is used.

3.2 Metamaterials

3.2.1 Introduction to Metamaterials

Metamaterials are a disruptive technology that is revolutionizing the �eld of antennas

by exceeding the limits of traditional antenna performance and design. Metamaterial-

inspired antennas leverage the unique electromagnetic properties of arti�cially engi-

neered materials to enhance their functionality in ways previously unattainable. Meta-

materials o�er antenna designers unprecedented control over the manipulation of elec-

tromagnetic waves. By carefully tailoring the structure and composition of these ma-

terials at the micro- or nanoscale, antennas can achieve properties such as negative

refractive index and improved matching of impedance. These capabilities enable an-

tennas to overcome traditional limitations and open doors to innovative solutions for

various challenges in wireless communication systems.

A signi�cant application of metamaterials in antennas is to achieve compact de-

signs with enhanced performance. Metamaterial-inspired structures can facilitate the

creation of smaller antennas while maintaining or even improving their e�ciency and

bandwidth. This is particularly valuable in the development of antennas for portable

devices and space-constrained environments [40]. Moreover, metamaterials contribute

to the creation of multifunctional antennas that can adapt to changing communica-
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tion requirements. These materials enable the realization of recon�gurable antennas,

allowing adjustments in frequency bands and radiation patterns to meet dynamic com-

munication needs. The integration of metamaterials in antenna design has also paved

the way for the development of unconventional antenna shapes and structures. Anten-

nas can be engineered to exhibit properties like cloaking or reduced radar cross-section,

enhancing their stealth capabilities in military applications.

3.2.2 Classi�cations of Metamaterials

As many researchers verify that metamaterials are categorized into two major parts by

their mathematical descriptions. Double negative and single negative structures make

up the �rst portions. The second is the band gap of the materials used to make photonic

structures. Double negative and single negative materials are homogeneous, described

using the idea of an e�ective medium, and are signi�cantly smaller than the operating

wavelength. The separation between them in the band gap of photonic structures is at

least half the wavelength. Due to this matter, PBG cannot be considered homogeneous

media [16], [22], and [40].

3.2.3 Epsilon-negative Metamaterials.

Epsilon-negative (ENG) metamaterials stand out as a distinctive category of engineered

materials characterized by their negative electric permittivity (ϵ). In contrast to natu-

ral materials with predominantly positive electric permittivity, epsilon-negative meta-

materials are meticulously designed to exhibit a negative response when confronted

with a utilized electric �eld. This characteristic becomes particularly signi�cant when

combined with materials displaying negative magnetic permeability, resulting in the

attainment of a negative refractive index. The negative refractive index gives rise

to extraordinary optical phenomena, such as negative refraction, wherein light bends

in the opposite direction compared to materials considered conventional. This phe-

nomenon is mathematically expressed as:

n =
√
ϵµ (3)
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where n is the refractive index,

ϵ is the electric permittivity and

µ is the magnetic permeability.

The engineering of epsilon-negative metamaterials allows for tailored responses to

electromagnetic waves, presenting applications in subwavelength imaging. For instance,

the design �exibility of epsilon-negative metamaterials is harnessed in achieving a su-

perlens with the ability to image details smaller than the incident light's wavelength.

In the domain of antenna design, the negative electric permittivity of epsilon-negative

metamaterials contributes to enhancing antenna performance, miniaturization, and ef-

�ciency [9]. The e�ective permittivity formula is commonly used to summarize as:

εeff = ε

(
1−

f 2
p

f 2

)
(4)

where f represents frequency, fp is the plasma frequency, and ε is the electric permit-

tivity. Despite their promising applications in optics, telecommunications, and antenna

technology, the practical implementation of epsilon-negative metamaterials encounters

challenges such as losses and fabrication complexities[3].

3.2.4 The double-negative (DNG) metamaterial

Double negative metamaterials (DNG) represent a fascinating category of engineered

materials that simultaneously exhibit negative electric permittivity (ϵ) and negative

magnetic permeability (µ). In the context of antennas, these unique metamaterials

o�er unprecedented opportunities for innovation. By harnessing both negative ϵ and

µ, DNG metamaterials enable the creation of antennas with extraordinary electromag-

netic properties. This includes the potential for a negative refractive index, leading to

unconventional wave propagation behaviors. Antennas designed with DNG metama-

terials may exhibit enhanced performance characteristics such as improved impedance

matching, reduced size, and increased e�ciency. Utilizing DNG metamaterials in an-

tenna engineering represents a promising avenue for pushing the boundaries of con-

ventional antenna design, opening new possibilities for wireless technologies. However,
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challenges in material implementation, especially at higher frequencies, and potential

losses in the metamaterial structure need careful consideration in practical applica-

tions. Ongoing research in this �eld continues to explore the full potential of double

negative metamaterials in revolutionizing antenna technology [9].

3.2.5 PBG-metamaterials

Photonic Band Gap (PBG) metamaterials represent a cutting-edge class of engineered

materials designed to exert precise control over the propagation of electromagnetic

waves, particularly in the optical and photonic frequency ranges. These metamaterials

feature periodic structures that introduce photonic band gaps, akin to electronic band

gaps in semiconductors, where certain wavelengths are forbidden. Typically organized

in lattice or photonic crystal patterns, PBG metamaterials o�er versatile applications

[46].

The utility of the creation of e�cient waveguides and optical �bers facilitates the

controlled manipulation of light. The design of PBG structures supports resonant cav-

ities, enabling the development of compact and e�cient optical resonators. Moreover,

these metamaterials can exhibit directional band gaps, allowing selective control of

light propagation. With applications ranging from enhanced light-matter interactions

to optical �lters and modulators, PBG metamaterials pave the way for advancements

in sensors, detectors, and nonlinear optics. Their unique properties also enable the

creation of super prisms, introducing signi�cant dispersion angles. PBG metamaterials

explore innovative designs and applications, particularly in quantum optics, integrated

photonics, and advanced optical communications, promising e�ective photonic and

compact devices with enhanced performance [46].

3.2.6 Metamaterial inspired antenna

The Metamaterial-Inspired Antenna presents a cutting-edge approach to antenna de-

sign, drawing inspiration from the distinct electromagnetic properties exhibited by

metamaterials. These arti�cially designed materials, known for their capacity to control

electromagnetic waves in non-traditional manners, form the basis for integrating dis-
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tinct elements into antenna structures. Elements like split-ring resonators or frequency-

selective surfaces, strategically integrated, confer unique attributes to the antenna.

This includes achieving miniaturization through sub-wavelength resonances, improv-

ing overall performance with heightened radiation e�ciency and impedance matching,

broadening the operating bandwidth, and enabling precise control over the radiation

pattern. The adaptability of metamaterial-inspired antennas, allowing customized de-

signs tailored to diverse applications and operational contexts, stands out as a notable

feature [48]. Beyond their intrinsic design advantages, metamaterial-inspired antennas

have the potential to reshape the landscape of wireless communication and sensing

technologies. By utilizing the distinctive properties of metamaterials, these antennas

o�er the prospect of developing more e�cient and adaptable communication systems

[50]. The ability to achieve miniaturization while preserving performance integrity

opens up possibilities for integration into compact devices, and wearable technology.

In addition, the adaptability of these antennas facilitates customization to meet the

speci�c demands of various scenarios, promising advancements in areas such as 5G

communication, radar systems, and smart sensor networks. Despite persistent chal-

lenges, the ongoing exploration of metamaterial-inspired antenna technology indicates

a transformative trajectory in reshaping the capabilities and applications of contem-

porary wireless communication systems [51]. Metamaterial-inspired antennas often

incorporate SRRs and CSRRs to achieve unconventional properties, such as enhanced

performance, miniaturization, and customized electromagnetic responses. The inspira-

tion from metamaterials allows for versatility in design, enabling adaptability to speci�c

applications and operating environments. SRRs are ring-shaped structures with a nar-

row gap that exhibit resonant behavior at certain frequencies. In antenna applications,

SRRs are commonly used to enhance the antenna's performance, including frequency

tuning and bandwidth improvement. They are particularly useful in achieving minia-

turization and controlling the resonant characteristics of the antenna [49].
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Chapter 4

4 Design of Metamaterial Inspired Millimeter-Wave

Antennas.

4.1 Introduction

The design of mm-wave antennas involves several criteria to ensure optimal perfor-

mance. These design criteria are crucial to achieving the desired characteristics and

functionality of the antenna. Here are key considerations in the design.

Resonant Frequency (fr): Careful consideration of the radiator's dimensions is es-

sential to achieve resonance at the target frequency. Parameters including length,

width, and substrate properties in�uence the resonant frequency.

Substrate Material: The selection of substrate material signi�cantly in�uences an-

tenna e�ectiveness. It a�ects the dielectric constant, substrate thickness, and loss

tangent, in�uencing parameters such as bandwidth, e�ciency, and gain.

Ground Plane Size (L & W): The ground plane beneath the radiator is crucial

to the performance of the antenna. Its dimensions in�uence the impedance matching,

radiation e�ciency, and overall characteristics of the antenna.

Substrate Thickness (h): The dielectric substrate's thickness is used for supporting

the radiator.

Radiator Length (Lpl): The length of the radiator is usually approximately one-half

the wavelength of the operating frequency. This can vary depending on the speci�c

design and con�guration of the antenna.

Radiator Width (Wpw): The width is in�uenced by factors such as impedance

matching, bandwidth, and the desired radiation pattern. For more speci�c dimensions,

it's necessary to use design formulas based on the desired operating frequency and other

performance requirements. In addition, the properties of the substrate material, such

as the dielectric constant and thickness, play a role in determining the dimensions.

Feed Technique: The method used to feed the radiator, such as microstrip line feed,

proximity feed, or aperture coupling, a�ects the impedance matching, bandwidth, and
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radiation con�guration.

Matching Impedance: Achieving a good match between the radiator and the feeding

network is essential for e�cient power transfer and maximum power radiation. This

involves adjusting the dimensions and position of the feed point.

Feeding Point (Xfp& Yfp): Position on the radiator where the signal is introduced.

Usually speci�ed in terms of coordinates on the radiator. Dimensions of the antenna

depend on its operating frequency and design speci�cations. The patch antenna typi-

cally involves a metallic material mounted on a dielectric substrate.

Feeder Line Width (Wfline): Width of the antenna feeder line connecting the radi-

ator to the feed point.

Feeder Line Length (Lfline): Feeder line length, is often speci�ed to achieve the

desired impedance transformation.

Inset Length (Il): Length of the inset or the gap in the radiator where the feeding

line is connected.

Inset Width (Iw): Inset width, specifying the distance from the edge of the radiator

to the feeding point.

Feeder Width (Wfdp): The radiator's width and the distance between the antenna's

feed line.

Feeder Length (Lfdp ): The length of the gap speci�es the separation between the

feeding line and the radiator.

These dimensions collectively determine the characteristics of the antenna, in�u-

encing parameters such as resonant frequency, impedance matching, bandwidth, and

radiation pattern. The precise values of these dimensions depend on the desired perfor-

mance goals, the frequency of operation, and the speci�c antenna design requirements.

To have a high data rate and low latency for 5G wireless applications, the selected res-

onant frequency for the design is 38 GHz. Unlike higher mm-wave frequencies, which

can experience increased absorption due to oxygen and water vapor, 38 GHz provides

a balance between atmospheric absorption and signal propagation. While higher fre-

quencies can experience increased susceptibility to rain fade (absorption by raindrops),

38 GHz strikes a balance between rain fade and system performance. This makes it
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suitable for applications where rain fades mitigation is necessary, such as terrestrial

point-to-point communication links.

4.2 Design Procedure of Metamaterial Inspired Millimeter-Wave

Antennas.

To design MIA, parameters such as the operating frequency of the antenna (fr), the

relative dielectric constant of the substrate (ϵr), and the thickness of the dielectric

substrate (h) are used. The dielectric material chosen for the design is RT5880, char-

acterized by a dielectric constant of 2.2. Also, di�erent formulas in the paper[11], [14],

[21],[32],[34] and [58] have been used respectively. The designing procedures have sev-

eral steps and considerations. Here are the steps to design a proposed antennas:

1. Dimensions of the radiators and their ground plane.

The substrate thickness was established using the following relationship.

h ≤ 0.3c

2πf
√
εr

≤ 0.3× 3× 108

2π × 38× 109
√
2.2

≤ 2.541 mm (5)

Taking into account the result provided in equation 5, the RT Duroid 5880 laminate

was selected as a substrate, with a thickness of h = 0.35 mm, permittivity εr = 2.2,

and tan δ = 9.0×10−4. In the next calculation step, the width of the radiating element

should be determined from the following relationship.

Wpw =
c

2fr

√
2

εr + 1
=

3× 108

2× 38× 109

√
2

2.2 + 1
= 3.12 mm (6)

It is necessary to compute the substrate's e�ective permittivity εre� before determining

the radiating element's length. It is de�ned by the following relationship.

εreff =
εr + 1

2
+

εr − 1

2
√

1 + 12 h
Wpw

=
2.2 + 1

2
+

2.2− 1

2
√
1 + 12× 0.35

3.12

= 1.6 + 0.3917 = 1.9917

(7)

Upon calculating εre� , the e�ective length of the patch Le should be determined from

the following relationship.
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Le =
c

2fr
√
εre�

=
3× 108

2× 38× 109
√
1.9917

= 2.797 mm. (8)

Then, to calculate how much the radiator should be reduced the following relationship

will be used.

∆L =
0.412 · h (εre� + 0.3)

(
Wpw

h
+ 0.264

)
(εre� − 0.258)

(
Wpw

h
+ 0.8

) (9)

=
0.412× 0.35(1.9917 + 0.3)

(
3.12
0.35

+ 0.264
)

(1.9917− 0.258)
(
3.12
0.35

+ 0.8
) = 0.18 mm. (10)

The �nal patch length value is:

Lpl = Le − 2∆L = 2.797− 2× 0.18 = 2.437 mm. (11)

Figure 4.1: The dimension of radiator antenna part

The patch thickness, t is chosen to be very thin such that t << λ0, and for this case,

it is selected at t = 0.035 mm which is one of the standard thickness dimensions at

mm-Wave frequency.

L = Lpl + 6h = 2.437 + 6× 0.35 = 4.537 mm. (12)

W = Wpw + 6h = 3.12 + 6× 0.35 = 5.22 mm. (13)
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Figure 4.2: The ground plane

2. The feeding point of antennas on the X−Y coordinates. The feeding

point can be located at the point (Xfp, Yfp) in the x-y coordinates and will be calculated

as follows:

Xfp =
Lpl

2
√
εre�

=
2.437 mm

2
√
1.9917

= 0.8634 mm. (14)

Yfp =
Wpw

2
=

3.12 mm

2
= 1.56 mm. (15)

Figure 4.3: The proposed antenna feeder point and dimension

3. Matching impedance.

The maximum power transfer is achieved at the matched impedance of the load and

the source of an antenna.

Zp = 90

(
ε2r

εr − 1

)(
Lpl

Wpw

)2

= 90(
2.22

2.2− 1
)(
2.437

3.12
)2 = 221.43Ω. (16)

The quarter wave impedance of the radiators has been calculated from patch impedance
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by:

Zqtr =
√
Z0 ∗ Zp = Zqtr =

√
50Ω ∗ 221.43Ω = 105.22Ω. (17)

To calculate the width of the patch antenna feeder line, the impedance of the feeder

line is �rst calculated.

Z(fline) =
120π

√
εre�

Wpw

h
+ 1.393 + 0.667 In

(
Wpw

h
+ 1.44

) , Wp

h
> 1 (18)

Z(fline) =
120π

√
1.9917

3.12
0.35

+ 1.393 + 0.667 ln
(
3.12
0.35

+ 1.44
) = 44.836Ω. (19)

Where Wpw is the width of the designed antenna, h is the substrate's thickness, and

εre� is the e�ective dielectric constant.

4. Dimensions of the feeder line for radiation.

The next step is to calculate the width of the microstrip patch feeder line as follows:

By assuming the calculated impedance as the characteristic impedance of the feeder

line (i.e. Zfline = Z0), the width of the feeder line will be.

Wfline =

5.98h( 1

e(
Z0

√
εre� +1.41

87
)
− t)

0.8
(20)

Wfline =
5.98 ∗ 0.35mm( 1

e( 44.836
√

1.9917+1.41
87

)
− 0.035mm)

0.8
= 0.92mm. (21)

The length and the width of the proposed patch antenna feeder line will be calculated

as:

Lfline =
λ0

4 ∗ √εr
=

7.895 mm

4 ∗
√
2.2

= 1.33 mm. (22)

5.Inset dimension.

The slotted gap in the patch antenna determines its resonance frequency. The following

equation represents the relationship between the inset gap and resonance frequency of

38GHz:

Iw =
4.65 ∗ 10−3 ∗ C0

f0
√
2 ∗ εre�

=
4.65 ∗ 10−3 ∗ 3× 108

38× 109
√
2 ∗ εre�

= 0.0184mm. (23)
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Here, C0 is the speed of light and εre� is the e�ective dielectric constant.

Il =
Lpl

π
cos−1

√
Z0

Zl

=
2.437

π
cos−1

√
50

105.22
= 0.6285mm. (24)

6. Feeder dimension.

The width of the feed point is calculated using the equation given by:

Wfdp =
2h

π

[
([B− 1]− ln[2 B− 1]) +

(
εr − 1

εr

[
ln[B− 1] + 0.39− 0.6

εr

])]
(25)

Where, h is substrate height, εr is dielectric constant, and B is constant. However, B

and Zfdr are calculated before calculating the width of the feed point. Therefore, Zfdr

is calculated by using equation below and B is calculated by:

B =
60π2

Zfline

√
εr =

60π2

44.836
√
2.2

= 8.905. (26)

By substituting the value of B.

Wfdp =
20.35mm

π

[
([8.905− 1]− ln[2(8.905)− 1]) +

(
2.2− 1

2.2

[
ln[8.905− 1] + 0.39− 0.6

2.2

])]
(27)

Wfdp = 1.1323mm. (28)

Also, the length of the feed point is calculated as follows:

λeff =
λ0√
εr

=
7.895√
1.9917

= 5.594mm. (29)

Lfdp =
λeff

4
=

5.594

4
= 1.3985mm. (30)

Figure 4.4 shows the designed proposed work based on the equation parameters cal-

culated from equation 5-30.
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Figure 4.4: The proposed MIA speci�cations.

4.3 Design of Single Metamaterial Inspired Millimeter-Wave

Antennas.

This designed work is simulated and analyzed by CST Studio Suit. The procedure for

designing a single unit-cell metamaterial antenna is the following:

� Determine operational frequency;

� Determine the ring thickness;

� Determine the ring's separation space.

To improve antenna performance, the new structure that integrates the SRR slots

into the radiator and the ground plane were presented. In this approach, since the

properties of electric and magnetic �elds are used to select meta-materials, changing

these �elds can cause the MPA's characteristics to change so that performance can

be improved without increasing the physical size or the losses. Inspired by this new

idea, a unit cell of basic meta-materials developed by SRR is shown in Figure 4.6. As

illustrated in this �gure, there is an air gap between the outer and inner rings of the

SRR, resulting in di�erent resonant frequencies. To determine these frequencies and

the physical dimensions of the proposed SRR structures, the following procedure will

be employed. Suppose that L denotes the length and Lo, Li are the outer and inner

lengths, respectively. Then the lengths L1, L2 can be calculated using equations 31a
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and 31b [2] [3], respectively.

L1 =4(Lo −Rthck)−Rgp, (31a)

L2 =4(Li −Rthck)−Rgp, (31b)

where Rthck, Rgp denote the thickness of the rectangle and the gap, respectively. To

calculate Lo and Li, we �rst �nd the outer width and length of the substrates. Hence,

the two resonant frequencies of the proposed SRR will be 30 GHz and 46 GHz to get

the averages of 38 GHz. Further, the length L1, L2 can be computed as:-

L1 =
c

2fouter
√
ϵr

=
3× 108m/s

2× 30× 109hZ
√
2.2

= 3.4mm, (32a)

L2 =
c

2finner
√
ϵr

=
3x108m/s

2× 46× 109hZ
√
2.2

= 2.1mm, (32b)

respectively, where c denotes the speed of light (≈ 3.0× 108m/s). After the L1 and L2

parameters, the outer and inner lengths of the SRR radiators have been calculated. To

obtain uniform slotted gaps we have selected Rthck and Rgp is equal to the inset length

of the radiators (e.i, Il=0.15mm) as the optimized design in Figure 4.5.

Lo =
(L1 + 4Rthck) +Rgp

4
=

(3.4 + 4 ∗ 0.15) + 0.15

4
= 1.0375mm, (33a)

Li =4(Li −Rthck)−Rgp =
(2.1 + 4 ∗ 0.15) + 0.15

4
= 0.7mm, (33b)

The gap Gp between the two inner rings is calculated as follows:

Gp =
Lo − (li + 2Rthck)

2
=

(1.0375− 0.7− 2 ∗ 0.15)
2

= 0.0187mm (34a)

The ϵeff is computed as

ϵeff =
εr + 1

2
+

εr − 1

2
√

1 + 12 h
L0

=
2.2 + 1

2
+

2.2− 1

2
√
1 + 120.35

2.1

= 1.95mm, (35)

where εr is permittivity and h denotes the substrate thickness. When two resonators

with two di�erent resonant frequencies at Li and Lo are coupled, the coupling changes
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Figure 4.5: Rectangular microstrip antenna.

both resonances by fo. The frequency variation depends on the coupling values between

the two rings and the resonant frequency of each loop occurs at half-wavelength, which

can be determined as

fo =
c

2Leq
√
ϵr

≈ 38GHz, (36)

where Leq =
L1+L2

2
.

As such, the SRR slot designed with the above equation was implemented on both

the ground and the radiator parts of the antennas. This leads to low loss properties

by reducing the re�ection coe�cient, impedance matching, and other losses, such as

surface wave and spurious wave losses. A single conventional antenna and metama-

terial unit cells were then added, to achieve more performance without degrading the

previous antenna performances. The added metamaterial unit cells have the property

of SRR, which has a negative refractive index, negative permeability, and permittivity

to get a backward wave that produces better radiation from the antenna's high perfor-

mance. Figure 4.5 shows the front view of the proposed rectangular MPA. Table 4.1

displays the suggested antenna measurements. As shown in the table the size of MPA
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Table 4.1: Speci�cations of the computed antenna con�guration.

Antenna Component Symbol Calculated
Dimensions (mm)

Optimized
dimensions (mm)

MIA dimensions

Ground-plane width W 5.22 5.22 5.22
Ground-plane length L 4.537 4.537 4.537

Patch width Wpw 3.12 2.76 2.6427
Patch length Lpl 2.437 2.38 2.2827

Copper thickness Cu 0.035 0.035 0.035
Substrate-thickness h 0.35 0.35 0.35

Permittivity ϵr 2.2 2.2 2.2
E�ective Permittivity ϵeff 1.9917 1.9917 1.9917

Inset feed gap Il 0.6285 0.15 0.2
Inset feed length Iw 0.0184 0.05 0.05

Width of feed point Lfdp 1.1323 1.52 1.52
Length of feed point Wfdp 1.3985 0.95 0.95
Width of feeder line Wfline 1.33 0.95 0.95
Length of feeder line Lfline 0.92 0.2 0.2

Figure 4.6: The unit cell of SRR metamaterials

and MIA were 2.76mmx2.38mm and 2.6427mmx2.2827mm respectively. This means

that the size of MIA is reduced by 8% when compared with conventional antennas.

To improve the e�ciency of antennas, the introduction of SRR metamaterials which

has a properties of negative refractive indexes are suggested. The propagation capa-

bilities of electric and magnetic waves through MIAs radiators has been enhanced via

a proposed SRRs. Therefore, to achieve the requirements of 5G wireless applications

like data rates, �exibility, and bandwidhths, SRR metamaterials which are shown in

Figure 4.6 were proposed.

The SRR as shown in Figure 4.6 is the proposed metamaterial to be introduced in
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Table 4.2: Calculated Dimensions of the unit cell SRR metamaterial design.

SRR Component Symbol Calculated (mm) Optimized(mm)
Outer Length Lo 1.0375 0.5
Inner length Li 0.7 0.45

Gap Rgp 0.15 0.05
Thickness of rectangle Rthck 0.15 0.05
gap between rectangle Gp 0.0187 0.025

the ground of the antenna and on the radiator part. To obtain a low-loss antenna

by reducing the re�ection coe�cient, impedance matching, and di�erent losses such as

surface wave loss and spurious wave losses, the placement and design of SRR have been

proposed. The reason for the low bandwidth of antennas are in part due to the surface

wave loss and the di�erent drawbacks of antennas. In MPA to obtain wider bandwidth,

the thickness of the antenna substrate must increase. However, the thickness of the

substrate will generate surface loss and spurious loss in MPAs; this will degrade the

performance of MPA that are needed in 5G wireless applications. Therefore, to de-

crease these types of losses and enhance antenna performance, the design and structure

modi�cation as the proposed work is the solution.

4.4 Mutual coupling of MIA

To reduce mutual coupling and interconnected radiation of di�erent antennas; meta-

material SRRs have been used and designed. The e�ects of mutual coupling between

antenna elements include matching properties, antenna e�ciency, correlation, and ra-

diation pattern. The designed SRR unit cell metamaterial is placed in reasonable

ways to reduce the drawbacks of rectangular MPAs as shown in Figure 4.8. Figures

4.8(a)-(d) depict the design steps for a single-element MIA. In this structure, the meta-

material SRR slot placement is technically selected to regulate the current distribution

of antennas. As can be seen from the �gure, the SRR slot is introduced on the upper

and lower parts of the radiator; in such a way it enhances the antenna performance.

More speci�cally, the metamaterial SRR slot introduced in Figure 4.8(b) is used to

alter and then enhance the magnitude of the fringing �elds from the radiator to the
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(a) Mutual coupling of MPA (b) Mutual coupling of MIA

Figure 4.7: The mutual coupling of di�erent antenna types.

Figure 4.8: The design steps of radiator parts.

space. Next, the structure in Figure4.8(c) is developed to minimize the returned power

to the source and regulate the �ow and path current distribution at the feeding edge

of MPAs. Finally, an MIA that can achieve improved performance is constructed by

integrating the structures from previous steps, as shown in Figure 4.8(d). To reduce

the main drawbacks of rectangular MPAs like surface wave loss and spurious wave loss,

SRR metamaterials were added at the ground of the radiator as shown in Figure 4.9

and the more performed of Figure 4.10 has been selected.

Figure 4.9: Design steps of ground MIA with radiator parts.
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4.5 Design of Linear Metamaterial Inspired Millimeter-Wave

Antennas.

Figure 4.10 of the rectangular MPA was inspired by 2x2 in the front view and 4x5 SRR

array meta-materials in the ground of the antenna.

In Figure 4.11 the 2x1 of MIA array has a size of 8mmx4.54mm with 4x6 SRR structure

Figure 4.10: The selected design element of the meta-material inspired antenna (MIA).

Figure 4.11: 2x1 of MIA (a, without(b), and with added ground of 4x6 SRRs (c).

slots at the ground. The connector between the two radiator elements has a length of

4.1mm and 50Ω impedance and the distance between the two internal antennae has a

space length of λ/4 which is optimized to 1.73mm by CST Microwave Simulators. In a

conventional MPA, the minimum internal element space is λ/2. This is to decrease the

level of the minor lobe of an antenna. However, the width of the main lobe antenna

collapsed as the space antenna element increased.

Figure 4.12 shows the 4x1 MIA arrays with a radiator and ground size of 2.47mm x

2.35mm, and 17mm x 7.5mm respectively. The SRR metamaterial slot has been added

to inspire and motivate the e�ciencies of the radiators by 16x7 SRR matrices. The
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Figure 4.12: 4 x 1 metamaterial inspired millimeter-wave antenna arrays (a), Without
(b) and with 16 x 7 SRRs (c).

rest of the designed 2x1, and 4x1 MIA indicated parameters are according to appendix

Table 7.2 and 7.3. The side lobe level and main lobe magnitudes are considered when

SRRs are inspired by the proposed works. In this paper, metamaterial SRR structure

slots are used rather than increasing the internal space of each antenna to decrease

the side lobe level in addition to getting the wider main lobes. This also improves the

compactness of 5G wireless communication antennas by not only decreasing the size of

radiators but also reducing the whole antenna dimensions.

4.6 Design of Planar Metamaterial Inspired Millimeter-Wave

Antennas.

Planar design of antennas is the latest antenna design, which has attractive qualities

such as low pro�le, lightweight, a�ordable price, and simplicity of array integration.

These components are ideal for modern communication systems, particularly for appli-

cations in cellular 5G networks, owing to their distinctive characteristics. An antenna

with a planar array of its elements is both active and parasitic in one plane. A pla-

nar array antenna has a large aperture and can be used to adjust the relative phase

of each member to change the direction of the beam and is frequently utilized in 5G

communications and radar systems. Planar arrays of printed radiating elements make

excellent choices for applications requiring low-cost scanning arrays. Because they can

be utilized to create patterns that cannot be produced by a single element and linear

arrays of antennas. They are also utilized to improve directivity and perform numer-

ous additional tasks that would be challenging with linear arrays. Linear metamaterial

millimeter-wave antennas with the above-mentioned architecture have only been uti-

lized to scan in one direction. However, in many situations, it will be necessary to
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use antenna arrays that can scan in both dimension planes, which means, in the ele-

vation and azimuth plane. To ful�ll those requirements, planar metamaterial-inspired

millimeter-wave antennas have been designed and proposed as shown below. In Figure

Figure 4.13: 2x2 of MIA (a), without (b), and with the added ground of 8x8 SRRs (c).

4.13 the designed 2x2 of MIA with 16 on the radiator and 8x8 structure slots on the

ground of the antenna respectively. The 3.6mm length with an impedance of 100Ω

feeds the 2x2 MIA. The 2x1 connector length is 3.9mm with an impedance of 50Ω,

which is used to regulate and match the current �ow between the two branches. The

size designed 2x2 MIA has a compact size (8mm x 4.54mm) with any device with a very

good pro�le, saving materials, and easily designed scenarios. The Figure shown in 4.14

Figure 4.14: 4x4 of MIA (a), without (b), and with the added ground of 19x19 SRRs
(c).

is the designed 4x4 MIA arrays with a size of 2.4mm x 2.59mm for the radiators and

20mm x 20mm for the radiators ground respectively. Here, the 2x2 MIA arrays are the

main starting to design. The power divider of the 2x2 MIA arrays is 7.4mm and the
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4x2 MIA connectors have a length of 8.9mm with 100Ω impedance matching. Figure

Figure 4.15: 8x8 of MIA (a), without (b), and with the added ground of 17x17 SRRs
(c).

shown in 4.15 were the 8x8 MIA arrays which were designed on the substrate area of

37mm x 37mm with a single radiator size of 2.28mm x 2.36mm. The number of SRRs

is 17x17 on the ground plane of the radiators. Also, the rest of the speci�c parameters

are based on the appendix of Table 7.6. The SRR metamaterial unit cell was placed

at a distance of 1mm from each other, to reduce the mutual coupling between antenna

elements. Higher bandwidth, gain, directivity, and radiation e�ciency were achieved

by using metamaterial at the ground of antenna arrays. When the metamaterial is

loaded with the ground, it will act as a re�ecting surface and it will focus the maxi-

mum radiation energy in the desired direction. Also, it inhibits the surface wave of an

antenna, leading to signi�cant enhancements in both return loss and VSWR. However,

the loss caused by surface waves in the antenna mostly a�ects antenna arrays [23].

4.7 Fringing of electric �elds along the proposed patch antenna

In this subsection, the reason why the proposed MIA design can achieve improved

performance at high frequencies such as 38 GHz were presented. The performance

of MIA is signi�cantly a�ected by the magnitude of the fringing �elds. Figure 4.16

demonstrates the impacts of a metamaterial unit cell (SRR) on the fringing area of

an MIA. Since there is no fringing of electric �elds along the length of the patch, the

radiation caused by the fringing �eld that occurred between the MIA's edge and the
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Figure 4.16: E�ect of Meta-material unit cell on the fringing area of MIA.

ground plane (along the width of the patch) would be used for communication pur-

poses. Furthermore, the magnitude of the fringing �eld is a�ected by the MIA size

and substrate height. Technically, the fringing �eld gets higher as the height of the

substrate increases. An MIA would appear electrically broader in comparison to its

physical part due to the fringing e�ect. Thus, it is necessary to increase the fringing

e�ect of MIAs to attain antennas with good performance for e�cient radio propaga-

tion, and the meta-materials have a great role in increasing the fringing e�ects. As

shown in Figure 4.10, the unit cell meta-material was applied to the patch. Altering the

current distribution pattern and lowering the high input impedance of the standard

patch antenna, signi�cantly raises the amount of current that reaches the radiating

patch's center and edge. This lengthens the e�ective length of the radiator and helps it

radiate the input power strongly. From an alternative angle, it is intended for the SRR

meta-materials loaded at the antennas' ground to function as a re�ecting surface, con-

centrating the most radiation energy in the intended direction. Additionally, it reduces

the antenna's surface wave loss, which greatly improves the returned loss and VSWR.

Therefore, antenna performance parameters like radiation e�ciency, gain, bandwidth,

and directivity are increased by using the suggested strategy at the e�ective fringe

area.
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Chapter 5

5 Simulation results and discussions

In this chapter, the performance analysis of MIA has been simulated using CST-MW

and then analyzed. The simulation result was done to analyze and enhance antenna

performance like VSWR, return loss, Bandwidth, directivity, gain, and radiation e�-

ciency. First, the SRR metamaterial unit cell has been analyzed and simulated for the

sake of determining the SRR properties and enhancing the performance of di�erent

antenna types by introducing the SRR to its radiators and ground plane respectively.

Then after, the 2x1, 4x1, 2x2, 4x4, and 8x8 MIA arrays have been simulated and

analyzed.

5.1 Simulation results of SRR metamaterial

Figure 5.1 (a) shows the real and imaginary parts of the re�ection (S11) and transmis-

sion (S21) coe�cient of the SRR slot. Permittivity and permeability properties of the

SRR slot are extracted from S-parameters. From the simulated result depicted in Fig-

ure 5.1 (b), the plot's magnitude is clearly within the negative and positive regions for

permittivity and permeability, respectively. In conventional scenarios, this plot charac-

teristic is not obtained or exists. Thus, the designed SRR slot exhibits permittivity and

permeability characteristics, which is important to enhance the antenna performances.

(a) S-parameters (Real and imaginary

parts) of Meta-material SRR slot.

(b) Permittivity and Permeability of

Meta-material SRR slot.

Figure 5.1: The simulated parameters of SRR slots.
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A negative refractive index makes a backward wave which produces better radiation

from the antenna resulting in low loss [30].

5.2 The mutual coupling results of MPA and the proposed MIA

antennas

Figure 5.2 is the mutual coupling simulation results of an MPA and MIAs shown in

Figure 4.7, which was designed with the same orientation and distance between two

antenna elements. Based on the results of both Figure 5.2 (a) and (b) the proposed

work has a very limited mutual coupling in regards to conventional antennas. The

gain, propagation, and antenna pattern can all be negatively impacted by the mutual

coupling of energy that results from the proximity between two elements. This issue

can cause the designed antenna to deviate from reality and occasionally even become

unbearable. By the results of Figure 5.2 (a) and (b), the MIA has better performance

than the traditional antennas with a mutual coupling di�erence of 8.81dB (i.e, -19.9

dB of MPA, and -28.71 dB of MIA).

(a) The return loss vs mutual coupling of

MPA

(b) The return loss vs mutual coupling of

MIA

Figure 5.2: The return loss vs mutual coupling of di�erent antenna designs.

5.3 The Simulation results of the proposed MIA antennas

Figure 5.3 shows the return loss of -57.42 dB for MPA and a bandwidth of 2.081 GHz.

This result has a higher performance than conventional antennas. But, if SRR meta-
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material unit cells have been applied it will highly achieve the requirements of 5G

wireless applications. The return loss result of the rectangular microstrip antenna was

enhanced by using an SRR meta-material unit cell as the antenna part and ground

from -57.42dB to -82.95dB and has a bandwidth of 1.971GHz which is an MIA. The

enhanced return loss has a change of -25.53dB. This shows that meta-material unit cells

are inserted in the proper place and have a great role in enhancing the performance of

antennas.

In Figure 4.8, steps (b) and (c) have been designed to show the meta-material place-

Figure 5.3: The return loss of di�erent antenna designs.

ment e�ect on antenna performance and see the result in Figure 5.3 (i.e. MIA top

SRR and MIA bottom SRR). As the result shows that the bottom and top SRR meta-

material-inspired antenna has a large return loss compared with 2x2 SRR-inspired

meta-materials. The primary purpose of the upper SRR is to augment the fringing

�elds emitted by the patch. The signi�cance of these fringing �elds lies in their essen-

tial contribution to the radiation mechanism. The bottom SRR induces a magnetic �eld

because of its negative permeability, the group and phase velocity of the electromag-

netic wave are in opposite directions [30]. The occurrence of return loss when the power

has been returned to the source is mitigated by the MIA bottom SRR meta-material to

reverse the re�ected propagation direction and the energy �ow of the returned power to

radiate e�ciently. This phenomenon reduces the re�ection coe�cient up to -82.95dB

and matches the impedance of an antenna.

In Figure 5.4, the 2x1 antenna has a return loss of -60.3 dB and -63.575 dB without
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Figure 5.4: Return loss of 2x1 MIA.

SRR array at the ground and 6x4 SRR of array meta-materials at the ground. Here

the bandwidth of the 2x1 antenna has been enhanced by using SRR meta-materials

from 2.057 GHz to 2.279 GHz. The enhanced bandwidth by using meta-materials is

222 MHz. Also Figure 5.5, it is also clear that the 4 x 1 MIA return losses without

Figure 5.5: The return loss of 4x1 MIA.

and with SRR slots on the ground are -65.35 dB and -69.12 dB, respectively. The

antenna's bandwidth was approximately 3.89 GHz before the use of meta-materials,

and it increased to 4.704 GHz following the application of meta-materials. As such,

it is clear from the results that, by arranging the �ow of current to the center of the
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patch and decreasing the impedance, the inserted meta-materials at the edge of each

MPA attenuate the circulation current which causes a large magnitude of the return

losses. As shown in Figure 5.6 the return loss of the 2x2 MIA arrays are -64.75dB and -

Figure 5.6: The return loss of 2x2 MIA.

71.38dB without and with added ground SRR structure slots. These 2x2 MIA-designed

antenna arrays have a bandwidth of 2.043 GHz and 2.43 GHz respectively, which has

an improvement of 387MHz. In regards to this result the selected type of ground SRR

improves the loss which is accountable as a drawback in conventional antennas. Figure

Figure 5.7: The return loss of 4x4 MIA.

5.7 shows the return loss of 4x4 MIA arrays without and with SRR structure slots

of its ground. Here the proposed antennas are the added SRR structure slots on the
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radiators and the ground respectively. This makes e�cient and fully performed design

for 5G generations by a return loss result of -58.805dB and -68.14dB, and bandwidths

of 4.096GHz and 4.168GHz respectively. The proposed 4x4 MIA antenna design has

a bandwidth of 4.168GHz with great performance which is unknown and impossible

to design with conventional materials. Figure 5.8 shows the results of 8x8 MIA arrays

Figure 5.8: The return loss of 8x8 MIA.

return loss for the conventional ground and the �nal proposed metamaterial-inspired

antenna arrays. This paper proposes the newly emerged idea of metamaterial-inspired

antenna arrays to ful�ll the requirements of 5G technologies. Furthermore, using more

matched impedance is the aim of this proposed paper. So, the return loss result of this

designed antenna is -58.1dB and -68.023dB of the conventional copper and slotted SRR

structure ground respectively. To make enhanced bandwidth 17x17 SRR structure slot

has been integrated into the ground of 8x8 MIA arrays. By this method of design,

its bandwidth is improved from 5.421 GHz to 5.44 GHz. This enables an additional

bandwidth of 19 MHz, with high performance.

The voltage standing wave ratio (VSWR) or standing wave ratio (SWR) is an in-

dication of the amount of mismatch between an antenna and the feed line connecting

to the radiator antenna. Additionally, it quanti�es the e�ectiveness of transmitting

radio frequency power from a power source, traveling through a feed line, and reaching
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Figure 5.9: VSWR of single MPA and MIA.

a load. In most antenna applications, a VSWR (Voltage Standing Wave Ratio) below

2 is deemed acceptable, with the minimum value at 1.0. The minimum VSWR is 1.0;

this means that no power is re�ected from the antenna, which is ideal. A good match

antenna has a VSWR value that does not exceed 2. Figure 5.9 shows the VSWR result

Figure 5.10: VSWR of 2x1 MIA.

of conventional microstrip antenna and the result of single meta-material-inspired an-

tennas for comparison with the studied work respectively. Figure 5.10 was the VSWR

result of introduced SRR meta-materials on the antenna of 2x1 meta-material-inspired

antenna in the patch and its ground respectively.

Figure 5.11 shows the VSWR of 4 x 1 without SRR slots on the ground of antennas

is 1.0002 and with SRR slots 1.0007 respectively. From the results, it can be observed

that the introduced metamaterial at the side of the feed line reduces the mismatch loss
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Figure 5.11: VSWR of 4x1 MIA.

of the antenna and can be considered an e�ective way to minimize the mismatch loss

of conventional microstrip antennas. Figure 5.12 shows the 2x2 MIA of a VSWR of

Figure 5.12: VSWR of 2X2 MIA.

1.001158 and 1.00054 for conventional copper and the added SRR structure slots at the

radiator's ground. To ful�ll the requirements for 5G wireless applications matching an

impedance of array antennas is the basic stepping of the design. By considering this

scenario the VSWR has approximately ideal antennas. As known in the above Figure

5.13 proposed design the VSWR of 4X4 MIA arrays are highly e�ective in terms of dif-

ferent papers presented in Table 5.2. The conventional ground of 4x4 MIAs VSWR is
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Figure 5.13: VSWR of 4x4 MIA.

1.0023, while the slotted ground is 1.00078. Figure 5.14 VSWR has a VSWR of 1.003

Figure 5.14: VSWR of 8x8 MIA.

and 1.0008 without being added and with SRR structure slots on the 8x8 radiators

ground respectively. This enables the designed 8x8 MIA arrays to operate without any

mismatch loss and radiate the entire incoming source to the receiver.

The above Figures (i.e. Figure 5.9, 5.10, 5.11, 5.12, 5.13, and 5.14) show the volt-

age standing wave ratio of single, 2x1, 4x1, 2x2, 4x4, and 8x8 antenna at the center

frequency of 38 GHz. A conventional MPA has a VSWR of 1.0181548 and a single
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MIA has a value of 1.001432. Therefore, the introduced meta-material at the side of

the feed line (bottom SRR) helps us to reduce the mismatch loss of the antenna. As

shown in Figures (5.10, 5.11,5.12, 5.13, and 5.14) the VSWR result was 1.0019, 1.0002,

1.001158, 1.0023, and 1.003 for 2x1, 4x1, 2x2, 4x4, and 8x8 without the introduced SRR

meta-materials at the ground of antennas and the VSWR of the proposed work (i.e.

MIA) for a single, 2x1 4x1, 2x2, 4x4, and 8x8 are 1.001432, 1.0009, 1.0007, 1.00054,

1.00078, and 1.0008 respectively. Therefore to get less mismatching, introducing SRR

meta-materials to the antenna is an e�ective way and the result was approximately

related to the ideal VSWR. The mismatched loss was mitigated by the way of this

proposed work of MIAs.

(a) Single MPA. (b) Single MIA antenna.

Figure 5.15: 2D radiation con�gurations of MPA and MIA antenna in di�erent scenar-
ios.

(a) 2x1 MIA without SRR at the ground. (b) 2x1 MIA with 6x4 of SRR at the ground.

Figure 5.16: 2D radiation con�guration of 2x1 MIA.

The 2D radiation pattern of a typical 4 x 1 array is given in Figure 5.17(a)-(b). As

the SRR slot is introduced only on the radiating patch of the 4x1 array the achieved

side lobe level is about -11.3 dB. Likewise, as the SRR slot is integrated on the radiator

and ground plane of the array simultaneously, the obtained side lobe level of 4 x 1 MIA
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(a) 4x1 MIA without SRR at the ground. (b) 4x1 MIA with 19x19 of SRR at the ground.

Figure 5.17: 2D radiation con�guration of 4x1 MIA.

arrays is -15.2 dB. From the results, it can be easily realized that, as the number

of SRR slot arrays on the ground plane increases, the magnitude of the side lobe

level increases which is a loss of input power and produces interference at the receiver

side. Because the SRR slot arrays re�ect the radiated EM in an undesired direction.

However, deploying the SRR sots on the ground enhances the bandwidth of all the

designed antennas. As shown in Figures 5.15, 5.16, 5.17, 5.18, 5.19 and 5.20 the result

(a) 2x2 MIA without SRR at the ground. (b) 2x2 MIA with 8x8 of SRR at the ground.

Figure 5.18: 2D radiation con�guration of 2x2 MIA.

shows the two-dimensional (2D) result of single, 2x1, 4x1, 2x2, 4x4, and 8x8 MIA.

Figure 5.15 are the 2D of a conventional antenna and single MIA with the result side

lobe level and angular width of -25.6 dB, 78.5o and -15.2 dB, 76.3o respectively.

Figure 5.16 are 2x1 MIA without ground SRR of the patch and ground antennas. These

show the result of side lobe level and angular width of -15.6 dB, 45.5o and -13.6 dB,

44.1o. Figure 5.17 are 4x1 MIA of SRR and with the patch and ground of antennas.

These show the result of side lobe level and angular width of -15.6 dB, 45.5o and -13.6
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(a) 4x4 MIA without SRR at the ground. (b) 4x4 MIA with 19x19 of SRR at the ground.

Figure 5.19: 2D radiation con�gurations of 4x4 MIA.

(a) 8x8 MIA without SRR at the ground. (b) 8x8 MIA with 17x17 of SRR at the ground.

Figure 5.20: 2D radiation con�guration of 8x8 MIA.

dB, 44.1o. Figures 5.18 are 2x2 MIA-inspired meta-material without ground SRR, and

with both sides of antennas have the side lobe level and angular width of -21.2 dB, 48.7o

and -19.0 dB, 49.8o. Figures 5.19 are 4x4 MIA-inspired meta-material with the patch

only and with the patch and ground of SRR, has the side lobe level and angular width

of -12.8 dB, 24.3o and -11.6 dB, 24.3 respectively. Figures 5.20 show that the 8x8 MIA

of antenna arrays with more performed capacity. In this �gure the side lobe level and

angular width of -11.8 dB, 12.2o and -11.6 dB, 12.4o. All of the proposed work has the

main lobe direction at zero degrees and introducing meta-materials with the ground

increases the bandwidth of single, 2x1, 4x1, 2x2, 4x4, and 8x8 MIA respectively.

Figure 5.21a shows the gain, radiation e�ciency, and total e�ciency of a conventional

MPA which is 7.24dBi, -0.1261dB, and -0.1264dB (97.13%), and Figure 5.21b is the

result of a single MIA is also, 7.36dBi, -0.1978dB, -0.1978dB (95.55%) respectively.

Figure 5.22 (a and b) is the result of 2x1 MIA which is inspired by metamaterial

in the patch (Figure 5.22a) and introduced SRR metamaterial in the patch and at

the ground of the antenna by 6x4 SRR arrays (Figure 5.22b). The gain, radiation
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(a) Single MPA. (b) Single MIA antenna.

Figure 5.21: 3D radiation con�gurations of MPA and MIA antenna in di�erent scenar-
ios.

(a) 2x1 MIA with no ground SRR (b) 2x1 MIA array antenna.

Figure 5.22: 3D radiation con�guration of 2x1 MIA antenna arrays.

e�ciency, and total e�ciency are 9.09 dBi, -0.2328dB, and -0.2328dB (94.78%) for

Figure 5.22a is 9.11dBi, -0.2652dB, -0.2652dB (94.01%) for Figure5.22b respectively.

Figure 5.23 implies that by introducing SRR slots only on the patch and then on both

the patch and ground of antennas, the achieved gain, radiation e�ciency, and total

radiation e�ciency of 4 x 1 MIA arrays are about 11.5 dBi, 95.77%, and 11.4 dBi,

95.87%, respectively. Figure 5.24a and b result of 2x2 MIA is 10.8 dBi, -0.2375dB

and -0.2375dB (94.68%) introduced metamaterial with the patch only and 11 dBi,

-0.1952dB and -0.1962dB (95.58%) introduced metamaterial with patch and ground

of antenna respectively. Figure 5.25a and b result of 4x4 MIA is 15.4 dBi, -0.304dB

and -0.3042dB (93.23%) introduced metamaterial with the patch only and 14.8 dBi,

-0.3101dB and -0.3101dB (93.21%) introduced metamaterial with patch and ground of

antenna respectively. Figure 5.26a and b result of 8x8 MIA is 21.23 dBi, -0.5840dB,
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(a) 4x1 MIA with no ground SRR (b) 4x1 MIA array antenna.

Figure 5.23: 3D radiation con�guration of 4x1 MIA antenna arrays.

(a) 2x2 MIA with no ground SRR (b) 2x2 MIA array antenna.

Figure 5.24: 3D radiation con�guration of 2x2 MIA antenna arrays.

(a) 4x4 MIA with no ground SRR (b) 4x4 MIA with ground of 19x19 SRR .

Figure 5.25: 3D radiation con�guration of 4x4 MIA antenna arrays.

and -0.5841dB(87.41%) introduced metamaterial with the patch only and 21.13 dBi,

-0.5368dB and -0.6864dB (85.38%) introduced metamaterial with patch and ground of

antenna respectively.
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(a) 8x8 MIA with no ground SRR (b) 8x8 MIA with ground of 17x17 SRR .

Figure 5.26: 3D radiation con�guration of 8x8 MIA antenna arrays.

Table 5.1: Result of the antenna design performance at 38GHz center frequency.

Antenna
parame-
ters

MPA MIA 2x1 MIA 4x1 MIA 2x2 MIA 4x4 MIA 8X8 MIA

Bandwidth
(GHz)

2.081 1.971 2.279 4.704 2.51 4.156 5.44

Return
loss (dB)

-57.42 -82.95 -67.1 -69.12 -68.81 -68.14 -68.023

VSWR 1.018155 1.001432 1.0009 1.0007 1.00072 1.0078 1.0008
Gain (dBi) 7.24 7.36 9.11 11.4 10.8 14.8 21.13
Directivity
(dBi)

7.36 7.55 9.37 11.6 11 15.2 21.67

Radiation
e�ciency
(dB)

-0.1264 -0.1954 -0.2652 -0.1830 -0.1952 -0.3101 -0.5368

Total e�-
ciency (%)

97.13 95.55 94.01 95.87 95.58 93.11 85.38

As shown in table 5.2, the proposed work has high performance compared to ex-

isting works. The proposed work of a single metamaterial-inspired antenna has very

low return loss, small VSWR, and enhanced e�ciency as compared to the reported

literature in [32, 33, 36, 38] and the bandwidth also has large when compared to the

reported literature in [36, 38]. The array antenna result of 2x1, 4x1, 2x2,4x4, and

8x8 MIA has a better performance than the reported papers in [33, 35] and [31, 37]

concerning return loss, VSWR, and total e�ciency respectively.

The proposed metamaterial-inspired antenna at the center frequency of 38 GHz will

ful�ll the requirements of 5G wireless applications rather than the existing works. The
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reason for achieving this performance was the sake of using metamaterials on anten-

nas and the ground of antennas. Because of the negative refractive index properties

of metamaterials; reduced returned power to the source, increased the fringing e�ect,

and radiation e�ciencies of the proposed work have been achieved by metamaterials

on antennas. The introduced metamaterials at the ground of the antenna enhance the

bandwidth by reducing the surface wave loss and achieving the required performance

of 5G wireless applications.
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Table 5.2: Comparison of existing works with the result of the proposed work at the
center frequency of 38GHz.

Antenna
type

Ref RF(GHz)BW(GHz)S11(dB) VSWR Gain(dBi)η(%)

Single [32] 38 2.146 -40.54 1.02 6.85 95.4
[33] 38 −− -20.15 1.27 8 90.32
[36] 38 1.27 -42.78 1.08 9.025 83.61
[58] 28 0.572 -20.23 1.21 7.18 94.27
This
work

38 1.971 -82.95 1.001432 7.36 95.55

2x1 [33] 38 3.651 -18.35 1.27 9.24 89.63
[35] 38 1.06 -22.6 −− 9.75 80
[58] 28 0.575 -19.88 1.34 9.3 92.53
This
work

38 2.279 -67.1 1.0009 9.11 94.01

4x1 [56] 38 3.33 -20.15 1.27 5.5 84
[57] 38 1.48 -24.25 −− 6.98 −−
[58] 28 1.394 -27.42 1.106 11.06 96.56
This
work

38 4.704 -69.12 1.0007 11.4 95.87

2x2 [31] 38 3.33 -20.15 1.27 5.5 84
[37] 38 1.48 -24.25 −− 6.98 −−
[58] 28 0.326 -32.7 1.05 10.71 89.79
This
work

38 2.51 -68.81 1.00072 10.8 95.58

4x4 [39] 38 3.7 -35 −− 7.49 88
[44] 38 2 -40.36 −− 5.72 71.35
[45] 39 1.43 -20 −− 6.4 92
[58] 28 0.332 -33.15 1.045 15.17 85.08
This
work

38 4.156 -68.14 1.00078 14.8 93.21

8x8 [42] 38 1.294 -15.76 −− 13.4 89.63
[43] 35 1.162 -40.01 −− 13.728 70.91
[58] 28 0.368 -17.797 1.3 18.33 74.28
This
work

38 5.44 -68.023 1.0008 21.13 85.38
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Chapter 6

6 Conclusions and Recommendations

6.1 Conclusions

MIAs of single, 2x1, 4x1, 2x2, 4x4, and 8x8 antenna array at a center frequency of

38 GHz is designed, simulated, and presented. At �rst, a single microstrip antenna is

designed by the calculated antenna parameters to compare with the designed meta-

material-inspired single antennas. The designed MIA has a size of less than the mi-

crostrip antenna by 8%. The microstrip antenna and MIA have a bandwidth, return-

loss, VSWR, gain, and total e�ciency of 2.081GHz, -57.422dB, 1.018155, 7.24dBi and

97.13%; and 1.97GHz, -82.95dB, 1.001432, 7.36dBi and 95.55%; and respectively. Also,

2x1, 4x1, 2x2, 4x4, and 8x8 MIA of bandwidth, return loss, VSWR, gain, and total

e�ciency has a result 2.279GHz, -63.375dB, 1.001309, 9.11dBi and 94.01%; and 4.704

GHz, -69.12 dB, 1.0007, 11.4 dBi and 95.87%; and 2.51 GHz, -68.81 dB, 1.00072,

10.8 dBi, and 95.58%; and 4.156 GHz, -68.14 dB, 1.00078, 14.8 dBi, and 93.12%; and

5.44 GHz, -68.023 dB, 1.0008, 21.13 dBi, and 85.38% respectively. In this thesis, the

bandwidth and radiation e�ciency of the 8x8 antenna was 5.44 GHz, and 85.38%

respectively. The enhanced performance of this antenna is because of the inspired an-

tennas by meta-materials on the radiators and the ground respectively. This means

that as the number of meta-materials increases at the ground of the antenna the sur-

face wave loss decreases and antenna performance will be increased. The suggested

antenna's bandwidth expanded and its return loss and VSWR decreased as a result

of the antennas' inspiration from meta-materials in the radiator ground and antenna

section, respectively.

In this thesis, the simulation and analysis of the proposed work improves the perfor-

mance and drawbacks of di�erent antennas for 5G wireless applications. To develop the

capacities and performances of MIAs, the chosen unit cell metamaterials with modi�ed

design were selected and placed with their role and properties.
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6.2 Recommendations

This study proves that metamaterial-inspired antenna arrays have ful�lled the require-

ments of 5G mm-wave wireless technologies. In regards to radiation intensity, VSWR,

return loss, gain, beam width, directivity, and e�ciencies; this paper achieves the re-

quirements of 5G wireless applications. Especially, to improve fringing e�ects, size

compactness, and reduce the surface and spurious wave losses of the traditional anten-

nas. However, this paper needs more consideration in terms of:

� Analyzing di�erent methods for a gain performance of metamaterial-inspired an-

tenna arrays to enhance and increase as the metamaterial slots have emerged to

di�erent proposed antennas.

� Studying the simulation di�culties of antenna arrays when more slots of meta-

materials are added to inspire and motivate antenna performances.

� Analyzing the performances of metamaterial-inspired antenna arrays as the res-

onance frequency is operated at multi-band frequencies. As di�erent frequencies

are operated at the same antennas, more mutual coupling and cross-polarization

appear which degrades an antenna's performance.
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7 Appendix

Table 7.1: Bottom and Top SRR Single MIA

Parameters Symbol Top SRR(mm) Bottom SRR (mm)
Ground-plane width W 5.22 5.22
Ground-plane length L 4.54 4.54
Patch width Wpw 2.86 2.68
Patch length Lpl 2.36 2.36
Inset feed gap Il 0.42 0.42
Inset feed length Iw 0.17 0.17
Width of feed point Lfdp 1.1323
Length of feed point Wfdp 1.3985
Width of feeder line Wfline 0.2 0.2
Length of feeder line Lfline 0.92 0.95
SRR Radiators SRR 4 Unit Cells 4 Unit Cells
SRR grounds SRR No Unit Cells No Unit Cells

Table 7.2: Dimensions of 2x1 MIA Arrays

Parameters Symbol 2x1 w/o SRR (mm) 2x1 with SRR (mm)
Ground-plane width W 8 8
Ground-plane length L 4.54 4.54
Patch width Wpw2x1 2.23 2.27
Patch length Lpl2x1 2.43 2.39
Inset feed gap Il2x1 0.4 0.4
Inset feed length Iw2x1 0.15 0.15
Width of feed point Lfdp2x1 1.1323 1.22
Length of feed point Wfdp2x1 1.3985 1.5
Width of feeder line Wfline2x1 1.33 1.21
Length of feeder line Lfline2x1 0.92 0.92
Length of Power Divider Pl 3.9 3.9
width of Power Divider Pd 0.1 0.1
SRR Radiators SRR 8 8
SRR grounds SRR No Unit Cells 24 Unit Cells
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Table 7.3: Dimensions of 4x1 MIA Arrays

Parameters Symbol 4x1 w/o SRR (mm) 4x1 with SRR (mm)
Ground-plane width W 17 17
Ground-plane length L 7.5 7.5
Patch width Wpw4x1 2.86 2.69
Patch length Lpl4x1 2.34 2.3
Inset feed gap Il4x1 0.4 0.4
Inset feed length Iw4x1 0.15 0.15
Width of feed point Lfdp4x1 1.214 1.2
Length of feed point Wfdp4x1 1.3 1.4
Width of feeder line Wfline4x1 0.2 0.2
Length of feeder line Lfline4x1 1.4 1.4
Length of Power Divider Pl2x1 3.8 3.8
width of Power Divider Pd2x1 0.1 0.1
Length of Power Divider Pl2x2 8 8
width of Power Divider Pd2x2 0.1 0.1
SRR Radiators SRR 16 Unit Cells 16 Unit Cells
SRR grounds SRR No Unit Cells 112 Unit Cells

Table 7.4: Dimensions of 2x2 MIA Arrays

Parameters Symbol 2x2 w/o SRR (mm) 2x2 with SRR (mm)
Ground-plane width W 8 8
Ground-plane length L 8 8
Patch width Wpw2x2 2.83 2.8
Patch length Lpl2x2 2.47 2.44
Inset feed gap Il2x2 0.4 0.4
Inset feed length Iw2x2 0.15 0.15
Width of feed point Lfdp2x2 1.1323 1.22
Length of feed point Wfdp2x2 1.3985 1.5
Width of feeder line Wfline2x2 1.33 1.21
Length of feeder line Lfline2x2 3.6 3.6
Length of Divider 2x1 Pl2x1 4.1 3.9
width of Divider 2x1 Pw2x1 0.1 0.1
Length of Divider 2x2 Pl2x2 3.93 3.93
width of Divider 2x2 Pw2x2 0.1 0.1
SRR Radiators SRR 16 Unit Cells 16 Unit Cells
SRR grounds SRR No Unit Cells 64 Unit Cells
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Table 7.5: Dimensions of 4x4 MIA Arrays

Parameters Symbol 4x4 w/o SRR (mm) 4x4 with SRR (mm)
Ground-plane width W 20 20
Ground-plane length L 20 20
Patch width Wpw4x4 2.9 2.84
Patch length Lpl4x4 2.46 2.43
Inset feed gap Il4x4 0.4 0.4
Inset feed length Iw4x4 0.15 0.15
Width of feed point Lfdp4x4 1.12 1.43
Length of feed point Wfdp4x4 1.52 1.53
Width of feeder line Wfline4x4 0.2 0.2
Length of feeder line Lfline4x4 9.97 9.95
Length of Divider 2x1 Pl2x1 3.8 3.8
width of Divider 2x1 Pw2x1 0.1 0.1
Length of Divider 2x2 Pl2x2 3.9 3.9
width of Divider 2x2 Pw2x2 0.1 0.1
Length of Divider 4x2 Pl4x2 7.4 7.4
width of Divider 4x2 Pw4x2 0.1 0.1
Length of Divider 8x2 Pl8x2 8.9 8.9
width of Divider 8x2 Pw8x2 0.1 0.1
SRR Radiators SRR 64 Unit Cells 64 Unit Cells
SRR grounds SRR No Unit Cells 361 Unit Cells
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Table 7.6: Dimensions of 8x8 MIA Arrays

Parameters Symbol 8x8 w/o SRR (mm) 8x8 with SRR (mm)
Ground-plane width W 37 37
Ground-plane length L 37 37
Patch width Wpw8x8 2.27 2.26
Patch length Lpl8x8 2.42 2.26
Inset feed gap Il8x8 0.4 0.4
Inset feed length Iw8x8 0.15 0.15
Width of feed point Lfdp8x8 2.3 2
Length of feed point Wfdp8x8 2.2 2
Width of feeder line Wfline8x8 0.1 0.1
Length of feeder line Lfline8x8 19.98 19.98
Length of Divider 2x1 Pl2x1 3.8 3.8
width of Divider 2x1 Pw2x1 0.2 0.2
Length of Divider 2x2 Pl2x2 3.89 3.8
width of Divider 2x2 Pw2x2 0.1 0.1
Length of Divider 4x2 Pl4x2 7.28 7.2
width of Divider 4x2 Pw4x2 0.1 0.1
Length of Divider 8x2 Pl8x2 7.91 7.91
width of Divider 8x2 Pw8x2 0.1 0.1
Length of Divider 16x2 Pl16x2 15.95 15.95
width of Divider 16x2 Pw16x2 0.1 0.1
Length of Divider 32x2 Pl32x2 15.95 15.95
width of Divider 32x2 Pw32x2 0.2 0.2
SRR Radiators SRR 256 Unit Cells 256 Unit Cells
SRR grounds SRR No Unit Cells 269 Unit Cells
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