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ABSTRACT  

Due to the tremendous growth of wireless communication applications, there is an enormous demand 

for more compact antennas with high speed, wider coverage, high gain, and multi-band properties. The 

microstrip patch antennas (MPAs) and multiple-input multiple-output (MIMO) antennas with high gain 

and multi-band properties are suitable to fulfil these requirements. MPAs have been found to possess 

unique qualities such as light weight, low profile, easy fabrication, and integration. However, the low 

gain, narrow bandwidth, and mutual coupling in the MIMO antennas limit the performance of MIMO 

systems. Several techniques have been studied and implemented over the years, but they are not without 

limitations. The utilization of artificial materials such as metamaterials has proven to be efficient in 

overcoming the limitations of MPAs.  

Due to the advancement in modern technology, it is necessary to study and use recently developed 

metamaterial structures. Metamaterials (MeTMs) are artificially engineered materials with 

electromagnetic properties that are not found in nature. MeTMs are used due to their electric and 

magnetic properties. The goal of this thesis is to design and investigate a novel metamaterial structure 

which can be integrated into the microstrip patch antennas for improving their performance. The design, 

simulation, and measurement of the metamaterial is carried out on the Computer Simulation 

Technology (CST) studio suite, Advance Design Systems (ADS) software, MATLAB, and the Rohde 

and Schwarz network analyzer etc.  

In this thesis, a novel I-shaped metamaterial (ISMeTM) structure is proposed, designed, and 

investigated. The proposed novel ISMeTM unit cell structure in this work has a characteristic shape 

that distinguishes it from earlier multi-band MeTMs in the literature. The structure's unit cell is designed 

to have an overall compact size of 10 mm × 10 mm. The structure generates transmission coefficients 

at 6.31 GHz, 7.79 GHz, 9.98 GHz, 10.82 GHz, 11.86 GHz, 13.36 GHz, and 15. 5 GHz. These frequency 

bands are ideal for multi-band satellite communication systems, C, X, and Ku-bands, and radar 

applications etc. 
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The performance of the MPA is improved in this work, by integrating a novel square split ring resonator 

(SSRR) metamaterial. The performance of the proposed antenna is investigated and analyzed. The 

SSRR is designed to have a dimension of 25 x 21.4 x 1.6 mm2 which is the same dimension as the 

radiating patch of the MPA. The SSRR is etched over the antenna, and it operates at single operating 

frequency of 5.8 GHz with improved gain from 4.04 to 5.3 dBi.  

Further, the MPA with improved parameters for multiband wireless systems is designed, analyzed, 

fabricated, and measured. The proposed design utilizes the ISMeTM array as superstrate with the area 

of 70 x 70 mm2. The superstrate is etched over a rectangular MPA exhibiting multi-band properties. 

This antenna resonates at 6.31, 9.65, 11.45 GHz with increased bandwidth at 240 MHz, 850 MHz, and 

1010 MHz. The overall gain of the antenna increases by 74.18%. The antenna is fabricated and 

measured. The simulated results and the measured results are found to be in good agreement.   

The mutual coupling and low gain problems in MIMO patch antennas is also addressed in this thesis. 

A 3 x 5-unit cell array of the ISMeTM is used as a superstrate over a two port MIMO patch antenna. 

The two port MIMO antenna with the superstrate provides triple-band operation and operates over three 

resonance frequencies at 6.31, 9.09, and 11.41 GHz. A mutual coupling reduction of 26 dB, 33 dB, and 

22 dB for the first band, second band and third band, respectively is attained.  

In this thesis, a novel I-shaped metamaterial structure is introduced, which produces multiband 

operation. The presented metamaterial is suitable for various multiband wireless communication 

applications. The integration of a square split ring resonator metamaterial enhances the performance of 

the antenna. Using the I-shaped metamaterial a high gain multiband microstrip antenna is designed. The 

I-shaped metamaterial array is utilized to improve the performance of the MIMO antenna. Various 

antenna parameters confirm that the presented MIMO antenna is suitable for multiband wireless 

communications. 
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Chapter 1  

Introduction  

1.1 Introduction  

The revolution of wireless technology began when Guglielmo demonstrated the transmission of 

signal between the transmitter and receiver without the use of physical medium in 1896 [1]. Numerous 

wireless applications have emerged because of the success of the experiment. The emergence of wireless 

communication systems has resulted in an increase in newer technological devices that meet the need 

of end users. The antenna is an essential component in wireless communication as it serves an interface 

between the transmitter and the receiver of radio frequency (RF) signals. The transmitting antenna 

converts electrical signals into electromagnetic waves (EMW) while the receiving antenna converts 

EMW back to electrical waves. Hence, the antenna can be said to have reciprocal characteristics. 

Moreover, the reciprocity theorem does not guarantee that the distribution of current remains static in 

both transmitting and receiving mode [2]. The electromagnetic theory, which is considered as the 

fundamental principle behind all antennas, was established by Maxwell in 1873. He merged the theories 

of electricity and magnetism and expressed their relation through series of equations [3]. In 1886, Hertz 

showcased the first wireless electromagnetic system. In 1901, Marconi accomplished a major feat by 

transmitting wireless signals across a vast distance between England and Newfoundland. Since the 

introduction of Marconi's antenna, the focus of antenna technology has been on wire-related radiation 

components and operating frequencies as high as the ultra-high frequency (UHF) [4].  

Over the years, various types of antennas have been used in wireless system applications. These 

antennas include but not limited to wire, aperture, array, reflector, lens, and microstrip antennas [5-11]. 

Due to its numerous uses, the wire antenna is the most traditional and popular of all. However, it does 

have several shortcomings.  The next chapter discusses a comprehensive classification of the various 

antennas. 
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The first microstrip patch antennas (MPAs) were proposed in 1953. However, the first practical MPA 

was developed by Howell in 1970s [12]. The MPA consist of a metallic radiating patch with a dielectric 

substrate layer and a metallic ground. The radiating patch can be designed in accordance with its 

intended usage. Due to its noteworthy superiority over other conventional antennas, the microstrip patch 

antenna (MPA) has established itself as a highly effective radiator for a multitude of applications. The 

benefits of MPA include, but are not limited to, its cost-effectiveness, low profile planar structures, 

versatile and compact design, multi-band properties, ease of implementation with integrated circuits, 

and the capability for mass production. However, it must be noted that MPAs also possess several 

limitations such as limited bandwidth, low gain, low efficiency, and inadequate isolation between 

radiating elements [11, 13–15].  Over the years, researchers have proposed various techniques to 

mitigate the drawbacks associated with microstrip patch antennas (MPA). These techniques encompass 

the employment of multiple radiating patches in an array configuration, variations in substrate thickness, 

utilization of high permittivity substrates, modification of radiating patch geometries, utilization of 

multi-layered substrates, and utilization of artificial materials such as metamaterials [16–21]. However, 

most of these methods are difficult to  implement and mainly work with single patch antennas. In 

contrast to other techniques for improving antenna performance, metamaterials (MeTMs) have gained 

widespread application. 

Metamaterials (MeTMs) are materials that have been designed artificially and have unique properties 

[22]. In contrast to conventional materials, some materials exhibit negative permittivity (𝜀), 

permeability (𝜇), and refractive index (n). These characteristics have made it feasible to develop novel 

ideas, devices, and potential uses in numerous novel applications. The MeTM structures are flexible to 

use with antenna structures since they have thin surfaces and unit cell size which are less than the guided 

wavelength 𝜆𝑔 [23,24].  

Veselago initially proposed the concept of left-handed materials (LHMs), which would enable the 

propagation of EMW with electric fields and magnetic fields [25]. Since then, MeTMs have drawn the 

interest of researchers because of their planar shape and compatibility with the MPA in design and 

fabrication, which has resulted in improved antenna performance. The MeTMs can be classified into 
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three major categories: electromagnetic MeTMs, acoustic MeTMs, and mechanical MeTMs to improve 

the properties of conventional antennas [26]. A more detailed description of these MeTMs is presented 

in the next chapter. MeTM structures can be utilized for a variety of applications in addition to antennas, 

such as absorbers, superlens, cloaks, sensors, phase compensators, and more [26, 27]. The periodic 

metallic structures that make up the MeTM structures are arranged into arrays and printed on a dielectric 

substrate. In this thesis, a novel MeTM structure has been proposed and utilized to enhance the antenna's 

performance in terms of bandwidth, gain, and efficiency.  

1.2 Problem Statement   

Over the past few decades, wireless communications have evolved significantly, and large data rates 

are now required for many wireless applications. High gain and wide bandwidth are crucial for meeting 

these demands. As a result, the design and analysis of microstrip patch antennas (MPA) have received 

considerable attention. MPA are of great interest in wireless communications because they are small, 

compact, low-profile, flexible, light weight, and possess multi-band properties. Their application is 

constrained in some systems, nonetheless. The major limitations of MPA are very low gain, narrow 

bandwidth, and low efficiency due to dielectric losses especially for single patch systems [11, 13-15]. 

To combat these limitations, numerous researchers have proposed several techniques which includes 

the use of multiple radiating patches, modifying the shape of the patch, amongst others. However, some 

of these techniques are bulky and complex to implement. 

This research seeks to utilize the use of metamaterial which is an artificial engineering material to 

enhance the low gain and bandwidth of the MPA. A novel MeTM structure is loaded over the MPA 

such that the MeTM acts as a reflective plane between the radiating patch and the unit cell. In MIMO 

patch antennas, a superstrate layer made of the MeTM unit cells is loaded over the radiating elements 

at a height from the superstrate to the radiating elements. The MeTM superstrate boosts the performance 

of the MPA to produce a high gain, wider bandwidth, improved radiation patterns for a wider coverage 

and mutual coupling reduction in MIMO antenna systems.  
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1.3 Research Questions 

This research addresses the problem associated with the low gain, narrow bandwidth, and mutual 

coupling in single patch and MIMO antenna systems. These limitations are improved by proposing and 

investigating a novel metamaterial structure suitable for the improvements of the antenna limitations. 

These questions are addressed by this research: 

(a) How can we enhance the bandwidth and gain of the MPA? 

(b) What motivates the choice of metamaterial? 

(c) How can we achieve a multi-band frequency with the MPA? 

(d) How can the metamaterial be used to improve the antenna limitations such as low again 

and narrow bandwidth in single microstrip patch antenna? 

(e) How can the metamaterial reduce the mutual coupling degradation in MIMO antenna 

systems? 

1.4 Research Aim and Objectives 

The main shortcomings of MPA systems are low gain and small bandwidths. Similarly, mutual coupling 

restricts the performance of MIMO antenna systems. The metasurface technology is being used in this 

research to try to address these shortcomings. A two-dimensional structure called a metasurface has 

properties that are identical to those of metamaterials. MeTMs can be easily integrated with MPAs 

because of their planar structure, which simplifies the design and production of these antennas. This 

research aims to considerably extend literature by increasing knowledge in metamaterial based MPAs.  

In brief, the following summarizes this research aim and objectives: 

(a) To design and investigate a novel metamaterial configuration for multi-band systems.  

(b) To improve the parameters of the microstrip patch antennas by integrating antennas with 

proposed novel metamaterial structure. 

(c) To utilize the proposed novel metamaterial configuration for designing multiband 

antennas. 

(d) To reduce mutual coupling in MIMO antenna systems by utilizing the proposed novel 

metamaterial structure.  
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(e) To fabricate and test the prototype of the proposed metamaterial structure.  

(f) To validate the theoretical simulated with the practical implementation of the proposed 

metamaterial structure.  

1.5 Research Contribution  

This research work is carried out to investigate the limitations of single patch antennas and MIMO 

patch antenna systems. The design, investigation, and analysis of a novel I-shaped metamaterial 

(ISMeTM) structure for multiband systems constitute the thesis' main contribution. The proposed 

MeTM unit cell structure in this work has a distinctive shape that sets it apart from previous multi-band 

MeTMs in the literature. Three square metallic split ring resonators are used in the design of the 

structure's exterior, and an I-shaped metallic strip makes up the interior. The metallic rings are etched 

on the low-cost FR-4 dielectric substrate material with thickness of 1. 6 mm and dielectric constant of 

4.3. The unit cell of the structure is designed to have an overall compact overall size of 10 mm x 10 

mm. The structure produces transmission coefficient at 6.31 GHz, 7.79 GHz, 9.98 GHz, 10.82 GHz, 

11.86 GHz, 13.36 GHz, and 15. 5 GHz. These frequency ranges are appropriate for radar applications, 

C, X, and Ku-bands multi-band satellite communication systems etc. 

Secondly, a novel square split ring resonator (SSRR) metamaterial structure inspired MPA for 

wireless communication systems is proposed and designed. The unit cell of the novel SSRR is designed 

using two metallic copper rings. The outer rings compromise of four split gaps while the inner ring 

consists of a single cut. These designs make this structure distinct form other SRR reported in literatures. 

This SSRR unit cell is placed over the MPA with a single operating frequency band of 5.85 GHz at a 

height of 9 mm. The dimension of the SSRR is the same as the radiating patch of the MPA. The 

bandwidth of the conventional MPA increased from 350 MHz to 430 MHz as the SSRR is etched over 

the patch. This antenna is suitable for use in WiMAX and Wi-Fi application in wireless communication 

systems.  

This work is further extended by utilizing the novel I-shaped metamaterial as superstrate over a 

MPA with multiple operating frequency bands. The superstrate comprises of a 7 x 7-unit cell array of 
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the ISMeTM with total dimension of 70 mm x 70 mm. The superstrate is integrated with the MPA at a 

height of 7 mm from the ground plane. The proposed antenna is designed, simulated, fabricated, and 

measured. The proposed antenna radiates at 6.18 GHz, 9.09 GHz, and 11.5 GHz with a high gain 

enhancement of 65.17%, 69.83%, and 74.18% over the three frequency bands. The proposed is 

fabricated and measured, the simulated and measured antenna are found to be in close match.   

Finally, a two-port MIMO patch antenna with enhanced gain and reduced mutual coupling for 

multiband wireless applications is designed and analyzed. To reduce the mutual coupling of the two-

port MIMO patch antenna, a superstrate consisting of a 3 x 5-unit cell array of the ISMeTM is used. 

The antenna's gain and bandwidth are enhanced as the mutual coupling of the antenna is decreased.   

 

1.6 Organization of the Thesis  

The structure of the thesis is given below:  

Chapter 1 presents the introduction of the MPA, research aim, research objectives,  research 

contributions, and organization of study.  

Chapter 2 discusses the fundamentals of MPAs, antenna parameters, design criteria for the MPAs, the 

theory of metamaterials, and review of relevant literatures that includes the application of metamaterials 

in antenna designs.  

Chapter 3 discusses the design and analysis of the I-shaped metamaterial using SRR for multi-band 

wireless communication. The effective parameters of the metamaterial unit cell such as permittivity, 

permeability, and refractive index are studies and analyzed. The simulation of the metamaterial is 

carried out using the CST studio suite. 

Chapter 4 presents the design and analysis of the patch antenna using I-shaped metamaterial superstrate 

for multiband wireless systems. The proposed ISMeTM based microstrip patch antenna was fabricated 

and measured. The simulated and measured results are compared and discussed.  
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Chapter 5 presents the design of a two-port MIMO patch antenna using ISMeTM superstrate for triple-

band wireless applications. The ISMeTM superstrate was utilized to enhance the gain of the antenna 

and to reduce the mutual coupling in the two port MIMO patch antenna.  

Chapter 6 presents the conclusion and the future recommendation of the work.  

 

1.7 Chapter Summary  

This chapter discusses the background of antennas, microstrip patch antennas, metamaterials, research 

problems, contributions, and thesis organization. The flexibility, compactness, and ease of fabrication 

of the MPAs, among many other benefits, increase their suitability for use in wireless communication. 

The MPAs, however, has a limited gain and narrow bandwidth. This thesis offers a novel metamaterial 

structure to improve MPAs' wireless communication performance.     

  



8 
 

Chapter 2 

Literature Review  

2.1 Introduction to Microstrip Patch Antenna  

This chapter examines the microstrip patch antenna, including its fundamental principles and 

practical applications. The chapter encompasses a succinct examination of the feeding methodologies, 

analytical procedures for determining microstrip antenna parameters, and mathematical frameworks 

utilized. Furthermore, the chapter delves into the arena of metamaterial design and its fundamental 

principles, including the categorization of metamaterials, their electromagnetic characteristics, and real-

world utilization.  

The revolution of wireless technology began when Guglielmo demonstrated the transmission of 

signal between the transmitter and receiver without the use of physical medium in 1896 [1]. Numerous 

wireless applications have emerged because of the success of the experiment. The emergence of wireless 

communication systems has resulted in an increase in newer technological devices that meet the need 

of end users. The antenna is an essential part in wireless communication as it serves a link between the 

transmitter and the receiver of radio frequency (RF) signals. The transmitting antenna converts electrical 

signals into electromagnetic waves (EMW) while the receiving antenna converts EMW back to 

electrical waves. Hence, the antenna can be said to have reciprocal characteristics. Moreover, the 

reciprocity theorem does not guarantee that the distribution of current remains static in both transmitting 

and receiving mode [2]. The electromagnetic theory, which is considered as the fundamental principle 

behind all antennas, was established by Maxwell in 1873. He merged the theories of electricity and 

magnetism and expressed their relation through series of equations [3].  

There are various types of antennas employed in communication systems. These includes wire 

antennas, aperture antennas, array antennas, reflector antennas, lens antennas and microstrip antennas. 

Among the most prominent antenna types is the wire antenna. They consist of long wire stretched over 

the surface. Antennas with a hole or opening at the end are known as aperture antennas. These antennas 
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are protected from the impacts of the environment by dielectric materials that surround these apertures. 

The array antennas are multiple antennas connected to work as a single antenna [28]. A feed system for 

transmitting and/or receiving EMW is included in reflector antennas, which can have one or more 

reflecting surfaces. Lens antennas are a type of three-dimensional electromagnetic device with a non-

uniform refractive index. Using the appropriate lens material, this antenna is made to complement the 

incident divergent energy and transform it into plane waves. The microstrip antennas have a metallic 

patch placed on a dielectric material above a metallic ground plane, making them low-profile antennas 

[11,28-32].  

Before we can determine how radiation occurs in antenna technology, it is imperative that we 

analyze the radiation mechanism. The main factor for the conducting wire to radiate is a change in 

current. If there is no current flow and no charge movement in the wire, radiation won't happen. 

Radiation would not occur even if the charges were moving along the straight wire at a steady speed. 

But when a charge moving along a wire is bent or coiled at a steady pace, radiation is produced [11]. 

The radiation techniques of the antenna are presented in Figure 2.1. A sinusoidal electric field (E-field) 

occurs when the transmission line is fed with an alternating voltage.  

 

Figure 2.1: Transmission Techniques [11]. 
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The clustering of the electric line of force shows the proportion of the E-field. The electric lines of force 

coercively eliminate the conductors' free electrons, and the current that emerges from the movement of 

these charges produces a magnetic field (M-field). The EMW is produced by the time-varying E-field 

and M-field that flow between the conductors. The ends of the electric lines are interconnected to 

generate radio waves as these waves travel toward the space. At the source, an electric disturbance is 

generated, and EMW are consistently produced. These passes through the transmission line and are 

radiated into space by the antenna [11,33] 

2.2     Near Field and Far Field Regions 

The antenna is surrounded by two regions, the near field and far field.  The radiation pattern is 

determined in the far-field region and is represented as a function of the directional coordinates. The 

near field is the closest region to the antenna, as we further away, the field patterns shift. The near and 

far fields do not act in the same way because the inductive and capacitive effects lose power at a quicker 

rate with distance than they do at the far field radiation. The near field is classified into two categories, 

the reactive near field and radiative near field regions. The diagram for the antenna field region is 

illustrated in Figure 2.2. Hence, the fields surrounding the antenna is divided into three regional parts: 

I. Reactive near field region 

II. Radiative near field region  

III. Far field region 

2.2.1 Reactive Near Field Region 

Due to the reactive field predominate in this region, energy here occurs as a reaction. Since the fields in 

this area are mostly reactive fields and the radiating fields are perpendicular but in phase, the E and H 

fields are out of phase by 900 from one another. The outer boundary of this region exists at distance 

𝑅𝑒 < 0.62√
𝐷3

𝜆
  from the antenna surface. Where D, and 𝜆 are the antenna’s diameter and the operating 

wavelength of the EMW [12]. 
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2.2.2 Radiative Near Field Region 

This region of the antenna is between the reactive near field and the far field region. This region can 

also be referred to as the Fresnel region. In this region the reactive fields are not dominate, the radiating 

field begin to emerge. The radiation pattern could differ appreciably with distance. The inner boundary 

is taken at distance 𝑅𝑎 ≥ 0.62√
𝐷3

𝜆
  and outer boundary distance 𝑅𝑎 < 

2𝐷2

𝜆
  [11]. 

2.2.3 Far Field Region 

This region comes after the radiative near region. The electromagnetic fields are dominated by radiating 

fields in this region. The E and H fields are orthogonal to each other and to the direction of propagation 

as the plane waves. This is a region can also be referred to as the Fraunhofer region 𝑅𝑎 < 
2𝐷2

𝜆
  [11]. 

 

Figure 2.2: Diagram of the Antenna Field Region [11,34].  

 

2.3 The Parameters of Antenna  

A set of parameters can be used to evaluate the performance of the antenna. Some of the relevant 

parameters are explained in the section below.  
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2.3.1 Radiation Patterns  

The radiation pattern or antenna pattern refers to the graphical illustration of the radiation properties of 

the antenna as a function of spatial coordinates. The spatial coordinate system is used to calculate and 

analyze an antenna's radiation pattern in the far field area. The isotropic antennas radiate equally in all 

directions. The radiation from the homogeneous antennas is uniform throughout [5, 11]. The far field 

radiation pattern can be represented graphically as a plot of one of several related variables, including 

the field strength, power pattern, and directive gain. The plotted quantity may be shown in dB or on a 

linear scale. The plot is represented as a three - dimensional graph in magnetic (H- Field) and electric 

(E- Field).  

2.3.2 Antenna Directivity  

The directivity of an antenna determines the extent to which the radiation being emitted is concentrated 

in a direction. It can be defined as the ratio of the radiation intensity from the antenna in a specific 

direction to the radiation intensity in all directions. This implies that the directivity of the antenna, has 

the capacity to focus and concentrate the radiated power in a particular direction. It can be expressed as 

[11] 

𝐷𝑖 =
𝑈

𝑈0
= 

4𝜋𝑈

𝑃𝑅𝐷
 

(2.1) 

When the direction is not indicated, the maximum directivity can be expressed as: 

𝐷𝑀𝑋 = 𝐷0 =
𝑈𝑀𝑋

𝑈0
=

4𝜋𝑈𝑀𝑋

𝑃𝑅𝐷
 

(2.2) 

where Di, 𝐷0, 𝑈,𝑈0, 𝑈𝑀𝑋, and 𝑃𝑅𝐷 are the directivity, maximum directivity, radiation intensity, radiation 

intensity of the isotropic source, maximum radiation intensity and total radiated power, respectively.   

2.3.3 Antenna Efficiency  

The efficiency of the antenna can be described as the power radiated (𝑃𝑅𝐷) by the antenna to the input 

power supplied (𝑃𝑆) to the antenna. When considering the antenna efficiency, losses in the antenna must 

be considered. These losses may be due to the reflection caused by mismatch which occurs between the 
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antenna and the transmission, and the conduction and dielectric losses. It can be expressed 

mathematically as [11] 

𝐸𝑇 = 𝐸𝑅𝐸𝐶𝐸𝐷 
(2.3) 

The 𝐸𝑇, 𝐸𝑅 , 𝐸𝐶 , and 𝐸𝐷 represent the total efficiency, reflection efficiency, conduction efficiency, and 

the dielectric efficiency, respectively.  

2.3.4 Antenna Gain 

The antenna gain is the ratio of the intensity in one direction to the intensity that would be obtained if 

the antenna were to emit its power uniformly in all directions. The antenna gain combines the directivity 

and efficiency of the antenna. The gain of a receiving antenna indicates how effectively it transforms 

radio waves that are coming from a specific direction into electrical power. The gain is measured in 

decibel (dBi) and can be expressed as [35] 

𝐺𝑎𝑖𝑛 = 4𝜋
𝑅𝑎𝑑𝑖𝑛

𝑇𝑝𝑖𝑛
 

(2.4) 

where, 𝑅𝑎𝑑𝑖𝑛 and 𝑇𝑝𝑖𝑛 are the radiation intensity and the total input power of the antenna, respectively.  

2.3.5 Return Loss  

The signal that is reflected or returned by a transmission line discontinuity suffers from a power loss 

referred to as return loss (RL). An antenna's impedance matching is measured by the RL of the antenna. 

The power delivered to the load is below maximum due to this mismatch. Return loss is the term used 

to describe the wasted energy that is sent back to the source without being sent to the load. When RL is 

less than or equal to 10dBi, the matching is adequate, and enough power is provided to the load. The RL 

is expressed mathematically as [30] 

𝑅𝐿 = −20 log10|Γ| (2.5) 

where the reflection coefficient (𝛤) indicates the amount of EMW reflected by an impedance mismatch 

in the transmission medium. 
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2.3.6 Voltage Standing Wave Ratio 

The ratio between the transmitted and reflected wave is known as the voltage standing wave ratio 

(VSWR). As it evaluates the effectiveness of the antenna, the VSWR is connected to the return loss. It 

shows how effectively the antenna's impedance matches the distinctive impedance of the transmission 

line. More power is transmitted to the antenna and the antenna is better suited to the transmission line 

when the VSWR is reduced. The range value for VSWR to obtain a high impedance is between 2.0 and 

1.0. The reflection coefficient (𝛤) is given as [36] 

Γ =
𝑉𝑅

𝑉𝑇
=

𝑍𝐼 − 𝑍𝑆

𝑍𝐼 + 𝑍𝑆
 

(2.6) 

Where 𝑉𝑅 and 𝑉𝑇 denotes the amplitude of the reflected wave and incident wave. The input impedance 

𝑍𝐼 and impedance of the transmission line 𝑍𝑆 can be expressed as [36] 

𝑍𝐼 = 𝑅𝐼 + 𝑗𝑋𝐼 (2.7) 

𝑍𝑆 = 𝑅𝑆 + 𝑗𝑋𝑆 (2.8) 

where 𝑅𝐼, 𝑋𝐼 and 𝑅𝑆, 𝑋𝑆 represent the transmission line's resistance and reactance as well as the antenna's 

input terminals' resistance and reactance. The VSWR is given by [30] 

𝑉𝑆𝑊𝑅 =
1 + |Γ|

1 − |Γ|
 

(2.9) 

2.3.7 Polarization 

The antenna polarization is the far-field measurement of the polarization of the fields radiated by an 

antenna. We can imply that it describes the direction in which electric field components oscillate. These 

fields are always parallel to one another and parallel to the propagation direction. Polarization can be 

classified into three parts, linear, circular, and elliptical [37]. The type of polarizations is presented in 

Figure 2.3.  
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Figure 2.3: Types of Polarization: (a) Linear, (b) Circular, (c) Elliptical [37]. 

 

2.3.8 Antenna Bandwidth 

The bandwidth of the antenna describes the frequency ranges over where the antenna meets specific 

performance requirements. One of the criteria used to evaluate an antenna's performance is its optimal 

antenna bandwidth. The mathematical expression for the antenna’s bandwidth is given by [35] 

𝐵𝐷𝑊 = 𝐹𝐻 − 𝐹𝐿      (2.10) 

The highest frequency and the lowest frequency are denoted by 𝐹𝐻 and 𝐹𝐿, respectively. The broadband 

and narrow band bandwidth of the antenna can also be expressed as [38] 

The center frequency is denoted by FC. It is given as [5] 

The percentage bandwidth is given as: 

 

 

𝐵𝐷𝑊𝑏𝑟𝑜𝑎𝑑𝑏𝑎𝑛𝑑 =
𝐹𝐻

𝐹𝐿
 

(2.11) 

𝐵𝐷𝑊𝑛𝑎𝑟𝑟𝑜𝑤𝑏𝑎𝑛𝑑 =
𝐹𝐻 − 𝐹𝐿

𝐹𝐶
 

(2.12) 

𝐹𝐶 =
𝐹𝐻 + 𝐹𝐿

2
 

(2.13) 

𝐵𝐷𝑊 = 𝐵𝐷𝑊𝑛𝑎𝑟𝑟𝑜𝑤𝑏𝑎𝑛𝑑  × 100% (2.14) 
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2.4     Types of Antennas 

The major six types of antennas namely wire, aperture, array, reflector, lens and microstrip are discussed 

in this section [5-7, 9,11,30-33]. In Table 2.1, the merit, demerit, and areas of applications of the antenna 

types are discussed.  

Table 2.1 Types of Antennas 

Antenna 

classification 

Types of 

antennas 

Merit Demerit Area of 

Application 

Wire  Dipole, Short 

dipole, Half-

wave dipole, 

Folded dipole, 

Monopole, 

Helical, Loop, 

Broadband, 

Cloverleaf  

• Simple design 

• Low cost 

 

• Dipole antenna 

exhibits a large 

size. 

• Helical 

antennas are 

bulky. 

• Loop antennas 

have poor gain 

and extremely 

narrowband. 

Space crafts, 

automobile, 

missiles, 

microwave 

communication, 

ships, satellite.  

Aperture  Slot, microstrip 

slot, waveguide, 

horn, waveguide 

• Easy fabrication 

• Omni- directional 

radiation 

• Poor radiation 

• Increase in 

VSWR 

Microwave  

Radars 

Array Broadside, End-

fire, Collinear, 

Parasitic  

• High gain 

applications 

• Controlled 

radiation patterns 

• Increased signal 

strength 

• Complex 

maintenance 

• High resistive 

losses 

• Bulky 

Military radars, 

astronomical 

observation, long 

distance 

communication 

Reflector   Flat-plate, 

corner, 

parabolic  

• Suitable for long 

distance 

applications 

• Bulky Radio 

astronomy, 

microwave 

communication, 

satellite tracking.  

Lens  Dielectric, metal 

plate 
• Used in high 

frequency 

applications.  

• flexible 

• Expensive  

• Heavy and 

Bulky  

Microwave  

Microstrip  Circular, 

rectangular  
• Low profile 

• Easy fabrication 

• Inexpensive 

• Compact and 

flexible 

• Low gain  

• Narrow 

bandwidth 

Aircraft, 

spacecraft, 

satellites, 

missiles, cars, 

mobile phones, 

Wi-fi, WLAN.  

 

2.5 Microstrip Patch Antenna (MPA) 

The first microstrip patch antennas (MPAs) were proposed in 1953. However, the first practical 

MPA was developed by Munson and Howell in 1970s [12,39,40]. A MPA comprises of a metallic 
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ground plane and a radiating metallic patch printed on one side of the dielectric substrate. Recently, the 

research community has shown significant interest in the MPAs due to its various advantages, such as 

their low profile, simple fabrication, flexible and compact design, multiband properties, and ease of 

integration with integrated circuits which make these antennas suitable for various wireless applications 

[11,13,14,41].   

Although it has numerous advantages, its performance is limited by low gain, narrow bandwidth, 

and low efficiency. For the MPA to work at its best, a couple of factors must be considered during 

fabrication. These factors are the type and thickness of the dielectric substrate to be utilized, the patch's 

size and shape, the feeding techniques, and the resonant frequency [11]. The choice of the dielectric 

substrate type is the most vital, even though all the requirements are significant. It needs to be selected 

based on cost, effectiveness, size, and accessibility. The most popular substrates and their specifications 

are included in Table 2.2. 

Table 2.2 Mostly used Dielectric Substrate [11,42,43] 

Substrate Thickness (mm) Dielectric constant 

(𝜺𝒓) 

Loss tangent 

(𝒕𝒂𝒏𝜹) 

Rogers R03003 1.575 3.00 0.0010 

Rogers R03010 3.175 10.2 0.0022 

Rogers Duroid 5880 0.127 2.20 0.0009 

Rogers R04003 0.203 3.55 0.0027 

Rogers R04350 0.030 3.48 0.004 

Roger Duroid 6010 0.005 10.7 0.0060 

FR4 glass epoxy  1.5-1.6 4.4 0.02 

Nylon fabric 0.25 3.6 0.0083 

Bakelite - 4.8 0.0305 

Taconic  0.09 3.2 0.003 
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2.5.1 Classification of MPA 

The radiating metallic patch (RMP) (ℎ << 𝜆0) is placed on a fraction of the wavelength on top of the 

metallic ground plane (ℎ𝑠 << 𝜆0). Where, h is the thickness of the RMP, 𝜆0 is the free space 

wavelength, ℎ𝑠 is the height of the substrate such that (0.003𝜆0 ≤ ℎ𝑠 ≤ 0.05𝜆0) [11]. The radiating 

metallic patch (RMP) is often made of thin copper foil that has been nickel, tin, or another corrosion-

resistant metal plated on it. This is due to the desired characteristics of these metals, such as low 

resistance, ease of soldering, and resistance to oxidation [44,45]. The MPA comes in a variety of shapes 

that have been tailored to fit requirements. Some of the most used shapes includes but not limited to 

circular, square, dipole, rectangular, elliptical, and triangular. The geometric structure of different MPA 

shapes is shown in Figure 2.4.  

 

 

Figure 2.4: The Geometric Structure of Different MPA. 

2.5.2 Feeding Techniques for MPA 

The feeding techniques play a significant role in antenna design since they have a direct impact on an 

antenna's input impedance and characteristics. The antenna feeding techniques can be divided into two 

categories which are contacting and non-contacting feeding techniques. The four most popular 

techniques used in MPA are microstrip line (ML), coaxial probe (contacting techniques), aperture 

coupling and proximity coupling (non-contacting).  
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2.5.2.1 Aperture Coupling Technique 

The metallic ground plane is positioned between two dielectric substrates when using the aperture 

coupling (ACP) techniques. For the upper substrate layer, a substrate material with a low dielectric 

constant is utilized, and for the lower substrate, a substrate material with a higher dielectric constant. 

While the ML is put on the bottom substrate, the RMP is put on the upper substrate. The feedline is 

coupled to the patch via the aperture slot cut in the ground plane. The ACP involves multiple layer 

fabrication, making it the most challenging feeding technology to fabricate. The antenna's bandwidth is 

often narrowed by the utilization of ACP [9,30,35,46].  The aperture coupled feeding technique is 

depicted in Figure 2.5. 

 

Figure 2.5: Aperture Coupled Feeding Technique [45]. 

 

2.5.2.2 Coaxial Probe Feed 

Coaxial probing is a widely popular method for feeding MPA. The outer conductor of the coaxial 

connector/probe feed is soldered to the metallic ground plane, while the inner conductor passes through 

the dielectric and is attached to the RMP. This technique's advantage is that the connector can be placed 

anywhere with a patch that matches the impedance. However, the substrate's thickness increases thereby 

causing an impedance mismatch and difficulty in fabrication [6,11]. Figure 2.6 shows the coaxial probe 

feeding technique.  
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Figure 2.6: Coaxial Probe Feeding Technique [46]. 

 

2.5.2.3 Proximity Coupling Feed 

The proximity coupling feed technique can be achieved by two techniques. Firstly, by separating the 

patch and the feedline by using a small gap and by mounting the patch and the feedline on different 

substrate layers. This approach produces a wide bandwidth and is simple to model. It is, nevertheless, 

quite challenging to fabricate [11,47]. The proximity coupled feeding technique is shown in Figure 2.7. 

 

Figure 2.7: Proximity Coupled Feeding Technique [47].  
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2.5.2.4 Microstrip Line Feed  

The microstrip line feed (MLF) is a technique where the conducting strip is connected directly to the 

patch. The ML is etched onto the surface of the dielectric substrate, giving the structure a planar 

advantage. This technique is easy to fabricate due to having a single layer. In this technique, an inset 

cut is made in the patch, which aids in matching the impedance of the feedline to the patch without the 

use of an additional matching component. The microstrip feeding technique is shown in Figure 2.8. The 

significant advantage of this feeding method includes its planar structure, ease of modeling, ease of 

fabrication, and ease of matching (by insert feed). The major drawbacks of this feeding method include 

the limitation of antenna bandwidth and the increase in spurious radiation and surface waves caused by 

the rise in substrate height [11,48]. 

 

 

 

Figure 2.8: Microstrip Line Feeding Technique [11]. 

 

2.6 Techniques for Analyzing MPA 

There are many techniques for analyzing the MPA. There are three main techniques namely, the 

transmission line (Tr-Line) model, cavity model, and full wave model (primary integral 

equations/moment method) [11,29].  
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2.6.1 Transmission Line Model  

The transmission line (Tr-Line) model is the most used model due to its simplicity. In this model, the 

RMP is considered as a Tr-Line without any variation in transverse field, and at the open circuit ends, 

there are fringing fields. The fringing fields at the open circuited ends are where the radiation is 

primarily produced [6,7,11]. It represents the RMP as two slots separated by a low impedance (ZC) with 

a transmission line of length LT. The Tr-Line was initially developed for the rectangular RMP. However, 

it has since been modified to be compatible with other patch geometries. The Tr-Line model for the 

MPA is illustrated in Figure 2.9.  

 

Figure 2.9: Transmission Line Model [11]. 

 

2.6.2 Cavity Model 

The cavity model used to analyse the MPA is based on the concept that the region between the RMP 

and the ground plane is a resonance cavity bordered by magnetic walls along the conductor's edge and 

the top and bottom sides of an electric conductor. By expanding the RMP boundary outward so that the 

effective sizes are greater than the physical size of the patch, the fringing fields around the edge are 

addressed. The conductor loss and the effect of the antenna's radiation are taken into consideration by 

adding these losses to the dielectric substrate's loss tangent. The cavity model is more precise but also 
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more complex than the Tr-Line model. Although it has been utilized successfully, it also provides good 

physical understanding and is somewhat difficult to represent coupling [11,15]. 

2.6.3 Full Wave Model  

The cavity model is expanded upon in the full wave model (FDM). This method models the 

electromagnetic fields outside and within the patch separately. The patch is analyzed as a 2D planar 

network with several ports scattered throughout. By including an equivalent edge admittance network, 

the fringing fields at the edges and the radiated fields are integrated. The FDMs are more precise and 

adaptable than the Tr-Line and cavity models. However, modelling them is the most difficult and they 

typically provide little physical information. 

 

2.7 Design Criteria for Rectangular MPA 

When designing an MPA, several criteria such as the antenna dimension and geometry, the dielectric 

constant, loss tangent and thickness/ height of the substrate material must be put into consideration. The 

antenna's dimensions have a very negligible effect on resonance frequency and radiation patterns. The 

antenna's bandwidth is, however, significantly impacted. It implies that the bandwidth and radiation 

efficiency increase because of the RMP's width. For a rectangular antenna (Rec-antenna), the width of 

the RMP should be greater than the length of the RMP to avoid triggering undesirable modes. The length 

of the radiating patch LP is given as [2,7,11,12] 

The antenna's patch is not the only region where the fields might occur. The fringing field, a small 

portion of the fields, is located outside the antenna. We must determine the effective dielectric 

constant 𝜀𝑟𝑒𝑓𝑓 to take the fringing field effect into consideration. 

The width of the radiating patch can be calculated as 

𝐿𝑃 = 
𝑐

2𝑓𝑟√𝜀𝑟
 (2.15) 

𝐿𝑃 = 
𝑐

2𝑓𝑟√𝜀𝑟𝑒𝑓𝑓

 (2.16) 
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where the resonance frequency is denoted as 𝑓𝑟, the dielectric constant of the substrate is expressed as 

𝜀𝑟, and c is given as the speed of light (3 x 108 m/s) By considering the fringing effect that occurs in 

the dielectric constant, we can express the effective dielectric constant as given by [11] 

 

The patch’s actual length and effective length 𝐿𝑒𝑓𝑓 can be expressed as [11] 

 

From equation (2.16), we can calculate the 𝐿𝑒𝑓𝑓. It can be expressed as 

Therefore, ∆𝐿 is expressed as [22,49] 

The length (𝐿𝑔) and the width (𝑊𝑔) of the MPA ground plane can be expressed as: 

 

2.8 Methods of Improving MPA Limitations  

Numerous methods to improve the performance of the MPA have been adopted and investigated by 

various researchers in literatures. There are several ways to improve the impedance matching of the 

MPAs, such as by including more patches in the array configuration, increasing substrate thickness, 

𝑊𝑃 = 
𝑐

2𝑓𝑟√
𝜀𝑟 + 1

2

 (2.17) 

𝑊𝑃 = 
𝑐

2𝑓𝑟
√

2

𝜀𝑟 + 1
 

(2.18) 

𝜀𝑟𝑒𝑓𝑓 = 
𝜀𝑟 + 1

2
+ 

𝜀𝑟 − 1

2√1 +
12𝑠ℎ
𝑊𝑃

 
(2.19) 

𝐿𝑝 = 𝐿𝑒𝑓𝑓 − 2∆𝐿 (2.20) 

𝐿𝑒𝑓𝑓 =
𝐶

2𝑓𝑟√𝜀𝑟𝑒𝑓𝑓

 
(2.21) 

∆𝐿 = 0.412𝑠ℎ 
(𝜀𝑟𝑒𝑓𝑓 + 0.3) (

𝑊𝑃  + 0.264
𝑠ℎ  

)

(𝜀𝑟𝑒𝑓𝑓 − 0.5258) (
𝑊𝑃 
𝑆ℎ 

+ 0.8)
 

(2.22) 

𝐿𝑔 = 6 × 𝑠ℎ + 𝐿𝑝 (2.23) 

𝑊𝑔 = 6 × 𝑠ℎ + 𝑊𝑝 (2.24) 
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incorporating plates or high permittivity substrates, adjusting the patch structure, utilizing multiple 

substrates, and loading the patch with artificial materials [16-20, 50-62].  

A 4 x 4 dual polarized aperture coupled MPA array was designed, optimized, and fabricated by 

Islam et al [16]. The developed MPA operated over the 22 GHz- 26.5 GHz frequency band with realized 

gain of 16 dBi. Also, an 8 x 8 linearly polarized aperture MPA was presented for a long-range millimeter 

wave chipless RFID tag sensor reader by Islam [50]. The proposed antenna operated over the 22 GHz- 

27 GHz frequency band with total realized gain of 22 dBi. A 2 x 1, 4 x 1, and 8 x1 MPA array was 

proposed by Errifi [17]. The proposed designs operated at 11 GHz with realized gains of 9.93 dBi, 11.87 

dBi, and 14.24 dBi respectively.  

A 2 x 2 square dense dielectric patch antenna's gain and bandwidth were increased in [18] using a 

dielectric superstrate layer. The proposed antenna's size and thickness were improved but the antenna 

became bulky due to the study's use of two substrates. Paul et al [19], proposes changing the substrate 

material and thickness of the MPA operating at 2.4 GHz. Four different substrate materials RT Duroid 

5880, GML 1000, RO4003, and FR-4 where proposed and investigated. Although the antenna's size 

was found to be reduced by the change in substrate material and thickness, the antenna’s performance 

degraded. The bandwidth of a MPA was increased by using a thick substrate [20]. However, the 

increased substrate thickness caused the surface waves to be excited. The antenna gain is decreased 

because of these surface waves dispersing at the substrate edges. The MPA performance was enhanced 

by many researchers employing shorting pins. In [51], a multiple layer phase shifter was proposed and 

fabricated. At resonance frequency of 3 GHz, the structure exhibits a phase shift of 2740, leading to an 

FoM of 37.30/dBi. By using a shorting pin and meandering the patch antenna, Wong et al. [52] were 

able to reduce the antenna's dimensions by 10%. However, a reduction in the antenna gain was observed. 

If the shorting pin is not placed close to the MPA feedline, the antenna's impedance matching may also 

be impacted. Consequently, a rise in input impedance is produced. In [53], the bandwidth of a patch 

antenna was enhanced by loading shorting pins with the transmission line model. Similarly, the gain of 

a single-fed MPA was improved by loading the patch with shorting pins [54].  
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Lo et al [55] utilized a high permittivity substrate to enhance the gain of an aperture coupled MPA. 

Tang et al [56] used a high permittivity substrate enhanced the MPA's axial ratio bandwidth. However, 

the loss of surface waves was caused using a high permittivity substrate. Numerous researchers have 

also investigated adjusting the patch shape to improve the MPA restrictions. The ground plane 

dimension and shape of a circular patch was adjusted in [57]. It was observed that as the gain of antenna 

was small and as the ground plane size increases, the main beam of the antenna became narrower, and 

the radiation rapidly decreases. The radiation and bandwidth of the MPA was shown to improve by 90% 

and 4 %, respectively when the patch of the antenna was folded [58]. The use of multiple substrates was 

proposed and investigated in [59]. The bandwidth of the antenna was increased by 20% and return loss 

of -25 dBi was achieved. However, fabricating such antennas might be complex.  

In recent years, the loading of the MPA with artificially engineered material have been studied and 

investigated by various researchers. These artificially engineered materials include electromagnetic 

bandgap structures (EBG), highly reflective surfaces (HRS), dielectric slabs, artificial magnetic 

conductor (AMC), and metamaterials [60-71]  

The feasibility of using EBG structure for gain enhancement in MPA was investigated by Alnaiemy and 

Nagy [64]. In [65], an integrated sievenpiper EBG substrate was used for the gain enhancement.  A dual 

layered ultra -wideband hexagonal shaped MPA with an EBG was presented in [66]. The antenna 

operated at a UWB 5.1 -19.7 GHz with realized gain of 5.7 dBi. The bandwidth of circularly polarized 

(CP) antenna was enhanced by using a single layer reflective surface in [67]. A wideband (CP) antenna 

with reflective surface was proposed and demonstrated by Zhou et al in [68].  A gain and bandwidth 

improvement were achieved when a single dielectric superstrate was etched over a MPA in [69]. Bahari 

et al [70], proposed the use of AMC to improve the gain of a patch antenna. The AMC was placed 

between two dielectric substrate Rogers RT5880, the antenna operates at 16 GHz with a gain 

improvement of 16.3%. Similarly, a 20 x 20 x 2.4 mm3 MPA was loaded with an 8 x 8 array unit cell 

of an asymmetric AMC as it ground plane [71]. An improvement in the gain and directivity of the MPA 

was observed.  
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2.9 Metamaterials  

Metamaterials (MeTMs) are materials that have been engineered to display distinct electromagnetic 

properties. Rather than being distinctive due to their composition, these materials often have artificially 

engineered structures that contain inhomogeneities that support the effective macroscopic behavior. 

When designing a MeTM structure, the effective permittivity and permeability are the primary factors 

considered [22,72]. Mandel'shtam and Veselago introduced the Left Hand Medium (LHM) materials, 

which displayed negative permittivity and permeability, in 1945 and 1968, respectively [25,73]. The 

electromagnetic assets such as reverse of Snell’s law, the Vavilov-Cerenkov’s effect and Doppler’s law 

were demonstrated by Veselago [25]. The general characteristics of EMW propagation in such materials 

were also presented. Pendry et al. [74] introduced a metallic framework with negative permeability 

which can also be referred to as split ring resonator (SRR) in 1996. He also developed metallic SRR, a 

non-magnetic structure, in collaboration with other researchers [75].  

Additionally, Smith et al. [76] implemented Pendry's suggested SRR on a printed circuit board 

(PCB) in 2000 by integrating it with a set of metallic strips. Both the magnetic permeability and the 

electric permittivity were retrieved and examined. MeTMs based on transmission lines were proposed 

by Iyek et al. [77] and Caloz et al. [78].  Many researchers have utilized the Drude-Loentz model to 

demonstrate that materials exhibit the negative refractive index (NRI) precisely above each resonance 

while having little losses [79].  

Benosman et al. introduced a MeTM structure with a double S-shape and dimensions of 4x4mm2 

that operates in a frequency band of 15.63 GHz [80]. The structure exhibits permittivity and permeability 

in the range of 15.63 GHz to 17.8 GHz, and the negative refractive index lies between 15.67 to 

17.43 GHz. Aznabet et al. proposed a MeTM antenna with dimensions of 30x22x0.8 mm3 that operates 

at a single band [81], but the properties of its unit cell were not discussed or validated. Malik et al. 

designed a novel two-rectangular U-shaped negative MeTM with dimensions of 25 x2 5x 1 mm3 for 

various orthogonal structures [82]. The structure was made using a glass substrate, gold plate, and thin-

plate graphite and had operating frequencies in the range of 5 to 7 GHz. Alam et al. presented an Aztec 
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shaped MeTM structure with dimensions of 11 x 12x 1.6 mm3, which was made using FR-4 as the 

substrate material [83]. It operates in the frequency range of 6.3, 8.9, 11.91, and 16.42 GHz.  

Ekmekei et al. [84] proposed a V-shaped MeTM, while Jain et al. [85] provided an I-shaped MeTM 

antenna with dimensions of 12.5 x1 2.5 mm2. The structure, which is etched on a 5 x 5 x 0.25 mm3 fused 

quartz substrate, resonates between 5 and 15 GHz. At 8.10 GHz, it exhibits double-negative 

characteristics. Dhouibi et al. introduced a Z-shaped MeTM for an operating frequency of 4.5 GHz [86], 

but it has only been verified for single-negative properties with negative permittivity. A. M Tamim et al. 

presented an inverse double-L-shaped structured MeTM etched on a Roger RT5880 dielectric substrate 

[87]. The structure exhibits a triple-band frequency operation in C-, X-, and Ku- bands through different 

array arrangements. 

 Additionally, Hossain et al. developed a "C-shaped" split circular resonator with dimensions of 

12 x 12 x 1.635 mm3 on a Roger RT6010 dielectric substrate with a thickness of 0.035mm [88]. Islam 

et al. proposed a 30x30mm2 split H-shaped MeTM structure [89]. The effective negative permittivity, 

permeability, and refractive index were verified over the frequency bands of 2.74, 7.122, 10.855, and 

14.337 GHz, respectively. A. M. Siddiky et al. proposed an inverse double C-shaped SSRR MeTM [90], 

which has a multi-resonant frequency operating at a frequency range of 2.47 to 12.60 GHz.  

On this, numerous and improved applications of MeTMs have proposed recently. The use of 

MeTMs have been utilized to improve the performance of surface plasmon resonance sensors instead 

of metallic components [91]. Also, MeTMs have been utilized to improve and enhance the parameters 

of MPAs. These parameters include but not limited to gain and bandwidth efficiency of the antenna 

[62,92,93]. The Complementary SRRs (CSRRs) and SRRs inspired by metamaterials are the most 

widely used options for ultra-wideband antenna technology, particularly in band rejection for narrow 

band interference [94].  The metamaterial SRR and CSRR can take on square, rectangular, and circular 

geometries. 

A metal ring with its magnetic field polarized parallel to the surface and positioned in an EMW that 

is oscillating makes up the SRR. When the magnetic field intensifies the current in the ring, a magnetic 

flux perpendicular to the external magnetic field is produced. The metallic ring also includes a gap to 

provide resonance properties, which lead to capacitance. Due to the split in the rings, the moving current 
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builds up charge across the gap, which is then stored as capacitance. The capacitance is assimilated 

more efficiently when two rings are placed side by side with gaps on either side of one another. The 

SRR can be portrayed as an LC equivalent circuit due to its response to the external field as a quasi-

static LC circuit [95]. Figure 2.10 illustrates the equivalent circuits for the SRR and CSRR unit cells. 

 

(a)  

 

(b)  

Figure 2.10:  Circular and Rectangular SRR Unit Cell (b) SRR and CSRR with its Equivalent Circuits 

[72,95]. 
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2.9.1 Classification of MeTMs 

The electromagnetic characteristics of materials are categorized based on medium properties. The 

classification of MeTM according to permittivity (ε) and permeability (μ) values is shown in Figure 

2.11. The first quadrant depicts Right-Handed Material, also known as Double-Positive Material 

(DPS), which has both positive values of ε and µ.The composite material that has permittivity and 

permeability values that are less than zero falls in the third quadrant and is commonly referred to as 

Left-Handed Material (LHM), Double-Negative Material (DNG), or Negative Refractive Index 

Material (NRIM), while other materials that only have one value of permittivity or permeability that is 

less than zero are known as Single-Negative Materials (SNG), and they can be found in the second 

quadrant or fourth quadrant. Epsilon-negative (ENG) and mu-negative (MNG) materials have 

permittivity values that are less than zero and permeability values that are less than zero, respectively 

[96,97].  

 
 

Figure 2.11: Classification of Metamaterials [86]. 

2.9.2 Left-Handed Material 

Left-handed material (LHM) was first produced in 1968 by Veselago [25]. He asserted that such a 

medium exists, in which the wave vector (K), magnetic field (𝐻⃗⃗ ), and electric field (𝐸⃗ )  are denoted by 

the thumb and index finger of the left hand, respectively. If the middle finger is placed normal to both 
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fingers, it then provides the directions of the wave vector's phase changes of (𝑘 = 𝜔√(𝜀)  ∗ √𝜇). The 

energy flow 𝑃̅𝑎𝑣 =  0.5𝑅𝑒 [𝐸⃗ × 𝐻⃗⃗  ] in a LHM medium [98,99]. The LHM have been referred to as 

negative index materials (NIMs), double negative materials (DNGs), and negative refraction index 

(NRI). The LHM has a negative refraction index because, over a given frequency range, it also has a 

negative permittivity (ε), permeability (μ), and refractive index (n). The wave propagation of the LHM 

is shown in Figure 2.12.  

 

Figure 2.12: Wave Propagation of LHM [88]. 

 

To illustrate wave propagation in the LHM, we will first transform Maxwell's equation into the wave 

equation [24]. 

Where represents n and c the refractive index and speed of light in a vacuum, respectively. Due to the 

concurrent modification in sign n ε and μ, the refractive index n2 is unaffected. Then, the explicit form 

of the Maxwell's first order differential equations is [100,101] 

The differences between Equations (2.26) and (2.27) are evident. The derived equations for planar 

waves are as follows: 

(∇2 −
𝑛2

𝑐2

𝜕2

𝜕𝑡
2)𝜓 = 0, 

(2.25) 

∇ × 𝑬⃗⃗ = −𝑗𝜔𝜇𝐇⃗⃗  (2.26) 

∇ × 𝐇⃗⃗ = −𝑗𝜔𝜀𝐄⃗  (2.27) 

𝐾 × 𝑬⃗⃗ = 𝜔𝜇𝐇⃗⃗  (2.28) 
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As a result, 𝐸⃗ , 𝐻⃗⃗  and K form a right-handed orthogonal system of vectors for positive values of ε and 

μ. Therefore, if 𝜀 < 0 and 𝜇 < 0, then equations (2.28) and (2.29) can be rewritten as: 

The condition in equations (2.30) and (2.31) shows that 𝐸⃗ , 𝐻⃗⃗  and K forms the left-handed triplet. 

Equations (2.30) and (2.31)’s condition demonstrates that the left-handed triplet consists of 𝐸⃗ , 𝐻⃗⃗  and 

K.  

2.10 Applications of Metamaterial  

The electromagnetic properties of the MeTM such as permittivity, permeability, and arbitrary 

propagation constant are quite impossible to get using conventional materials. The metamaterial has a 

wide range of application [72,102]. These applications include imaging systems [103-105], absorbers 

[106-108], sensors [109,110], filters [111,112], multi-band elements [113], reduction of specific 

absorption  rate [114] electromagnetic visibility cloaks [115, 116], couplers [117], and antennas [118-

123]. 

2.11 Metamaterial in Antenna Design  

Metamaterial based antennas are class of antenna which uses the MeTM to optimize antenna system 

performance. The antenna utilizes MeTMs to boost both the radiated power and the gain enhancement, 

bandwidth enhancement and miniaturization of MPA using MeTM loaded on or near the patch, placed 

at the ground plane, embedded in the substrate, or etched as a superstrate above the radiating patch. The 

MeTM can also be employed in MIMO antenna systems to help increase isolation caused by mutual 

coupling [124-126].  

2.11.1 Bandwidth Enhancement  

Apart from antenna miniaturisation, the demand for wide bandwidth in wireless communication 

have grown tremendously in recent years. several literatures offered a variety of approaches for 

 𝐾 × 𝐇⃗⃗ = −𝜔𝜀𝐄⃗  (2.29) 

𝐾 × 𝑬⃗⃗ = −𝜔|𝜇|𝐇⃗⃗  (2.30) 

 𝐾 × 𝐇⃗⃗ = −𝜔|𝜀|𝐄⃗  (2.31) 
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improving the antenna's bandwidth, including the use of vias, parasitic elements, modified ground 

planes [127-129]. Although these approaches enhance radiation properties, they do so at the expense of 

added complexity. The use of MeTM with the patch antennas provides an easy way to fabricate these 

antennas as MeTMs can be fabricated on the substrate. The MeTM unit cell introduces resonance, 

enhancing the MPA's bandwidth.  An ultrawideband antenna with a planar MeTM structure was 

proposed in [130]. The adjustment in the ground plane causes the proposed structure to emit more 

energy. The proposed antenna covers the frequency range of 3.1 GHz to 10.6 GHz with a wide 

bandwidth range of 3.06 GHz to 36.4 GHz and a gain of 8.02 dBi. The proposed antenna has a mesh-

shaped radiating patch and a ground plane with a defect of a cross-shape of 2 x 2 mm2 FR-4 substrate 

with dimensions of 32 x 28 mm2.  

A 4 × 4 array of the modified SRR structure was loaded onto a dual-band antenna that was partially 

grounded [131]. The antenna's bandwidth was improved by 16% and 6%, respectively, at operating 

frequencies of 2.36 GHz and 8.5 GHz, without compromising the antenna's performance. A 31 x 24.57 

x 1.6 mm3 coplanar waveguide (CPW) fed monopole antenna with SRR loaded at the back of its 

dielectric substrate was proposed in [132]. The MeTM unit cell enhanced the bandwidth of the antenna 

by 48%. A 2 × 2 mm2 circular array of MPA with a bioplastic-backed, ceramic-filled low loss substrate 

was presented in [133] for use in WLAN, WiMAX, RFID, and UHF applications. A two-sided reflective 

metasurface was placed above the radiating patch and a significant bandwidth of 178% to 240% was 

attained. In [134], a patch antenna was designed using non-uniform patches, stair-shaped aperture and 

CPW feeding. An increased bandwidth of 67.3% and gain of 9.18 dBi was obtained. In [135], the 

bandwidth of MPA was increased by introducing a complementary Split Ring Resonator (CSSR) 

structure between the substrate's ground and patch. The antenna at 2.4 GHz achieved a bandwidth 

increment  of 800 MHz. Thus, it was established that the metamaterial provided a 1 dBi improvement. 

2.11.2 Gain and Enhancement  

Low profile antennas experience performance deterioration in terms of radiation properties such as gain 

and efficiency in wireless communication applications. For a multiband antenna, this issue even gets 

worse, especially in lower frequency bands [93]. The gain performance of a low profile MPA was 
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enhanced by a triangular SRR metamaterial was investigated in [136]. The antenna operate at a 

frequency of 10.667 GHz and the gain was increased from 6.5 dBi to 11.5 dBi. The performance of the 

MPA exhibited a notable improvement. In [137], K. K. Naik proposed a dual antenna loaded with 

meandering line and SRR. The antenna resonated at 2.48 GHz and 3.49 GHz frequencies. However, the 

antenna's structure grew intricacy and size. Gain and bandwidth were increased by 680 MHz and 8 dB, 

respectively. An 18 x 22 mm2 millimeter -wave MPA with vertically coupled split ring metaplate was 

presented in [138]. The proposed antenna achieved a good radiation with a gain of 11.94 dBi and 

bandwidth ranging 26.58 – 29.31 GHz. The gain of MPA was enhanced when  square SRR metamaterial 

superstrate was loaded over the patch of the antenna [139]. The proposed antenna radiates at 5.5 GHz, 

with an increased gain from 3.7 dBi to 5 dBi respectively. A novel 2 x 2 MeTM superstrate was 

presented in [140]. The proposed operates at 2.4 GHz with a maximum gain of 3.5 dBi. 

2.11.3 Miniaturization  

Compact antennas are becoming more and more popular as portable wireless devices become more 

common. Extreme care must be taken while developing an antenna for one of these devices to guarantee 

that it will function as required because an antenna's radiating properties may be compromised as it 

becomes more compact. A complimentary SRR that is positioned planar to a T-shaped patch was 

investigated in [141] shifted the antenna's resonance frequency from 2.64 GHz to 2.45 GHz, resulting 

in a 7.75% size reduction. The proposed antenna is electrically compact due to the increase in the surface 

current of the radiating patch, which is made possible by an increase in the overall inductance and 

capacitance from rings. A double negative modified SRR loaded on the ground plane of a partial ground 

plane monopole antenna is presented in [142]. By enhancing the mutual coupling between the MeTM 

element and the unloaded monopole antenna, a 13.15 % decrease was attained in antenna dimension. A 

MPA with an operating frequency of 3.6 GHz had its ground plane etched with a 3 x 4 array of a 

modified complimentary ELC MeTM in [143]. The frequency of the proposed antenna reduced from 

3.6 GHz to 2.67 GHz, causing an antenna miniaturization of 25.83%. In [144], the size of the radiating 

patch was reduced by 67% without compromising the performance of the antenna, when two 

metasurface layers made of complimentary rectangular unit was used in the design.   
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The characteristics of the MPA, such as improved bandwidth, gain, reflection coefficient, 

directivity, and radiation patterns, have been the subject of extensive investigation. It is important to 

note that no single type of conventional patch antenna can meet the evolving demands of recent wireless 

communication systems. However, it has been demonstrated that when compared to traditional MPAs, 

metamaterial-inspired antennas significantly enhance the MPA's performance. The MeTM structures 

examined in the aforementioned literatures have demonstrated compact sizes, and only a small number 

have also demonstrated multi-band characteristics. In Chapter 3, Table 3.4, a thorough comparative 

examination of these structures is provided. The MeTM structure described in this thesis has a novel  

structure and is created on an inexpensive FR-4 dielectric substrate with a compact design of 10 x 10 

mm2. By producing seven resonant frequencies, the MeTM unit cell demonstrates multi-band 

characteristics.  

The metamaterial-based antennas covered in this section have also demonstrated improved gain, 

bandwidth, and size reduction. In Chapter 4, Tables 4.6 and 4.13 provide a thorough comparison of 

various antennas. It is noted that most of the investigated antennas only produce minimal gain and 

operate on a single frequency. The proposed antenna in this research shows a triple operational band 

and exhibits a very high gain improvement. It has been designed on the inexpensive FR-4 material. 

2.12 Parameter Extraction Methods 

The effective parameters, permittivity, and permeability are crucial for MeTM's performance. However, 

it might not be possible to directly retrieve these parameters. Several extraction techniques have so far 

been reported in literatures [96,145]. These techniques allow for the evaluation of permittivity and 

permeability, and most of MeTM exhibits anisotropic behavior. The Nicolson-Ross-Weir extraction 

technique, which is the most used, was covered in this chapter. 

2.12.1 The Nicolson- Ross-Weir Technique 

The Nicolson-Ross- Weir (NRW) technique is based on measuring the reflection S11 and transmission 

S21 coefficient of a MeTM slab, to calculate the effective permittivity (𝜀𝑟), magnetic permeability (𝜇𝑟), 



36 
 

and the relative refractive index (𝜂𝑟) [146].  The Scattering parameters for the impedance (Z) and the 

refractive index can be expressed by [91] 

We can express  Γ =
𝑍0−1 

𝑍0+1
, k0 denotes the wave number of the incident wave in free space, Z0 is the 

impedance and 𝑆ℎ is the substrate length/ thickness of the unit cell. equations (2.32) and (2.33) can be 

rewritten as 

From equations (2.34) and (2.35),  

The effective parameters of the MeTM planar unit cell structure are given as [147, 148] 

𝜀𝑟 =
2

𝑗𝜋𝑓𝑠ℎ
 × (

1 − 𝑉1

1 + 𝑉1
)       (2.38) 

𝜇𝑟 =
2

𝑗𝜋𝑓𝑠ℎ
 × (

1 − 𝑉2

1 + 𝑉2
) (2.39) 

𝜂𝑟 =
2

𝑗𝜋𝑓𝑆ℎ
× √

(𝑆21 − 1)2 − 𝑆11
2

(𝑆21 + 1)2 − 𝑆11
2 (2.40) 

𝜂 =
1

𝑘𝑜𝑠ℎ
{[[𝐼𝑛(𝑒𝑗𝜂𝑟𝑘𝑜𝑠ℎ)]] + 2𝑚𝜋 − 𝑗[𝐼𝑛(𝑒𝑗𝜂𝑟𝑘𝑜𝑠ℎ)]} (2.41) 

where,  

𝑆11 =
Γ(1 − 𝑒𝑗2𝜂𝑟𝑘0𝑆ℎ)

1 − Γ2𝑒𝑗2𝜂𝑟𝑘0𝑆ℎ
 

(2.32) 

𝑆21 =
(1 − Γ2)𝑒𝑗2𝜂𝑟𝑘0𝑆ℎ

1 − Γ2𝑒𝑗2𝜂𝑟𝑘0𝑆ℎ
 

(2.33) 

𝑆11 =
(1 − Γ2) 𝑍

1 − Γ2𝑍2
 

                    (2.34) 

𝑆21 =
(1 − 𝑍2) 𝑍

1 − Γ2𝑍2
 

   (2.35) 

𝑉1 = 𝑆11 + 𝑆21 (2.36) 

𝑉2 = 𝑆21 − 𝑆11 (2.37) 
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where f is the operating frequency. Equations (2.32) – (2.42) have been used to analyze the scattering 

parameters of the MeTM unit cell.  

2.13 Methodological Approach 

The literatures reviewed in this chapter serve as a guide in performing theoretical design of MPA and 

the proposed MeTM structure. This is carried out to ensure the design correspond and align with the 

expectation of theory. By utilizing simulations and design to perform any necessary alterations to 

improve the overall antenna performance, the CST microwave studio has helped in the design and 

optimization of the theoretical studies that have been developed. This approach will assist in establishing 

a validation of the theoretical aspect regarding the practical application. 

2.14 Chapter Summary  

In this chapter, the introduction to antennas, antenna parameters, MPAs, feeding techniques, the design 

criteria for MPA etc. have been discussed. Various approaches to improving the antenna performance 

have also been presented. A brief review of the history of metamaterials, and its classifications are 

presented in this chapter. The theoretical information of metamaterial, applications, as well as its 

effective parameters have also been presented. The metamaterial is employed in the enhancement of the 

MPA performance such as bandwidth, improvement, gain enhancement, minimization of antenna 

structure etc. Lastly, the methodological approach for the simulation, fabrication of the antenna is 

discussed.  

  

𝑒𝑗𝜂𝑟𝑘𝑜𝑠ℎ =
𝑆21

1 − 𝑆11
𝑍 − 1
𝑍 + 1

 
(2.42) 
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CHAPTER 3 

I-Shaped Metamaterial Using SRR for Multi-Band Wireless 

Communication 

 

3.1 Introduction  

In this chapter, the design and analysis of a novel I-Shaped Metamaterial (ISMETM) structure is 

presented. The MeTM is designed and simulated on the FR-4 dielectric substrate with a dielectric 

constant and height of 4.3 and 1.6 mm respectively metallic copper rings with thickness of 0.035 mm.  

The geometry, theoretical model and equivalent circuit, and design methodology of the proposed 

metamaterial unit cell is presented. A comprehensive analysis of  1 x 2, 2 x 2, and 2 x 4 array of the 

proposed MeTM is also investigated. The design and simulation of the MeTM is carried out using the 

CST Studio Suite and MATLAB while the equivalent circuit of the unit cell is designed using the 

Advance Design System (ADS) software.   

3.2 MeTM Unit Cell Geometry and Design  

The geometrical configuration of the proposed ISMeTM unit cell and its simulated model are illustrated 

in Figure 3.1. A perfect electric conductor (PEC) is used for the metallic part, and it is designed on the 

FR-4 dielectric substrate. The dielectric constant and loss tangent (𝑡𝑎𝑛𝛿) of the FR-4 substrate material 

are 4.3 and 0.025, respectively. The thickness of the substrate and the thickness of the annealed copper 

used for the SRR are 1.6 mm and 0.035 mm, respectively. The primary function of splits in the ring 

resonators is to ensure that the inductance and capacitance interact with one another to determine the 

operating frequency. The unit cell’s total optimum size is 10 × 10 × 1.6 mm3 (sw × ls × sh). The 

parameters of the ISMeTM unit cell are presented in Table 3.1. The configuration and the 

comprehensive analysis of the MeTM properties is carried out using the Finite Integration Technique 

(FIT)-based electromagnetic CST simulator. 
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(a)  

 

(b) 

Figure 3.1: Proposed ISMeTM (a) Unit Cell Configuration, (b) Simulated Model. 
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Table 3.1 Parameters of the ISMeTM Unit Cell 

Parameter  Dimension (mm)  Parameter  Dimension (mm) 

Sw 10 Rw  1.25 

Ls 10 L 0.5 

R1 9 W 0.5 

R2 4 g 0.5 

R3 2.8 sh 1.6 

Rt 0.5 ch 0.035 

Rl 2 tw 0.5 

 

3.3 Theoretical Model and Equivalent Circuit of the ISMeTM 

The proposed ISMeTM metal structure was designed on an FR-4 dielectric substrate layer. The time-

varying EM field changes over time. The electron density engulfs the MeTM structure. Metal bars have 

been used to enhance the formation of a new distinct electromagnetic wave. The sensing response is 

handled by the metallic ring, while the split gap between the rings provides a strong electric field for 

the design. The transmission line approach was utilized to analyse the ISMeTM unit cell, which allows 

an individual strip or patch to duplicate an RLC series circuit. The passive LC circuit is connected to 

the resonance frequency. The equivalent circuit of the proposed ISMeTM is presented in Figure 3.2 

which consists of the capacitance- and inductance-generating resonance on the proposed ISMeTM unit 

cell.  
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Figure 3.2: The Equivalent Circuit of the Proposed ISMeTM Structure.  

 

The resonance frequency (fre) is expressed as [149,150] 

𝒇𝒓𝒆 =
1

2𝜋√𝐿𝐸𝐶𝐸

 
(3.1) 

where 𝐿𝐸 and 𝐶𝐸 represent the inductance and capacitance of the structure, respectively. Similarly, the 

split ring’s inner loop’s gap functions as a capacitor, while the metallic ring itself functions as an 

inductor. The electric resonance in the structure is created by interaction of the split ring and electric 

field while the interaction of magnetic fields with metallic loops during EM propagation in the structure 

causes magnetic resonance. The total capacitance between the ring gap (Cg) can be defined as the 

capacitor of the parallel plate (Cpl) which compensate for the fringing field by extending the parameters 

plate width and thickness and is expressed as [151] 
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𝐶𝑔 = 𝜀0

ℎ𝑤

𝑔
+ 𝜀0(ℎ + 𝑤 + 𝑔) 

(3.2) 

𝐶𝑔 = 𝐶𝑓𝑟𝑖𝑛𝑔𝑒 + 𝐶𝑝𝑙 = 𝜀0 [
(ℎ + 𝑔)(𝑤 + 𝑔)

𝑔
] 

(3.3) 

where 𝜀0 denotes the free space permittivity, h, w, and g represent the height, width, and gap of the ring, 

respectively. The inductance of the SSRR can be derived from the inductance of a rectangular loop 

[152]. By using a rectangular cross-sectional area with the conductor of a rectangular loop [153], we 

have 

𝐿 =
𝜇0

𝜋
{
 (ℎ + 𝑤) ln (

2ℎ w

ℎ𝑐 + 𝑤𝑐  
) −  ℎ ln (ℎ + √ℎ2 + 𝑤2) − 𝑤 ln (ℎ + √ℎ2 + 𝑤2) −

ℎ + 𝑤

2

+2√ℎ2 + 𝑤2 + 0.447(ℎ𝑐 + 𝑤𝑐 )

} 

(3.4) 

where ℎ and 𝑤 are the height and width of the rectangular loop, respectively. ℎ𝑐  and 𝑤𝑐 denote the 

height and the width of the conductor’s cross section, respectively. The length and the width of the 

SSRR for the proposed ISMeTM structure 𝑅1 and 𝑅𝑡 = 𝑅, and the weighting factor 𝜌𝑒 = 1 − 𝑔 4𝑅⁄  

Equation (3.4) is used to analyze the perimeter of the SSRR. By rewriting Equation (3.4) we have 

𝐿 = 𝜌𝑒

𝜇0

𝜋
 {2𝑅 ln(

2𝑅2

ℎ𝑐 + 𝑤𝑐
) − 2𝑅 ln  [𝑅(1 + √2)] − 𝑅 + 2𝑅√2 + 0.447(ℎ𝑐 + 𝑤𝑐)} (3.5) 

The parameter values for 𝜇0 and 𝜀0 are 8.854 × 10−12 𝐹 𝑚⁄  and 4𝜋 × 10−7 𝐻 𝑚⁄ , respectively. In the 

equivalent circuit presented in Figure 3.2, C1, C2, C3, C4, C5, C6, C7, and C8 are the capacitors, and 

L1, L2, L3, L4, L5, L6, and L7 are the inductors. The circuit is designed using the ADS software.  

 

3.4 Design Methodology  

In microwave communication application, various factors must be considered to provide multi-band 

operating frequencies. To increase the efficiency and effectiveness of the design for the proposed 

ISMeTM structure, the configuration is optimized using CST microwave studio. An iterative approach 

is used to obtain the response of the ISMeTM unit cell. Hence, modifying the resonance frequency is 

feasible by adjusting the dimensions and thickness of the substrate. However, because of the capacitance 

and inductance variation, some major parameters such as the length and width of the ring resonator, the 
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ring gap between the rings, spilt gap and the ring length are responsible for producing the multi-band 

operating frequencies. The design steps for the proposed ISMeTM unit cell are shown in Figure 3.3.  

 

 

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

Figure 3.3: Design Steps for the Proposed ISMeTM Unit Cell: (a) Design step-a, (b) 

Design step-b, (c) Design step-c, (d) Design step-d (ISMeTM). 

 

The reflection coefficient, transmission coefficient and permittivity for various design steps are shown 

in Figure 3.4a–c, respectively. In design step-a, double copper wire cut was introduced into the outer 

ring. From the S21 graph, it can be observed that the resonant frequencies are 6.4, 10.02 and 11.82 GHz. 

A second copper ring is introduced to the unit cell and five resonances at 6.23, 7.81, 10.17, 11.98 and 

14.68 GHz are realized for design step-b. A third copper ring is introduced into the structure in design 

step-c. This design produces six resonances at 6.32, 7.81, 9.98, 11.46, 12.21 and 15.67 GHz. In design 

step-d (ISMeTM), an I-shaped metallic structure is introduced into the internal ring of the unit cell. 

Furthermore, seven resonances are obtained at 6.31, 7.79, 9.98, 10.82, 11.86, 13.36 and 15.5 GHz. The 

parameters for various design steps are summarized in Table 3.2. 



44 
 

 

(a)  

 
 

(b)  
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(c) 

Figure 3.4:  Reflection and Transmission Parameters of Various Configurations (a) S11, 

(b) S21, (c) Permittivity. 

 

Table 3.2 Parameters of Various Design Steps 

 

Design Layout Frequency (GHz) S21 (dB) 

Design a 6.4, 10.02, 11.82 -21.99, -8.23, -22.96 

Design b 6.23, 7.81, 10.17, 11.98, 14.68 -23.12, -19.53, -16.81, -19.97, 

-16.41 

Design c 6.32, 7.81, 9.98, 11.46, 12.21, 

15.67 

-18.15, -16.14, -11.75, -7.34, -

19.13, -8.32 

Proposed design (ISMeTM)  6.31, 7.79, 9.98, 10.82, 11.86, 

13.36, 15.5 

-22.96, -18.89, -13.47, -8.64, -

15.49, -6.87, -6.45 
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3.5 Methodology for Extracting the Unit Cell’s Effective Medium Parameters  

The effective parameters of the proposed ISMeTM unit cell can be determined by placing the structure 

between two waveguides (ports) such that the electromagnetic wave (EM) has magnetic field along the 

y-axis and electric field in the direction of the x-axis. Thus, the wave is propagated at the z-axis. This 

means that the first port acts as the reflecting signal’s transmitting port, while the second port acts as 

the signal’s receiving port. In addition, a tetrahedral mesh from frequency domain solver has been used 

for simulating the unit cell and array structure. The impedance has been set to 50Ω. The operating 

frequency range is from 2 to 18 GHz. Figure 3.1(b) shows the simulation arrangement of the proposed 

ISMeTM unit cell inside the waveguide. The ratio of effective medium depends on both the dimension 

of the unit cell and the wavelength, provided that the wavelength is less than the operating wavelength. 

The mathematical extraction model for extracting the effective medium parameters of the unit cell has 

been presented in Section 2.12 in the previous chapter.  

3.6 ISMeTM Unit Cell Analysis 

This section discusses the analysis of the proposed ISMeTM unit cell parameters. The Nicolson–Ross–

Weir method has been used to extract the MeTM parameters. Detailed electromagnetic characteristic in 

terms of permeability, permittivity, relative index, and the scattering parameters of the MeTM are shown 

in Figure 3.5. The CST Microwave Studio software is used to investigate the performance of the 

proposed ISMeTM. The analysis validates that the effective magnetic permittivity (𝜀𝑟) is negative, the 

electric permeability (𝜇𝑟) is positive, and relative refractive index (𝜂𝑟) is positive and negative within 

the same resonance frequency bands. As a result, these characteristics show that the proposed ISMeTM 

unit cell shows SNG metamaterial properties. The structure is designed to produce multi-band operation. 

Due to the compact nature of the ISMeTM, it can be utilized in antenna design for improving antenna 

performance. The proposed ISMeTM can also be used in satellite communications, Wi-Fi devices, 

weather radar systems, surveillance etc.  

The S-parameters and the effective parameters of the proposed ISMeTM unit cell are presented in Figure 

3.5(a), (b), respectively. The obtained simulated S21 parameter of ISMeTM shows the resonance 

frequencies at 6.31, 7.79, 9.98, 10.82, 11.86, 13.36 and at 15.5 GHz in the C/X/Ku-bands.  
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(a)  

 

(b)  

Figure 3.5: S-parameters and Effective Parameters of the ISMeTM (a) S- Parameter, (b) Effective 

Parameters. 
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Simulation of a time-dependent electromagnetic (EM) wave is the effective parameter utilized to 

measure the response of the MeTM cell design. Modifications in the geometric shape of the design can 

affect the permittivity and permeability characteristics. The real and imaginary values of the effective 

permittivity, effective permeability, and effective refractive index are shown in Figure 3.5(b). From 

Figure 3.5(a), it can be observed that the S21 shows the dips at 6.31, 7.79, 9.98, 10.82, 11.86, 13.36 and 

at 15.5 GHz. The 3-dB bands can be observed from the Figure 3.5a as 3.99–6.77 GHz (frequency band 

= 2.78 GHz, fractional BW = 51.67%), 7.07–8.27 GHz (frequency band = 1.2 GHz, fractional BW = 

15.65%), 9.14–12.44 GHz (frequency band = 3.3 GHz, fractional BW = 30.58%), 13.01–13.70 GHz 

(frequency band = 0.69 GHz, fractional BW = 5.17%) and 15.04–15.83 GHz (frequency band = 0.79 

GHz, fractional BW = 5.12%). The proposed structure shows the wideband operation and the maximum 

fractional bandwidth of 51.67% is achieved. Hence, the proposed structure can be used for wideband 

applications for different bands. From Figure 3.5(b) it can be observed that the ISMeTM produces the 

SNG characteristics for the frequency ranges 5.46–6.29, 11.6–11.8, 13.8–15 and 15.8–16.8 GHz. The 

analysis validates the following: the values of the effective electric permittivity (𝜀𝑟) are negative; those 

of the magnetic permeability (𝜇𝑟) are positive; and relative refractive index (𝜂𝑟) are positive and 

negative within the same resonance frequency bands. As a result, these characteristics show that the 

proposed ISMeTM unit cell shows the MeTM properties. The proposed ISMeTM is useful for filtering 

applications, remote aerospace applications, electromagnetic cloaking devices which could be useful 

for military applications, etc. 

 

3.7 Result and Discussion  

The parametric analysis for the ring gap (g) is carried out and presented in Figure 3.6. This analysis 

provides a suitable dimension for the ISMeTM design. It can be observed from Figure 3.6(a) that when 

the dimension of the ring gap (g) is varied, the operating band changes. It can be observed that for g = 

0.5 mm and 1 mm the MeTM have the same number of resonance frequencies, while at g =1.5 mm and 

2 mm the MeTM have five and six resonance frequencies, respectively. 
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(a)  

 

(b)  
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(c)  

 

(d) 

Figure 3.6: ISMeTM Unit Cell Parameters (a) Variation of S11 with g, (b) Variation of S21 with 

g, (c) Variation of S11 with RL, (d) Variation of S11 with W.  
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However, the MeTM has its best performance at the dimension of g = 0.5 mm. Furthermore, the 

variation of S21(dB) parameter with the variation of the ring gap (g) is displayed in Figure 3.6(b). At g 

= 1 mm, 1.5 mm, and 2 mm, the ISMeTM has four and three resonance frequencies, respectively. Thus, 

when g is at 0.5 mm seven resonances are realized, making it the best dimension for optimal 

performance of the design. 

The variation of the strip length (RL) of the unit cell is presented in Figure 3.6(c). It is observed that the 

most suitable dimension of RL for the ISMeTM unit cell is 2 mm. Similarly, the strip width (W) of the 

unit cell is varied and presented in Figure 3.6(d). 

 

(a)  
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(b)  

 

(c)  
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(d)  

Figure 3.7: ISMeTM Unit Cell Parameter Variation (a) S21 with Dielectric Constant of the 

Substrate, (b) S21 with sh, (c) Permittivity and Permeability with ls, (d) Permittivity and 

Permeability with sh. 

 

 

It can be studied that at W = 0.5 mm the unit cell exhibits the optimum multi-band behavior. The 

variation of the S21 parameter with the dielectric constant and sh are shown in Figures 3.7(a) and 3.7(b), 

respectively. From these figures, it can be observed that the center frequencies and the frequency bands 

can be modified by varying the dimensional parameters of the structure. The variation of permittivity 

and permeability with ls is shown in Figure 3.7(c). The variation of permittivity and permeability with 

sh is shown in Figure 3.7(c). From Figures 3.7(c) and 3.7(d), it can be observed that the frequency band 

with SNG property and the values of permittivity and permeability can be varied by changing the 

dimensional parameters of the structure.  
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3.8 ISMeTM Array Analysis 

The performance analysis of the ISMeTM unit cell’s 1 × 2 array, 2 × 2array, and 2 × 4 array 

configurations are presented in this section. The overall dimensions are 10 × 20 mm2, 20 × 20 mm2, and 

20 × 40 mm2. To validate the results of the ISMeTM unit cell configuration, the three array 

configurations are investigated. The Nicolson–Ross–Weir (NRW) is used evaluate the array’s effective 

parameters. The schematic diagram of 1 × 2 array, 2 × 2array, and 2 × 4 array configuration is presented 

in Figure 3.8. The arrays are formed by combining two-unit cells horizontally. The S11 and S21 

parameters of the array configurations are simulated for the frequency range of 2–18 GHz, and the same 

approach is used to retrieve their effective parameters. 

 

 

(a)  
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(b)  

 

(c)  

Figure 3.8: Schematic Diagram of ISMeTM arrays: (a) Geometry and Simulated Model of 1 × 2 

Array (b) Geometry and Simulated model of 2 × 2 Array (c) Geometry and Simulated Model 

of 2 × 4 Array. 

 

In Figure 3.9, the S-parameters S11 (dB) and S21 (dB) are presented for the three array configurations. 

The 1 × 2 array shows the transmission dips at 6.23, 7.76, 10.10, 10.78, 11.72, 13.36 and 15.5 GHz, 

which are much closed to the ISMeTM unit cell. The 2 × 2 array structure generate transmission minima 

at frequencies 4.63, 6.05, 6.64, 7.44, 8.12 and 10.4 GHz. The dips of transmission coefficient |S21| of 2 
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× 4 array are observed at frequencies 4.69, 5.96, 6.52, 7.30, 7.84, 8.20 and 10.52 GHz. The permittivity 

of the array configurations is shown in Figure 3.10b. The SNG frequency ranges for 1 × 2 array; 2 × 2 

array and 4 × 4 array are 5.46–6.29, 11.35–11.44, 13.2–14.9, 15.8–16.4; 5.44–6.31, 13.3–13.9, 14.6–

15.8, 16.1–16.3 GHz and 5.46–6.28 GHz, 13.6–14.2 GHz, 14.9–15.3 GHz, 15.9–16.4 GHz, 

respectively. 

 

Figure 3.9: S-Parameters of Array Configuration. 

 

The parameters of various array configurations are summarized in Table 3.3. The frequency ranges for 

the parameters in the three array structures are nearly identical to the single unit cell, except variation 

for a few frequency bands. Due to mutual coupling effect between the array elements, there may be little 

variation in the array characteristics as compared to the unit cell [61]. 
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(a)  

 

(b)  
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(c)  

Figure 3.10: Parameters of Array Configurations (a) Permittivity, (b) Permeability, (c) Refractive 

Index. 

 

In the proposed array, it can be observed that the array arrangements show similarities with the unit cell 

except for a few frequency bands that changes slightly which is due to the mutual coupling effect 

between the array elements. This occurs when two or more-unit cells are vertically oriented on the y-

axis. However, the arrays still exhibit multi-band properties. The comparative analysis of the proposed 

ISMeTM is presented in Table 3.4. From this table, it can be observed that the proposed ISMeTM is 

low cost, compact in size and produces seven resonances. The proposed ISMeTM is suitable for multi-

band C/X/Ku-band applications.  
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Table 3.3 Parameter of ISMeTM Unit Cell, ISMeTM 1 x 2 Array, ISMeTM 2 x 2 

Array, and ISMeTM 2 x 4 Array 

Configuration  SNG Frequency range 

(GHZ) 

S21 Dips frequencies 

(GHz)  

S21 (dB) 

ISMeTM unit cell 5.46-6.29, 11.6-11.8, 13.8-

15, 15.8-16.8 

6.31, 7.79, 9.98, 10.82, 

11.86, 13.36, 15.5 

-22.96, -18.89, -13.47, -

8.84, -15.49, -6.87, -6.45 

ISMeTM 1 x 2 array  5.46–6.29, 11.35–11.44, 

13.2–14.9, 15.8–16.4 
6.23, 7.76, 10.10, 10.78, 

11.72, 13.36, 15.5 

−22.40, −17.91, −11.64,  

−9.84, −17.16, −4.56, 

−6.35 

ISMeTM 2 x 2 array 5.44–6.31, 13.3–13.9, 14.6 

15.8, 16.1–16.3 

4.63, 6.05, 6.64, 7.44, 

8.12, 10.4 

−8.33, −18.46, −13.97, 

−14.67, −14.04, −14.21 

ISMeTM 2 x 4 array 5.46–6.28, 13.6–14.2, 14.9–

15.3, 15.9–16.4 

4.69, 5.96, 6.52, 7.30 7.84, 

8.20, 10.52 

−8.67, −13.57, −17.35, 

−12.33, −16.41, −16.49, 

−16.76 

 

 

Table 3.4 Comparative analysis of the proposed ISMeTM with the structures in 

literature 

Ref  Dimension 

(mm)2 

Shape  Substrate  Band  Resonant 

Frequency 

(GHz) 

[80] 4 x 4 Double S FR-4 Ku- 1 

[81] 30 x 22 x 0.8 CSSR Roger Duroid 

TM 5880 

C 1 

[82] 25 x 25 x 1 U-shaped Glass  C 1 

[83] 12 x 11 x 1.6 Aztec  FR-4 C, X, Ku 4 

[84] 5 x 5 x 0.25 V- shaped Fused Quartz X 1 

[85] 12.5 x 12. 5 I- shaped  FR-4  X 1 

[86]  10 x 10  Inverse double 

L 

Roger RT 

5880 

C. X, Ku 4 
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[88] 12 x 12 x 1.635 C- shaped  Roger RT 

6010 

S, C, X, Ku 4 

[89] 30 x 30  H-shaped FR-4  S, C, X, Ku 4 

[90] 9 x 9 x 1.6 Double C FR-4 S, C, X, Ku 5 

Proposed  10 x 10 x 1.6 I-shaped FR-4 C, X, Ku 7 

 

 

3.9 Chapter Summary  

A novel ISMeTM unit cell using the SSRR along with its arrays has been designed, simulated, and 

analyzed in this paper. The structure is designed using copper as its metal strip on a FR-4 dielectric 

substrate. The SSRRs along with an I-shaped patch is utilized for designing the ISMeTM. The detailed 

theory and equivalent circuit of the ISMeTM are presented. The proposed structure produced multiple 

resonances and SNG behavior. The proposed ISMeTM is suitable for use in multi-band microwave 

applications including C band, X band and Ku band. The design and analysis of 1 × 2, 2 × 2, and 2 × 4 

array structures of the proposed ISMeTM unit cell are investigated. The proposed low-cost and compact 

ISMeTM are suitable for multi-band satellite communication systems, radar applications, sub-6 GHz 

5G applications, ultra-wideband applications, etc. 
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Chapter 4 

 

Microstrip Patch Antennas Using Metamaterial 

Superstrate with Enhanced Gain 

 

4.1 Introduction  

This chapter outlines the design of MPAs using MeTM superstrate to enhance the antenna gain. Two 

different metamaterial superstrates have been proposed, designed, simulated, and discussed to improve 

the performance of the antenna.  The first MeTM proposed is the novel square split ring resonant (SSRR) 

which would be referred to as “Design 1” throughout this chapter. The novelty of this work lies in the 

design MeTM unit cell which has four split gaps in its outer ring and a single cut in the inner ring 

structure. This feature of the SSRR makes it distinct from other SRR designs in existing works. The 

second MeTM utilized in this chapter is the ISMeTM which has been analysed in Chapter 3. A 7 x 7-

unit cell array of the ISMeTM have been on the FR-4 substrate to create a superstrate layer. This 

ISMeTM superstrate layer would be referred to as “Design 2” throughout this chapter. The two MeTMs, 

Design 1 and Design 2 will be evaluated, and the best performing antenna will be fabricated and 

measured.   

4.2 Design and Geometry of the SSRR Inspired Patch Antenna (Design 1) 

The proposed MeTM unit cell and antenna parameters are discussed in this section. The MeTM unit cell 

is designed by using SRR and a thin wire strip notched on the back of the substrate for excitation of the 

metamaterial structure. The outer ring length (L) = 11mm, width of the outer ring (S) = 1.5mm, inner 

ring length (n) = 6mm, width of inner ring (p) = 1mm, the gap between the split rings (d, g) = 1mm. To 

achieve optimal antenna performance, specific factors are being put into consideration. These factors 

include the size of the antenna, bandwidth, and resonance frequency. The parameters and geometry of 

the proposed antenna is being illustrated in Table 4.1 and Figure 4.1. This antenna consists of two 
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metallic layers, the ground plane, and the patch.  In this section, the microstrip patch antenna has been 

designed to operate at a frequency of 5.85 GHz with an input impedance of 50 Ω using a dielectric 

material FR4 substrate with dielectric constant (εr) of 4.3, substrate height (hs) of 1.6mm, and tangent 

loss of 0.002. The transmission line model equations (2.15) –(2.24) have been utilized for the antenna 

design.   

Table 4.1 Antenna Dimensional Parameters 

Parameter Dimension (mm)  Parameter  Dimension (mm)  

Wg  25  n  6  

Lg  21.403  g,p,d  1  

Wp  15.89  S  1.5  

Lp  11.803 hc  0.035  

gpf  0.008  ag  9  

fi  4.43  Wf  3.039  

W  13  hs  1.6  

L  11  m  8  
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(a)  

 

(b) 
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(c)  

Figure 4.1: Geometry of the Proposed Antenna (a) Radiating Patch (b) SRR Unit Cell (c) 

Side View.  

 

 

4.3 Result of the SSRR Inspired Patch Antenna (Design 1) 

The proposed antenna is simulated using the CST Studio Suite. The antenna geometry shown in 

Figure 4.1(a) produces a resonance frequency at 5.85 GHz with it S11 greater than 10 dB with 

bandwidth ranging from 5.69 - 6.04 GHz and a return loss of -16.89 dB. Hence, with the SSRR 

loaded directly above the radiating patch with 9mm to the ground plane. The antenna resonance at 

5.902 GHz with bandwidth ranging from 5.73-6.16 GHz and a return loss of -30.87 dB as shown 

in Figure 4.2. It is observed that the antenna is a single band antenna. We can also see a gain 

improvement by placing the SSRR superstrate directly above the patch of the antenna. When the 

SSRR was made as to the same dimension as the substrate on the ground plane, a significant loss 

was experienced on the gain field pattern. The size of the superstrate is the same as the size of the 

radiating patch.  
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Figure 4.2: Reflection Coefficient Curve of Antenna Loaded with the Square Split Ring 

Resonator (SSRR). 
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The comparison of different air gaps between the radiating patch and the SSRR is shown in Figure 4.3.  

At different distance, the return loss of the antenna varies. It is observed that at ag = 5 mm, ag = 7 mm, 

and ag =11mm a return loss of -17.47 dB, 21.24 dB, and 17.52 dB, respectively are achieved. The 

SSRR loaded antenna has its optimal performance at 9 mm with a return loss of -30.87 dB and with a 

gain of 5.28 dBi. 

 

 

Figure 4.3: Reflection Coefficient for Variation of Air Gap (ag). 
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Figure 4.4 depicts the 3-D radiation pattern of the proposed antenna. At the radiating frequency of 

5.85 GHz, it can be observed that a gain of 5.278 dBi was achieved. 

 

 

Figure 4.4: 3D- Radiation Pattern (a) Patch only (b) SSRR inspired Antenna. 

 

 

The normalized patterns of the SSRR loaded antenna are shown in Figure 4.5. The 2-D simulated 

radiation patterns at 5.0, 5.4, and 5.8 GHz are shown in Figure 4.5(a), Figure 4.5(b) and Figure 

4.5(c), respectively.  
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(a)  

 

 

(b) 
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(c) 

 

Figure 4.5: Normalized radiation patterns of the antenna at (a) 5.0 GHz, (b) 5.4 GHz (c) 5.8 

GHz. 

 

It can be observed there is an increase in the radiation pattern at 5.8 GHz as compared to that of 5.0 GHz 

and 5.4 GHz. The gain of the conventional MPA was improved from 4.04 dBi to 5.278 dBi by loading 

the SSRR superstrate to the patch of the antenna as shown in Table 4.2. The effect of variation of the 

distance between the radiating patch and the SSRR MeTM on the gain is shown in Table 4.3. 

 

Table 4.2. Comparison with Conventional Patch and Proposed Antenna 

 

Antenna Type Fr (GHz)  Bandwidth (MHZ) Directivity (dBi)   Gain (dB)  

Conventional patch   5.8  350  5.812  4.04  

Proposed  

Antenna    

5.85  430  6.709  5.278  
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An increase in the antenna bandwidth and directivity is observed. The comparison of the main lobe at 

phi=00, phi=900 and beamwidth at various frequencies is shown in Table 4.4. The angular beamwidth 

(3dB) at phi=00 and phi=900 tends to decrease as the operating frequency increases. This implies that as 

the antenna gain increases, the antenna beamwidth becomes smaller.  

 

Table 4.3. Distance Between the Radiating Patch and SSRR Metamaterial  

Frequency 

(GHZ)  

Gain ag=5 

(mm)  

Gain ag=7 

(mm)  

Gain ag=9 

(mm)  

Gain ag=11 

(mm)  

5.6  4.56  5.13  5.20  4.91  

5.8  4.57  5.22  5.28  5.19  

6.0 4.40 5.07 5.13 5.02 

 

 

Table 4.4. The Main Lobe and Beamwidth at Various Frequencies 

Frequency (GHz)  Main Lobe   

Phi=00  

Main lobe   

Phi=900  

Angular 

beamwidth   

(3dB) phi=00  

Angular 

beamwidth   

(3dB) 

phi=900  

5.0  0.0  2.0  95.3  93.3  

5.2  0.0  2.0  93.6  92.2  

5.4  0.0  3.0  91.5  91.3  

5.6  0.0  3.0  89.0  90.5  

5.8   0.0  3.0  86.6  89.7  

6.0  0.0   2.0  83.9  89.0  
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The maximum gain, directivity, and efficiency of the antenna at various frequencies are presented in 

Table 4.5. It can be observed that the radiating and total efficiency of the antenna tends to decrease as 

the frequency of the antenna is increased.  

Table 4.5 Maximum Gain, Maximum Directivity, and Efficiency of the Antenna 

Frequency 

(GHz)  

Max.  

Gain  

(dB)  

Max.  

Directivity  

(dBi)  

Total  

Efficiency  

(dB)  

Radiating  

Efficiency  

(dB)  

5.0  4.455  6.262  -5.834  -1.802  

5.2  4.668  6.373  -4.442  -1.673  

5.4  4.940  6.478  -3.262  -1.516  

5.6  5.073  6.589  -2.120  -1.369  

5.8  5.278  6.709  -1.730  -1.419  

6.0  5.028  6.838  -1.903  -1.616  

 

The comparison of the existing antennas with the square SRR metamaterial inspired antenna is 

presented in Table 4.6. The comparison is done in terms of the permittivity of the substrate, the 

technique used, bandwidth, and the antenna gain. It can be observed that the proposed antenna has the 

highest gain compared to others. We can see that as the gain of the antenna increased the antenna 

becomes more directive and this is most suitable for wireless mobile communication. 

Table 4.6 Comparison with Similar Antennas 

Ref. Fr (GHz) MeTMs Dielectric 

Constant  

Bandwidth 

(MHZ) 

Gain (dBi) 

[135] 2.4 SRR 4.4 800 2.586 

[137] 2.48 / 3.49 SRR 4.3 350 / 390 2.4 / 3.5 

[154] 2.4 CSRR 4.2 1 GHz 4.90 
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[155] 3.31 / 3.88 

/4.61 

SRR & 

CSRR 

4.4 190 / 125 / 

90 

- 

Proposed 

Antenna 

5.85 SSRR 4.4 430 5.278 

 

4.4 Design of MPA using I-Shaped Metamaterial (Design 2) 

In this section , we utilize the ISMeTM superstrate for the performance enhancement of the MPA. The 

work done in Section 4. 2 and 4. 3 was extended by introducing a 7 x 7-unit cell array of the ISMeTM 

is etched over an MSP as a superstrate at a distance of 7mm. An in-phase electric field area is created 

on the top layer of the superstrate to improve the performance of the antenna.  Three operating 

frequencies were obtained with the structure as compared to the single band obtained in Section 4.3. 

This structure is fabricated, and measurement was carried out  to verify the performance.  

4.4.1 Geometry of the ISMeTM Superstrate  

The geometry and fabricated structure of the 7 x 7 I-shaped MeTM array is illustrated in Figure 4.6. 

The MeTM array is printed on the FR-4 substrate with a dielectric constant of 4.3 and a loss tangent 

(𝑡𝑎𝑛𝛿) of 0.025. The thickness of the substrate (𝑆ℎ) and the thickness of the annealed copper (hc) used 

for the split ring resonator are 1.6 mm and 0.035 mm, respectively. The primary function of splits in the 

ring resonators is to ensure that the inductance and capacitance interact with one another to determine 

the operating frequency. The unit cell’s total optimum size is 10 x 10 x 1.6 mm3 (0.2𝜆0 × 0.2𝜆0 ×

0.03𝜆0)𝜆0. The dimensional parameters of the 7 x 7 ISMeTM  array cell are presented in Table 4.7. 
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(a)  

 

(b)  

Figure 4.6: 7 X 7 Array Structure of the ISMeTM: (a) Array and Unit Cell (b) Fabricated Array.   
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Table 4.7 Dimensional Parameters of the 7 X 7 Array Cell 

Parameter Dimension (mm) Parameter  
Dimension (mm) 

Wm  70 R3 
2.8 

Lm  70 Rt 
0.5 

Sw  10 Rl  
2 

Ls  10 W 
0.5 

Rw  1.25 sh 
1.6 

R1 9 ch 
0.035 

R2 4 g 
0.5 

 

 

The effective parameters of ISMeTM superstrate were extracted by using the NRW techniques 

equations (2.32) – (2.42).  The S-parameters and the effective parameters of the proposed 7 x 7  ISMeTM 

array superstrate are shown in Figure 4.7. The operating frequency range is from 3 to 18 GHz. The 

simulated S21 parameter shows resonance frequencies at 4.31, 5.45, 6.07, 7.42, 8.29, 10.85, 12.38, and 

15.01 GHz in the C, X, and Ku- bands. The S-parameters for the unit cell and 7 x 7  ISMeTM array are 

presented in Figure 4.7(a). The real and imaginary values of the effective permeability and permittivity 

are shown in Figure 4.7(b). The structure produces permittivity characteristics for the frequency ranges 

4.3, 5.1-5.5, 5.9-8.2, and 9.1-18 GHz. The 7 x 7 ISMeTM array exhibit multi-band properties.  
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(a)  

 

 

 

(b)  

Figure 4.7: ISMeTM Unit Cell Analysis (a) S11 and S12 (b) Effective Parameters. 
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4.4.2 Rectangular Microstrip Antenna (ReMPA) Design  

The geometrical structure and the side view of the rectangular microstrip patch antenna (ReMPA) are 

depicted in Figure 4.8. The substrate of the ReMPA is designed and fabricated on the FR-4 dielectric 

substrate and the SMA coaxial connector of 50Ω is used for the antenna feed. The antenna configuration 

and simulation are done using the Finite Integration Technique (FIT)- based electromagnetic CST 

simulator. The dimensions of the ReMPA are presented in Table 4.8. The geometric parameters of 

ReMPA such as width and length are calculated by using the transmission line model equations (2.15) 

– (2.24).  

 

Table 4.8 Dimensional Parameters of the ReMPA 

Parameter Dimension 

(mm)  

Parameter  Dimension 

(mm)  

Wg 24.96 Gpf 0.085 

Lg 20.98 Fi  4.36 

Wp = W 15.4 Sh 1.5 

Lp 11.38 hc 0.035 

Wf 3.01 ag 7 
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(a)  

 

 

 

(b)  

 

 



78 
 

 
(c)  

Figure 4.8: ReMPA Design (a) Top View (b) Side View (c) Fabricated Top and Back View. 

 

The effect of the width of the patch (W) on the reflection coefficient is presented in Figure 4.9.  The W 

is varied from 10 mm to 20 mm. It was observed at 10 mm the patch produced one resonance frequency 

at 11. 5 GHz with a return loss of -12.78 dB. At 14 mm, two resonance frequencies were observed at 

6.03 GHz and 10. 4 GHz with a return loss of -13.4 dB and -34.97 dB. When the patch dimension was 

increased to 20 mm it produced three frequencies at 6.22 GHz, 10.6 GHz, and 11.5 GHz. The return 

loss at these frequencies is -11.1 dB, -18 dB, and -17.3 dB. It can be observed that the ReMPA has its 

better performance at 15.3 mm with three operating frequencies at 6.18 GHz, 9.09 GHz, and 11.48 GHz 

with a return loss of -17.9 dB, -17.6 dB, and -34.4 dB, respectively. The presented antenna is suitable 

for the C/X-band high gain multi-band wireless communication applications. The operating frequencies 

9.09 GHz and 11.48 GHz are due to higher order 589 modes. The analysis of the resonant frequencies 

for different modes done using the equation (4.1) [11] 

𝑓𝑟(𝑚,𝑛,𝑝) =
𝑐

2√𝜀𝑟𝑒𝑓𝑓

√(
𝑚

𝑠ℎ
)
2

+ (
𝑛

𝐿𝑝
)

2

+ (
𝑝

𝑊𝑝
)

2

  (4.1) 

where 𝑓𝑟(𝑚,𝑛,𝑝) is the resonant frequency of the 𝑇𝑀𝑚𝑛𝑝 mode. For the computation of the resonant 

frequencies, the variation of the dielectric constant with the frequency is considered as given in Table 
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4.9.  The computed and simulated resonant frequencies of ReMPA is given in Table 4.10.  From the 

Table 4.10,  it can be observed that the analytical resonant frequencies and simulated resonant 

frequencies are closely matched. Hence, using the higher mode resonant frequencies analysis and 

optimization in CST microwave studio, the presented antenna can be designed for the other specified 

frequency bands.  

 

Table 4.9 Dielectric Constant and Loss Tangent at Various Frequencies  

Parameter Value (at 

5.45 GHz) 

Value (at 

6.07 

GHz) 

Value (at 

7.27 

GHz) 

Value (at 

8.29 GHz) 

Value (at 

10.85 

GHz) 

Value (at 

12.38 GHz) 

Dielectric 

constant 
4.34 

4.33 4.32 4.31 4.29 4.28 

Loss 

tangent 
0.0235 

0.0239 0.0245 0.0248 0.0250 0.0249 

 

Table 4.10 Computed and Simulated Resonant Frequencies of Various TMmnp Modes 

for ReMPA 

S. No.  Mode Resonant  

Frequency  

(Computed) 

Resonant  

Frequency  

(Simulated)  

1. 𝑇𝑀010 6.043 GHz 6.18 GHz 

2. 𝑇𝑀002 8.950 GHz 

 

9.09 GHz 

3.  𝑇𝑀020 12.138 GHz 

 

11.48 GHz 

 



80 
 

 

Figure 4.9: Variation of W 

 

4.4.3 ReMPA based ISMeTM Superstrate  

The configuration and detailed dimensions of the proposed antenna are shown in Figure 4.10(a) and 

Table 4.8, respectively. The final structure is obtained by using the superstrate designed with a 7 x 7 

array of the proposed ISMeTM etched over the ReMPA. The configuration and the fabricated prototype 

of the proposed antenna are shown in Figure 4.10(b). The term (“ReMPA-based ISMETM”) and 

(‘proposed antenna”) are interchangeably used throughout this chapter.  
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(a)  

 

(b)  

Figure 4.10: Proposed ReMPA Based ISMeTM (a) Configuration (b) Fabricated Prototype. 

 

4.5 Equivalent Circuit of the ISMeTM based ReMPA 

The equivalent circuit of the proposed antenna is antenna, which is covered with the ISMeTM 

superstrate is depicted in Figure 4.11. The RLC circuit with Rm, Cm, and Lm is used to model the 

ReMPA's radiating element. The ReMPA port is represented by Lp. The ISMeTM superstrate unit cell 

is modelled as resonant LC circuit with L1, L2, L3, L4, L5, L6, and L7 are the inductors, and C2, C3, 

C4, C5, C6, C7, C8, and C9 are the capacitors. The inductance (L) of the SSRR can be calculated by 

[156] 
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𝐿 =  
𝜇0

2

𝐿𝑎𝑣𝑔

4
4.86 [ln

0.98

𝜌
+ 1.84𝜌]   (4.2) 

where 𝐿𝑎𝑣𝑔, 𝜇0, 𝜌 denote the average length of the SSRR, permeability of free space, and filling ratio, 

respectively. The average length of the N split rings is given as 𝐿𝑎𝑣𝑔 =  4[𝐿𝑠 − (𝑁 − 1)(𝑤 + 𝑠)]. The 

capacitance (C) of the SSRR can be expressed as [156] 

𝐶 = 𝜀0

𝑁 − 1

2
 [2𝐿𝑠 − (2𝑁 − 1)(𝑤 + 𝑠)

√1 − 𝐾1
2𝐾

𝐾(𝐾1)
] (4.3) 

The integral with argument K1, known as the elliptic integral of the first kind, is denoted by K, while  

𝜀0 represents the permittivity of free space. The SSRR unit cells of the ISMeTM are connected in 

parallel in the resonator circuit. Mutual inductance (ML) occurs between the ISMeTM and the ReMPA 

as both structures are placed closely to each other. Under the loaded conditions, the ISMeTM 

superstrate's capacitance balances the ReMPA's inductance to produce good impedance matching. 
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Figure 4.11: Equivalent Circuit of the Proposed ISMeTM-ReMPA. 

 

4.6 Result of the Proposed ISMeTM (Design 2) 

The simulated reflection coefficient S11 (dB) for the ReMPA and ReMPA-based ISMeTM is presented 

in Figure 4.12. It is seen that the ReMPA resonates at three frequencies of 6.18 GHz, 9.14 GHz, and 

11.48 GHz, with corresponding bandwidths of 330 MHz, 700 MHz, and 800 MHz, respectively. When 

the I-shaped MeTM is integrated with the rectangular MPA, the resonant frequencies are at 6.18 GHz, 
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9.65 GHz, 11.5 GHz with a bandwidth of 240 MHz, 850 MHz, and 1010 MHz, respectively. The 

bandwidth of the first resonant frequency became narrower when the rectangular MPA was loaded with 

the superstrate. However, significant increment in the bandwidth and reduction in reflection coefficient 

for the second band and third band is observed.  

 

Figure 4.12: Simulated S-parameter of the ReMPA with and without ISMeTM Superstrate. 
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The Agilent 8719ET network analyzer was used to measure the proposed antenna. Figure 4.13(a) depicts 

the simulated and measured results of the S11 (dB) of the ISMeTM based ReMPA antenna. Figure 

4.13(b) illustrates the experimental setup for measuring the fabricated antenna. The operating frequency 

for S11 ≤ -10 dB is 6.18 GHz, 9.94 GHz, and 11.7 GHz. A little disparity can be observed between the 

simulated and measured S-parameter, this can be attributed to fabrication tolerance, variation of material 

specification, calibration of the network analyzer, and impedance from the connector soldering.  

 

 

(a)  



86 
 

 

(b)  

Figure 4.13: Reflection coefficient S11 measurement: (a) Reflection coefficient versus frequency, (b) 

Measurement Setup. 

 

 

Figure 4.14 depicts the reflection coefficient of the proposed antenna at various heights (ag). The plastic 

spacers separate the superstrate and rectangular MPA. The spacers have no significant impact on the 

antenna's performance. The distance between the rectangular MPA and the I-shaped MeTM superstrate 

is varied from 6 mm to 15 mm. The reflection coefficient characteristics for the four values of ag i.e. ag 

=6mm, ag =7mm, ag =10 mm and ag =15mm are presented in Figure 4.14. It is observed that for the 

first and second bands ag = 7 mm provides minimum reflection coefficient along with the wide 

bandwidth. However, for the third band, ag =15 mm provides the minimum reflection coefficient with 

almost same bandwidth as of ag=7 mm. Considering the overall performance for all the frequency 

bands, for ag = 7 mm, the antenna gives the optimum performance.  
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Figure 4.14: S-Parameter for different Values of ag. 

 

 

The normalized simulated 2-D radiation patterns of the ReMPA and the proposed antenna at three 

operating frequencies are shown in Figure 4.15. The E- plane (phi = 00) and H- plane (phi = 900) patterns 

at resonant frequency 6.18 GHz show a broadside radiation pattern. In Figure 4.15(b), an 

omnidirectional radiation pattern is observed at 9.65 GHz. In Figure 4.15(c), the antenna shows a dipole-

like pattern at E-plane and an omnidirectional pattern at the H-plane.  
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(a)  

 

 

(b)  
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(c) 

 

Figure 4.15: Radiation parameters of the ReMPA and Proposed Antenna (a) 6.18 GHz (b) 9.65 

GHz (c) 11.5 GHz. 

 

The realized gain for both rectangular MPA and the proposed antenna is presented in Figure 4.16(a) and 

Table 4.11. It can be observed that there is significant improvement in the gain of the antenna integrated 

with the I-shaped MeTM array. The gain of the rectangular MPA increased significantly for all 

frequencies for the antenna integrated with the I-shaped MeTM array superstrate. At 6.18 GHz the gain 

increased from 2 dBi to 4.19 dBi, while at 9.09 GHz a gain of 0.1 dBi was obtained by rectangular 

MPA. As the I-shaped MeTM array is integrated with the rectangular MPA, an increase in the operating 

frequency and gain of 2.4 dBi is achieved. The gain increment from 3.23 dBi to 5.68 dBi was 

experienced at 11.5 GHz. The gain enhancement in % for various frequencies is given. The radiation 

patterns of the antenna at 6.18 GHz, 9.09 GHz and 11.5 GHz are shown in Figure 4.16(b), Figure 

4.16(c), and Figure 4.16(d), respectively. It can be observed that the simulation and measurement 

patterns are in good agreement.  
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(a)  

 

 

(b)  
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(c) 

 

(d)  

Figure 4.16: Radiation Characteristics of the Proposed Antenna: (a) Realized Gain (b) Radiation 

Patterns at 6.18 GHz (c) Radiation Patterns at 9.65 GHz (d) Radiation Patterns at 

11.5 GHz. 
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The angular 3 dB beamwidth, main lobe direction, total and radiating efficiency, maximum gain, and 

directivity of the proposed antenna are presented in Table 4.12. It can be observed that, as the operating 

frequency of the antenna increases, the total and the radiating efficiency of the antenna decreases.  

 

Table 4.11 Realized Gain of the ReMPA and the Proposed Antenna 

S. No.  Frequency Gain of rectangular MPA Gain of 

proposed 

antenna  

Gain 

enhancement 

1. 6 GHz 1.91 dBi 3.42 dBi 41.62% 

2. 6.18 GHz 2 dBi 4.18 dBi 65.17% 

3.  9.14 GHz 0.09 dBi 

 

2.39 dBi 69.83% 

4. 11.48 GHz 3.22 dBi 5.63 dBi 74.18% 

5. 12 GHz 2.91 dB 5.25 dBi 71.44% 

 

Table 4.12 Radiation Parameters of the ISMeTM-ReMPA 

Antenna  

parameters 

ReMPA Proposed Antenna 

 6.18 

GHz  

9.14 

GHz 

11.44 

GHz 

6.18 

GHz  

9.65 

GHz 

11.5 

GHz 

Angular 

beamwidth (3dB)  

(phi=00) 

91.1 152.0 64.5 66 57 81.1 

Angular 

beamwidth (3dB)  

(phi=900) 

98.0 74.8 63.1 

 

43.9 93 56.3 

Main lobe 

direction (phi= 00) 

0.0 35 0.0 180 49 146 

Main lobe 

direction (phi= 

900) 

30.8 42 54 168 127 51 

Radiating 

efficiency (dB)  

-3.670 -5.929 -5.042 -3.894 -3.196 -2.176 

Total efficiency 

(dB) 

-4.074 -9.530 -5.352 -4.059 -3.199 -2.168 

Maximum gain 

(dB) 

2.000 0.098 3.229 4.192 2.388 5.679 

Maximum 

directivity (dB)  

5.671 6.020 8.260 8.005 5.697 7.073 

 

The comparison of the existing works with the ReMPA-based ISMeTM is presented in Table 4.13. From 

this comparison, it can be observed that the proposed low-cost antenna provides multiband operation, 
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high gain, and high gain enhancement. Various antenna parameters confirm the suitability of the 

proposed antenna for multiband C/X-band wireless systems such as Wi-Fi devices, radar systems, short- 

and long-range tracking systems.  

 

Table 4.13 Comparison of the ReMPA Based ISMeTM with Related Literature 

Ref  Dimension 

(mm)2 

Resonance  

Frequency 

(GHz) 

Substrate  Gain 

(dBi) 

Gain 

enhancement  

Remarks  

 [155] 180 ×180  2.6  Taconic  9.33 94.7% Single band 

[156] 165 ×165  1.66 

2.02  

2.40  

2.48  

2.77  

𝜀𝑟 = 2.65 5.8 

0.8 

4.2 

3.6 

8.2 

-- Not a low-

cost FR-4 

[157] 50 ×-- 3.51  

4.86  

7.8  

FR-4 -- 

  

-- Gain not 

reported 

[158] 48 ×48 m 1.9  

2.45  

5  

Rogers 

RT5870 

1.64 

2.07 

4.06 

-- Low gain 

[159]  27.75 

×16.08  

2.4  

4.1  

5.2  

FR-4 0.37 

1.61 

1.88 

-- Low gain 

[160]  61.25 

×61.25  

2.4  FR4 

Metamaterial 

 

6.56 30.17% Single-band, 

Low gain 

enhancement 

[161] 31  ×30  2.47  

3.62  

FR-4 1.88 

1.35 

-- Dual-band, 

low gain 

[162] 45 ×35  1.13  

2.47  

2.74  

FR-4 3.73 

6.18 

1.35 

-- Low gain for 

two bands 

[163] 56 ×56  1.75-2.0  

3.01-4.18  

FR-4 1.5 

2.05 

 Dual-band, 

low gain 

[164] 25 ×21.4  5.8  FR-4 5.27, 

4.04 

32.67% Single band, 

low gain 

enhancement 

[165] 14 ×12  28  Roger 

RT/Duroid 

6006 and 

Roger RT/ 

Duroid 5880 

6.36 (5) 37.02% Single-band, 

low gain 

enhancement 

[166] 46 ×32  2.45  

3.5 

4.65  

FR4 2.76 

(2.4) 

-7.4 (-

8.2) 

3.68 

(1.4) 

8.62% 

20% 

68.84% 

Low gain, 

Low gain 

enhancement  
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[167] 70 ×70  2.53  

5.77  

FR4 3.64 

3.84 

 Dual band, 

low gain 

[168] 50 ×50  2.41  

5.8  

FR4 0.29 

1.17 

 Low gain 

Proposed 

antenna  
70 ×70  6.18  

9.65  

11.5 

FR-4 4.19 

2.4 

5.68 

65.17% 

69.83% 

74.18% 

Triple-band, 

low-cost 

FR4, high 

gain, high 

gain 

enhancement  

 

 

4.7 Chapter Summary    

A square SRR metamaterial (Design 1) for gain enhancement of Microstrip antenna have been proposed 

and presented in this chapter. The antenna shows maximum directivity of 6.838 dBi at 6.0 GHz and a 

maximum gain of 5.278 dB at a single operating band of 5.8 GHz. It can be seen from the various 

comparison shown at different frequencies that the best performance is obtained at 5.8 GHz. The square 

SRR metamaterial has shown an improvement in the performance of the antenna. This work was  

extended by introducing the  I-shaped metamaterial superstrate which consists of a 7 x 7 array of unit 

cells to ReMPA (Design 2). A multi-band rectangular MPA integrated with the I-shaped MeTM 

superstrate array has been presented. The proposed antenna utilized a 7×7 I-shaped MeTM array to 

improve the performance of the antenna. The rectangular MPA and the I-shaped MeTM array are 

designed and fabricated etched on a FR4 substrate. The proposed antenna produces three resonance 

frequencies at 6.18 GHz, 9.65 GHz, and 11.45 GHz. The performance of Designs 1 and 2 can clearly 

be compared, with Design 2 having the better performance. Due to its characteristics, Design 2 is a good 

fit for multi-band wireless communications systems like Wi-Fi, radar, short- and long-range tracking 

systems, etc. 
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Chapter 5 

Design of a Two-Port MIMO Patch Antenna using I-Shaped 

Metamaterial Superstrate for Triple-Band Wireless Applications  

 

5.1 Introduction  

This chapter presents the design and simulation of a triple-band two-port MIMO patch antenna 

using ISMeTM superstrate. The proposed antenna utilizes the 3 x 5 array of the ISMeTM as superstrate 

to improve the bandwidth, gain, and isolation between the ports of the MIMO antenna.  

 MIMO is vital in wireless communication system because it allows for the simultaneously use of 

multiple antennas for data transmission. This increases the data transmission rate, bandwidth efficiency, 

channel capacity, and robustness. However, mutual coupling (Mu-CP) is a major limitation which 

affects the performance of MIMO antennas (MIMO-ANT) [169-170]. Mu-CP occurs when there is an 

electromagnetic (EM) connection between the array elements of the antenna [171]. As several antennas 

elements are placed at closed proximity to each other, the electric field generated by one antenna alters 

the current distribution on the other antennas, therefore, the radiation pattern and input impedance of 

each array element are distributed based on the presence of the other elements. As already discussed in 

Chapter two, MeTMs are planar structures that can be easily integrated with the MPAs. This chapter 

proposes reducing mutual coupling in MIMO communication systems by utilizing the ISMeTM 

superstrate integrated with the MIMO antenna.  

5.2 Geometry of the Two-Port MIMO-ANT (Antenna A) 

The layout of the proposed two port MIMO-ANT system is shown in Figure 5.1. The antenna is designed 

using the transmission line model. The designed antenna is simulated and optimized using the CST 

studio suite. The antenna system consists of a ground plane placed on a FR-4 epoxy dielectric substrate 
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with thickness of 1.6 mm and dielectric constant of 4.3. The antenna’s dimensions are given in Table 

5.1. The overall dimension of the MIMO-ANT is 49.92 x 20.98 x 1.6 mm3. 

 

Figure 5.1: Two Port MIMO-ANT. 

 

 

Table 5.1 Two Port MIMO-ANT Parameters 

Parameter Dimension (mm) Parameter Dimension (mm) 

Wg 49.92 Wf 3.01 

Lg  20.98 fi  4.36 

Wp  15.4 hs 1.6 

Lp  11.38 Hc 0.035 

 

5.3 ISMeTM Superstrate based MIMO-ANT (Antenna B) 

The ISMeTM superstrate is etched over the two port MIMO-Ant for the reduction of mutual coupling 

(Mu-CP). The superstrate is consisting of a 3 x 5-unit cell array of the ISMeTM.  The superstrate is 

placed at a height of 10mm from the MIMO-ANT. The dimension of the superstrate is 57 x 35 x 1.6 

mm3. The proposed antenna is simulated using the CST studio. The configuration and the design of the 

proposed antenna is presented in Figure 5.2.  
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(a)  

 

(b)  

Figure 5.2: Proposed Antenna (a) 3 x 5 ISMeTM Array (b) Configuration. 

 

5.4 Results and Discussion 

The simulated results of the MIMO-ANT (Antenna A) and the ISMeTM superstrate-based MIMO-ANT 

(Antenna B) are presented in this section. The simulated results include the reflection coefficient, 

transmission coefficient, envelope correlation coefficient, diversity gain and the radiation patterns. 

Figure 5.3 depicts the reflection coefficients (S11), (S22) and the mutual coupling (S21),(S12) of Antenna 

A. It can be observed that Antenna A resonates at 6.05 GHz, 8.9 GHz, and 10.63 GHz with the 
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bandwidth of 330 MHz, 600MHz, and 630 MHz, respectively. The values of mutual coupling coefficient 

at 6.03 GHz, 8.9 GHz, and 10.63 GHz are -21.54 dB, -16.4 dB, and -27.2 dB, respectively.  

  

 

Figure 5.3: Reflection Coefficient and Mutual Coupling of the Antenna A. 

 

 Figure 5.4(a) illustrates the reflection coefficient of Antennas A and B.  A slight increment in the 

operating frequencies is observed in Antenna B as it resonates at 6.31 GHz, 9.09 GHz, and 11.4 GHz 

with the bandwidth of 230 MHz, 890 MHz, and 730 MHz, respectively. The values of reflection 

coefficients for Antenna B for the second and third frequency bands are -36 dB and -40 dB, respectively. 

In Figure 5.4(b), the mutual coupling between for the Antennas A and B is presented. The Mu-CP at 

6.31 GHz, 9.09 GHz and 11.4 GHz are -47.1 dB, -49.5 dB, and -49.3 dB, respectively. This implies that 

the Mu-CP for Antenna B is reduced by approximately 26 dB, 33 dB and 22 dB across the three 

operating frequencies as compared to Antenna A.  
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(a)  
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(b)  

Figure 5.4: Reflection Coefficient and Mutual Coupling of Antennas A and B.  

 

In Figure 5.5(a), it can be observed that the reflection coefficient behavior at second port is almost 

similar to that at the first port for both antennas. There is a slight change in the return loss of both 

Antennas. In Antenna A, the reflection coefficients are -20.81 dB, -18.5 dB, and -17.8 dB while for 

Antenna B, the reflection coefficients are -24.98 dB, -34.7 dB, and 30.06 dB, respectively. The mutual 

coupling for Antennas A and B is presented in Figure 5.5(b). The operating bands remains unchanged 

for both antennas. However, a slight change is observed in Antenna B at 9.09 GHz and 11.41 GHz with 

Mu-CP of -57.4 dB and -53.8 dB, respectively.   
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(a)  
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(b)  

Figure 5.5: Mutual Coupling and Reflection Coefficient of Antennas A and B. 

 

Figure 5.6 depicts the reflection coefficient of Antenna B at various heights (ag). The distance 

between the two port MIMO-ANT and the ISMeTM superstrate is varied from 6mm to 15mm. It can 

be observed that the antenna has its worst performance at ag = 15 mm while at ag = 7 mm, the antenna 

has its best performance over the desired frequency bands. The normalized radiation patterns of the 

proposed antenna (Antenna B) at the three operating frequencies are illustrated in Figure 5.7. The gain 

of Antenna A and Antenna B are presented in Figure 5.8. At 6.31 GHz the gain increased from 2. 21 

dBi to 4.44 dBi, while at 9.08 GHz a gain of 6.64 dBi was achieved. A gain increment from 2.32 dBi to 

7.38 dBi was obtained at 11.41 GHz. 
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Figure 5.6: Reflection Coefficient of Antenna B various air gaps. 

 

 

(a)  
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(b)  

              

(c)  

Figure 5.7: Radiation Patterns of Antenna B (a) 6.31 GHz (b) 9.08 GHz  (c) 11.41 GHz.  
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Figure 5.8: Realized Gain of Antennas A and B.  

 

The envelope correlation coefficient (ECC) is a measure of the diversity performance of the MIMO 

system. The ECC can also be used to measure the distance between two closely antennas. In MIMO 

system, 𝜌𝑒 shows the influence of diverse signal that reach the antenna elements by following distinct 

propagation paths. The value of 𝜌𝑒 can be calculated by using the S-parameter [172,173] 

𝜌𝑒 = 
|𝑆11

∗ 𝑆12 + 𝑆11
∗ 𝑆12|

(1 − (|𝑆11|
2 + |𝑆21|

2))(1 − (|𝑆12|
2 + |𝑆12|

2))
 

(5.1) 

The value of 𝜌𝑒 can also be calculated by using the radiated farfield patterns and it can be expressed as 

[173] 

𝜌𝑒 = 
|∬4𝜋[𝐹1

⃗⃗  ⃗(𝜃, 𝜙) ∗ 𝐹2
⃗⃗⃗⃗ (𝜃, 𝜙) 𝑑Ω]|

2

|∬4𝜋[𝐹1
⃗⃗  ⃗(𝜃, 𝜙)]|

2
𝑑Ω |∬4𝜋[𝐹2

⃗⃗⃗⃗ (𝜃, 𝜙)]|
2
𝑑Ω

 

(5.2) 

The far-field property of the MIMO system after exciting port is denoted as 𝐹1
⃗⃗  ⃗(𝜃, 𝜙). A low ECC is 

required for the robustness of the antenna. The ECC of the two antennas are shown in Figure 5.9. It is 



106 
 

evident that the ECC in the three various frequency bands is less than 0.009, indicating that the antennas 

are not correlated, and that Mu-CP has been significantly decreased. 

 

Figure 5.9: Envelope Correlation Coefficient of the Antennas A and B. 

 

The diversity gain (DG) is another important parameter, which characterizes the MIMO antenna. The 

DG can be calculated using 𝐷𝐺 = 10 × √1 − |𝐸𝐶𝐶| [174]. Figure 5.10 shows the DG of the Antennas 

A and B. It is seen that at the three resonance frequencies, the DG is closed to 10 dB. 
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Figure 5.10: Diversity Gain of Antennas A and B. 

 

Table 5.2 shows the 3 dB angular beamwidth, main lobe orientation, total and radiating efficiency, 

maximum gain, and directivity of Antennas A and B. The overall and radiating efficiency of the antenna 

are seen to reduce as the operating frequency of the antenna increases. The comparison of the 

proposed antenna with existing antennas is shown in Table 5.3. From this table, it can be 

observed that the proposed low-cost compact antenna provides high gain and high isolation. 

These parameters make the proposed MIMO antenna suitable for multiband communications.  

 

Table 5.2 Radiation Parameters for Antennas A and B 

Antenna  

parameters 

Antenna A Antenna B 

 6.05 

GHz  

8.9 

GHz 

10.63 

GHz 

6.31 

GHz  

9.04 

GHz 

11.41 

GHz 

Angular beamwidth 

(3dB)  

(phi=00) 

94.0 52.5 99.8 45.5 35.9 56.2 
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Angular beamwidth 

(3dB)  

(phi=900) 

98 134.8 62.4 

 

53.6 38.7 59.6 

Main lobe direction 

(phi= 00) 

5 56 112 30 43 148 

Main lobe direction 

(phi= 900) 

4.2 54 49 125 31 44 

Radiating efficiency 

(dB)  

-2.058 -3.643 -2.458 -5.999 -4.641 -3.671 

Total efficiency (dB) -2.134 -3.787 -2.540 -6.575 -4.833 -3.753 

Maximum gain (dB) 2.207 0.694 2.322 4.442 6.645 7.380 

Maximum directivity 

(dB)  

4.265 4.336 4.780 10.44 11.29 11.05 

 

Table 5.3 Comparison with Related Works 

Ref. Dimension 

(mm)2 

Frequency 

(GHz) 

Mutual 

coupling 

reduction 

(dB) 

ECC Gain (dBi) Remarks 

[175] 72 x 56 2.4 

5.8 

20 

24 

0.04 2.5 Large size, 

dual-band, 

low gain 

[176] 150 x 75 3.5 20 0.4 Not 

Specified 

Large size, 

single band 

[177] 150 x 75 2.6 

3.6 

5.8 

15 

10 

13 

0.01 2.5 – 4.5 Large size, 

low gain 

[178] 60 x 60 2.46 

3.5 

26 

24 

<0.002 

<0.007 

3.45 

2.7 

Large size, 

dual-band, 

low gain 

[179] 65 x 33.9 6 22 <0.01 6.79 Large size, 

single band 

Proposed 

Antenna 

57 x 35 6.13 

9.08 

11.41 

26 

33 

22 

< 0.15 

< 0.026 

<0.0011 

4.44 

6.65 

7.38 

Compact size, 

triple-band, 

high isolation, 

high gain 

 

 

5.5 Chapter Summary   

This chapter describes the design of a two-port MIMO patch antenna for multi-band communications 

that uses the ISMeTM superstrate. A superstrate that is etched over the two-port MIMO-ANT at an 

optimal height of 7 mm has a 3 x 5 array unit cell of the ISMeTM. The CST studio suite is used to 

simulate the proposed antenna. At frequencies of 6.31 GHz, 9.09 GHz, and 11.41 GHz, three resonances 



109 
 

were achieved. The proposed antenna and the two-port MIMO patch antenna were compared using a 

variety of parameters, including diversity gain, envelope correlation coefficient, and height (ag). Over 

the three-frequency band, a mutual coupling reduction of 26 dB, 33 dB, and 22 dB was attained. The 

proposed antenna is suitable for use in multiband MIMO communications.  
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Chapter 6 

Conclusion and Future Scope 

6.1 Conclusion 

This thesis presents the design and analysis of a metamaterial-based microstrip patch antenna for 

wireless application. For multi-band wireless communication, a novel I-shaped metamaterial structure 

utilizing a split ring resonator is proposed, developed, and examined. The three-square split-ring 

resonators (SSRRs) and I-shaped copper strip at the middle are used in the design of the proposed 

ISMeTM unit cell structure. Using the FR-4 dielectric substrate material, the proposed ISMeTM has a 

dimension of 10 x 10 x1.6 mm3. To achieve the best possible results for multi-band operation, different 

array configurations are analysed together with variations in ring gaps, strip lengths, and strip width. 

The unit cell's effective permittivity, permeability, and refractive index have all been investigated. The 

ISMeTM structure that has been presented exhibits resonance frequencies at seven operating 

bands, 6.31, 7.79, 9.98, 10.82, 11.86, 13.36, and 15.5 GHz. The proposed novel ISMeTM possesses 

multi-band properties that make it suitable for use in medical equipment, remote aerospace applications, 

electromagnetic cloaking, and other applications. 

The design of a wireless communication microstrip antenna with Square Split Ring Resonators 

(SSRR) as inspired is also explored in this thesis. With dimensions of 25 x 21.4 x 1.6 mm3 and a 

frequency of 5.85 GHz, the SSRR is mounted on a rectangular patch antenna. The antenna gain is 

enhanced by a unique SSRR design. The proposed antenna operates in a single operational band and 

has a gain of 5.278 dBi with a bandwidth of 430 MHz. This work was furthered by making use of the 

rectangular microstrip patch antenna performance-improving I-shaped metamaterial (ISMeTM) 

superstrate. The rectangular patch antenna, which is fed by a 50Ω coaxial connector, was covered with 

the 7 × 7 array of the unit cells as the superstrate. The proposed antenna achieves gains of 4.19 dBi, 2.4 

dBi, and 5.68 dBi at three operational frequencies of 6.18 GHz, 9.65 GHz, and 11.45 GHz. The Agilent 

8719ET network analyzer is used to conduct measurements on the proposed antenna, which is fabricated 

on a low-cost FR-4 substrate. It has an overall dimension of 70 x 70 x 1.6 mm3 . The obtained results 
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demonstrate the high gain, improved bandwidth, and excellent radiation efficiency of the proposed 

antenna. 

Additionally, a 3 x 5  array unit cell of the ISMeTM is placed on top of a two-port MIMO patch 

antenna as a superstrate. The proposed antenna successfully operated at three frequencies: 6.31 GHz, 

9.08 GHz, and 11.41 GHz. Over the range of the three operational frequency bands, a combined gain of 

4.44 dBi, 6.64 dBi, and 7.38 dBi was attained. There was a 26 dB, 33 dB, and 22 dB reduction in the 

mutual coupling of the two-port MIMO patch antenna, respectively.  

In conclusion, the design and analysis of a novel I-shaped multiband metamaterial, metamaterial-

based antenna, I-shaped metamaterial array-based multiband microstrip patch antenna with enhanced 

gain and I-shaped metamaterial based multiband MIMO antenna have been presented. The proposed I-

shaped metamaterial structure utilizing a split ring resonator exhibits resonance frequencies at multiple 

operating bands, making it suitable for various applications such as medical equipment, remote 

aerospace applications, electromagnetic cloaking etc. The use of Square Split Ring Resonators (SSRR) 

is explored, and a unique SSRR design is shown to enhance the gain of microstrip antenna. The proposed 

antenna with an ISMeTM superstrate achieves high gain, improved bandwidth, and excellent radiation 

efficiency at three operational frequencies. Moreover, a 3 x 5 array unit cell of the ISMeTM is used as 

a superstrate on a two-port MIMO patch antenna to attain the gain enhancement and mutual coupling 

reduction. The presented MIMO antenna is suitable for multiband wireless systems. 

6.2 Future Scope   

For further works, the miniaturization and compactness of the microstrip patch antenna should be 

considered when utilizing the proposed metamaterial structure for gain and bandwidth enhancement. 

Other techniques such as loading the defected ground plane, modifying the substrate, and loading the 

metamaterial near or on the radiating patch should be considered for improving the performance of the 

antenna.  
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