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ABSTRACT 

Reconfiguration of an antenna’s radiation pattern in a predefined direction is very 

important for enhancing the performance of communication systems in terms of the 

quality of service, system security, avoiding interference, and economizing power. 

Metamaterials, on the other hand, are commonly used in antenna design to enhance 

the gain, bandwidth, and efficiency and recently to tilt the radiation beam. 

Nonetheless, few issues had been encountered especially when the frequency is 

pushed to higher range such as the inherent losses that restrict the variety of their 

applications. Hence, metamaterials structures with relatively low loss are in high 

demand. In this thesis, various metamaterial structures with low loss properties are 

proposed. Then these structures are reconfigured and integrated with the fifth-

generation (5G) planar antennas at two different frequency bands i.e. millimetre-

wave (MMW) band and sub-6 GHz band for beam deflection applications. The 

modified double square ring resonator (DSRR) and contiguous squares resonator 

(CSR) structures are investigated numerically and experimentally to provide low loss 

property at 76 GHz and around 28 GHz, respectively. DSRR and CSR achieve losses 

of 0.5 dB and 0.2 dB, respectively. Both structures are manufactured and measured 

to validate the results. Furthermore, the analytical model is introduced to predict the 

electromagnetic behaviour of the proposed metamaterial structures. Thereafter, the 

CSR, Bridge shaped resonator (BSR) and split square resonator (SSR) structures are 

electronically reconfigured to produce different refractive indices at MMW and sub-

6 GHz spectrums, which are used for deflecting the radiation beam of the 5G planar 

antennas. An array of unreconfigurable adjacent square-shaped resonators (ASSRs) 

has been also used for tilting the radiation pattern of planar antenna at sub-6 GHz 

spectrum. These proposed structures are included in the substrate of the dipole 

antenna and bow-tie antenna for deflecting the radiation pattern in E-plane at two 

different 5G bands of 28 GHz and 3.5 GHz. The results of all designs at both bands 

show that the radiation beam of the antennas is deflected in both positive and 

negative directions with respect to y-direction of antenna. At 28 GHz, a high 
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deflection angle of 34° is obtained using simple structure, BSR, with gain 

improvement up to 1.9 dB (26.7%). On the other hand, at 3.5 GHz, the beam 

deflection angle of ±39º is achieved with gain enhancement up to 2.4 dB (35.6%) 

using passive beam deflection antenna whereas the beam deflection of ±36º is 

obtained using an active beam deflection antenna. The reconfigurable metamaterial 

antennas are proposed to be used in 5G base station network with advantages of high 

deflection angles, gain enhancement, low profile structure, low cost, lightweight, and 

easy integration with other circuits for 5G beam deflection applications. 
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ABSTRAK 

Corak radiasi bagi konfigurasi semula antena dalam arah yang ditetapkan adalah 

sangat penting untuk meningkatkan prestasi sistem komunikasi dari segi kualiti 

perkhidmatan, keselamatan sistem, mengelakkan gangguan dan menjimatkan kuasa. 

Selain itu, bahanmeta, kebiasaanya digunakan dalam reka bentuk antena untuk 

meningkatkan gandaan, jalur lebar, dan kecekapan dan kebelakangan ini untuk 

mencondongkan alur radiasi. Walau bagaimanapun, beberapa isu telah ditemui 

khususnya apabila frekuensi ditolak kepada julat yang lebih tinggi iaitu seperti 

kehilangan terwujud yang menyekat pelbagai aplikasi. Oleh itu, struktur bahanmeta 

dengan kehilangan yang rendah berada dalam permintaan tinggi. Dalam tesis ini, 

pelbagai struktur bahanmeta diperkenalkan dengan sifat kehilangan yang rendah. 

Kemudian, struktur ini dikonfigurasikan semula dan diintegrasikan dengan antena 

satahan generasi kelima (5G) pada dua jalur frekuensi yang berbeza iaitu jalur 

gelombang-milimeter (MMW) dan pecahan-6 GHz untuk aplikasi alur pesongan. 

Struktur resonator dua cincin segiempat terubahsuai dan struktur resonator segi 

empat bersebelahan disiasat secara numerik dan eksperimen untuk menyediakan sifat 

kehilangan masing-masing pada 76 GHz dan sekitar 28 GHz. Masing-masing DSRR 

dan CSR mencapai kehilangan rendah sebanyak 0.5 dB dan 0.2 dB. Kedua-dua 

struktur dihasilkan dan diukur untuk mengesahkan keputusan. Selanjutnya, model 

analitikal diperkenalkan untuk meramalkan kelakuan elektromagnetik bagi struktur 

bahanmeta yang dicadangkan. Sesudah itu, struktur CSR, struktur resonator 

berbentuk penghubung (BSR) dan resonator empat segi bersela (SRR) telah 

dikonfigurasi secara elektronik untuk menghasilkan indeks biasan yang berlainan 

pada spektrum MMW dan pecahan-6 GHz, yang digunakan untuk memesongkan alur 

radiasi antena satahan 5G. Aturan resonator berbentuk segi empat bersebelahan 

(ASSR) yang tidak dikonfigurasikan juga telah digunakan untuk mencondongkan 

corak radiasi antena satahan di spektrum pecahan-6 GHz. Struktur yang dicadangkan 

ini dirangkumi dalam substrat antena dwikutub dan antena  tali leher bow  untuk 

memesongkan corak sinaran dalam satah E pada dua jalur 5G yang berbeza pada 28 
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GHz dan 3.5 GHz. Keputusan semua reka bentuk pada kedua-dua jalur ini 

menunjukkan bahawa alur radiasi antena dibelokkan dalam kedua-dua arah positif 

dan negatif berkenaan dengan arah y antena. Pada 28 GHz, sudut pesongan tinggi 

34° diperoleh menggunakan struktur sederhana, BSR, dengan peningkatan 

keuntungan hingga 1.9 dB (26.7%). Sebaliknya, pada 3.5 GHz, sudut pesongan 

pancaran ± 39 achieved dicapai dengan peningkatan kenaikan hingga 2.4 dB (35.6%) 

menggunakan antena pesongan sinar pasif sedangkan pesongan sinar ± 36º diperoleh 

menggunakan antena pesongan sinar aktif. Antena metamaterial yang boleh 

dikonfigurasi semula dicadangkan untuk digunakan dalam rangkaian stesen 

pangkalan 5G dengan kelebihan sudut pesongan tinggi, peningkatan keuntungan, 

struktur profil rendah, kos rendah, ringan, dan penyatuan mudah dengan litar lain 

untuk aplikasi pesongan sinar 5G.
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CHAPTER 1 

 
 

  
 

INTRODUCTION 
 

 

1.1 Introduction  

Metamaterials are artificially engineered materials with unique electromagnetic 

response not found in natural materials. In the last two decades, these materials have 

attracted much attention because of their extraordinary electromagnetic 

characteristics such as negative permittivity and permeability, and thereby negative 

index of refraction [1][2]. Victor Veselago proved the theoretical basis of the 

negative permittivity and permeability properties in 1968. Three decades later, the 

negative behaviour was verified experimentally by Smith in 2000 [3][4]. By 

exploiting these unique electromagnetic characteristics, metamaterials can be utilized 

as a part of numerous essential applications such as super-lenses, cloaking 

technology, and design and enhance antenna performance [5]. Metamaterials are 

usually referred to as double-negative (DNG) material, negative refractive index 

(NRI) material, or left-handed material (LHM). In the LHM, both of permittivity and 

permeability are negative while both of them are positive in the right-handed 

material (RHM). 

The study of the metamaterial characteristics has been improved through 

several strategies and procedures. Nonetheless, few problems had been encountered, 

such as the small bandwidth and inherent losses that restrict the spectrum and the 

variety of their applications. Metamaterials experience high losses, particularly when 

the operation frequency is increased to the higher range, such as in the millimeter-

wave (MMW) spectrum [6]. These inherent losses can have negative impacts on the 

performance of the unnatural electromagnetic properties of the metamaterials. 
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Metamaterial losses are induced by two components, which are radiation losses (i.e. 

Metamaterial structure scatters the electromagnetic wave away from the incident 

wave) and ohmic losses (i.e. the dissipation energy due to the intrinsic ohmic losses 

of the conducting layer of the metamaterial structure), where the former is being a 

major component of such losses [7]. In recent years, the researchers had introduced 

several approaches to overcome metamaterial losses at different frequency bands, 

such as tailoring geometry of the metamaterial structure [8], using the 

electromagnetically induced transparency (EIT) [7], integrating gain materials [9]. 

Thus, a low-loss metamaterial configuration is in high demand to enhance the 

performance of metamaterial devices, especially at a high-frequency range.  

On the other hand, the most critical trends in the development of 

electromagnetic devices-based metamaterials are to design multi-function and 

miniaturized structures that can be achieved by reconfiguring these artificial 

materials. In recent years, reconfigurable metamaterials received considerable 

attention since they exhibit a variable response to an incident electromagnetic waves, 

thereby increasing the functionality of such structures [10]. This property gives the 

designers a wide degree of freedom for the synthesis of innovative adaptive systems. 

The reconfigurable metamaterials have found applications in fabricating 

reconfigurable antennas [11]. In particular, these materials can enhance the 

propagation properties of the antenna system, such as scanning range and directivity 

while simultaneously reducing cost and size. 

The type of application and its importance in the area of wireless 

communication is an essential part of the antenna design. The rapid increase in the 

number of wireless service users has created severe challenges for 

telecommunications industries regarding bandwidth scarcity in current networks. 

Therefore, service providers have moved toward fifth-generation (5G) networks to 

meet these requirements. 5G is a modern communication standard which is proposed 

to enhance the current communication standards. 5G networks provide data rates of 

up to 1000 times higher and bandwidth 10 times greater than current communication 

networks. The unlicensed spectrum below 6 GHz (3.5 GHz) band and MMW band 

have been proposed recently to deliver 5G for their advantages such as large 

bandwidth, which translates directly to higher data transfer rates and low latency, 

reducing the interference and increasing the frequency reuse factor [12][13]. The 5G 

networks would exploit the enormous amount of spectrum in the MMW bands to 
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greatly increase communication capacity and to resolve the spectrum crowding 

problem in the current communication networks [14]. A few bands of the MMW 

spectrum have been assigned for the 5G networks, such as 28 GHz, 38 GHz, 60 GHz, 

71–76 GHz and 81–86 GHz band. Nevertheless, these frequencies experience a very 

high propagation loss according to Friis’ formula, thereby providing short-range 

communications compared to the currently used bands [15]. For the smoother 

achievement of 5G technology in the early stage and to alleviate the propagation loss 

introduced by MMW, the telecommunications operators plan to employ the existing 

base station sites at sub-6 GHz of 3.5 GHz band [16]. The sub-6 GHz of 3.5 GHz is 

the candidate for early deployment of 5G networks across the globe at microwave 

regime with benefits of low propagation loss compared to MMW regime and wide 

bandwidth of 400 MHz [17][18]. In fact, this frequency band has a notable free space 

path loss over the currently used bands, and this issue can be mitigated using a 

directional antenna with enhanced gain [19]. The high gain directional antenna can 

be obtained by loading reconfigurable metamaterial structures into planar antennas. 

Today, the advanced communication systems supply us with different 

functionalities such as high transmission rate, multi-band performance, and many 

services. However, these systems should be at a low price, robust, and simple to use. 

These features show that if an individual system can perform multiple functions, the 

cost and complexity of the system can be decreased significantly. The antenna design 

is an indivisible part of any communication system, and the development of this part 

can have a notable impact on the overall performance of the communication system. 

Thus, applying reconfigurable antennas that can provide variety at different levels is 

an encouraging solution to improve the communication system. By adjusting the 

radiated fields of the effective aperture of the antenna, the reconfigurable property of 

an antenna can be achieved [20][21]. In this regard, antenna currents are 

redistributed, which leads to change in the antenna’s functionalities. This change in 

functions empowers the designers to introduce reconfigurable antennas for various 

wireless communication platforms. Many reports had been carried out on different 

kinds of reconfiguration, including the frequency reconfigurable, radiation pattern 

reconfigurable, directivity reconfigurable, and polarization reconfigurable [22]. In 

the literature, various approaches had been proposed to perform the reconfiguration, 

such as mechanical, thermal, and electronic. However, it is needless to say that 

electronic reconfiguration is the most interesting method because of their significant 
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applications in modern communication systems. Recently, reconfigurable antennas 

can be achieved by integrating reconfigurable metamaterials. This integration can 

enhance the propagation properties of the antenna [23]. 

This research is conducted to design, fabricate, and measure low loss 

metamaterial structures. Then, the metamaterial structures are reconfigured using the 

electronic approach based PIN diode for providing different refractive indices. After 

that, reconfigurable metamaterial structures are loaded into planar dipole and bow-tie 

antennas to perform the beam-tilting capability at two different 5G bands of 28 GHz 

and 3.5 GHz. This approach is considered among the best candidates to reconfigure 

the planar antennas for its advantages over conventional methods such as compact 

size, separable reconfigurable part, ease of implementation, the possibility of 

integration in the same substrate of the antenna, and enhancing the gain through the 

reconfiguration process. 

1.2 Motivation  

The explosive growth in the wireless communication system motivates the 

researchers to investigate different ways of boosting the current cellular network 

standards. The cellular network generations are assessed by the increase in the user 

devices, traffic data, and the demand for a better quality of service (QoS) [24][25]. 

By the end of 2020, there are expectations of increasing the connected devices up to 

50 billion [26]. As a result, the massive growths in the data traffic and spectral 

scarcity have become noticeable problems. The 5G wireless networks are the 

following telecommunication standard, which proposed to enhance the performance 

of the current networks. The spectrum shortage is a critical problem for 5G wireless 

networks. To overcome this issue, the unlicensed spectrum below 6 GHz and MMW 

had been proposed to deliver 5G mobile network because of their large bandwidth. 

The MMW bands, such as the 28 GHz, the 38 GHz, the 60 GHz, and the E-band (71– 

80 GHz), are the essential bands that are investigated recently by the researchers to 

deliver 5G mobile networks.  

The MMW communications experience a very high propagation loss 

compared to other communication systems that use a low operation frequency, which 

in turn limits their promising applications. These losses are inherently due to the rain 
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attenuation and atmospheric and molecular absorption characteristics of MMW 

propagation [27]. To mitigate this issue, the MMW communications are used for 

indoor environments with small cell sizes on the order of 200 m. Moreover, 

directional high gain antennas are employed at both the transmitter and receiver 

terminals of the system. On the other hand, the sub-6 GHz of 3.5 GHz band is 

proposed recently as a candidate band for future 5G networks. The 

telecommunications operators can utilize the present base station sites at 3.5 GHz 

frequency band to deliver 5G with low free space path loss and a large bandwidth of 

400 MHz. However, this band has a noticeable propagation loss, which can be 

compensated using a directional antenna with enhanced gain [19]. Therefore, 

antennas with beam deflection and gain enhancement capability are in high demand 

to support 5G communication systems. 

In this thesis, the MMW band of 28 GHz has been chosen to be the operation 

band of the reconfigurable metamaterial antenna. This band offers a low rain 

attenuation and oxygen absorption in comparison with the other MMW bands, such 

as 60 GHz [28]. Moreover, the pattern reconfigurable metamaterial antenna has been 

designed at the sub-6 GHz of 3.5 GHz band due to the low path loss and large 

bandwidth. Few works had been carried out to discuss the integrating of 

metamaterials with the antenna system for deflecting the radiated beam toward the 

desired direction at the microwave spectrum. However, these works experience 

several shortcomings, such as the large profile structure, fixed and small beam 

deflection angle, provide a beam deflection only in one direction, and drop in the 

gain. This motivates us to propose novel geometric shapes of metamaterial 

structures, which provide significantly low losses as compared to that of the various 

reported metamaterial structures. Further, the reconfigurable metamaterial structures 

are integrated with printed dipole and bow-tie antennas for beam deflection 

application at two different frequency bands of 28 GHz and 3.5 GHz. 

1.3 Problem statement 

Many challenges affect the implementation of metamaterial-based devices, including 

narrow bandwidth and losses. These impairments restrict the spectrum and the 

variety of their applications. Metamaterials experience high losses, especially when 
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the frequency is increased to the higher range, such as the MMW frequency range. 

Consequently, the losses can have negative influences and adverse effects on the 

realization of the unique electromagnetic properties of the metamaterials. A novel 

and modified geometric shapes of metamaterials with relatively low loss are in high 

demand to exploit the unique electromagnetic properties and enable metamaterial-

based devices at the high-frequency range [29]. 

Pattern reconfigurable antenna is essential for a terminal with an array of 

antennas such as the base station that arranges to direct the radiation pattern under 

the horizon to cover the small cells. Deflecting an antenna’s radiation pattern in a 

predefined direction is very important for enhancing the performance of 

communication systems in terms of the quality of service, system security, avoiding 

interference, and economizing power. Several approaches had been proposed in the 

literature to redirect the antenna’s main beam to the desired direction, such as phased 

array antenna and adaptive antenna using the beam-forming network. By using these 

methods, the phase of each element is changed progressively to steer the main beam 

into the predefined direction. However, they suffer from a complex feeding network, 

an expensive transceiver system, a large size, and a drop in the gain [30][31]. To 

overcome these issues, the electronically reconfigurable metamaterial is loaded into 

the single element planar antenna for achieving beam tilting with advantages over 

conventional methods, such as adjustable refractive index, the simplicity of 

implementation, small size structure, and the potential of integration onto the same 

substrate of the antenna. Moreover, the gain is also enhanced through the 

reconfiguration process, which in turn helps to alleviate the free space path loss that 

results from increasing the operating frequency to high-frequency range such as 

MMW. Reconfigurable metamaterial structure also provides the possibility of 

designing a separable reconfigurable part that can be attached to or be extracted from 

the antenna structure as demanded.   

1.4 Objectives  

The main objectives of this research are: 
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I. To design, fabricate, and measure metamaterial structures with low loss 

property operating at the MMW spectrum.  

II. To simulate and analyze the reconfigurable refractive index metamaterial 

structure for MMW and sub-6 GHz spectrums. 

III. To design, fabricate, and experiment a 5G planar antenna based on 

reconfigurable metamaterial structure operating at two different frequency 

bands of 28 GHz (MMW) and 3.5 GHz (sub-6 GHz) for 5G beam deflection 

applications. 

1.5 Scopes of the research 

The main aim of this research is to propose different shapes of the metamaterials 

with relatively low loss property. After that, these metamaterial structures are 

reconfigured and integrated with planar single element antenna for 5G beam 

deflection applications at two different frequency bands of 28 GHz (MMW) and 3.5 

GHz (sub-6 GHz). The significant research scopes are as follows: 

 
I. Study and understand the concept and classifications of metamaterials. 

Investigate the types and effects of the metamaterial impairments, i.e. the 

losses. Also, review the techniques used for compensation these losses. 

Accordingly, propose metamaterial structures operating at MMW with losses 

less than 0.5 dB. Moreover, propose an equivalent circuit model to predict the 

behaviour of the metamaterial structures. The CST microwave studio and 

advanced design system (ADS) had been utilized to simulate the proposed 

structures and equivalent circuit, respectively. 

II. Study and investigate the techniques that are used to reconfigure the 

metamaterials. Hence, an electronic approach-based PIN diode is proposed to 

achieve reconfigurable metamaterials at MMW and microwave spectrums. In 

this regard, different metamaterial structures are reconfigured at both 

frequency bands to meet the requirements of this study of creating different 

refractive index values. The reconfigurable structures are implemented in the 

simulation stage using two methods, which are the copper strip to mimic the 

dimensions of a real PIN diode and the S-parameters of the real PIN diode.  
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III. Design, fabricate and measure the dipole and bow-tie antennas that operate at 

two different 5G bands of 28 GHz and 3.5 GHz. Then, these antennas are 

integrated with reconfigurable metamaterial. This integration between the two 

antennas and reconfigurable metamaterials leads to deflect the main beam of 

the proposed antennas in both positive and negative directions. Furthermore, 

the gain is improved through the deflection process, thereby alleviating the 

free space path loss and increasing the reliability of the communication 

system. 

IV. Finally, analysis, discussion, and comparison between simulation and 

measurement results. Then writing the final report. 

1.6 Research structure outline 

A brief introduction to metamaterials and their applications in antenna fields, 

motivation, problem statement, the scope of research and research objectives are 

presented in Chapter 1. Figure 1.1 shows the steps of the thesis outline. 

In Chapter 2, the history of the metamaterials and their applications in 

antenna fields are discussed. Previously reported works of the different techniques 

used to reduce the metamaterial loss are described in detail. Also, the well-known 

methods of reconfigurable metamaterials are investigated, and their performance is 

compared. Further, the different types of reconfigurable antennas had been discussed. 

The review focused on the reconfigurable radiation pattern. The integration of 

metamaterials with the antenna for beam deflection applications is discussed and 

reviewed for different antenna configurations and frequency bands. 

In Chapter 3, the research methodology is presented. The general steps of the 

research are provided in the form of a flow chart. The two stages of this research are 

discussed in detail. The first stage is to design and simulate the metamaterial 

structures and metamaterial antennas. The validation of the simulation results is 

investigated in the second stage, in which the fabrication and measurement are 

discussed in detail. 

Chapter 4 is divided into two main stages. In the first stage, five metamaterial 

structures are proposed to operate at both MMW and microwave spectrums with low 
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loss, including the modified double square ring resonator (DSRR), contiguous 

squares resonator (CSR), bridge shaped resonator (BSR), adjacent square-shaped 

resonator (ASSR), and split square resonator (SSR). The losses of all proposed 

structures are studied. In the second stage, the CSR, BSR, SSR structures have been 

reconfigured to achieve different refractive index values, which are used in Chapters 

5 and 6 for beam deflection applications. Further, the equivalent circuit model of the 

metamaterial structures is introduced, in which the LC equivalent circuit model is 

used to predict the electromagnetic behaviour of the proposed structures. 

In Chapter 5, the beam deflection antenna is proposed using different 

metamaterial structures at a 5G candidate band of 28 GHz. The dipole antenna is 

investigated numerically and experimentally at 28 GHz. Reconfigurable CSRs is 

included into the proposed antenna for beam deflection application. The CSR array 

has the capability for deflecting the main beam in both directions, positive and 

negative. Moreover, the gain is enhanced through the deflection process. Another 

structure, BSR, is also embedded into the proposed antenna for achieving higher 

deflection angles with gain enhancement in both directions. 

In Chapter 6, two metamaterial structures are used to tilt the main beam of the 

dipole and bow-tie antennas at a 5G candidate band of 3.5 GHz. The dipole and bow-

tie antennas are investigated numerically and experimentally at 3.5 GHz. ASSR array 

is added to the dipole antenna for tilting the main beam with gain enhancement in 

both positive and negative directions. On the other hand, the reconfigurable SSRs are 

integrated with the bow-tie antenna to produce high deflection angles with gain 

enhancement in both directions. Both passive and active reconfigurable metamaterial 

antennas have been fabricated and measured to validate the simulated results. 

In Chapter 7, the conclusion of the research and the recommendations for 

future work are introduced.  
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CHAPTER 2 

 
 
 
 

LITERATURE REVIEW 
 
 

2.1 Introduction  

Metamaterials researches have attracted widespread interest in recent years due to 

their unnaturally electromagnetic response—in particular, negative refraction index 

and left-handed propagation. Metamaterials, with their unusual properties that cannot 

be found in nature, have shown tremendous potential in many fields of science and 

technology. Since the beginning of this century, metamaterials had presented 

innovative solutions to overcome the restrictions and challenges of conventional 

microwave components and had been extensively utilized in many antenna 

applications [32]. 

The study of the unique electromagnetic properties of metamaterials has been 

boosted through several strategies and approaches. Nonetheless, few impairments 

had been encountered, such as the inherent losses and narrow bandwidth that restrict 

the spectrum and the variety of their applications. The existence of the metamaterial 

losses primarily limits the performance of the metamaterials. In the microwave 

frequency region, these losses are acceptable and the unique electromagnetic 

properties of the metamaterials can still be obtained. However, metamaterials 

experience very high losses during the increase of the frequency to the higher range, 

such as the MMW spectrum [6]. At a high-frequency range, these losses have a 

significant impact on the unusual electromagnetic characteristics of the 

metamaterials. There are two components of metamaterial losses namely radiation 

and ohmic losses [7]. Metamaterial elements scatter the electromagnetic energies 
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away from the incident wave, thereby inducing the radiation loss. On the other hand, 

ohmic loss arises from the metallic layer of the metamaterial structures. 

In the literature, various potential approaches had been proposed for defeating 

the problem of high losses in metamaterials. However, in these present solutions, 

either it cannot be applied at high-frequency bands, or the extraordinary response of 

the metamaterial cannot be preserved [33]. Hence, new metamaterial structures with 

relatively low loss are in high demand. To overcome the major components of these 

losses and to enhance the performance of the devices based on metamaterials at the 

high-frequency range, the EIT phenomenon and tailoring the equivalent circuit 

parameters for obtaining a high L/C ratio are used to explain the low loss property in 

the proposed metamaterial structures. 

Recently, researchers focused on the metamaterial design which leads to the 

realization of reconfigurable property [34][35]. Reconfigurable metamaterials are 

designed for controlling electromagnetic waves using conventional reconfigurable 

approaches such as mechanical, thermal and electronic. A noticeable variation in the 

electric and magnetic response was observed when the geometry of the unit cell is 

rearranged [36]. Reconfigurable metamaterials present enormous opportunities to 

achieve different technologies such as beam-switching, imaging, and optimizing the 

scattering (transmission, reflection, and absorption) of the material. 

On the other hand, 5G is the next telecommunication standard which 

proposed as highly needed to enhance the existence fourth-generation (4G) 

telecommunication networks in terms of high speed, availability of large bandwidth, 

broad channel capacity, high quality and low latency [12]. The advance in the 

wireless telecommunications networks such as 5G should be turned into smart 

antenna systems. It is essential to dynamically deflect the radiation of the antennas 

for enhancing the quality of service, system security, avoiding interference, and 

economizing power. In the literature, many approaches had been proposed to guide 

the antenna’s main beam toward a specific direction. These include phased array 

antenna and adaptive antenna using the beam-forming network (BFN) [37][38]. 

Nonetheless, these approaches suffer a complex feeding network, an expensive 

transceiver system, a large size, and a fixed scanning angle.   

In recent studies, the conventional metamaterial structures are integrated with 

the planar antenna for beam tilting applications. This approach has advantages over 

conventional beam deflection methods, including adjustable refractive index, the 
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simplicity of implementation, small size structure, the potential of integration onto 

the same substrate of the antenna, and gain enhancement. Considerable work had 

been carried out to deploy metamaterials for beam-steering applications by 

integrating metamaterials in the front of the individual planar antenna. This 

integration creates different refractive indices mediums in the vicinity of the 

proposed antenna, thereby deflecting the radiation beam in the desired direction. 

Moreover, unlike other methods, the gain is improved through the deflection process 

[39][40].    

2.2 Metamaterials 

2.2.1 History  

The prefix ''Meta'' is taken from Greek, which means ''beyond ''. The novel and 

desired macroscopic properties of the metamaterial are beyond the naturally 

occurring materials. The first significant contribution to the metamaterial was 

declared in 1968 by Victor Veselago [3]. He stated that the negative permittivity and 

negative permeability of the material would be possible theoretically. Three decades 

later, the first left-handed metamaterial was verified experimentally by Smith. Since 

the experimental validation of the metamaterial by Smith in 2000, the research in this 

field has evolved at different frequency ranges, including microwave spectrum [41], 

terahertz spectrum [42][43], optical spectrum [44][45] and MMW spectrum [46][47]. 

  The conventional design of the metamaterial is composed of Thin-Wire (TW) 

structure that offers a negative value of permittivity ε and the Split Ring Resonator 

(SRR) with a negative value of permeability μ as shown in Figure 2.1 [48][41]. 

Subsequently, different types of artificial metamaterial unit cells with different 

shapes had been proposed, including the SRRs and complementary CSRRs [49], 

broad-side coupled SRRs [50], omega-shaped resonator [51], and S-shaped resonator 

[52].  

 

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



14 
 

 

Figure 2.1: Conventional array of metamaterials, TW structure exhibits (-) and SRR 

provides (-µ) [41]. 

2.2.2 Metamaterial applications  

The potential applications of metamaterials are still being revealed since the 

possibility of achieving materials not found in nature for different applications is 

almost limitless. However, the uncommon electromagnetic properties of the 

metamaterials enable many practical applications in the microwave, MMW wave, 

and terahertz regimes such as perfect and superlens [53][54], subwavelength 

resolution and focusing [55], achieving transparency by cloaking technologies [56], 

scattering suppression [57], and enhance nonlinear phenomenon [58]. In spite of 

remarkable features of metamaterials in altering the constitutive parameters of the 

material, the resonant nature of metamaterials remains an unsolved dilemma, which 

leads to high losses and narrow bandwidth impairments that restrict their applications 

in many aspects. 

2.2.3 Metamaterial classifications   

In conventional materials, the propagation of the electromagnetic wave is influenced 

by their refractive index. The electromagnetic characteristics of a metamaterial can 

be expressed by Lorentz dispersive model with two frequency-dependent 

macroscopic parameters, permittivity ε(ω) and permeability μ(ω) as follows: 

 

TW SRR 

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



15 
 

 

                          𝜀(ω) = 1 + ω𝑝𝑒
2

ω𝑇𝑒2−ω2−𝑖ω𝛾𝑒
                                                 (2.1) 

                                     𝜇(ω) = 1 + 𝑤𝑝𝑚
2

ω𝑇𝑚2−ω2−𝑖ω𝛾𝑚
                                    

 
           (2.2) 

where the ω𝑇𝑒 and ω𝑇𝑚 are the transverse resonance frequency. ω𝑝𝑒 and ω𝑝𝑚 are 

the electric and magnetic coupling strengths. 𝛾𝑒 and 𝛾𝑚 are the parameters of the 

absorption. 

Figure 2.2 shows the classifications of the material, which includes all types 

of materials according to their electromagnetic properties. The top-right quarter 

depicts that materials of both permittivity and permeability are positive, which 

covers most conventional dielectric materials. The epsilon negative (ENG) material 

is shown in the top-left quarter which depicts a negative permittivity at some 

frequencies and positive permeability at other frequencies. This type of material can 

be achieved by periodic wire structures [48]. The first human-made material with 

negative permeability is presented in the bottom-right quarter which is called a mu-

negative (MNG) material. This type of material is performed by a periodic structure 

of SRRs [41]. The bottom-left quarter is the most interesting one, in which 

permittivity and permeability are simultaneously negative and it is known as double-

air 

air 

air 

   Wire structure 

(ENG) 

       < 0, µ>0 

    

         DPS   

              >0, µ>0 

             n= + µ  

 Split ring structure 

(MNG)  

 > 0, µ <0  

  

µ  

     DNG 

        < 0, µ <0 

     n= − µ   

air 

Figure 2.2: Classifications of the mediums based on permittivity and permeability 

with the electromagnetic wave interacting with four possible materials.   

Zero index 
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negative (DNG) metamaterial. No such material can be found in nature. The origin of 

Figure 2.2 can be classified as zero-index material where ε and μ are at zero or 

approaching zero. The electromagnetic wave interacts with the four materials as 

shown in Figure 2.2. It can be seen that the electromagnetic wave normally refracted 

for double-positive (DPS) material. The electromagnetic wave does not propagate in 

the MNG and ENG materials. On the other hand, the metamaterials refracted the 

waves away from normal. In this research, different metamaterial structures had been 

proposed at the MMW spectrum and microwave spectrum. The constitutive 

parameters of these structures had been reconstructed using a well-known method. 

The losses of these structures had investigated, especially at the MMW spectrum. 

After that, these structures are reconfigured to achieve different refractive indices, 

which are used to deflect the main beam of the proposed antennas at two different 5G 

bands. 

2.2.4 Refractive index of the metamaterials  

The capability to control the macroscopic electromagnetic characteristics, 

particularly the permittivity, permeability and refractive index by modifying the 

geometry and combination of the incorporated elements leads to the number of 

essential material designs and applications [59]. Most important amongst these is 

material with negative index refraction. The incident waves (evanescent waves) of 

the positive refractive index material suffer a significant decay while the negative 

refractive index materials enhance these waves. Negative refractive index 

metamaterials, which were verified experimentally at the beginning of this century, 

are mostly engineered materials consisted of electric and magnetic structures that 

have negative permittivity and negative permeability at a specific frequency range 

[60]. The direction of the energy flow of electromagnetic waves is described by the 

Poynting, 𝑆. The S⃗⃗ is expressed as follows:  

                                                   𝑆 = �⃗⃗� × �⃗⃗⃗�                                                            (2.3) 

where E⃗⃗⃗ and H⃗⃗⃗ are the electric and magnetic fields, respectively. In the right-handed 

material (RHM), both of ε and μ are positive. The electric field E⃗⃗⃗, magnetic field H⃗⃗⃗, 

and wave vector, k⃗⃗, follow the right-hand rule. In this case, the S⃗⃗ and k⃗⃗ have the same 
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direction. On the other hand, the backward-wave propagation is observed when both 

ε and μ are negative. In this case, the S⃗⃗ has the opposite direction with respect to k⃗⃗.  

In other words, the phase velocity and group velocity are anti-parallel. In this case, 

the slab is a LHM, and the left-hand rule can be expressed as follows: 

                                                  𝑆 = −�⃗⃗� × �⃗⃗⃗�                                                          (2.4) 

The mathematical expression of the negative refraction can be achieved when both ε 

and permeability μ are negative, as follows:  

 

                                                  𝑛 = √ɛ × µ                                                            (2.5) 

The permittivity and permeability in terms of magnitude and phase are expressed as 

follows: 

                                   𝜀 = |𝜀|𝑒𝑗𝛷𝑒 , 𝜇 = |𝜇|𝑒𝑗𝛷ℎ                                        (2.6) 

where the 𝛷𝑒 and 𝛷ℎ are any values between the 0 and π. To obtain a negative index 

of refraction, both of them are supposed to be π. 

                                            𝑛 = √ɛ × µ 𝑒𝑗
1

2
(𝛷𝑒+𝛷ℎ)                                                (2.7)                                          

where 𝑒𝑗𝜋 = −1                                 

                                                  𝑛 = −√ɛµ                                                              (2.8) 

The first negative refractive index (NRI) is introduced by conventional metamaterial 

of cut wire and SRR structures. The main shortcomings of this traditional 

metamaterial are that the bandwidth is too tight and the losses are high at the high-

frequency range, which restricts their promising applications as absorbers, imaging 

resolution, and an invisibility cloak [61].  

2.3 Metamaterial loss 

One of the significant challenges that face the researchers in the metamaterials field 

is the inherent losses at different frequency spectrums. These losses are usually 

caused by the metallic layer of the structure and radiation scattering. The losses 

seriously limit the practical applications of the metamaterials, which are also a major 

obstacle in the design of efficient metamaterial devices such as absorbers and an 
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invisibility cloak. The metal used in the metallic layers of the metamaterial structure 

behaves in a less than ideal manner, especially at high frequencies such as MMW 

and optical regimes. Thus, the intrinsic or ohmic loss is a very crucial issue and 

needs to be addressed especially at high-frequency range [62]. The intrinsic loss can 

be defined as the total power absorbed by the metamaterial due to resistive heating of 

the metallic layers of the structure. 

The inherent losses of the metamaterial are not limited to the metal loss of the 

structure. The design of the metamaterial can bring substantial loss effects, and these 

losses can be classified into two types: resonant losses [63] and radiation losses [64]. 

The resonance losses are induced by increasing the operating frequency of the 

metamaterial unit cells. On the other hand, the radiation loss which is the dominant 

component of the losses, is due to the metamaterial elements that scatter the 

electromagnetic waves away from the incident wave. The inherent losses caused by 

ohmic and radiation losses are explained in Figure 2.3. The metamaterial receives the 

incident electromagnetic wave from an external source. Part of the incident wave is 

dissipated inside the metamaterial through the equivalent ohmic resistance resulting 

from the metallic layers of the structure. Another part of the incident wave, which is 

the larger, radiates off the metamaterial, thereby inducing the radiation losses. To 

measure the metamaterial losses, various factors have been used such as transmission 

coefficient and surface current distribution [6]. The transmission loss, S21, is used to 

measure the peak of the transmission band of the metamaterial at the desired 

frequency.  

 

 

           Figure 2.3: The inherent losses in metamaterials [7]. 
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On the other hand, if the surface current distribution is not uniform over the 

metamaterial metallic layers, the magnetic dipole moment and the electric dipole 

moment are excited, thereby inducing the radiation losses. Thus, to design a low loss 

metamaterial structure, the structure should have a proper geometrical arrangement 

with uniform surface current distribution. Several techniques were extensively 

reported in the literature to compensate losses in the metamaterials. The most 

common techniques are using the principal of the EIT and tailoring the geometry of 

metamaterial structures. 

 

2.3.1 Electromagnetically induced transparency (EIT)  

EIT is an appealing physical phenomenon and defined as a quantum interference 

effect that occurs in the three-level atomic system, in which an opaque atomic 

medium is introduced to be transparent in the extremely narrowband window within 

a broad absorption spectrum [65]. EIT effect can be achieved in the metamaterials 

field. However, this effect can only be induced passively by tailoring the geometrical 

parameters of the resonator structures [65] [66]. To date, EIT is the most effective 

approach for compensating the metamaterial losses. By applying the principle of 

EIT, metamaterial structure induces opposite current directions resulting in the 

destructive interference of the scattering fields, and thus suppression the radiation 

loss. In the last decade, various metamaterial structures based on EIT phenomenon 

are reported to reduce the loss. This physical phenomenon provides substantially 

reduction in the metamaterial loss at different frequency regimes from microwave 

[67] to terahertz [64]. At a higher frequency range, metamaterial losses are less 

discussed in the literature so far, and this work is considered among the first to 

investigate these inherent losses at the MMW spectrum. 

In the literature, most of the reports discussed the losses of the SRR which 

considers the conventional structure of the metamaterials. Hai-ming Li et al. in [67] 

reported a low loss EIT metamaterial-based electric toroidal dipolar response. This 

response is induced by currents flowing on the surface of a torus along its meridians. 

The metamaterial structure is composed of asymmetric split range resonator (ASRR) 

that acts as electric toroidal dipolar response and cut wire represents the electric 
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response as illustrated in Figure 2.4.  The transmission dip band has appeared at 8.12 

GHz. The destructive interference between the ASRR and cut wire results in a high  

 

Figure 2.4: Schematic view of the structure and the fabricated prototype. 

transparency peak at 8.12 GHz. Due to break in the symmetry of the structure, there 

is a freedom in the coupling between two modes which helps in reducing the loss of 

the structure. The ASRR and cut wire unit cell achieved a very low loss of 0.56 dB 

(0.88 in the linear scale). The overall dimensions of the unit cell are 0.43 𝜆𝑜× 0.43 𝜆𝑜 

at 8.12 GHz, where 𝜆𝑜 refers to the free space wavelength at the resonance 

frequency. Although the EIT had been induced at low frequency, the loss of the 

structure is still high. In [68], the authors proposed two mirrored double-gap split-

ring resonator SRRs and cut wire shapes to induce EIT, as shown in Figure 2.5. The  

 

 
(a) 

 

 
(b) 

Figure 2.5: (a) Schematic view of SRRs and cut wire, and (b) simulated and 

measured transmission and reflection coefficients.  

electric and magnetic fields are induced by the cut wire and SRRs, respectively. This 

design provided a loss of about 2.5 dB (0.56 in the linear scale) at 10.05 GHz with 

dimensions of 0.7 𝜆𝑜× 0.4 𝜆𝑜. Although the symmetry of the structure was retained 
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through the inducing of EIT and the unique properties of metamaterials can still be 

achieved within the microwave regime, the proposed structure induces a high loss at 

the resonant frequency. Also, the loss of conventional SRR had been studied and 

compensated based on EIT phenomena in [69]. The unit cell structure was composed 

of two SRRs with wide and narrow dimensions that were exploited to exhibit a low 

loss behavior. Figures 2.6 (a) and (b) depict the periodic structure with single unit 

cell geometry and the transmission coefficient, respectively. The proposed structure 

achieved a low loss of 0.5 dB (0.89 in the linear scale) at 5.5 GHz. The low loss 

property is investigated in terms of transmission coefficients, constitutive parameters, 

and surface current. The physical size of the structure is 0.3 𝜆𝑜× 0.3 𝜆𝑜. Nevertheless, 

the loss remains high at the microwave regime. The losses of conventional SRRs and 

I-shape cut wire had been investigated and reduced using the EIT phenomenon in 

[70]. The schematic view of SRRs and I-shape cut wire unit cell and its fabricated 

prototype are illustrated in Figure 2.7. This structure produced a low loss of 0.97 dB 

(0.8 in the linear scale) at 5.41 GHz. The main advantage of this design is the low-

profile structure where the dimensions of the structure are 0.3 𝜆𝑜× 0.2 𝜆𝑜. This size is 

small in comparison with other reported literature. The loss at the high-frequency 

range is discussed based on EIT in [71]. The unit cell is composed of a double-gap 

split ring resonator (DSRR) and a straight metallic strip. The authors optimize the 

coupling between the two shapes to reduce the loss. The proposed structure achieves 

a transmission peak of 3 dB (0.5 in the linear scale) at 500 GHz. 

 
 
 
 
 
 
 
 
 
 
 

                                   (a) 

 

 
(b) 

Figure 2.6: (a) The periodic structure with a single unit cell geometry, and (b) 

simulated and measured transmission and reflection coefficients.  
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The proposed structure has a physical size of 0.4 𝜆𝑜× 0.4 𝜆𝑜. However, the loss is 

still quite high. 

 

Figure 2.7: (a) Schematic view of SRRs and I-shape cut wire, and (b) fabricated 

prototype. 

2.3.2 Tailoring geometry of metamaterials 

The metamaterial loss restricts the applications of such exotic materials and delays 

incorporating them in the practical devices unless efficient ways of reducing them 

are found. As mentioned previously, the EIT with destructive interference of the 

scattering fields is the most common method to achieve low loss property. It is worth 

of mentioning that there are other methods proposed in the literature to reduce the 

loss, such as the tailoring geometry of the metamaterial structures. This method is 

performed by optimizing the structure parameters through the simulation to exhibit a 

low loss property. 

The authors in [72] investigated the losses by using a double bowknot shaped 

structure (DBS). The overall dimension of the DBS unit cell is 0.3 𝜆𝑜× 2.7 𝜆𝑜 at 11 

GHz. The overlap between the electric and magnetic resonance had been exploited to 

achieve a low loss structure. By optimizing the structural parameters, three types of 

DBS (A, B, and C) with small losses were introduced. The losses based on 

transmission peak are 2.75 dB (0.53 in the linear scale), 2.3 dB (0.59 in the linear 

scale), and 1.33 dB (0.74 in the linear scale) for type A, type B, and type C, 

respectively. Another approach based on tailoring geometry is by exploiting the 

structure parameters L and C. In the RLC circuit, the losses rely on the Q factor and 

the parameters of the circuit, where the Q-factor is given by Q= (I/R) ×√ (L/C). The 
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decrease in the capacitance, C values or the increase in the inductance, L values 

causes an increase in the Q-factor value, thereby reducing the circuit losses. The 

authors in  [63] and  [73]  propose fishnet and circular spiral split ring resonator 

(CSSRR) to exhibit a low loss property, respectively. The parameters of both 

structures were optimized through the simulation to increase the L/C ratio, thereby 

increasing the Q-factor and reducing the losses. The asymmetrically aligned paired 

cut wires on both sides of the cyclo-olefin Polymer substrate is proposed in [74] to 

provide low loss at 0.42 THz. By optimizing the cut wire structure from symmetry to 

asymmetry, the structure loss was reduced to 0.91 dB (0.81 in the linear scale). In 

[75], the authors reported a near-zero-index metamaterial-based S-shaped with wires 

on the surface and through the substrate. The proposed structure offered a low loss in 

the wide frequency range at X-band. The bandwidth and loss were mainly controlled 

by the surface wire width, in which the electric plasma frequency and the magnetic 

plasma frequency can be adjusted. The broadband low loss of 1.7 dB (0.67 in the 

linear scale) was obtained in the wide frequency range from 10.72 GHz to 11.4 GHz. 

Table 2.1 summarizes the recent literature of the metamaterial loss reduction using 

different reduction mechanisms.    

Table 2.1: Summary of previous reports on metamaterial loss reduction. 

Ref. Metamaterial 

shape 

(physical size) 

Frequency 

band 

Transmission 

peak  

(the losses) 

Reduction 

loss 

approach 

Drawbacks  

[67] ASRR and cut 

wire 

(0.43𝜆𝑜×0.43 𝜆𝑜) 

Microwave 

regime 

8.12 GHz 

0.56 dB (0.88 

in the linear 

scale). 

EIT  The loss 

still high at 

microwave 

regime. 

[68] SRRs and cut 

wire 

(0.7 𝜆𝑜× 0.4 𝜆𝑜) 

Microwave 

regime 

10.05 GHz 

2.5 dB (0.56 

in the linear 

scale) 

EIT without 

breaking the 

symmetry 

of the 

structure 

The loss is 

quite high 

at 

microwave 

regime. 

[69] SRR 

(0.3 𝜆𝑜× 0.3 𝜆𝑜) 

Microwave 

regime 

0.5 dB (0.89 

in the linear 

 

EIT 

The loss 

remains 
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5.5 GHz. scale) high at the 

microwave 

regime. 

[70] SRRs and I-shape 

cut wire 

(0.3 𝜆𝑜×0.2 𝜆𝑜) 

Microwave 

regime 

5.41 GHz. 

0.97 dB (0.8 

in the linear 

scale) 

EIT Low profile 

structure, 

but the loss 

still high at 

low 

frequency 

range. 

[71] DSRR) and the 

straight metallic 

strip 

(0.4 𝜆𝑜× 0.4 𝜆𝑜) 

Terahertz 

regime 

0.5 THz. 

3 dB (0.5 in 

the linear 

scale)  

 

EIT The loss is 

still high 

and 

discussed 

in the 

simulation 

stage only. 

[72] DBS 

(0.3 𝜆𝑜× 2.7 𝜆𝑜) 

Microwave 

regime 

11 GHz. 

-Type A= 

2.75 dB (0.53 

in the linear 

scale),  

-Type B= 2.3 

dB (0.59 in 

the linear 

scale) 

-Type C= 

1.33 dB (0.74 

in the linear 

scale) 

Tailoring 

geometrical 

structure 

(optimizing 

the electric 

and 

magnetic 

resonance) 

Three types 

achieved 

high losses 

at 

microwave 

regime. 

 

[75] S-shaped based 

wires 

(0.18 𝜆𝑜×0.11 𝜆𝑜) 

 

Microwave 

regime 

10.72-11.4 

GHz 

1.7 dB (0.67 

in the linear 

scale) 

Tailoring 

geometrical 

structure 

(controlling 

Although 

the 

symmetry 

is retained, 
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