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ABSTRACT 

 

Metamaterials possess distinctive and valuable characteristics that are not achievable in naturally 

occurring materials. This exceptional property of metamaterials contributes significantly to the 

advancements in various scientific and technological domains. This thesis delves into the author's 

extensive research on metamaterials, encompassing innovative application-specific designs and uses 

of existing metamaterial designs across a broad electromagnetic spectrum. 

The exploration spans from positive to negative refractive indices, including the zero-index 

region, revealing unprecedented properties in zero refractive index metamaterials (ZIMs). One 

significant aspect of this research involves the utilization of an all-dielectric metamaterial to create 

impeccable reflectors for both visible and infrared wavelengths. This is achieved by leveraging 

Electric Dipole (ED) and Magnetic Dipole (MD) resonance, which are essential for controlling light-

matter interactions at the nanoscale. 

Notably, the thesis highlights two key contributions to the field of zero-index metamaterials. The 

first is a triple-band application in the microwave C, X, and Ku bands using a zero-index metasurface. 

This innovative design offers potential solutions for enhancing performance in microwave 

communications and radar systems. The second contribution is a unique design featuring Quadrupole 

plasmon resonance for refractive index sensing applications. This design provides a highly sensitive 

method for detecting changes in the refractive index, which is crucial for various sensing 

technologies. The research covers diverse metamaterial types and domains, suggesting novel designs 

and applications with potential in optical and wireless communication, and sensing. These 

applications demonstrate the transformative impact that metamaterials can have on multiple 

industries. Additionally, the work explores optical metamaterials, specifically hybrid metal-dielectric 

metamaterials with wide bandwidth designed for applications in wireless and Wi-Fi communication. 

These hybrid metamaterials offer significant advantages in terms of performance and efficiency, 

showcasing the vast possibilities that metamaterials offer for future technological advancements. 

Overall, this thesis provides a comprehensive analysis of metamaterial-based optical devices, 

presenting new designs and insights that push the boundaries of what is possible with engineered 

materials. The findings and contributions presented in this work have the potential to drive innovation 

and pave the way for the development of next-generation technologies in various fields. 
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CHAPTER 1:  INTRODUCTION AND BACKGROUND 

 

1.1 INTRODUCTION 

Electromagnetic metamaterials (EM-MMs) are composed of subwavelength elements and can be 

tailored to manipulate light in specific ways. The optical properties of these materials are dependent 

on the geometry of their constituent elements, making them highly scalable and applicable across 

various parts of the electromagnetic spectrum. They have proven to be effective in diverse 

applications, particularly in the development of efficient imaging devices for long wavelengths. This 

thesis aims to demonstrate the practicality of using metamaterials in real-world products. 

Furthermore, the study of metamaterials provides valuable insights into electromagnetic theory.   

1.2 ELECTROMAGNETIC THEORY 

1.2.1 Maxwell’s Equations 

To delve into the physics of metamaterials, it's essential to provide a concise introduction to 

electromagnetic theory. Maxwell's equations, foundational for understanding all interactions 

between light and matter, were synthesized by James Clerk Maxwell in 1865, consolidating 

contributions from various physicists in the early 19th century [1]. Although Maxwell's equations 

exist in various formulations, we present them here for a linear, isotropic medium: 

∇. E =
ρν(t)

ε0
 

1.1 

∇. B = 0 1.2 

∇ × E = −
∂B

∂t
 

1.3 

∇ × B = J(t) +
ε0  ∂E

∂t
 

1.4 

where, 𝛻 = [
𝜕

𝜕𝑥
,
𝜕

𝜕𝑦
,
𝜕

𝜕𝑧
], 𝜌𝜈 and J is the density of charge and surface current, respectively. 
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These equations represent the microscopic manifestation of Maxwell's equations, accounting for 

densities of total charges 𝜌𝜈 and currents (J) at the atomic level. These sources of excitation play a 

crucial role in determining experimental observations of the electric field (E) and magnetic induction 

(B). The vacuum dielectric constant (𝜀0) is also a factor in these equations. Electromagnetic wave 

propagation occurs through the dynamic interplay of the third and fourth equations, where varying 

electric fields lead to varying magnetic fields, and vice versa. This perpetual phenomenon allows for 

the propagation of electromagnetic waves. The electric permittivity and magnetic permeability of 

different materials are influenced by the interaction of light with matter. 

1.2.2 Characteristics of a Wave Traveling Through a Medium 

The correlation between Maxwell's equations and constitutive relations establishes a link between 

the microscopic interactions of charges with dynamic fields and the macroscopic optical properties 

of media, represented by parameters like 𝜀 and 𝜇. Furthermore, when we substitute the typical form 

of an oscillating electromagnetic wave into Maxwell's equations (1.1-1.4), we can deduce various 

characteristics of the electromagnetic waves propagating through the medium. One such derivation 

involves establishing the dispersion relation between the wavevector 𝑘 and angular frequency 𝜔: 

k2 = ω2εμ 1.5 

Expressing this in terms of the velocity of electromagnetic waves traversing a medium, it becomes 

evident that the speed of light is diminished by a factor of 𝑛: 

v =
c

n
 1.6 

If an electromagnetic wave consists of multiple wave vectors, each phase front will exhibit its own 

velocity: 

vp =
ω

k
 1.7 

known as the phase velocity. The wave packet will travel with speed defined as the group velocity: 
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vg =
dω

dk
 

1.8 

It is important to recognize that in dispersive media, various spectral elements travel at varying 

speeds, leading to the accumulation of a phase difference. This typically leads to distortion in the 

wave packet [2]. 

1.3 INTRODUCTION TO METAMATERIALS 

Metamaterials are customized electromagnetic materials made up of subwavelength elements, whose 

effective optical properties (electric permittivity 𝜀 (𝜔) and magnetic permeability 𝜇 (𝜔)) are 

determined by the geometry of their constituents. Typically composed of unit cells, each on the order 

of λ/10 or smaller, arranged in a large array, these materials interact with electromagnetic waves as 

an effective medium with optical constants rather than diffracting off individual elements. The 

effective electric permittivity (𝜀𝑒𝑓𝑓(𝜔)) and magnetic permeability (𝜇𝑒𝑓𝑓(𝜔)) of metamaterials are 

predominantly influenced by unit cell geometry rather than band structure or chemistry, making them 

scalable across a broad electromagnetic spectrum, from radio frequencies to the optical and visible 

regimes [3,4]. 

While the use of artificial elements in achieving specific electromagnetic responses dates back to 

Jagadish Chunder Bose's experiments in 1898 [5], metamaterials gained prominence in the 1940s 

with the development of Kock's metallic delay lens [6] at Bell Labs. Artificial dielectrics and 

engineered media with negative ε (𝜔) have been known since the 1960s [7,8].  

However, the pivotal moment in metamaterial history is often considered to be John Pendry's 

introduction of artificial magnetism in 1999 [9], along with the subsequent numerical study of the 

first structure exhibiting simultaneously negative 𝜀𝑒𝑓𝑓(𝜔) and 𝜇𝑒𝑓𝑓(𝜔) [10]. These publications 

marked a paradigm shift, enabling metamaterials to exhibit more exotic properties over a broader 

range of the electromagnetic spectrum, including shorter wavelengths. 

The breakthrough came with the concept of negative index materials (NIM) introduced by Smith in 

2000 [10], where the material simultaneously exhibited negative values of 𝜀𝑒𝑓𝑓(𝜔) and 𝜇𝑒𝑓𝑓(𝜔), 
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resulting in an index of refraction (𝑛𝑒𝑓𝑓.(𝜔)) less than zero. This development was a significant stride 

forward for the field of metamaterials. 

1.3.1 History of Negative Refraction 

In 1967, Veselago [11] explored materials characterized by both negative permittivity (𝜀 < 0) and 

negative permeability (𝜇 < 0). Using macroscopic Maxwell Equations, he forecasted the existence 

of backward electromagnetic waves exhibiting opposite phases and group velocities. Veselago also 

delved into unconventional phenomena such as reversed Doppler shift and Cerenkov radiation at 

obtuse angles. Additionally, he determined that the refractive index should be represented as             

𝑛 = −√𝜀𝜇, indicating that negative refraction occurs when light interfaces with such a medium and 

air. Expanding on this observation, he suggested that a planar slab made of a medium with                         

𝜀 = 𝜇 = −1 functions as a lens by directing all rays emitted from an object to the focus, located 

twice the thickness of the lens away. 

 
Figure 1.1 A flat lens composed of an ε = μ = −1 material. It forms an image by refocusing all the light rays 

emitting from an object through negative refraction. 

Veselago was not the originator of the concept of backward waves or negative refraction [12]; H. 

Lamb in 1904 [13] and Pocklington in 1905 [14] had discussed backward waves on specific 

mechanical systems. Veselago, however, was the first to propose a negative refractive index and 

introduce the idea of the flat lens in Figure 1.1. Despite speculating about potential physical systems 

with simultaneous negative ε and μ, no such material was known at the time, and his theoretical 

Object

Internal

focus

Image 

2d
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exploration was deemed "purely formal" [11]. As a result, Veselago's work on the flat lens remained 

largely unnoticed for almost three decades. 

In 1999, Sir John Pendry [9] presented a study on a magnetic material composed of nonmagnetic 

resonant elements, allowing for a tunable magnetic response at higher frequencies. Among Pendry's 

various magnetic metamaterials, the double split ring resonator (DSRR) gained significant attention 

for providing a frequency band with negative 𝜇𝑒𝑓𝑓. (𝜔) in the microwave range. This discovery 

sparked excitement as it opened the possibility of creating a Negative Index Material (NIM). While 

some earlier research had touched on backward waves and NIM [15], a systematic analysis did not 

emerge until 1968 when V.G.Veselago proposed that a material with simultaneous negative 𝜀 and 𝜇 

could exhibit unique properties like opposite phase and group velocity, Doppler shift inversion, and 

Snell's Law reversal [11]. 

Although negative 𝜀 materials, such as metals above the plasma frequency, were common, negative 

𝜇 materials were rare and did not exist in frequency ranges accessible by negative 𝜀 materials [16]. 

Pendry suggested using an array of thin wires to act as a dilute plasma, shifting the plasma frequency 

to the microwave region. Thus, through the utilization of these artificial materials, components were 

identified that exhibited simultaneous negative 𝜀𝑒𝑓𝑓. (𝜔) and 𝜇𝑒𝑓𝑓. (𝜔) frequency regimes. In 2000, 

David Smith and collaborators experimentally demonstrated a negative index material by combining 

two types of constituent elements: an array of thin copper wires to achieve negative 𝜀𝑒𝑓𝑓. (𝜔) and an 

array of DSRRs to achieve negative 𝜇𝑒𝑓𝑓. (𝜔) [10]. 

1.3.2 Effective Medium Theory for Metamaterial 

The natural range of permittivity and permeability in conventional materials is limited. At optical 

frequencies, it's uncommon to find materials with large 𝜀 and 𝜇. Landau suggested that the lack of 

high-frequency magnetic response is due to the incompatibility between small atomic dimensions 

and macroscopic magnetism [17]. However, Merlin argued that this limitation might not apply to 

mesoscopic composite structures [18]. Composites of natural materials could potentially have a 
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broader range of 𝜀 and 𝜇 if their characteristic length scale of inhomogeneities is much smaller than 

the wavelength. The homogenization theory, which approximates composites as homogeneous media 

to calculate 𝜀 and 𝜇, can be used to model these metamaterials in macroscopic Maxwell's Equations, 

giving rise to an effective medium theory (EMT). 

Research on metamaterials focuses on two main questions based on the theoretical framework: 

(1) What effects and applications are predicted by macroscopic Maxwell's Equations without 

restrictions on 𝜀 and 𝜇?  

(2) How can composites be designed and fabricated using available materials to achieve unusual 

values of ε and μ?  

An equally important third question is whether the physical behavior predicted by EMT can be 

observed experimentally. While the accuracy and generality of macroscopic Maxwell's Equations 

for conventional materials are confirmed by numerous experiments, the applicability of EMT for 

metamaterial composites is not fully established. Efforts have been made to develop a general 

homogenization theory to predict the electromagnetic behavior of macroscopic composites based on 

their microscopic structure [19]. 

1.3.3 Classification of Metamaterials 

Metamaterials, categorized into one-dimensional, two-dimensional, three-dimensional, exhibit 

unique optical properties by manipulating their structure. Another type, known as a metasurface, is 

a two-dimensional planar sheet metamaterial with a thickness significantly smaller than its other two 

dimensions. Initially, metal-dielectric composites were prominent, enabling phenomena like 

negative refraction and cloaking but suffered from significant ohmic loss. The pursuit of low-loss 

alternatives led to all-dielectric metamaterials, based on Mie resonance, with applications in perfect 

reflection, directive radiation, and wave shaping etc. To analyze shapes beyond this, numerical 

techniques such as the finite difference time domain method [20,21], finite element method [21,22], 

and others are required. 
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Metamaterials can be categorized based on their resonance characteristics, where the scatterer's 

response is most pronounced at a specific frequency of the incident wave. This resonance occurs 

when the incident frequency aligns with the natural vibration frequency of the system. Metamaterials 

demonstrating this property are known as resonant metamaterials, with examples like the split ring 

resonator (SRR) and wire mesh structures. The SRR, a magnetic meta-atom, exhibits resonant 

behavior due to its LCR circuit-like nature, with the split in the ring providing capacitive elements 

and the metal contributing inductance and resistive loss [10,23–28]. In contrast, the wire mesh 

structure, lacking breaks in its continuous metal wires, does not display resonant behavior as it lacks 

a capacitive element. 

Metamaterials are structures that allow for the customization of optical properties, particularly the 

refractive index. There are three main types of metamaterials based on their effective refractive 

index: positive index, negative index, and zero-index metamaterials. In Figure 1.2, the refraction of 

light is depicted as it exits prisms made of positive, negative, and zero-index materials into the air. 

The illustration demonstrates that in a positive index medium, the emergent ray follows the usual 

pattern on the opposite side of the normal, whereas in a negative index prism, it aligns with the 

incident ray on the same side of the normal. Despite appearing unconventional, this behavior is 

consistent with Snell's law of refraction. 

 

Figure 1.2 Refraction of light by positive, negative and zero index metamaterial. 

According to Snell's law, the relationship between the refractive indices (n) and angles (θ) for a prism 

and its surrounding medium (air, in this case) is given by the equation: 

Positive index 

metamaterial

Negative index 

metamaterial

Zero index 

metamaterial

Emergence on 

the other side 

of the normal
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Normal 
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n1 sinθ1 = n2 sinθ2 1.9 

 Here, 𝑛1 is the refractive index of the prism, 𝑛2 is the refractive index of the surrounding medium 

(which is air), and 𝜃 is the angle measured with respect to the normal, considered positive in a 

clockwise direction. 

If 𝑛1 is negative, 𝑛2 is 1 (positive), and 𝜃1 is greater than 0, it is certain that 𝜃2 is less than 0. 

Consequently, the emergent ray is on the same side of the normal as the incident ray. Using the same 

equation (1.9), it can be inferred that when 𝑛1 is 0, regardless of the angle of incidence (𝜃1), the angle 

of emergence is inevitably zero. In other words, when light travels from a medium with a refractive 

index of zero to a medium with a positive refractive index, the emergent ray always follows the 

normal, irrespective of the angle of incidence. 

Depending on the values of the effective permittivity and effective permeability parameters of the 

designed metamaterial structure, metamaterial can be categorized as single-negative (SNG), DNG, 

and double-positive materials. The SNG materials show either negative permeability or negative 

permittivity, whereas double-negative (DNG) materials show both negative characteristics [29]. 

Another type of metamaterial category is Near-zero index (NZI) metamaterials which represent a 

fascinating class of engineered materials that exhibit an effective refractive index close to zero. 

Unlike conventional materials, which have positive refractive indices, these metamaterials have the 

remarkable ability to manipulate light in unprecedented ways. By harnessing their unique optical 

properties, these metamaterials have the potential to revolutionize various fields, from optics and 

photonics to telecommunications, imaging and cloaking [30]. By manipulating the geometric 

arrangement and composition of the metamaterial unit cells, it is possible to engineer the effective 

permittivity and effective permeability of these structure. 

1.4 FABRICATION OF METAMATERIALS 

After determining the optimal geometric parameters of the metamaterial, various fabrication methods 

are available based on the structure's size and complexity, especially at microwave frequencies where 
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unit cell sizes are typically in the range of hundreds of microns or larger. These methods include 

printed circuit board (PCB) technology [31] and 3-D printing. The fabrication process initiates with 

the creation of a design layout using Computer-Aided Design (CAD) software, serving as the 

blueprint for the metamaterial structure. Subsequently, the design is transferred to a screen or mask 

for PCB Technology. Material deposition onto the substrate is carried out using screen printing, a 

method for depositing materials onto substrates, where the desired material is applied according to 

the design pattern. Etching is then employed to refine the metamaterial structure's geometry by 

removing excess material from the substrate. The final stages involve cleaning the fabricated 

metamaterial to eliminate any residues or contaminants left from the fabrication process. 

As we transit into the terahertz (THz) frequency range with metamaterials featuring periodicities on 

the order of tens of microns, traditional PCB techniques become impractical. Instead, 

photolithographic methods are commonly employed, involving the deposition and patterning of 

metallic and dielectric layers [32]. Deep-UV photolithography allows for extending this method to 

metamaterials operating in the infrared range, where unit cells are in the micron range [33]. However, 

at these wavelengths, serial methods like electron beam lithography [34] and focused ion beam [35] 

are more prevalent. Various fabrication techniques, including nano-imprint lithography [36] and 

colloidal nanolithography [37], also exist. While the theoretical principles of metamaterials are 

applicable across the electromagnetic spectrum, practical challenges hinder their realization beyond 

the visible range. For instance, achieving subwavelength unit cells requires challenging fabrication 

of precise features. Additionally, metals can exhibit increased loss at higher frequencies, limiting the 

high-quality (Q) response in metamaterial structures. 

1.5 SIMULATION AND CHARACTERIZATION OF METAMATERIALS 

The equations (1.10-1.13) provide a straightforward analysis of how a metamaterial interacts with 

light by calculating effective electromagnetic parameters, the actual physical processes involved can 

be more complex. Electromagnetic simulation tools, such as HFSS [38], CST Microwave Studio 
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[39], and COMSOL Multiphysics [40], offer a mature and accurate means to predict and optimize 

how metamaterials interact with light before fabrication. These tools can delve into intricate physical 

mechanisms that are challenging to analyze analytically, such as interelement coupling, bianisotropy, 

or power loss density. These tools work on Finite element method (FEM) based numerical technique. 

FEM is employed to approximate solutions for boundary value problems associated with partial 

differential equations. It involves partitioning the problem domain into diverse shapes and sizes of 

elements such as triangles and quadrilaterals, catering to specific needs [41]. This adaptable element 

subdivision methodology positions FEM as the optimal mathematical tool for studying metamaterials 

and predicting scattering responses accurately. The FEM emerges as the preferred approach for 

analyzing structures characterized by irregular boundaries and varying precision requirements across 

the domain [42]. FEM provides high accuracy in predicting electromagnetic responses, especially 

when dealing with structures where the desired precision varies across the domain. This is main 

reason to use FEM in this thesis to determine the resonant frequencies for the fabricated structure. 

Metamaterials, typically large arrays with unit cells much smaller than the operational wavelength, 

can be simulated on a single unit cell with appropriate boundary conditions. 

To align simulation results with experiments, a precise understanding of material properties in the 

relevant frequency range is crucial. Frequency-dependent models, like the Drude model for metals 

in the infrared and optical frequencies, are often necessary. The essential process in electromagnetic 

simulation tools involves discretizing the unit cell and solving Maxwell's Equations for each voxel. 

The output provides complex scattering parameters S11 and S21 to the user. 

Ziolkowski et al. introduced a mathematical approach to extract effective permittivity, effective 

refractive index, effective permeability, and impedance using the Nicolson-Ross Weir (NRW) 

method, widely used for effective parameter extraction. The NRW method utilizes transmission 

coefficient (𝑆21) and reflection coefficient (𝑆11) to extract εeff.(ω), μeff.(ω),

ηeff.(ω) and impedance (Z) through simplified equations [43–48]: 

εeff. = 
2

jk0d
×
(1 − V1)

(1 + V1)
=

c

jπνd

(1 − S21 − S11)

(1 + S21 + S11)
 1.10 
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μeff. = 
2

jk0d
×
(1 − V2)

(1 + V2)
=

c

jπνd

(1 − S21 + S11)

(1 + S21 − S11)
 

1.11 

ηeff. = √εeff. × μeff. =
c

jπνd
√{
(S21 − 1)2 − (S11)2

(S21 + 1)2 − (S11)2
} 

1.12 

Z = √
(1 + S11)2 − S21

2

(1 − S11)2 − S21
2  1.13 

 In the provided context, the variables are defined as follows: 

𝑉1 = |𝑆21| + |𝑆11| 1.14 

𝑉2 = |𝑆21| − |𝑆11| 1.15 

𝑘0 =
2𝜋𝜈

𝑐
 1.16 

 d represents the thickness of the metamaterial slab, and c represents the speed of light. 

Like the fabrication approach, the method for characterization or configuration relies not only on the 

operational frequency or wavelength but also on the electromagnetic phenomenon one aims to 

observe. In the case of microwave frequencies, Vector Network Analyzers (VNAs) are employed for 

producing and detecting both phase and amplitude signals (expressed as  S11 and S21), connected to 

free space through horn antennas. 

The process of characterizing and configuring S11 and S21 measurements involve setting up an 

antenna test configuration using connectors, RF cables, and calibration standards to ensure accuracy. 

A Vector Network Analyzer (VNA) is utilized for this purpose. The Device Under Test (DUT), in 

this case, is a fabricated planar Frequency Selective Surface (FSS), positioned within the test setup. 

The VNA is responsible for determining both the reflected signal (𝑆11) and the transmitted signal 

(S21) through the DUT. The VNA connects one port to a transmitting horn antenna and the other port 

to a receiving horn antenna, with the DUT placed between them. To minimize external interference 

and reflections, the entire antenna setup is enclosed in an anechoic chamber. Calibration of the VNA 
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is crucial for accurate measurements, involving the use of short-open-load-through (SOLT) 

calibration standards connected to the VNA's ports to establish precise reference points. 

The VNA generates a swept RF signal transmitted through the DUT, and the transmitted signal is 

measured in terms of magnitude and phase, expressed in dB. Technology advancements, such as 

multipliers, extenders, and filters, have expanded this characterization technique to the low terahertz 

(THz) range, although it is more commonly applied from low radio frequency (RF) frequencies to 

millimetre-wave regimes. In addition to this method, various other techniques like ellipsometry and 

optical microscopy exist to characterize metamaterials across the electromagnetic spectrum. 

The main objectives of this thesis are- 

A. Design and analysis of wavelength tunable metamaterial reflector. 

B. Design and analysis of wide bandwidth metamaterial for Wi-Fi and Satellite Applications. 

C. Electric field enhancement in ENZ/ZIM metamaterial and its applications. 

D. Metasurface for Broadband Perfect Reflection in visible spectrum. 

E. Dual band metamaterial for refractive index sensing application. 

1.6 OVERVIEW OF THE THESIS 

This thesis commences with an introductory exploration of metamaterials in Chapter 1, delving into 

electromagnetic theory, the historical evolution of negative refraction, and a detailed examination of 

metamaterial classification, fabrication, simulation, and characterization. Various metamaterial 

platforms are introduced with specific applications, such as perfect reflectors, satellite 

communication, and enhanced electromagnetic fields. Subsequent chapters focus on distinct designs 

and models related to the author's contributions. 

Chapter 2 discusses the fabrication and characterization of Epsilon Negative (ENZ) and Near-Zero 

Index (NZI) metasurfaces. It covers the design geometry, fabrication process, methodology, results, 

and discussions, along with an equivalent circuit model of the metasurface.  
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Chapter 3 explores the design and performance of a perfect reflector tunable metamaterial (MTM) 

optimized for nearly 100% reflection at the resonance wavelength (𝜆𝑟) of 1550 nm. The structure 

exhibits μ-negative (MNG) metamaterial characteristics and a negative effective refractive index at 

𝜆𝑟. The chapter also presents tunability through varying the number of unit cell arrays and using 

mirror image configurations. 

Chapter 4 details the modelling and design of a low-loss all-dielectric metasurface on a Silicon on 

an Insulator (SOI) substrate for a perfect reflector in the visible spectrum. It demonstrates nearly 

100% reflectance and broad perfect reflectance spectrum tuning within the visible region. The 

tunable characteristics of the all-dielectric metasurface, with variations in gap region 'g', dielectric 

layer thickness (𝑡𝑠), and Si resonator thickness (𝑡𝑚), make it suitable for applications in filters, color 

printing, slow-light devices, and nonlinear optics. 

Chapter 5 focuses on the design and fabrication of a novel MTM structure using copper on an epoxy 

resin fiber (FR-4) dielectric substrate for refractive index sensing applications. The chapter details 

the resonance mechanism, experimental measurements, alignment with simulated results, and the 

MTM structure's potential in sensors, detectors, and optoelectronic devices operating in the GHz 

region. 

Chapter 6 outlines the design of a metamaterial (MTM) structure for wide bandwidth wireless 

applications in the microwave region, showcasing left-handed characteristics in various frequency 

bands. The chapter includes parametric and material analysis, evaluation of effective electromagnetic 

parameters (i.e., effective permeability (𝜇𝑒𝑓𝑓.) effective permittivity (𝜀𝑒𝑓𝑓.) and effective refractive 

index (𝜂𝑒𝑓𝑓.)) and metamaterial application in technology, concluding with a summary. 

Chapter 7 provides insights into the design and analysis of a far-infrared metamaterial perfect 

absorber with sensing applications. The results demonstrate that the designed structure achieves 

nearly perfect absorption of transverse electric (TE) polarization at a resonance wavelength of 𝜆𝑟 =
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9.40 µ𝑚. This high absorption efficiency, reaching 99.47%, is due to the perfect impedance matching 

condition, which minimizes reflection at the resonating wavelength. 

Finally, Chapter 8 provides a comprehensive summary of the entire research presented in the thesis, 

along with specific conclusions drawn from the findings. It also suggests avenues for future research 

and improvements to advance the field.
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CHAPTER 2:  EPSILON NEGATIVE AND NEAR-

ZERO INDEX METASURFACE 

 

2.1 INTRODUCTION 

Metasurfaces have gained considerable attention globally for their distinctive features and potential 

applications, especially in the microwave frequency spectrum. These artificial structures are 

designed to exhibit properties not naturally found in materials [49,50]. Constructed as two-

dimensional arrays of subwavelength unit cells, metasurfaces achieve desired electromagnetic 

properties through specific configurations, typically involving periodic arrays of metal-dielectric or 

metal-dielectric-metal structures on a substrate [51]. The metal components, often in the form of 

split-ring resonators (SRR) or wire structures, generate the desired electromagnetic response, while 

dielectric materials control the propagation of electromagnetic waves. 

With a metasurface length shorter than the microwave frequency, electromagnetic field calculations 

allow for the determination of reflection and transmission coefficients [52]. Sub-wavelength 

metasurfaces are currently a focal point in research due to their unique electromagnetic properties, 

offering lightweight, compact designs with optimal output properties [53,54]. These properties make 

them highly desirable and versatile for various applications, such as tunable negative refractive index 

materials [55], invisibility cloaking [56], microwave antennas [57], refractive index and temperature 

sensors [58], filters [59–61], wavelength-tunable reflectors [62], energy harvesting techniques [63], 

absorbers [64], nano absorbers [65], multi-mode propagation filter [66,67] and superlenses [68]. 

Several researchers have proposed innovative metamaterial structures for diverse applications, 

spanning L-band, X and Ku-bands, and triple band resonance. In this chapter, a novel metasurface 

unit cell in the shape of an eye with a CC-SRR design is introduced for triple-band microwave 

applications. The proposed structure demonstrates characteristics of epsilon-negative (ENG) and 

negative-zero-index (NZI) in the frequency range of 1-15 GHz. Equivalent circuit modeling using 
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Advanced Design Simulation (ADS) and experimental measurements align excellently with 

simulated results. The designed structure exhibits triple resonance frequencies corresponding to the 

C, X, and Ku-bands, presenting a novel metasurface structure analyzed through experimental, 

theoretical, and simulated methods. 

 

2.2 FABRICATION AND MODELLING OF THE DESIGNED 

METASURFACE STRUCTURE 

In Figure 2.1 (a), the simulated design of the metasurface unit cell structure is illustrated, while Figure 

2.1 (b) displays the fabricated prototype array with the same configuration. The proposed structure 

includes a circular split ring resonator (CSRR), two interconnected circular shapes, and metallic 

elements coupled to the two circular shapes. The outer circular SRR is characterized by a split gap 

'g' and a resonator width ‘𝑤𝑜’. The interconnected circles feature a gap 'g,' forming an eye with a 

diameter 'd' at the center of the structure and a resonator width ‘𝑤𝑖’ along with four gaps 'c' around 

the eye shape. The unit cell of the metasurface, measuring 16 mm × 16 mm, is comprised of a copper 

resonator fabricated in a 6×6 array on an FR-4 dielectric substrate with a thickness (𝑡𝑠) of 1.6 mm, 

using an automated base CNC machine as depicted in Figure 2.1 (b). Table 2.1 provides a 

comprehensive list of all relevant parameters. 

The proposed structure is designed and simulated using the Finite Element Method (FEM) through 

the COMSOL Multiphysics 4.3b simulation tool, as depicted in Figure 2.1 (a). In the simulation, a 

physics-controlled mesh with an extra fine element size is employed, allowing physics to 

automatically determine size attributes and sequence operations for creating a mesh tailored to the 

specific problem. The copper material patch has a thickness (𝑡𝑚) of 0.35 mm and an electrical 

conductivity (𝜎) of 5.8 × 107 S/m [69]. The epoxy resin fiber (FR-4) substrate material is 

characterized by a dielectric constant (𝜀𝑟) of 4.3 and a loss tangent (tan δ) of 0.025 [70]. The dielectric 

constant signifies the material's capacity to store electrical energy in the presence of an electric field, 

while the dielectric loss tangent represents the energy dissipated as heat when an electric field is 
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applied. The high dielectric constant of FR-4 results in more pronounced electric field confinement 

within the substrate material. 

 
Figure 2.1 (a) Unit cell (Orthogonal view) and (b) Fabricated array prototype of the simulated metasurface 

design. 

Table 2.1 The parameters of the fabricated and simulated designed unit cell metasurface structure. 

Parameter Value (mm) Description 

p 16 period of the unit cell 

g 1 circular split gap 

c 0.3 gap between circular and eye-shaped 

d 0.6 diameter of an inner small circle 

𝑤𝑖  0.5 width of the inner resonator 

𝑤𝑜  1 width of the outer resonator 

 

2.3 METHODOLOGY OF THE DESIGN STRUCTURE  

Figure 2.2 visually presents the evolution of the design process, starting from the initial phases and 

culminating in the final assessment of the proposed structure by analyzing the transmission 

coefficient response across various designs. The evaluation of the design for the proposed system is 

directed towards fulfilling the requirements for Epsilon negative (ENG) and Near-Zero Index (NZI), 

while targeting maximum frequency bands. Consequently, several steps are undertaken to attain a 

(b)(a)
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favorable and effective outcome. 

 

Figure 2.2 Step-by-step design evolution (a-d) of the designed CC-SRR metasurface unit cell and (e) 

Transmission coefficient corresponding to the various designed structures using simulation. 

The design progression involves distinct steps. In the initial phase (step 1), a Circular Split Ring 

Resonator (CSRR) is constructed on the dielectric substrate, resulting in two separate parts, portrayed 

in Figure 2.2 (a). These two circular arcs function as inductors, while the gaps between them act as 

capacitors. This configuration yields a single resonance frequency within a specific band, 

approximately 9 GHz, as depicted in Figure 2.2 (e). In the second step, two interconnected circular-

shaped SRR circles are formed with a split gap 'g' of 1 mm and a gap 'c' of 0.1 mm, leading to dual-

band resonance in the X and Ku bands, as shown in Figure 2.2 (b) and (e). Here, the four circular 

arcs serve as inductors, including the middle inductor, and the gaps function as capacitors. 

Moving to the third step, the CSRRs are coupled together using an arc on the backside (Figure 2.2 

(c)), resulting in a shift in resonance within the microwave region. This coupling leads to an increase 

in the magnitude of S21 up to the desired maximum, attributed to the addition of two more capacitors 

and inductors in this step. However, the triple-band resonance goal is not achieved, as displayed in 

Figure 2.2 (e). In the final step, a small circle with a diameter 'd' of 0.6 mm is introduced at the center 

of the resonator, resulting in three frequency bands: C-band (7.5 GHz), X-band (8.8 GHz), and Ku-

band (13.4 GHz). This aligns with the intended objective for the proposed design, illustrated in Figure 

(e)
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2.2 (d) and (e). The addition of gaps in all design configurations alters the resonance frequency, 

influenced by the inclusion of capacitors and inductors in the structure. 

2.4 RESULTS AND DISCUSSION 

The metasurface unit cell's scattering parameters encompass both the transmission coefficient (S21) 

and reflection coefficient (S11), and a simulation approach employed a two-waveguide port 

configuration. In this setup, Port 1 functioned as the signal transmitter, while Port 2 served as the 

receiver, as illustrated in Figure 2.3 (a). The simulation incorporated periodic boundary conditions, 

with a perfect magnetic conductor (PMC) along the x-axis and a perfect electric conductor (PEC) 

along the y-axis. The simulation process involved creating the geometry using predefined 

parameters, assigning materials to the designed structure, and introducing electromagnetic waves in 

the frequency domain along with boundary conditions. Subsequently, meshing was applied as per 

the defined study requirements. Various simulation parameters, including meshing, geometry, and 

physics, were considered in Finite Element Method (FEM) simulations. The electromagnetic wave 

propagated vertically along the 𝑧-axis, enabling accurate simulations and analysis of the 

electromagnetic behavior of the proposed design. This comprehensive setup allowed for a thorough 

investigation of the metasurface unit cell's performance through the examination of scattering 

parameters. 

 

Figure 2.3 (a) Simulation analysis and (b) Experimental measurement setup of the designed metasurface. 

The experimental setup used for the measurement of S21 is an Antenna test setup as shown in Figure 

(b)(a)
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2.3 (b). The whole measurement technique explained briefly in the Section 1.5 of  CHAPTER 1: . 

Figure 2.4 presents a comparative analysis of the transmission coefficient (S21) response, showcasing 

(a) the simulation versus the measurement response of the fabricated design and (b) a comparison 

between two simulation software tools response, namely COMSOL Multiphysics and CST 

Microwave Studio. 

 

Figure 2.4 Transmission coefficient (S21) of the proposed metasurface structure for (a) the Simulated and 

measured response and (b) COMSOL Multiphysics and CST Microwave studio response. 

As depicted in Figure 2.4 (a), a noticeable discrepancy exists between the measured and simulated 

results. This difference could be attributed to factors such as fabrication tolerances, signal leakage, 

and reflection noise. The experimental setup has inherent constraints, primarily reliant on precise 

alignment of the two horn antennas to achieve the desired performance. To mitigate potential 

calibration errors that could impact experimental outcomes, careful calibration of the network 

analyzer is imperative. The collective impact of these constraints is evident in the measured results, 

reflecting a slight shift in resonance frequencies. However, both simulated and measured results 

encompass the C (4-8 GHz), X (8-12 GHz), and Ku (12-18 GHz) bands. 

The experimental findings were validated against the simulation results obtained from COMSOL 

Multiphysics, staying within the experimental limits. In the simulation, the proposed structure 

demonstrated triple resonance frequencies at 7.5 GHz, 8.8 GHz, and 13.4 GHz, with maximum 

magnitude values of -38.6 dB, -41.0 dB, and -35.9 dB, respectively. In the experimental results, the 

resonance frequencies experienced slight shifts to 7.2 GHz, 9.0 GHz, and 13.1 GHz, with maximum 

(a) (b)
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magnitude values of -34.3 dB, -33.9 dB, and -27.3 dB, respectively. Notably, a left shift was observed 

between the simulated and experimental results at 7.5 GHz to 7.2 GHz and 13.4 GHz to 13.1 GHz, 

while a right shift occurred at 8.8 GHz to 9.0 GHz. The results of S21 from both simulation platforms, 

COMSOL Multiphysics and CST, were compared and illustrated in Figure 2.4 (b). Remarkably, the 

simulation outcomes from both platforms exhibited a high degree of similarity, affirming the 

accuracy of the designed structure for the proposed metasurface unit cell in the triple bands (C, X & 

Ku). 

 

 

Figure 2.5 Variation of (a) effective permittivity (𝜺𝒆𝒇𝒇.), (b) effective permeability (𝝁𝒆𝒇𝒇.), (c) effective 

refractive index (𝜼𝒆𝒇𝒇.) and (d) impedance (Z) with the frequency of the designed metasurface structure. 

Figure 2.5 (a) displays the negative permittivity at three resonance frequencies i.e.,  7.5 GHz, 8.8 

GHz, and 13.4 GHz, with magnitudes of -18.64 , -8.89, and -8.20, respectively. In Figure 2.5 (b), the 

permeability graph shows positive 𝜇𝑒𝑓𝑓. at the resonance frequencies, indicating that the designed 

(a) (b)

(d)(c)
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structure behaves as a Single Negative (SNG) metasurface. Figure 2.5 (c) presents the plot of 𝜂𝑒𝑓𝑓., 

revealing near-zero characteristics at the resonance frequencies i.e., -0.53 at 7.5 GHz, -0.36 at 8.8 

GHz, and -0.46 at 13.4 GHz. These results signify that the proposed design satisfies the properties 

of Near Zero Index (NZI) along with Epsilon Negative (ENG). Figure 2.5 (d) illustrates the 

impedance characteristics. The surface current, magnetic field, and electric field distributions for the 

triple resonance frequency are analyzed and presented in Figure 2.6 - Figure 2.8, respectively. The 

electric and magnetic field distributions offer insights into the resonance occurrences within the 

designed metasurface, aiding in identifying frequencies with strong field enhancements or 

interactions. The confinement of the electric field emerges from the interaction of electromagnetic 

fields within the designed metasurface.  

 
Figure 2.6 Surface current distribution at (a) 7.5 GHz, (b) 8.8 GHz, and (c) 13.4 GHz resonance frequency, 

respectively. 

Figure 2.6 (a) illustrates that at 7.5 GHz, there is a clockwise current flow in the right half and 

anticlockwise in left half of the circular coupled Split Ring Resonator (SRR) structure. A relatively 

even current distribution is observed in the inner coupled SRR structure, with higher intensity along 

the inner circular edges compared to the remaining portion. At 8.8 GHz, as depicted in Figure 2.6 

(b), there is a decrease in current due to the distribution in the outer Circular Split Ring Resonator 

(CSRR) along with the inner coupled SRR. The surface current intensity, indicated by the color bar, 

increases again at the frequency of 13.4 GHz compared to the 8.8 GHz frequency. In Figure 2.6 (c), 

the outer region of the CSRR exhibits the maximum current, while the remaining portion has 

negligible current distribution. 

(a) (b) (c)
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Magnetic field and surface current density are correlated, as shown in equation (1.4). In  Figure 2.7 

(a), high magnetic field intensities are shown in those regions where a larger current density is 

observed; this satisfies Maxwell's equation represented by equation (1.4). The H-field distribution of 

the proposed structure is of the order of 345 A/m in the inner layer of the circular coupled ring for 

the 7.5 GHz resonance frequency as shown in Figure 2.7 (a).  

 

Figure 2.7 Magnetic field distribution at (a) 7.5 GHz, (b) 8.8 GHz, and (c) 13.4 GHz resonance frequency, 

respectively 

Figure 2.7 (b) shows a low-intensity magnetic field owing to the low current intensity at this 

frequency due to the current getting more distributed in outer CSRR. In contrast, in  Figure 2.7 (c), 

the outer circular edges exhibit significant magnetic field intensity due to knowledgeable current 

distribution. However, the field intensity is low in other parts of the metasurface structure. The 

magnetic field distributions at the 8.8 GHz and 13.4 GHz resonance frequencies show lesser 

accumulation of the field as compared to the magnetic field at 7.5 GHz resonance frequency as shown 

in Figure 2.7 (b) & (c). The distributions of the electric and magnetic fields are in contradiction to 

one another, with the magnetic field being the largest where the electric field is minimum and vice 

versa.  

According to equation (1.3), variations in the magnetic field influence the induced electric field. The 

comparison between Figure 2.8 (a) and Figure 2.7 (a) highlights that areas with maximum changes 

in the magnetic field exhibit an intense electric field. The capacitive effect leads to a pronounced 

electric field near the gaps in the metasurface structure. In the proposed metasurface design, the gap 

regions 'g' and 'c' represent the capacitance of the resonator structure [71].  

(a) (b) (c)
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Figure 2.8 Electric field distribution at (a) 7.5 GHz, (b) 8.8 GHz, and (c) 13.4 GHz resonance frequency, 

respectively 

The capacitance is inversely proportional to the gap region of the resonator, and the electric field is 

more confined in the gap region, signifying the capacitance area in the metasurface. The capacitance 

can be expressed as 𝐶 =
𝜀0𝐴

𝑑
, where 𝜀0 is the dielectric constant, A is the area between the plates, and 

d is the distance between the plates. At the resonance frequency of 7.5 GHz, Figure 2.8 (a) depicts a 

strong electric field near the gap’s 'c' of the central coupled circular ring, reaching the order of 

1.4×105 V/m. As the resonance frequency increases to 8.8 GHz, the electric field accumulates in the 

gap region of the circle 'c' and the gap 'g' of CSRR, with a reduced order of 4.19×104 V/m, as shown 

in Figure 2.8 (b). Subsequently, at the 13.4 GHz resonance frequency, the magnitude of electric field 

accumulation is slightly higher than at 8.8 GHz, reaching the order of 6.09×104 V/m, as depicted in 

Figure 2.8 (c). The lower electric field intensity is attributed to low electric current, resulting in less 

c

g
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magnetic field intensity. Additionally, the electric field neutralizes when the magnetic field remains 

constant in the resonator. The interconnected nature of electromagnetic fields and currents plays a 

crucial role in the resonances at the specified frequencies.  

2.4.1 Equivalent circuit model of the designed metasurface 

To validate the outcomes of the designed metasurface, Advanced Design System (ADS) is employed 

to generate and execute an estimated electrical equivalent circuit model. The components in this 

model correspond to the capacitance and inductance of individual resonators within the designed 

metasurface, where metal strips and split gaps are used to construct the unit cell. In the proposed 

metasurface, these resonators are represented by copper metallic patches. Each metal strip serves as 

an inductor, and each split gap functions as a capacitor [71]. To ensure effective coupling of 

electromagnetic waves with the metasurface, impedance-matching components are integrated into 

the equivalent circuit model, optimizing reflection and transmission properties. 

The equivalent circuit model predicts the resonance frequencies in the proposed structure by 

connecting inductors and capacitors, forming an LC circuit similar to an LCR tank circuit. These 

components can be arranged in series or parallel configurations to create the circuit. The resonance 

frequency of an LCR circuit occurs when inductive and capacitive reactance are equal, resulting in a 

cancellation of these reactive components and leaving only the resistance in the circuit. At resonance, 

the impedance becomes purely resistive, and the circuit responds most strongly to the applied 

frequency. Thus, an LC resonance circuit is utilized to represent the entire unit cell, with inductance 

(L) and capacitance (C) serving as fundamental variables to calculate the resonance frequency (ƒ). 

The impedance (Z) of an LCR circuit is a complex quantity, considering resistance (R), inductive 

reactance (𝑋𝐿), and capacitive reactance (𝑋𝐶), and is given by Z =  R +  j (XL  −  XC), where j is the 

imaginary unit. At resonance, XL  =  XC, leading to the cancellation of reactive components, 

rendering Z purely resistive. The frequency at which impedance is minimized (equal to resistance) 

defines the resonance frequency, calculated by the formula [72]: 
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f =
1

2π√LC
 2.1 

 

 
Figure 2.9 (a) Equivalent circuit model with lumped elements, (b) inductance (L) and capacitance (C) 

representation of the equivalent circuit model, and (c) corresponding results of S21 (transmission coefficient) 

from the simulated structure and the equivalent structure of the proposed metasurface. 

Figure 2.9 (a) shows the proposed metasurface resonator equivalent LC circuit model and Figure 2.9 

(c) represents the obtained results from the simulated structure and the equivalent circuit model of 

the proposed metasurface. The L1C1 and L2C2 correspond to the outer ring of the circular-shaped 

split ring resonator LC combination. The C3 and C4 correspond to the upper and lower split gap ‘g’, 

(a)

(c)(b)
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L8 and L9 represent the coupled circular arc inductors, L3 C5 L5 and L4 C6 L6 represent the centered 

cross circle and L10 C8 L7 C7 corresponds to the centered eye shaped, and circle shaped respectively 

as shown in Figure 2.9 (b). It is evident from Figure 2.9 (c) that the result for the equivalent LC 

circuit modeling of the proposed metasurface unit cell structure resonates in the triple band which 

matches the simulated result. The corresponding values of all lumped elements are listed in Table 

2.2. 

Table 2.2 Corresponding values of all lumped components of the equivalent circuit for the proposed 

metasurface design. 

Lumped 

components 

Value 

(nH) 

Lumped 

components 

Value 

(pF) 

L1 1.04 C1 0.85 

L2 0.534 C2 0.265 

L3 0.98 C3 0.406 

L4 0.8 C4 1.38 

L5 1.19 C5 0.59 

L6 1.5 C6 2.525 

L7 0.86 C7 0.9 

L8 1.136 C8 1.5 

L9 0.156   

L10 0.3   
 

2.5 SUMMARY  

In summary, this study focused on the fabrication and simulation of an eye-shaped CC-SRR 

metasurface structure on an FR-4 dielectric substrate, showcasing ENG and NZI characteristics 

across the frequency range of 1-15 GHz. The experimental measurements were compared with 

simulated results, revealing a close match and minimal frequency shift, indicating acceptable 

agreement. The structure exhibited tunable features with variations in dielectric substrate thickness 

(𝑡𝑠) and copper resonator thickness (𝑡𝑚). Validation of simulated results was conducted using 

different simulation software and an equivalent electrical circuit model. Examination of electric and 

magnetic field distributions provided insights into electromagnetic characteristics at various resonant 

frequencies. Overall, these findings suggest that the designed metasurface structure holds promise 

for applications in microwave components and devices, particularly in C, X, and Ku-bands.   
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CHAPTER 3:  WAVELENGTH TUNABLE 

METAMATERIAL REFLECTOR 

 

3.1 INTRODUCTION 

In the preceding chapter, the epsilon-negative (ENG) and near-zero index (NZI) metasurfaces has 

designed, engineered to induce resonance frequencies across the C, X, and Ku bands within the 

microwave spectrum. This chapter focuses on the creation and performance attributes of a tunable 

metamaterial (MTM) designed as a perfect reflector, achieving nearly 100% reflection at a resonance 

wavelength (𝜆𝑟) of 1550 nm. 

Over the past decades, metamaterials have exhibited intriguing electromagnetic properties across a 

wide frequency range, spanning from GHz [73] and THz [74] to the infrared and visible regions. 

Early research centred on utilizing electric-dipole resonance in metallic wires and magnetic-dipole 

resonance in SRRs to attain negative permittivity and negative permeability, respectively [10], 

particularly in the GHz and THz ranges. However, the challenge lies in applying these concepts to 

structures with submicron or nanoscale dimensions in the infrared and optical frequencies due to the 

inherent losses in resonant metallic structures [75]. An alternative approach, involving dielectric 

particles, has proven effective in achieving electric or magnetic resonances with reduced loss, 

offering potential applications in photonic devices such as perfect reflectors [76,77]. While Bragg 

reflectors can also achieve high reflectivity, their drawback lies in the requirement of numerous 

layers for sufficient reflectivity, resulting in a time-consuming and costly deposition process 

involving various dielectric materials [78]. MTMs present an advantageous alternative to metallic 

mirrors as they are suitable for large-area applications without the need for periodicity in truly 

homogeneous media [79]. 

This chapter introduces an MTM unit cell designed to achieve nearly 100% reflection at an operating 

wavelength of 1550 nm within the C-band of the optical communication window. The tunability of 
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the operating wavelength demonstrated by adjusting the number of arrays and employing a mirror 

image arrangement, leading to a significant shift in resonance wavelength from the C-band to the S-

band of optical communication. The proposed MTM structure displays characteristics of µ-negative 

(MNG) materials and a negative effective refractive index at 𝜆𝑟. The calculated effective medium 

ratio (EMR) attains a value of 2.23, highlighting its importance in the design and development of 

compact tunable photonic devices, including perfect reflectors, antennas, and filters.  

3.2 METAMATERIAL DESIGN AND SIMULATION GEOMETRY 

 

Figure 3.1 (a) Designed MTM structure and (b) setup arrangement for scattering parameters. 

The designed MTM unit cell comprises a silicon layer with a thickness of 90 nm and a permittivity 

(ε) of 11.7 [80], situated on a silica substrate measuring 1180 nm × 690 nm, with a refractive index 

(𝑛𝑠) of 1.45 [81]. Figure 3.1 illustrates the schematic representation of the MTM unit cell, with (a) 

displaying a perspective view and (b) depicting the configuration including input and output ports 

for measuring the scattering parameters of the MTM. 

The 𝑥-axis and 𝑦-axis are characterized by PMC and PEC boundary conditions, respectively. In the 

MTM unit cell, an electromagnetic wave is incident perpendicularly along the 𝑧-axis, with a linearly 

polarized electric field in the 𝑦-axis direction. Two waveguide ports positioned in the specified 

positive and negative 𝑧-directions to assess the MTM behavior within the operational wavelength 

range of 1400 nm to 1700 nm.  

(a) (b)
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3.3 OPTIMIZATION OF MTM UNIT CELL   

3.3.1 Design Methodology 

The design methodology for the proposed MTM structure is illustrated in Figure 3.2, comprising five 

sequential design steps. 

 

Figure 3.2 MTM unit cell design methodology. 

 

Figure 3.3 (a) The Reflection (S11) and (b) Transmission coefficient (S21) for the different designs step (design 

1 to proposed design) with respect to wavelength from 1400 nm to 1700 nm. 

Design 1 created by combining two L-shaped mirror strips on the substrate, inducing resonance when 

electromagnetic waves propagate along the z-axis. This configuration achieves an almost 100% 

reflection coefficient at a resonance wavelength of 1432 nm, as depicted in Figure 3.3 (a). Design 2 

1 2
3

4

(a) (b)
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enhances Design 1 by adding two additional horizontal strips, resulting in a resonance wavelength 

of 1437 nm. Design 3 extends this by incorporating two more vertical strips at the ends of Design 2, 

achieving a resonance wavelength of 1443 nm. 

In Design 4, a vertical strip connects the two mirror shapes, leading to a resonance wavelength of 

1547 nm. Finally, Design 5 is obtained by adding a horizontal strip between the two similar shapes, 

aiming to achieve nearly 100% reflection coefficient at the resonance wavelength 𝜆𝑟, as shown in  

Figure 3.3 (a). 

3.3.2 Parametric investigation on proposed MTM unit cell 

In this section, an in-depth computational analysis has been conducted to investigate the influence of 

diverse factors, such as substrate material, resonator geometrical parameters, and substrate 

characteristics, on the resonance wavelength. 

3.3.2.1 Effect of different substrate materials 

 
Figure 3.4 Variation of (a) reflection coefficient and (b) transmission coefficient (S21) with the incident wave 

with the change in the different dielectric substrates. 

Various dielectric materials, including FR-4, Roger's versions (RT 6002 and RT 6202), and Silica, 

have been evaluated as potential substrates. As depicted in Figure 3.4, the resonance wavelengths for 

MTM were observed at 1412 nm, 1661 nm, 1667 nm, and 1550 nm when utilizing FR-4, RT 6202, 

(a) (b)
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RT 6002, and Silica as substrate materials, respectively. The summary of these findings presented in 

Table 3.1.  

Table 3.1 Various properties and S21 parameters result from different substrate materials. 

Sr. 

No. 
Substrate 

Relative 

permittivity 

Resonance 

wavelength of          

S21 (nm) 

Optical 

wavelength 

Magnitude 

(dB) 

1. FR-4 4.5 1412 
E (Extended 

band) 
-10 

2. 
Silica 

(proposed) 
3.75 1550 

C (Conventional 

band) 
-28.2 

3. 
Roger's RT 

6202 
2.9 1661 

U (Ultra long 

wavelength) 
-11.9 

4. 
Roger's RT 

6002 
2.94 1667 

U (Ultra long 

wavelength) 
-12.9 

Notably, a shift towards lower wavelengths occurred when employing FR-4 and Silica substrates 

compared to Roger's versions, suggesting that MTM performance is influenced by substrate 

selection, as illustrated in Figure 3.4. The substantial impact of the silica substrate on the resonance 

wavelength, along with its nearly 100% reflection, led to the decision to adopt Silica as the substrate 

material for the proposed MTM unit cell. 

3.3.2.2 Effect of silica substrate thickness (𝑡𝑠) 

  

Figure 3.5 Variation of different substrate thicknesses (𝒕𝒔) of the designed MTM with the incident wave 

resulting in its impact on (a) reflection coefficient (S11) and (b) transmission coefficient (S21). 

(a) (b)
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The substrate functions as a dielectric medium, introducing capacitance between the two waveguide 

ports. As the thickness of the substrate (𝑡𝑠) is increased, the parallel capacitance also increases, 

leading to a higher resonance wavelength [69]. In our analysis, we examined the impact of varying 

the thickness of the silica substrate from 97 nm to 217 nm, and the results are depicted in Figure 3.5. 

Within the proposed MTM unit cell, both S11 and S21 parameters exhibited a shift towards higher 

wavelengths as 𝑡𝑠 increased. Figure 3.5 highlights that the desired resonance wavelength in the C-

band at 𝜆𝑟 is achieved when the substrate thickness is 157 nm. 

3.3.2.3 Effect of resonator material (silicon) thickness (tm) 

 

Figure 3.6 Variation of silicon dielectric resonator thickness (𝒕𝒎) of the designed MTM with the incident 

wave resulting in its impact on (a) reflection coefficient (S11) and (b) transmission coefficient (S21). 

Table 3.2 Unit Cell Dimension 

Parameters Values 

(nm) 

Description 

𝑏𝑠 1180 breadth of substrate in y 

𝑙𝑠 692 length of substrate in x 

𝑙𝑚 425 material length in x 

𝑏𝑚 949 material length in y 

𝑡𝑠 157 substrate thickness 

𝑤𝑐  47 width of central line 

𝑡𝑚 90 thickness of material 

𝑤𝑚 94 width of MTM strip 

(a) (b)
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The thickness of the resonator material has been varied within the range of 60 nm to 130 nm, and the 

resulting changes in resonance wavelength were examined. The plotted data in Figure 3.6 illustrates 

a noticeable redshift, indicating that the resonance wavelength shifts towards the higher wavelength 

side with an increase in thickness. As per the findings in Figure 3.6, it is noted that the proposed 

MTM unit cell, featuring a silicon resonator, achieves the desired resonance wavelength in the C-

band at 𝜆𝑟 when the thickness is set at 90 nm. The optimized geometrical parameters for the MTM 

unit cell are detailed in Table 3.2. 

3.4 RESULTS AND DISCUSSION  

 

Figure 3.7 (a) Reflection (S11) and (b) Transmission (S21) coefficient have been calculated from both 

COMSOL and CST software (c) calculated reflectance spectra of the proposed metamaterial from COMSOL. 

This section involves the calculation and analysis of the effective electromagnetic parameters of the 

designed MTM. Additionally, the tunability characteristics of the MTM are explored and discussed 

through an array analysis and mirror image approach. 

(a) (b)

(c)
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3.4.1 Scattering parameters of optimized MTM unit cell  

The Drude-Lorentz variables were utilized for assessing the scattering parameters through 

simulations conducted with FEM-based COMSOL Multiphysics and CST Microwave Studio. As 

depicted in Figure 3.7 (a)-(b), the analysis of S11 and S21 from the two simulation platforms exhibited 

notable similarity. In Figure 3.7 (c), the reflectance spectra of the proposed structure are presented, 

revealing nearly 100% reflectance at the resonance wavelength (𝜆𝑟) due to magnetic dipole 

resonance. The achievement of perfect reflectance is contingent on the characteristics of permeability 

(µ) and permittivity (ε). Specifically, when µ > 0 and ε＜0, it corresponds to electric dipole 

resonance, while µ＜0 and ε > 0 correspond to magnetic dipole resonance [78,82]. Table 3.3 

provides a comprehensive comparison of the % reflectance of the proposed MTM structure with 

findings from prior literature [78,82–84]. 

 

Figure 3.8 (a) The real parts of 𝛍𝐞𝐟𝐟. (effective permeability) and 𝛆𝐞𝐟𝐟. (effective permittivity), (b) 𝐧𝐞𝐟𝐟. 

(effective refractive index) curves of the proposed MTM structure. 

3.4.2 Effective Electromagnetic Parameters 

Using the equations. (1.10-1.12) in section 1.5 of CHAPTER 1: , the effective permittivity (𝜀𝑒𝑓𝑓.), 

effective permeability (𝜇𝑒𝑓𝑓.) and effective refractive index (𝑛𝑒𝑓𝑓.) is calculated with respect to the 

operating wavelength and plotted in Figure 3.8. 

In Figure 3.8 (a), it is evident that at the resonance wavelength (λr) of 1550 nm, εeff. assumes a 

positive value, while μeff. takes on a negative value. Moreover, μeff. consistently exhibits negativity 

(a) (b)
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beyond 1560 nm, confirming the entirely negative behavior of effective permeability in the 1400-

1700 nm range, indicating the metamaterial's characteristic of having a negative refractive index 

(MNG). The attainment of negative permeability at the resonance wavelength could be advantageous 

in long-distance communication. Additionally, Figure 3.8 (b) illustrates that neff. has a negative value 

at λr. 

Table 3.3 Comparison of % reflectance of the proposed designed MTM structure with previously reported 

data 

Ref. Period (nm) Shape Resonance wavelength Reflectance (%) 

[78] 820×820 Silicon cubes 1500 nm 99.9 

[83] 660×660 Silicon cylinder 1450 nm 99.9 

[82] 820×820 Silicon cylinder 1530 nm 99.7 

[84] 720×720 

• Si disk array 

• Diamond 

disc array 

• 1050-1110 nm 

• 1040-1100 nm 
> 97 

Our work 692×1180 Silicon structure 1550 nm 99.8 

 

Furthermore, EMR plays a pivotal role in the design and advancement of metamaterials as it aids in 

compacting the structure and  is calculated using the formula [85]: 

EMR =  
Operating Wavelength for the unit cell  

length of the unit cell 
 

3.1 

The EMT is applied to assess the designed metamaterial structure. According to EMT, the 

dimensions of the unit cell should be smaller than the operating wavelength [86]. The reported MTM 

unit cell achieves an EMR of 2.23 at the operating resonance wavelength of 1550 nm. This relatively 

high EMR value ensures the compactness of devices constructed using the proposed MTM. 

3.4.3 Analysis of Normalized Electric and Magnetic field Distribution 

The MTM unit cell is exposed to a perpendicular electromagnetic wave along the z-axis, featuring a 

linearly polarized electric field oriented along the 𝑦-axis. The split gap within the proposed MTM 

induces capacitance, leading to electric resonance, while the resonator strip introduces inductance, 
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resulting in magnetic resonance [87]. The distribution of electric and magnetic fields within the MTM 

structure has been assessed at the resonance wavelength (𝜆𝑟) and is depicted in Figure 3.9 (a) and 

(b). 

 

Figure 3.9 A plot of normalized (a) Electric Field and (b) Magnetic Field Distribution of the MTM structure 

at 𝝀𝒓 

Figure 3.9 (a) reveals that the highest concentration of electric field distribution reaches 

approximately 108 V/m. Specifically, this concentration occurs along the gap between the edge of 

the central line (𝑤𝑐) and the edge of the MTM resonator strip, as indicated by the yellowish region 

enclosed by a black dotted rectangle. In Figure 3.9 (b), the maximum accumulation of magnetic field 

distribution is observed at the center of the structure, with an order of magnitude around 106 A/m. 

3.4.4 Tunability characteristic of MTM unit cell 

The investigation delves into the arrangement of multiple MTM unit cells in a regular pattern to 

analyze the tuning characteristics of the proposed MTM structure. This exploration is crucial for 

designing and developing tunable MTMs suitable for diverse applications. 

The study encompasses (1×1), (1×2), (1×3), (1×4), as well as (2×1), (3×1), and (4×1) array structures 

of MTM unit cells, as illustrated in Figure 3.10. Each unit structure within every assembly maintains 
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consistent physical dimensions, as detailed in Table 3.2. The boundary conditions, wavelength range, 

and direction of an incident plane wave on an MTM unit cell remain the same as previously 

mentioned to investigate the impact of different array structures. 

 

Figure 3.10 Top view of the arrays of the metamaterial (a) (1×1), (b) (1×2), (c) (1×3), (d) (1×4), (e) (2×1), 

(f) (3×1) and (g) (4×1) of the proposed structure. 

Initially, the variations in scattering parameters, effective permeability, effective permittivity, and 

effective refractive index with the wavelength of an incident wave for (1×1), (1×2), (1×3), and (1×4) 

MTM array structures have been computed and presented in Figure 3.11. In Figure 3.11, the 

formation of arrays like (1×1), (1×2), (1×3), and (1×4) results in the parallel arrangement of the 

inductors of individual unit cells. Consequently, the equivalent inductance decreases, leading to a 

blue shift in the resonance wavelength, as indicated by equation: 

λ =
c

f
= c√LC 

3.2 

Additionally, Figure 3.12 illustrates the changes in scattering parameters, effective permeability, 

effective permittivity, and effective refractive index in relation to the wavelength of an incident wave 

for (2×1), (3×1), and (4×1) MTM array structures. In this figure, it is observed that when forming 

arrays such as (1×1), (2×1), (3×1), and (4×1), the inductor of one unit cell is in series with the other. 

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

(e) (f) (g)
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As a result, the equivalent inductance increases, leading to a redshift in the resonance wavelength 

(according to eq. (3.2)). 

 

Figure 3.11 Variation of (a) S11 (reflection coefficient), (b) S21 (transmission coefficient), (c) 𝝁𝒆𝒇𝒇. (effective 

permeability), (d) 𝜺𝒆𝒇𝒇. (effective permittivity) and (e) 𝒏𝒆𝒇𝒇. (effective refractive index) with wavelength for 

the proposed structure's (1×1), (1×2), (1×3) and (1×4) arrays. 

 
Figure 3.12 Variation of (a) S11 (reflection coefficient), (b) S21 (transmission coefficient), (c) 𝝁𝒆𝒇𝒇. (effective 

permeability), (d) 𝜺𝒆𝒇𝒇. (effective permittivity) and (e) 𝒏𝒆𝒇𝒇. (effective refractive index) with wavelength for 

the proposed structure's (1×1), (2×1), (3×1) and (4×1) arrays. 

(a)

(c) (d) (e)

(b)

(a) (b)

(c) (d) (e)
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Figure 3.13 Variation of resonance wavelength with the array of the MTM structure. 

Furthermore, it is noted that when moving column-wise in the array structure (i.e., (2×1), (3×1), and 

(4×1)) while keeping one row fixed, the shift in resonance wavelength is minimal. This suggests that 

structuring the array in this manner has a lesser impact on the resonance wavelength. Figure 3.13 

depicts the variation of resonance wavelength with the array of the MTM unit cell. The graph 

indicates that the change in resonance wavelength is substantial with an increase in columns (i.e., 

(1×1), (1×2), (1×3), and (1×4)), decreasing from 1550 nm to 1466 nm. However, the variation is 

insignificant with changes in rows ((2×1), (3×1), and (4×1)) in the MTM structure array. 

3.4.5 Mirror Image of the proposed MTM unit cell structure 

Moreover, an analysis to assess the impact on resonance wavelength by incorporating the mirror 

image of the design into the MTM unit cell has been conducted, as depicted in the inset of Figure 

3.14 (a). The reflection and transmission characteristics, along with variations in electromagnetic 

parameters (𝜇𝑒𝑓𝑓, 𝜀𝑒𝑓𝑓, 𝑛𝑒𝑓𝑓), were computed and illustrated in Figure 3.14. The results indicate that 

incorporating the mirror image of the structure in the MTM unit cell yields similar behavior, albeit 

with a shift in resonance wavelength from 1550 nm (C-band) to 1504 nm (S-band). This finding 

suggests that our work presents a potentially more straightforward approach to tuning the resonance 
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wavelength for specific applications. Consequently, this investigation contributes valuable insights 

for the design and development of tunable MTM. 

 

Figure 3.14 Variation of (a) scattering parameter i.e., S11 (reflection coefficient) and S21 (transmission 

coefficient), and inset shows the designed mirror image of the metamaterial unit cell (b) 𝝁𝒆𝒇𝒇. (effective 

permeability), (c) 𝜺𝒆𝒇𝒇. (effective permittivity) and (d) 𝒏𝒆𝒇𝒇. (effective refractive index) of the mirror image 

of MTM structure with wavelength  

3.5 SUMMARY 

In summary, a highly efficient tunable metamaterial (MTM) structure with nearly 100% reflectance 

has been designed and analyzed for optical communication, targeting a resonance wavelength of 

1550 nm. The optimization process involved a systematic approach and parametric investigation 

focusing on the MTM unit cell. Various factors, including different substrate materials, silica 

substrate thickness (𝑡𝑠), and silicon resonator thickness (𝑡𝑚), were considered in the design process 

to achieve the desired resonance wavelength (𝜆𝑟=1550 nm). 

The effective propagation characteristics of the proposed MTM were explored across the 1400-1700 

nm wavelength range, leading to the determination of effective medium parameters. The analysis 

revealed that the proposed MTM exhibits an effective negative refractive index and metamaterial 

with MNG characteristics at the resonance wavelength (𝜆𝑟). The electric and magnetic field 

(a)

(b) (c) (d)
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distributions at the resonance wavelength were visualized through normalized plots. Additionally, 

the designed MTM structure arrays, such as (1×2), (1×3), (1×4), and (2×1), (3×1), (4×1), were found 

to confirm the tunability of the proposed MTM. Furthermore, the mirror image of the proposed MTM 

structure exhibited resonance at a wavelength of 1505 nm, falling within the S-band commonly used 

in Passive Optical Network systems. The combination of perfect reflectance and tunable performance 

positions the reported MTM unit cell as a promising candidate for devices and components employed 

in long-distance transmission systems. 
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CHAPTER 4:  METASURFACE FOR BROADBAND 

PERFECT REFLECTION IN VISIBLE SPECTRUM  

 

4.1 INTRODUCTION 

In the last chapter, perfect tunable MTM structure has been designed for the infrared optical 

communication window. In this chapter, a different approach of Silicon on Insulator metasurface has 

been utilized to obtain broadband perfect reflection in visible spectrum. 

Metasurface offer a wide array of applications owing to their capacity to demonstrate properties like 

negative permeability and permittivity [88], alongside intriguing features such as perfect lenses [89] 

and antennas [90]. Frequently, metallic resonators such as Metallic split-ring resonators (MSRR) [9] 

and metallic cut-wire arrays [91] are utilized extensively in metamaterial design. Split-ring 

resonators (SRR) generate magnetic dipole (MD) resonances, while cut-wire arrays produce electric 

dipole (ED) resonances. These structures have shown efficacy in manipulating electromagnetic 

waves across various wavelengths from gigahertz to terahertz and even n-IR. However, the 

significant absorption loss in metal-based metamaterials presents a challenge for their application in 

photonics where minimizing energy dissipation is vital for efficient light manipulation and 

transmission. To address this issue, alternative materials or strategies need exploration. One such 

approach involves investigating alternative materials with lower losses within the desired spectral 

range. For instance, dielectric materials can replace metals to mitigate energy dissipation [92]. 

Dielectric resonators can maintain resonant behavior, contributing to metamaterial functionality 

while exhibiting lower losses compared to their metallic counterparts [93]. 

Recent progress in metasurface research indicates that low-loss dielectric nanoparticle-based 

metasurfaces can offer viable alternatives to metallic metasurfaces for generating electric or magnetic 

resonances in the visible or near-infrared spectrum [93,94]. Specifically, experiments have explored 

the use of silicon (Si) nanospheres to exhibit strong magnetic dipole (MD) resonances at visible 
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frequencies [95]. When electromagnetic waves interact with these dielectric nanoparticles at specific 

resonance frequencies, unique light-matter interactions and properties emerge. Precise control over 

resonant behavior and light interaction is enabled by employing high refractive index dielectric 

nanoparticles. Manipulating properties such as size, shape, and refractive index of these 

nanoparticles allows for achieving desired optical responses, including high transmission efficiency 

or low-loss high reflection [96]. For example, arrays of silicon (Si) nanodisks can achieve high 

transmission efficiency in metasurfaces [97,98]. 

While metals like gold and silver are renowned for their reflective properties, their inherent 

absorption loss hinders achieving perfect reflection. Bragg reflectors, composed of multilayer arrays 

of high and low-index dielectric films, create photonic band gaps for effective light reflection within 

specific wavelength ranges. However, to ensure desired functionality and effective reflection, the 

thickness of Bragg reflector layers must exceed the incident light's wavelength [99–101]. The 

primary limitation of Bragg reflectors lies in the time-consuming and costly process of depositing 

multiple layers of dielectric materials. To overcome this limitation, Silicon on Insulator (SOI) 

dielectric metasurfaces emerge as a promising alternative, utilizing silicon's low-loss properties to 

achieve optimal reflectivity. SOI dielectric metasurfaces leverage silicon's unique properties atop an 

insulating layer typically made of silicon dioxide (SiO2). This configuration establishes a distinctive 

interface facilitating light manipulation at subwavelength scales. The design of dielectric 

metasurfaces capitalizes on the interaction between incident electromagnetic waves and the 

structured silicon layer. 

In this chapter, we initially showcased the feasibility of exciting ED and MD responses within the 

visible range of the electromagnetic spectrum. We thoroughly investigated significant parameters 

such as effective permittivity (𝜀𝑒𝑓𝑓.) and effective permeability (𝜇𝑒𝑓𝑓.), alongside reflection 

coefficient (𝑆11) and transmission coefficient (𝑆21), to characterize the proposed metasurface. 

Moreover, we identified a wide spectral region conducive to achieving perfect reflection at the 

resonance wavelength. The tunability of the proposed structure was demonstrated by adjusting 
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parameters such as the gap region 'g', the thickness of the dielectric silica layer (𝑡𝑠), and the silicon 

resonator's thickness (𝑡𝑚). Finally, we illustrated that the scattering parameter's response remains 

consistent regardless of the structure's rotation, highlighting the homogeneity of the designed 

structure across the entire visible spectrum. 

4.2 MATERIALS AND STRUCTURE 

A thick substrate made of silica aerogel, which is an insulator material with exceptional properties 

such as a very low refractive index close to that of air and high optical transparency [102–104], is 

utilized in conjunction with a Si metasurface reflector unit cell. This unit cell consists of V and W 

shaped structures with nanometer-scale gaps between them, forming a pattern resembling the letters 

V and W along with their mirror images. The substrate's refractive index in the visible wavelength 

range (400-700 nm) is approximately 1.08, which is close to air [105]. The design parameters of the 

proposed metasurface unit cell are represented symbolically and detailed in Table 4.1, with a 

schematic illustration provided in Figure 4.1 depicting both side and top views of the unit cell. 

 

Figure 4.1 The schematic diagram of the proposed dielectric metasurface reflector showing its (a) Side view 

and (b) top view with blue, orange and silver portions representing the Si resonator, Silica dielectric layer and 

Silica Aerogel substrate, respectively. 

In the simulation setup, an electromagnetic plane wave is employed to illuminate the reflector from 

above (along the vertical direction or k direction), with the electric field oriented along the y-axis. 

𝒕𝒔

𝒕𝒎

(a) (b)
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To simulate the behavior of each unit cell of the metasurface reflector, specific boundary conditions 

are applied. PEC conditions are enforced along the x-axis, ensuring complete reflection and zero 

penetration of electric fields. Similarly, PMC conditions are imposed along the y-axis, reflecting 

magnetic fields entirely and preventing their penetration. 

Table 4.1 Unit cell parameters 

Parameters   Value (nm) Description 

p 350 period of unit-cell 

a 280 diameter of the outer circle 

wc 17.5 width of edges 

g 13 gap between edges 

ts 17.5 thickness of Silica layer 

tm 17.5 thickness of material 

 

4.3 DESIGN METHODOLOGY   

The iterative process of optimizing the design of the proposed dielectric metasurface reflector has 

been conducted, as illustrated in Figure 4.2. 

In the initial design (Design 1), a W-shaped silicon resonator with a thickness of 17.5 nm (𝑤𝑐) is 

placed on a Silica aerogel substrate, achieving a reflectance of 99.66%, shown in Figure 4.3. To 

improve upon this, Design 2 introduces a mirrored version of Design 1 with a gap of 13 nm, resulting 

in a reflectance of 99.68%. Moving on to Design 3, a V-shaped structure is added along with its 

mirror image, along with the gap ‘g’ and resonator thickness ‘𝑤𝑐’, increasing the reflectance to 

99.85%. However, the goal is to create a nearly perfect reflectance metasurface, leading to the 

creation of Design 4. In this design, Design 3 is enclosed in a circle with the same resonator thickness 

and a diameter of 245 nm, achieving a reflectance of 99.99%. Design 4 stands out as the nearly 

perfect reflector with this high reflectance value. 
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 Figure 4.2 Design layout for the proposed dielectric metasurface reflector unit cell. 

 
Figure 4.3 The variation of reflectance based on the evaluation of metasurface unit cell designs. 

Design 1

Proposed Design

Design 2

Design 3
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4.4 RESULTS AND DISCUSSION 

Figure 4.4 illustrates the changes in reflectance across different wavelengths for the suggested 

dielectric metasurface, displaying both ED and MD resonances. Our observation reveals a distinct 

reflection peak at approximately 477 nm, where the reflectance nearly reaches 100%. Additionally, 

a wide-ranging perfect reflection is evident beyond the 600 nm wavelength. 

 

Figure 4.4 Simulated Reflectance for the proposed designed structure. Perfect reflectance is present at both 

the ED and MD modes. 

We utilized a theoretical approach to leverage the underlying physics to efficiently analyze the 

perfect reflection attributes of our silicon-on-insulator (SOI) dielectric metasurface. When light 

undergoes vertical reflection from a surface, the complex reflection coefficient can be expressed as 

stated in reference [78]: 

r = roe
iφ =

Z − ηm
Z + ηm

 4.1 

  

Z =  z′ + iz′′ =  √μ ε⁄  4.2 

 

 

ηm = √μm εm⁄  4.3 
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 Here, ro and 𝜑 represent the magnitude and phase of the reflection, respectively, while Z denotes 

the effective complex impedance of the reflector, and 𝜂𝑚 is the characteristic impedance of the 

incident medium, which depends on its permeability and permittivity. In our case, the surrounding 

medium is air, so 𝜂𝑚 =  1. Consequently, the reflectance (R) can be expressed as provided in 

reference [106]: 

R = |r|2 
4.4 

Using equations. 4.1 and 4.2 we get, 

R = |
Z − 1

Z + 1
|
2

= |
(z′ − 1) + iz′′

(z′ + 1) + iz′′
|

2

= 
(z′ − 1)2 + z′′2

(z′ + 1)2 + z′′2
 4.5 

Achieving 𝑅 = 1 is essential for perfect reflection. It can be proven that all solutions require 𝑧′ = 0, 

without any constraint on 𝑧′′. Following some simple mathematical manipulations, a solution where 

𝑧′ = 0 leads to perfect reflection, meeting the following criteria: 

ε′

μ′
< 0 4.6 

  

ε′′μ′  − ε′μ′′ =  0 
4.7 

Equation (4.6) can be fulfilled if either 𝜀′ or 𝜇′ possesses negative values, meaning they must exhibit 

opposite polarities. This illustrates the necessity for a single-negative metasurface characteristic at 

the operational wavelength to achieve perfect reflection. Conversely, negative index metasurfaces 

require both 𝜀′ and 𝜇′ to be negative. However, meeting the criterion in equation (4.7)  seems more 

challenging, although lossless metasurfaces can achieve it effortlessly. The reflectance of the 

proposed SOI dielectric metasurface under various incident angle variations is depicted in Figure 

4.5. The findings derived from Figure 4.5 reveal a steady decline in the overall reflectance as the 

incident angle deviates from normal incidence. The graph consistently trends downward as the 

incident angles increase, indicating that the proposed structure achieves its highest broad reflectance 

in the visible region when the wave is incident normally. 
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Figure 4.5 Simulated curves of reflection vs wavelength with different incident angles. 

 
Figure 4.6 Reflection (S11) and Transmission (S21) coefficient of the proposed metasurface reflector.  

The designed structure functions as a reflector due to the resonance of the transmission coefficient 

(S21) at 477 nm, with a magnitude exceeding -30 dB, indicating nearly negligible transmission at the 

operating wavelength. This is evident from Figure 4.6. Moreover, at the same wavelength (477 nm), 

the reflection coefficient (S11) approaches 0 dB, indicating nearly 100% reflectance, as illustrated in 
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Figure 4.6. Figure 4.7 (a) illustrates the variation of the εeff. with wavelength. In the visible 

wavelength range, εeff. displays negative values, with the most negative values aligning with the ED 

resonance, precisely at the wavelength corresponding to perfect reflectance. This alignment supports 

the condition of a single-negative (SNG) metasurface (equation 4.6). Moreover, both the real and 

imaginary components of the μeff. approach zero at the electric resonance wavelength (indicated by 

the green arrow in Figure 4.7 (b)), indicating complete satisfaction of equation (4.7). Similarly, μeff. 

exhibits negative values at the magnetic dipole resonance, while the real and imaginary parts of εeff. 

approach zero at the point indicated by the orange arrow in Figure 4.7 (a), meeting the requirements 

for perfect reflection outlined in equation (4.7). From this analysis, it is evident that the all-dielectric 

metasurface demonstrates perfect reflection performance with both electric and magnetic dipole 

resonances. 

 

Figure 4.7 (a) Effective permittivity (𝛆𝐞𝐟𝐟.) and (b) Effective permeability (𝛍𝐞𝐟𝐟.) for the structure, calculated 

using S-parameter retrieval method. The solid (dotted) lines show the real (imaginary) parts, and the arrow 

lines show the points where the conditions for perfect reflection in Eq. (6) are fully satisfied. 

The nanogaps demonstrate the highest electric field intensity, reaching 1.12 × 109 V/m at 477 nm, 

as shown in Figure 4.8 (a). This finding highlights the significant confinement of incident light within 

the gaps at the resonance wavelength. Additionally, at a resonance wavelength of 652 nm, the electric 

field achieves a maximum value of up to 1.85 × 108 V/m. Within the unit cell, the gap region 

exhibits an enhanced and normalized electric field distribution characterized by a vortex-like pattern 

at wavelengths of 477 nm and 652 nm when the incident electric field is polarized along the y-axis, 

(a) (b)
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as depicted in Figure 4.8 (c) and (d). This enhanced normalized electric field within the gap is 

attributed to the Capacitive Effect, wherein the gaps in metasurface resonators act as capacitors [107]. 

As the gap size decreases, the capacitance also decreases. In a capacitor, the electric field is inversely 

proportional to the gap size and directly proportional to the charge stored on the capacitor plates.  

 

Figure 4.8 Simulated electric field at (a) 477 nm and (b) 652 nm for proposed designed dielectric metasurface, 

(c) Vortex-like normalized and enhanced electric field distribution at the gap region of unit-cell at a 

wavelength of 477 nm and (d) 652 nm when the incident electric field is polarized along the y-axis. 

This suggests that, for a constant voltage across the gap, a reduction in gap size results in an increase 

in the electric field. The graphical representation of the normalized electric field in a vortex-like 

pattern clearly indicates that the electric field is primarily confined within the gap region of the unit 

cell. Moreover, the confinement of the magnetic field is also investigated at resonance wavelengths 

of 477 nm and 652 nm, as depicted in Figure 4.9. It is noted that the magnetic field reaches its 

maximum intensity at areas where the electric field is at its minimum, and vice versa. Consequently, 

the resonance wavelength has a minimal impact on the magnetic field within the gap regions. 

(a) (b)

(c) (d)
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However, in the left and right segments of the proposed metasurface, magnetic fields of 

approximately 1.53 × 106 A/m and 2.06 × 105 A/m are present at resonance wavelengths of 477 

nm and 652 nm, respectively. The vortex-like pattern depicted in Figure 4.9  (c) and (d) illustrates 

that the normalized magnetic field attains its maximum extent at the resonance wavelength. Within 

this visualization, the maximum concentration of magnetic field lines occurs in the right and left 

sections of the unit cell, coinciding with the areas where the electric field is minimized. 

  

Figure 4.9 Simulated magnetic field at (a) 477 nm and (b) 652 nm for proposed designed dielectric 

metasurface, (c) Vortex-like normalized and enhanced magnetic field distribution in the unit-cell at a 

wavelength of 477 nm and (d) 652 nm. 

4.4.1 Tunability characteristics of the proposed structure 

In this section, the tunability properties of the proposed dielectric metasurface structure are explored 

through three different approaches: (1) by varying different gap (g) values, (2) by adjusting the 

(a) (b)

(c) (d)
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thickness of the silica layer (𝑡𝑠), and (3) by varying the thickness of the silicon resonator (𝑡𝑚). To 

begin with, the investigation focuses on the variation of the electric field with different gap values 

(g) at the resonance wavelength for the designed structure, as illustrated in Figure 4.10.  

 
Figure 4.10 Variation of electric field with different gap values (g) at resonance wavelength of the proposed 

dielectric metasurface. 

Figure 4.10 clearly demonstrates that as the gap 'g' increases from 11.5 nm to 14.5 nm, the electric 

field decreases. This variation is evident in the inset of Figure 4.10. The decrease in electric field 

values within the gap as the gap size increases is attributed to the Capacitive Effect, where the gaps 

in metasurface resonators function as capacitors [107]. With an increase in gap size, the capacitance 

of the gap also increases. In a capacitor, the electric field is inversely proportional to the gap size and 

directly proportional to the charge stored on the capacitor plates. Consequently, for a fixed voltage 

across the gap, an increase in gap size leads to a decrease in the electric field. The tunable 

characteristics of the proposed structure are dependent on the variation of different gap values, 

resulting in a change in the electric field at the resonance wavelength. Moving forward, the thickness 

of the dielectric silica layer (𝑡𝑠) is adjusted to observe the variation in the resonance wavelength of 

the proposed metasurface structure, as depicted in Figure 4.11 (a). 
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Increasing the thickness of the dielectric silica layer (𝑡𝑠) from 7.5 nm to 37.5 nm induces a noticeable 

redshift at the lower resonance wavelength (S21), while at higher resonance wavelengths, the shift is 

towards the lower side, resulting in a blueshift, as depicted in Figure 4.11 (a). Subsequently, the 

behavior of the resonance wavelength is examined with variations in the thickness of the silicon 

resonator (𝑡𝑚), as illustrated in Figure 4.11 (b). As 𝑡𝑚 changes from 7.5 nm to 37.5 nm, there is a 

shift in the resonance wavelength towards higher values, indicating a redshift at the lower resonance 

wavelength in the S21 parameter. Similarly, at higher wavelengths, the shift is towards lower values, 

demonstrating a blueshift in S21. This modulation of 𝑡𝑠 and 𝑡𝑚 aligns with the tunability 

characteristics of the designed structure, resulting in shifts in the resonance wavelength. 

 
Figure 4.11 The variation in S21 parameter with (a) the thickness of Silica dielectric layer (𝒕𝒔) and (b) thickness 

of Si resonator (𝒕𝒎). 

4.5 SUMMARY 

In summary, we have proposed design and structure of an innovative all-dielectric metasurface 

serving as a perfect reflector, constructed from SOI material. Utilizing Finite Element Method-based 

COMSOL Multiphysics simulation software, we examined the optical scattering properties of the 

designed metasurface structure. Our analysis revealed the excitation of ED and MD resonances 

within the visible region. Employing the NRW method, we calculated the effective electromagnetic 

parameters and further investigated the distribution of electric and magnetic fields at the resonant 

wavelengths, showcasing their opposite symmetry. By manipulating the gap region 'g', the thickness 

(a) (b)
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of the dielectric silica layer (𝑡𝑠), and the Si resonator (𝑡𝑚), we explored the tunability characteristics 

of the proposed structure. Additionally, we demonstrated the consistent response of the scattering 

parameters, regardless of the rotation of the structure, highlighting the uniformity of the designed 

structure across the entire visible spectrum.
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CHAPTER 5:  DUAL BAND METAMATERIAL FOR 

REFRACTIVE INDEX SENSING APPLICATION 

 

5.1 INTRODUCTION 

In the previous chapter, Silicon on Insulator metasurface has been utilized to obtain broadband 

perfect reflection in visible spectrum. This chapter focuses on designing, fabricating and analysing a 

metamaterial structure, with refractive index sensing application. Designed structure features a quad-

band plasmon resonance-enabled dual-band metamaterial, operating in the S and C bands of the 

microwave region. The S (2-4 GHz) and C (4-8 GHz) bands are crucial for various applications such 

as wireless communications [108], radar navigation [109] and remote sensing [110], etc. However, 

conventional materials face limitations in achieving desired performance levels in these frequency 

ranges. MTMs have emerged as a groundbreaking solution, manipulating electromagnetic waves in 

unconventional ways [102,111,112]. Zero-index metamaterials (ZIMs) offer unique advantages like 

electromagnetic cloaking and beam splitting due to their zero refractive index [30]. In sensor 

applications, MTMs have shown promise in achieving high sensitivity, but challenges remain in 

simplifying fabrication processes. Previous studies have attempted to improve sensitivity in specific 

frequency bands but have encountered limitations [113–115]. Therefore, there's a need for an 

enhanced dual-band MTM sensor capable of achieving high sensitivities in both S and C bands. 

Improving the bandwidth is crucial for compactness and miniaturization of MTMs. Prior research 

has introduced various MTM structures with different bandwidths across multiple frequency bands. 

However, existing structures have shown limitations [69,107,116–118], indicating the necessity for 

improved designs with wider bandwidths, especially in the C-band. 

In this chapter, we have developed and analyzed a new MTM structure tailored for dual-band 

functionality, emphasizing a broad bandwidth within the C-band for applications in refractive index 
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sensing. Through Finite Element Method (FEM) simulations, we examined the scattering parameters 

of the MTM unit cell, or meta-atom, and corroborated our findings with experimental data. Our 

analysis highlights the presence of negative and near-zero effective refractive index (NZI) and 

epsilon near zero (ENZ) characteristics within the dual-band range, encompassing both S and C 

bands in the microwave spectrum. The designed MTM structure exhibits a substantial EMR of up to 

6.93, affirming the compact nature of our design. Our findings suggest that this MTM structure holds 

promise for enhancing the efficiency and compactness of devices and components in wireless 

communication systems, owing to its compact size, dual-band resonance, and wide C-band 

bandwidth. When employed as a refractive index sensor, our proposed MTM demonstrates high 

sensitivity, specifically reaching 1 GHz/RIU and 3 GHz/RIU. This study introduces a promising 

alternative technique for creating high-performance multi-function sensors with exceptional sensing 

capabilities, suitable for applications in biochemical sensing, medical detection, and diagnostics. 

5.2 FABRICATION AND MODELLING OF THE DESIGNED MTM 

STRUCTURE 

The diagram illustrating the meta-atom of the intended MTM structure is shown in Figure 5.1 (a), 

which is also utilized for simulation purposes. Figure 5.1 (b) depicts the actual prototype array of the 

structure, extended periodically on all sides with a 16×16 mm² periodicity. A top view of the 

fabricated meta-atom (unit cell) structure is presented in Figure 5.1 (c). This MTM design comprises 

a Copper (Cu) resonating patch on a 1.6 mm thick epoxy resin fiber substrate. The fabrication process 

involves using a computer numerical control (CNC) machine to create unit cells of 16×16 mm² 

dimensions and a prototype array of 10×10, as depicted in Figure 5.1 (b). Beginning with designing 

the layout using Computer-Aided Design (CAD) software, the blueprint guides subsequent steps. 

The design is then transferred onto a screen or mask for printing, followed by material deposition 

using screen printing, which applies the material onto the substrate according to the design. Etching 

is conducted to refine the MTM structure's geometry by removing excess material. Finally, the 
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fabricated MTM undergoes cleaning to remove any residues or contaminants. All relevant physical 

parameters are detailed in Table 5.1. 

 

Figure 5.1 (a) The meta-atom or unit cell of the simulated MTM design from an orthogonal view. (b) The 

physical prototype array of the fabricated MTM design, and (c) the top view of the meta-atom of the fabricated 

sample. 

Table 5.1 The parameters of the fabricated and simulated designed unit cell MTM structure. 

Parameter 
Value 

(mm) 
Description 

𝑙𝑚  15 length of material 

g 1.5 middle gap 

𝑙𝑠 16 length of substrate 

𝑤𝑟  1.5 width of resonator 

𝑡𝑠  1.6 thickness of substrate 

𝑡𝑚 0.35 thickness of resonator 

The structure proposed is designed and simulated through the FEM based COMSOL Multiphysics 

simulation software, as illustrated in Figure 5.1 (a). In this design, the copper material patch has a 

thickness (𝑡𝑚) of 0.35 mm and an electrical conductivity (σ) of 5.99 × 107 S/m [69]. The dielectric 

substrate employed in the research has a loss tangent (δ) of 0.025 radians and a permittivity (ε) of 

4.3 [69,107]. 

(b)

(c)

(a)
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Figure 5.2 (a) Simulation analysis and (b) Experimental measurement setup of the designed MTM. 

The S21 measurement in the experiment utilizes an Antenna test setup, as shown in  Figure 5.2 (b). 

The whole measurement technique explained briefly in the Section 1.5 of  CHAPTER 1: . Figure 5.3 

(a) shows a comparison between the simulated and experimentally observed transmission coefficient 

(S21) responses for the fabricated design structure. Additionally, Figure 5.3 (b) displays the phase 

plot of scattering parameters. 

 

Figure 5.3 (a) The transmission coefficient (S21) for the Simulated and measured response and (b) the phase 

plot of the scattering parameter at different incident wave frequencies of the unit cell structure.  

The experimental findings closely match the results obtained through simulation, considering the 

limitations of the experimental setup. In Figure 5.3 (a), a slight deviation between the experimentally 

Port 1 

Port 2
x

y

z
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(a) (b)
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measured and simulated transmission coefficient (S21) is observed, likely due to factors such as 

manufacturing discrepancies, signal interference, and reflection noise. These factors contribute to 

minor shifts in resonance frequencies, evident in the measurement outcomes. However, both 

simulated and experimental data cover the S and C frequency bands. Analysis of the S21 parameter 

of the designed MTM unit cell reveals resonance frequencies at 2.7 GHz and 7.3 GHz, corresponding 

to the microwave S-band and C-band commonly used in wireless communication. Figure 5.3 (b) 

illustrates the phase plot of output scattering parameters (S11 and S21), showing variations from -π to 

+π with a total phase change of 2π. The bandwidth of S21, crucial for wireless communication, is 

significant across different frequency bands, spanning 0.44 GHz (2.42-2.86 GHz) and 1.98 GHz 

(6.10-8.08 GHz) for the S and C bands, respectively. Notably, the proposed MTM unit cell exhibits 

a broader bandwidth for the C band compared to previously published data, as summarized in Table 

5.2, making it suitable for various wireless communication applications, including satellite and Wi-

Fi technologies [69]. 

Table 5.2 Comparison of different bandwidth of proposed work with the previously published work. 

References Dimension (physical and 

electrical) 

Resonance 

Frequencies (GHz) 

Frequency band Effective 

Bandwidth 

(GHz) 

[116] 8×8 mm2 (0.070λ×0.070λ) 2.61, 6.32, 9.29 S, C, X 0.11, 0.79, 0.15 

[107] 8×8 mm2 (0.06λ×0.06λ) 2.48, 4.28, 9.36, 13.7 S, C, X, Ku 0.19, 0.4, 1.3, 

0.6 

[117] 10×10 mm2 (0.14λ×0.14λ) 4.20, 10.14, 13.15, 17.1 C, X, Ku 0.72, 1.55, 

0.17, 0.24 

[69] 10×10 mm2 (0.17λ×0.17λ) 5.0, 6.88, 8.429 C, X 1.67, 0.52, 0.98 

[118] 15×15 mm2 (0.20λ×0.20λ) 3.36, 7.41, 10.16 S, C, X 1.51, 0.94, 0.89 

Present 

work 

16×16 mm2 (0.07λ×0.07λ) 2.7 and 7.3 S, C 0.44, 1.98 
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Figure 5.4 Variation of (a) effective permittivity (𝜺𝒆𝒇𝒇.), (b) effective permeability (𝝁𝒆𝒇𝒇.), (c) effective 

refractive index (𝜼𝒆𝒇𝒇.) and (d) normalized impedance (Z) concerning the frequency of the designed MTM 

unit cell. 

The data presented in Figure 5.4 (a, b) illustrate that the proposed Metamaterial (MTM) structure 

exhibits negative effective permittivity (εeff.) at resonance frequencies of 2.7 GHz and 7.3 GHz, 

approaching near-zero values (ENZ) at these frequencies, as depicted in the inset of Figure 5.4 (a). 

Conversely, the effective permeability (μeff.) remains positive across all resonance frequencies for 

the designed metamaterial structure, as shown in Figure 5.4 (b). Additionally, Figure 5.4 (c) indicates 

that the effective refractive index (ηeff.) displays negative and near-zero values at dual resonance 

frequencies corresponding to the S and C bands, illustrated in the inset of Figure 5.4 (c). In           

Figure 5.4 (d), the normalized impedance (Z) shows positive and near-zero real values across the 

resonance frequencies, as represented in the inset of Figure 5.4 (d). The lower values of normalized 

impedance at resonance frequencies suggest the passive nature of the designed metamaterial unit 

(a) (b)

(c) (d)
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cell, characterized by fixed properties determined by its structural design. Table 5.3 summarizes the 

overall parameter properties. 

Table 5.3 Effective parameter property 

Parameters Resonance 

Frequency (GHz) 

Magnitude Extracted property 

Effective permittivity 

(𝜺𝒆𝒇𝒇.) 

2.7, 7.3 -0.085, -0.588 𝜀𝑒𝑓𝑓. < 0 (ENG),  

𝜀𝑒𝑓𝑓. ~ 0 (ENZ) 

Effective permeability 

(𝝁𝒆𝒇𝒇.) 

2.7, 7.3 9.118, 14.493 𝜇𝑒𝑓𝑓. > 0 (SNG) 

Refractive index 

(𝜼𝒆𝒇𝒇.) 

2.7, 7.3 -0.144, -0.017 𝜂𝑒𝑓𝑓. < 0 (LHM), 𝜂𝑒𝑓𝑓.~ 0 (NZI) 

Impedance (Z) 2.7, 7.3 0.0030, 0.0019 𝑍 ~ 0 

In the proposed structure, the unit cell size is observed to be 16 mm, significantly smaller than the 

operating wavelength for all quad-frequency bands. This adherence to the EMT condition results in 

the desired characteristics of the metamaterial (MTM). Equation (3.1) can be employed to calculate 

EMR. The proposed MTM unit cell demonstrates a notably high EMR alongside compact 

dimensions, allowing it to cover all dual frequency bands (S and C) commonly utilized in satellite 

and multi-band applications. The calculated EMR value for the designed metamaterial at its operating 

resonance frequency of 2.7 GHz is 6.93. This relatively high EMR value contributes to the enhanced 

compactness of the structure, rendering it a promising option for various practical applications. 

5.2.1 Optimization of the designed MTM geometry 

The optimization process for the proposed MTM structure involves five sequential design steps, 

outlined in Figure 5.5. Design 1 features four L-shaped metallic strips positioned at the corners of 

the substrate, resulting in resonance frequencies at 11.65 GHz for the transmission scattering 

parameter (S21), as illustrated in Figure 5.6. Progressing to Design 2, four horizontal metallic wires 

are added to the middle edges, leading to resonance frequencies at 7.6 GHz. Design 3 incorporates a 

central metallic strip into Design 2, generating resonance frequencies at 7.45 GHz. These designs 

resonate within the single S band. 
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Figure 5.5 The methodological approach employed in creating the MTM structure. 

 

 Figure 5.6 The variation of scattering parameters S21 (transmission coefficient) concerning the frequency of 

the incident electromagnetic plane wave, observed across different MTM structures. 

Design 4 enhances Design 3 by introducing four additional vertical metallic strips, resulting in 

resonance frequencies at 6.25 GHz and 14.6 GHz. However, this design yields narrow-band 

resonance frequencies despite the occurrence of dual-band resonance. Finally, in Design 5, two 
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vertical strips are connected at their ends in the center of Design 4, forming an MTM with a mirror 

image shape. This design reflects dual-band operating resonance frequencies at 2.7 GHz and 7.3 GHz 

in the S and C bands within the microwave region, as depicted in Figure 5.6. The resonance 

frequencies of the designed structure stem from the formation of a capacitor and inductor for the gap 

region and metallic strips, effectively creating an LC circuit resembling an LCR tank circuit [71]. 

The resonance frequency (f) can be calculated using the formula given in equation 2.1[72]. 

5.2.2 Electromagnetic Field distribution of the designed Metamaterial  

The presence of induced current within the metallic components of MTM results in the generation 

of a scattering field when interacting with a plane wave. Maxwell's equations offer a comprehensive 

framework for understanding how the electric field (E), surface current (J), and magnetic field (B) 

interact within an MTM. When current flows through the conducting elements of an MTM, it 

generates a magnetic field. However, any alteration in this magnetic field can induce an 

electromotive force. Consequently, Maxwell's formulation of Ampere's and Faraday's laws yields a 

set of four differential equations that establish the relationships between electric and magnetic fields, 

elucidating these phenomena [119]. The behavior of electromagnetic waves within a medium is 

influenced by various factors such as permeability (μ), permittivity (ε), and conductivity (σ) of the 

medium. These material properties, in conjunction with the boundary conditions of the medium, play 

a crucial role in determining its electromagnetic characteristics. 

Figure 5.7 (a) and (b) illustrate the magnetic field distribution corresponding to two resonance 

frequencies: 2.7 GHz and 7.3 GHz, respectively. According to Maxwell's equations, there is a 

correlation between the magnetic field and surface current density. In Figure 5.7 (a), high magnetic 

field intensities are observed on the inner side of the structure, particularly near the edges where a 

larger current density is present. Conversely, Figure 5.7 (b) shows a magnetic field with lower 

intensity, attributed to the lower current intensity at this frequency. However, the field intensity 

remains low in other regions of the MTM structure. 
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Figure 5.7 The Magnetic field distribution corresponding to resonance frequency at (a) 2.7 GHz and (b) at 

7.3 GHz. 

Figure 5.8 (a) and (b) depict the electric field distribution, highlighting the influence of changes in 

the magnetic field on the induced electric field. Areas with the most rapid rate of change in the 

magnetic field exhibit intense electric fields, as evident in the comparison between Figure 5.8 (a) and 

Figure 5.7 (a). The capacitive effect results in strong electric fields near the gap in the MTM structure. 

Consequently, at 2.7 GHz, the outer and middle horizontal edges display stronger electric fields 

compared to other areas. Conversely, in Figure 5.8 (b), at 7.3 GHz, a lower electric field intensity is 

observed due to reduced electric current and magnetic field intensity. Moreover, the electric field 

neutralizes when the magnetic field remains constant in the resonator. Both electromagnetic fields 

and currents are interconnected, playing pivotal roles in the resonances at the mentioned frequencies. 

In Figure 5.8 (c) and (d), the field distribution of the x-component of the Electric field (𝐸𝑥) is 

presented, indicating the formation of electric quadrupole mode resonance at the metal-dielectric 

interface. The resonance of the proposed structure primarily stems from the excitation of Surface 

Plasmon Polaritons (SPP) due to electric quadrupole mode resonance. This resonance is illustrated 

by the field distribution, which also demonstrates the accumulation of positive and negative charges 

in the gap region of the resonator structure [58,120–122]. 

(a) (b)
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Figure 5.8 The Electric field distribution corresponding to resonance frequency at (a) 2.7 GHz and            

(b) at 7.3 GHz. Electric field 𝑥-component showing electric quadrupole mode resonance at (c) 2.7 GHz and 

(d) 7.3 GHz. 

 
Figure 5.9 The response of scattering parameters (S21) relating to (a) different resonator widths (𝑤𝑟) and        

(b) different substrate thicknesses (𝑡𝑠) 

(a) (b)

(c) (d)

(a) (b)
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5.2.3 Effect of resonator width (𝑤𝑟) on resonance frequency 

Figure 5.9 (a) illustrates the relationship between the scattering parameter (S21) and the width of the 

resonator (wr). Modifying the width affects the inductance, thereby resulting in changes in the 

resonance frequency of the proposed MTM structure [69,117]. It's noteworthy that there is a 

significant blue shift in the S21 parameter as the wr is increased from 1 mm to 1.8 mm, causing an 

increase in inductance, which indicates a rise in resonance frequency. This observed shift in 

resonance frequencies also imparts tunability characteristics to the designed MTM structure. 

5.2.4 The impact of varying the thickness (𝑡𝑠) of the FR-4 dielectric substrate  

Figure 5.9 (b) demonstrates the impact of varying the substrate FR-4 thickness (𝑡𝑠) from 0.4 to           

2.2 mm on the scattering parameter (S21). The substrate thickness has a relatively minor effect on the 

resonance frequency, particularly noticeable at lower values within the S-band. However, at higher 

values, especially in the C-band, the shift in resonance frequency becomes more pronounced with 

increasing thickness of the FR-4 substrate. This phenomenon occurs because the substrate acts as a 

dielectric medium, resulting in the creation of capacitance between the two waveguide ports. As the 

substrate thickness increases, the parallel capacitance also increases, leading to a decrease in the 

resonance frequency [69]. Figure 5.9 (b) illustrates that the MTM unit cell achieves the required 

resonance frequencies in both the S and C bands when the substrate thickness is set at 1.6 mm. Hence, 

this variation of 𝑤𝑟 and 𝑡𝑠 demonstrates the tunability characteristics of the designed structure with 

the shift in resonance frequency. 

5.2.5 Effect of different dielectric substrate material 

The investigation delves into the impact of changing the dielectric substrate material on the 

performance of MTMs. When Rogers' versions are utilized instead of the FR-4 substrate, the 

frequency response of S21 shifts towards higher frequencies. This shift highlights the substantial 
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influence of substrate choice on MTM performance, as depicted in Figure 5.10. Each Rogers' version 

displays dual resonance frequencies in the S- and X-bands with varying magnitudes, excluding the 

C-band. Conversely, the FR-4 substrate demonstrates dual resonances at 2.7 GHz and 7.3 GHz in the 

S and C bands, with magnitudes of -40.6 dB and -50.7 dB, respectively. The discussion emphasizes 

the significance of the FR-4 dielectric material as a suitable substrate for the proposed MTM 

structure. These findings are concisely summarized in Table 5.4. 

 

Figure 5.10 The variation of scattering parameters (S21) with different materials as substrates  

Table 5.4 Various properties and S21 parameters result of different substrate materials. 

S. 

No. 
Substrate 

Electric 

Permittivity 

Tangent 

Loss 

Resonance 

Frequency 

of S21 (GHz) 

Frequency 

Band 

Magnitude 

of S21 (db) 

1. Roger’s 

RT6002 

2.94 0.0012 3.1 and 8.4 S and X -31.9 and -47.3 

2. Roger’s 

RT6202 

2.90 0.0015 3.1 and 8.4 S and X -37.9 and -45.1 

3. Roger’s 

RT5880 

2.20 0.0009 3.3 and 9.1 S and X -37.4 and -45.2 

4. FR-4 4.30 0.025 2.7 and 7.3 S and C -40.6 and -50.7 
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5.2.6 MTM as refractive index sensor 

In the subsequent section, the investigation focuses on examining the variation of the transmission 

coefficient (S21) concerning different refractive index (RI) values to assess RI sensitivity. The 

analysis of RI sensing properties entails modifying the surrounding environment of the MTM to 

match changes in its refractive index, thereby causing a shift in the resonance frequency of the 

proposed MTM, as depicted in Figure 5.11 (b). Sensitivity (SR) plays a pivotal role as a key metric 

for evaluating sensing performance and is defined as follows [113]: 

SR  =  
Δf

Δn
  5.1 

 

 
Figure 5.11 (a) Transmission coefficient (S21) spectra of the proposed MTM sensor using different RI values 

of the surrounding environment. (b) The variation of simulated resonance frequency (square and circle 

symbols) and linear fitting (solid line) with different RI values of the surrounding environment. 

The transmission coefficient spectra demonstrate a red shift as the refractive index of the surrounding 

environment varies from 1.00 to 1.20, as depicted in Figure 5.11 (a). Figure 5.11 (b) showcases the 

relationship between the shift in resonance frequency (𝛥𝑓) and the changes in refractive index (∆𝑛) 

of the surrounding environment. Furthermore, the resonance frequency of the proposed MTM 

exhibits a linear decrease with the increase in the refractive index of the surrounding environment. It 

is further elucidated that the sensitivities SR1 and SR2, corresponding to the first and second resonance 

peaks in the S and C bands, are approximately 1 GHz/RIU and 3 GHz/RIU, respectively. These 

sensitivities surpass those of previously reported MTM sensors, as documented in Table 5.5.  Hence, 

(a) (b)
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it can be inferred that the proposed MTM sensor demonstrates high refractive index sensitivity in the 

GHz band. 

Table 5.5 Comparison of sensitivity of the proposed MTM structure with the previous literature work. 

Reference Designed structure Frequency band Sensitivity 

[123] SRR Single band (C band) 𝑆𝑅 = 1.69 𝐺𝐻𝑧/𝑅𝐼𝑈 

[113] Frequency selective 

surface (FSS) 

Single band (X band) 𝑆𝑅 = 1.31 𝐺𝐻𝑧/𝑅𝐼𝑈 

[114] Periodical circle rings 

resonator 

Single band (C band) 𝑆𝑅 = 0.3537 𝐺𝐻𝑧/𝑅𝐼𝑈 

[115] Microwave resonator Dual band (C and X 

bands) 

𝑆𝑅1 = 1.116 𝐺𝐻𝑧/𝑅𝐼𝑈 

𝑆𝑅2 = 2.357 𝐺𝐻𝑧/𝑅𝐼𝑈 

[124] corona-shaped 

metamaterial resonator 

Single band (S band) 𝑆𝑅 = 0.1825 𝐺𝐻𝑧/𝑅𝐼𝑈 

THIS 

WORK 

Metamaterial 

Structure 

Dual band (S and C 

bands) 

𝑺𝑹𝟏 = 𝟏 𝑮𝑯𝒛/𝑹𝑰𝑼 

𝑺𝑹𝟐 = 𝟑 𝑮𝑯𝒛/𝑹𝑰𝑼 

 

5.3 SUMMARY 

This chapter introduces a novel design, fabrication, and simulation of a MTM structure capable of 

dual-band operation with wide bandwidth in the C band and its application in refractive index 

sensing. The experimental measurements are compared to the simulated results and found to be well-

aligned. The study further explores the effective medium parameters of the designed MTM structure 

within the frequency range of 1-15 GHz. Analysis of the proposed mirror-shaped metamaterial 

reveals effective negative and NZI and effective negative and ENZ for dual-band operations. 

Electromagnetic field distributions are plotted at resonance frequencies. Leveraging the suggested 

MTM as a refractive index sensor exhibits significant sensitivity potential, specifically 1 GHz/RIU 

and 3 GHz/RIU. This research introduces a promising alternative approach for developing advanced 

multi-function sensors with exceptional sensing capabilities, suitable for applications in medical 

diagnostics, detection, and biochemical sensing. 
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CHAPTER 6:  WIDE BANDWIDTH METAMATERIAL FOR 

WIRELESS APPLICATION 

 

6.1 INTRODUCTION 

In the previous chapter, a novel metamaterial structure was designed and fabricated in microwave 

region for refractive index sensing application with quad band plasmon  resonance. This chapter 

focuses on designing a similar metamaterial structure, with modified dimensions, to expand its use 

in enhance wireless communications within the microwave band, achieving a broad bandwidth. The 

exploration of MTM research into GHz and THz frequencies has revealed unique properties such as 

negative 𝜇, negative 𝜀, and negative 𝜂, leading to a diverse range of applications in microwave and 

optical domains. These applications include reconfigurable antenna [125], satellite [126], invisibility 

cloaking [127], filters [128], and superlenses [129], etc. MTMs have become increasingly utilized 

across various frequency bands due to their specific applications. For example, the microwave 

spectrum encompasses bands like L, S, C, X, and Ku, each with its distinct applications such as 

RADAR, Wi-Fi, satellite communication, etc. 

Improvements in EMR govern the compactness and miniaturization of MTMs, a crucial aspect of 

MTM research. Various MTM structures have been proposed to enhance EMR and functionality 

within specific frequency bands [130–133]. However, previous designs have often been limited to 

single or narrow band operations and have exhibited modest EMR values. Therefore, there is a 

pressing need for advanced MTM structures catering to triple-band operations with wide bandwidth 

in the C-band and higher EMR values. 

In this chapter, a novel MTM structure tailored for triple-band operation with wide bandwidth in the 

C-band, catering to wireless applications has been introduced. The study involves investigating the 

scattering parameters of the MTM unit cell using simulation software and optimizing the structure 

through parametric analysis. By varying parameters such as resonator width (𝑤𝑟), gap width (r), 
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substrate thickness (𝑡𝑠), and effects of dielectric materials and the influence of different metal 

conductors, the MTM structure achieves triple-band operation with improved EMR values. 

Electromagnetic field analysis and surface current distribution provide insights into the MTM 

phenomena. Notably, the designed MTM structure achieves a high EMR value of up to 13.37, 

affirming its compactness. It is anticipated that the findings of this research, including the design 

process, compact size, multi-band resonance, wide bandwidth in the C-band, and high EMR, will 

significantly contribute to enhancing the efficiency and compactness of wireless communication 

devices and components in the future. 

6.2 DESIGN AND SIMULATION GEOMETRY OF AN MTM 

STRUCTURE 

 

Figure 6.1 (a) Designed MTM unit cell structure with geometrical parameters and (b) simulation setup for 

reflection coefficient (S11) and transmission coefficient (S21) measurement. 

The proposed MTM unit cell is formed on an FR-4 epoxy resin fiber substrate with dimensions of                

1.6 cm × 1.6 cm × 0.16 cm. The research operates within a frequency range of 0.1-16 GHz. The     

FR-4 dielectric material has a permittivity of 4.3 and a dielectric loss tangent (δ) of 0.025 [69,107]. 

Copper (Cu) is used to construct the resonating patch on the FR-4 substrate, with a thickness (𝑡𝑚) of 

0.035 cm and a conductivity (σ) of 5.99 × 107 S/m [69]. The schematic depiction of the MTM unit 

cell is provided in Figure 6.1 where Figure 6.1 (a) illustrates the perspective view of the MTM unit 

(a) (b)

Port 1 Port 2



                                               CHAPTER 6 

 

80 

cell, and Figure 6.1 (b) shows the setup including input and output ports for measuring the scattering 

parameters of the MTM. 

The design and simulation analysis of the proposed MTM structure are conducted using the 

frequency-domain solver of COMSOL Multiphysics. PMC and PEC boundary conditions are 

enforced for the MTM unit cell along the 𝑥-axis and 𝑦-axis. Two waveguide ports are introduced 

from both the front and back sides of the MTM along the positive and negative z-axis, respectively, 

with the electric field component oriented along the y-axis, as depicted in Figure 6.1 (b). 

6.3 OPTIMIZATION OF THE PROPOSED MTM UNIT CELL 

6.3.1 Design Methodology 

 

Figure 6.2 Design methodology of the proposed MTM structure 

The design optimization process for the proposed MTM structure involves five sequential steps, 

outlined in Figure 6.2. Design 1 is achieved by integrating four outer L-shaped metallic strips 

positioned at the corners of the substrate. This configuration resonates at 8.5 GHz, as depicted in 

Figure 6.3 (b). Design 2 involves connecting four horizontal metallic wires along the middle edge, 

resulting in a resonance frequency of 5.8 GHz. In Design 3, four additional vertical metallic strips 

are added to Design 2, leading to two resonance frequencies (approximately 5 GHz and 14.8 GHz) 

within the desired microwave operating range. Design 4 is obtained by adding two more vertical 

metallic strips to the upper end of Design 3, resonating at 5 GHz and 14.7 GHz. Finally, Design 5 
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incorporates two horizontal strips in the middle of Design 4, resulting in a quad 'e'-shaped proposed 

MTM structure exhibiting triple-band resonance frequencies at 1.4 GHz, 5.0 GHz, and 14.8 GHz in 

the microwave region, as illustrated in Figure 6.3 (b). 

 

Figure 6.3 Response of scattering parameters (a) S11 (reflection coefficient) and (b) S21 (transmission 

coeficient) w.r.t incident electromagnetic plane wave frequency on different MTM structure. 

6.3.2 Effect of middle gap width (r) and resonator width (𝑤𝑟) on resonance frequency 

Variations in the middle gap between the two symmetrical mirror shapes have a notable impact on 

the resonance frequency of the proposed MTM structure. In this study, the middle gap (r) was 

adjusted in increments of 0.01 cm, as depicted in Figure 6.4 (a)-(b). This gap influences the 

capacitance value, which in turn affects the resonance frequency [69,107,134]. As the gap 'r' 

decreases from 0.159 to 0.149 cm, the capacitance value increases, leading to a decrease in resonance 

frequency in both bands, resulting in a blue shift. Further reduction of the middle gap to 0.139 cm 

decreases the resonance frequency due to increased capacitance between the gaps. At r = 0.139 cm, 

three resonance frequencies were observed in the scattering parameter S21 plot, as illustrated in Figure 

6.4 (b). The impact of resonator width (𝑤𝑟) variation on scattering parameters is also investigated 

and presented in Figure 6.4 (c)-(d). Alterations in width affect the inductance value, thereby 

influencing the resonance frequency of the proposed MTM structure [69,134]. A noticeable red shift 

is observed in both S11 and S21 parameters with a step size of 0.02 cm as the resonator width (𝑤𝑟) 

changes. As the width increases from 0.119 to 0.139 cm, the inductance value rises, shifting the 

(a) (b)
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resonance frequency higher. Similarly, further widening from 0.139 to 0.159 cm increases the 

resonance frequency due to a corresponding increase in inductance value. For the proposed MTM 

structure, middle gap width (r) and resonator width (𝑤𝑟) values of 0.139 cm and 0.159 cm, 

respectively, are chosen based on the appropriate resonance frequency band of the S21 parameter for 

Wi-Fi applications. 

 
Figure 6.4 Scattering parameters response (a) S11 & (b) S21 with the different middle gap width (r) and             

(c) S11 & (d) S21 with the different resonator widths (𝑤𝑟) 

6.3.3  Effect of thickness (𝑡𝑠) of FR-4 substrate  

The impact of varying substrate FR-4 thickness (𝑡𝑠) from 0.06 to 0.36 cm on scattering parameters 

is examined, as depicted in Figure 6.5 (a). While substrate thickness has a limited effect on resonance 

frequency, it becomes more noticeable at higher frequency bands (C and Ku bands) compared to 

lower frequency bands (L band). This effect is due to the substrate acting as a dielectric medium, 

creating capacitance between the two waveguide ports. As 𝑡𝑠 increases, parallel capacitance also 

(a) (b)

(c) (d)
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increases, leading to a decrease in resonance frequency [69]. A substrate thickness of 0.16 cm is 

found to provide the necessary resonance frequencies in L, C, and Ku bands for satellite and Wi-Fi 

applications, as illustrated in Figure 6.5 (a). 

 

Figure 6.5 Variation of transmission coefficient (S21) with the change in (a) substrate thickness (𝑡𝑠),                  

(b) different dielectric material and (c) different types of a metallic conductors of the designed MTM structure. 

 

6.3.4 Effect of different dielectric substrate material 

The study also examines the effect of using different dielectric substrate materials on MTM 

performance. Figure 6.5 (b) illustrates that the frequency response of S21 shifts towards higher 

frequencies when using Rogers' versions instead of the FR-4 substrate, indicating the dependency of 

MTM performance on substrate selection. Three versions of Rogers' materials (RT 6002, RT 6202, 

and RT 5880) along with FR-4 are considered as different dielectric substrate materials. While all 

Rogers versions exhibit dual resonance frequencies in L and C bands with varying magnitudes, the 

(a) (b)

(c)
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FR-4 substrate reveals triple resonances at 1.4 GHz, 5.0 GHz, and 14.8 GHz in L, C, and Ku bands, 

respectively, with magnitudes of -57.0 dB, -53.8 dB, and -47.4 dB. As a 5 GHz resonance frequency 

is crucial for Wi-Fi applications, it is achieved with the MTM using an FR-4 substrate. Therefore, 

the choice of FR-4 dielectric material as a substrate for the proposed MTM structure is justified based 

on these observations. The summarized findings are presented in Table 6.1. 

Table 6.1 Various properties and S21 parameters result of different substrate materials. 

Sr. 

No. 

Substrate Electric 

Permittivity 

Tangent 

Loss 

Resonance 

Frequency 

of S21 (GHz) 

Frequency 

Band 

Magnitude of S21 

(dB) 

1. Roger's 

RT6002 

2.94 0.0012 1.5, 5.8 L, C -45.0, -48.8 

2. Roger's 

RT6202 

2.90 0.0015 1.5, 5.8 L, C -45.59, -60.34 

3. Roger's 

RT5880 

2.20 0.0009 1.5, 6.2 L, C -69.07, -52.04 

4. FR-4 4.30 0.025 1.4, 5.0, 14.8 L, C, Ku -57.0, -53.8, -47.4 

6.3.5 Effect of different metal conductors on resonance frequency  

In Figure 6.5 (c), the impact of different metal conductors including copper (Cu), nickel (Ni), gold 

(Au), and platinum (Pt) on the resonance frequency is illustrated. Despite all metals exhibiting the 

same triple resonance frequencies, copper stands out with a higher magnitude of the S21 parameter, 

lower resistivity, and more cost-effectiveness compared to other metals. These characteristics make 

copper a favorable choice for the resonating patch in the proposed MTM structure. Table 6.2 outlines 

the geometric parameters of the optimized MTM unit cell. 

Table 6.2 Dimension of proposed MTM Unit cell 

Parameters Values (cm) Description 

ls 1.600 length of substrate 

lm 1.599 length of the material 

r 0.139 middle gap 

wr 0.159 width of resonator 

ts 0.160 thickness of substrate 

tm 0.035 thickness of metamaterial 
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6.4 RESULT AND DISCUSSION 

6.4.1 Scattering parameters of optimized MTM unit cell 

 

Figure 6.6 (a) Reflection coefficient (S11), (b) transmission coefficient (S21) comparison from two simulation 

software COMSOL and CST Microwave Studio, and (c) phase plot of scattering parameters with the incidence 

wave frequency of the unit cell of the structure with the COMSOL. 

The scattering parameters (S11 and S21) of the optimized MTM unit cell were assessed through 

simulations conducted using FEM-based COMSOL Multiphysics and CST Microwave Studio tools, 

as depicted in Figure 6.6 (a) and (b). Additionally, the phase plot of scattering parameters is presented 

in Figure 6.6 (c). According to Figure 6.6 (b), the S21 parameter of the proposed MTM unit cell 

exhibits triple resonance frequencies at 1.4, 5.0, and 14.8 GHz with magnitudes of -57.0, -53.8, and 

-47.4 dB, respectively, as observed using the COMSOL simulator. Conversely, applying the CST 

simulator yields similar resonance frequencies with magnitudes of -57.0, -53.9, and -47.7 dB, 

(a) (b)

(c)
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respectively, as shown in Figure 6.6 (b). This consistency in scattering parameter values from both 

microwave simulation software validates the correctness of the designed structure and confirms the 

results of the proposed MTM structure. 

These resonance frequency findings fall within the microwave region, specifically the L-band, C-

band, and Ku-band, which span 1-2 GHz, 4-6 GHz, and 14-16 GHz, respectively. The phase plot of 

output scattering parameters (S11 and S21) exhibits variation from -π to +π values (-3.14 to +3.14), 

indicating a total phase change of 2π, as illustrated in Figure 6.6 (c). The bandwidth of S21, with 

magnitudes less than -17 dB, is observed as 1.49 GHz (0.70-2.19 GHz), 2.22 GHz (4.20-6.42 GHz), 

and 0.58 GHz (14.41-14.99 GHz) using the COMSOL simulator, while the CST simulator yields 

1.54 GHz (0.70-2.25 GHz), 2.27 GHz (4.16-6.44 GHz), and 0.61 GHz (14.38-15.00 GHz). Similarly, 

the reflection coefficient (S11) outcomes reveal triple resonance frequencies at 3.2, 10.2, and            

15.8 GHz with magnitudes of -21.06, -13.08, and -5.87 dB, respectively, using the COMSOL 

simulator. Correspondingly, the CST simulator demonstrates similar resonance frequencies with 

magnitudes of -21.06, -12.76, and -6.18 dB, respectively, as shown in Figure 6.6 (a). 

Each resonance frequency of S11 aligns with the resonance frequency of S21, with S11 frequencies 

following those of S21, as depicted in Figure 6.6 (a) and (b) from both the COMSOL and CST 

simulations. These findings affirm that the proposed MTM unit cell's bandwidth is consistent across 

both simulators. In wireless communications, bandwidth is a crucial factor. For satellite and Wi-Fi 

applications, the proposed MTM design offers sufficient bandwidth [69]. Notably, the proposed 

MTM unit cell's bandwidth for the C-band exceeds previously published data, as shown in Table 6.3. 

Figure 6.7 (a) and (b) reveal that the effective permeability (𝜇𝑒𝑓𝑓.) is negative at the resonance 

frequency of 1.4 GHz, whereas the effective permittivity (𝜀𝑒𝑓𝑓.) is negative at the resonance 

frequency of 14.8 GHz for the proposed MTM structure. Negative values of effective refractive index 

(𝜂𝑒𝑓𝑓.) are observed at resonance frequencies of 1.4, 5.0, and 14.8 GHz, which correspond to the L, 

C, and Ku bands, as depicted in Figure 6.7 (c). Throughout the frequency range, the normalized 

impedance exhibits positive and real values; however, at resonance frequencies (1.4, 5.0, and           
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14.8 GHz), it approaches zero, with values of 0.045 × 10−3, 0.118 × 10−3, and 0.615 × 10−3, 

respectively, as shown in Figure 6.7 (d). These relatively small values of normalized impedance at 

resonance frequencies indicate the passive behavior of the proposed MTM unit cell. 

 

Figure 6.7 Variation of (a) effective permeability (𝜇𝑒𝑓𝑓.), (b) effective permittivity  (𝜀𝑒𝑓𝑓.), (c) effective 

refractive index  (𝜂𝑒𝑓𝑓.) and (d) normalized impedance (Z) with the frequency of the designed MTM unit cell 

6.4.2 Metamaterial application and comparison study 

The triple-band resonance frequencies offered by the proposed MTM unit cell at 1.4, 5.0, and 14.8 

GHz cover a wide range of applications including radar, satellite, and Wi-Fi. Wi-Fi networks 

typically operate in both the 2.4 and 5 GHz frequency bands, with the latter being faster and less 

congested. With a bandwidth of 2.22 GHz at the 5 GHz frequency band, the proposed MTM structure 

is well-suited for Wi-Fi networks. Additionally, the resonance frequencies at 1.4 GHz (L band) and 

14.8 GHz (K band) can be utilized in satellite applications, weather radar systems, and terrestrial 

microwave communications due to their respective wide bandwidths of 1.49 GHz and 0.58 GHz. 

(a) (b)

(c) (d)
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Moreover, the MTM structure offers versatility across microwave devices in the L, C, and Ku bands, 

making it suitable for radar and satellite applications, as well as for devices such as antennas, 

bandpass filters, power dividers, and couplers. 

Table 6.3 Comparison of different Bandwidth of proposed work with the already published work. 

References 
Dimension (physical and 

electrical) 

Resonance 

Frequencies (GHz) 

Frequency 

band 

Effective Bandwidth 

(GHz) 

[135] 9×9 mm2 (0.087λ×0.087λ) 2.896, 8.11, 9.76, 12.48, 

13.49 

S, X, Ku 0.3, 0.54, 0.59, 0.24, 

0.35 

[117] 10×10 mm2 (0.14λ×0.14λ) 4.20, 10.14, 13.15, 17.1 C, X, Ku 0.72, 1.55, 0.17, 0.24 

[116] 8×8 mm2 (0.070λ×0.070λ) 2.61, 6.32, 9.29 S, C, X 0.11, 0.79, 0.15 

[107] 8×8 mm2 (0.06λ×0.06λ) 2.48, 4.28, 9.36, 13.7 C, S, X, Ku 0.19, 0.4, 1.3, 0.6 

[136] 8×8 mm2 (0.076λ×0.076λ) 2.86, 5.0, 8.30 S, C, X 0.11, 0.41, 0.37 

[69] 10×10 mm2 (0.17λ×0.17λ) 5.0, 6.88, 8.429 C, X 1.67, 0.52, 0.98 

Present 

work 

16×16 mm2 (0.07λ×0.07λ) 1.4, 5.0, 14.8 L, C, Ku 1.49, 2.22, 0.58 

 

The performance of Wi-Fi and satellite antennas is significantly enhanced by this MTM structure. 

Comparison of the proposed MTM's performance with recently published works in Table 6.3 

considers factors such as effective bandwidth at all resonance frequencies, the number of resonance 

frequencies covering bands, and physical and electrical unit cell parameters. Effective bandwidth is 

crucial for improved data transmission, with bandwidth determined where the value of S21 is less 

than -17 dB. Compared to other works listed in Table 6.3, the proposed MTM structure offers a 

greater bandwidth of 2.22 GHz for the C band. Therefore, the design of the proposed MTM unit cell 

surpasses all other designs provided in the comparison table for satellite and Wi-Fi applications, 

owing to its triple-band resonance with broader bandwidth in the C-band. 

 

6.4.3 Analysis of Electromagnetic Fields and Surface current distribution 

The MTM surface current distribution is depicted in Figure 6.8 (a)-(c). At 1.4 GHz, Figure 6.8 (a) 

illustrates a clockwise current flow in the right half and an anticlockwise current flow in the left half 
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of the proposed MTM structure. The current distribution appears uneven, with relatively high 

intensity observed in the inner vertical edges compared to the rest of the structure. At 5.0 GHz, shown 

in Figure 6.8  (b), there is a drastic decrease in current, particularly at the outer vertical edges of the 

metamaterial, while the remaining portion shows negligible current distribution. However, at the 

frequency of 14.8 GHz, depicted in Figure 6.8 (c), the surface current intensity, indicated by the color 

bar, increases compared to the 5.0 GHz frequency, with maximum current observed along the 

horizontal edges. 

 

Figure 6.8 Surface current distribution at (a) 1.4 GHz, (b) 5.0 GHz, and (c) 14.8 GHz, respectively, of 

proposed MTM structure 

The magnetic field distribution for the three resonance frequencies is shown in Figure 6.9 (a)-(c). 

Magnetic field and surface current density are correlated, as shown in equation (1.4). In Figure 6.9 

(a), high magnetic field intensities are shown in those regions where a larger current density is 

observed; this satisfies Maxwell's equation represented by equation (1.4). Figure 6.9 (b) shows a low-

intensity magnetic field owing to the low current intensity at this frequency. In contrast, Figure 6.9 

(c), the outer horizontal edges exhibit significant magnetic field intensity due to knowledgeable 

current distribution. However, the field intensity is low in other parts of the MTM structure. 

 

Figure 6.9 Magnetic field distribution at (a) 1.4 GHz, (b) 5.0 GHz, and (c) 14.8 GHz, respectively, of 

proposed MTM structure. 
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Figure 6.10 Electric field distribution at (a) 1.4 GHz, (b) 5.0 GHz, and (c) 14.8 GHz, respectively of proposed 

MTM structure. 

Figure 6.10 (a)-(c) illustrates the electric field distribution. According to equation (1.3), variations in 

the magnetic field influence the induced electric field. Regions with the highest rate of change in the 

magnetic field exhibit intense electric fields, as evidenced by the comparison between                           

Figure 6.10 (a) and Figure 6.9 (a). The capacitive effect leads to a strong electric field near the gap 

in the MTM structure. Consequently, at 1.4 GHz, the outer and middle horizontal edges display a 

stronger electric field compared to the rest of the structure. Conversely, in Figure 6.10 (b) at 5.0 GHz, 

a low electric field intensity is observed due to the reduced electric current resulting in lower 

magnetic field intensity. At 14.8 GHz, an intense field is evident at the middle horizontal edges and 

inner vertical edges, where the rate of magnetic field variation is high, as shown in Figure 6.10 (c). 

Additionally, the electric field becomes neutralized when the magnetic field remains constant in the 

resonator. The interconnected nature of electromagnetic fields and currents highlights their essential 

roles in the resonances at the specified frequencies.  

In the proposed structure, the unit cell size is observed to be 1.6 cm, which is comparatively smaller 

than the operating wavelength for all three frequency bands. This observation confirms that the 

proposed structure satisfies the EMT condition, thereby exhibiting metamaterial characteristics. 

The EMR is calculated using the formula given in equation (3.1). The EMR of the proposed MTM 

unit cell is compared with previously reported metamaterial designs, as presented in Table 6.4. These 

prior designs often suffer from limitations such as low EMR and functionality restricted to single or 

double microwave bands. In contrast, the proposed MTM unit cell demonstrates relatively high 

EMR, compact dimensions, and coverage of all three frequency bands (L, C, and Ku) used in satellite 
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and multi-band applications. The calculated EMR value for the designed metamaterial is 13.37 for 

the unit cell at the 1.4 GHz operating resonance frequency. This indicates an improvement in the 

compactness of the structure due to the relatively high EMR value. 

Table 6.4 A comparison of the EMR of various metamaterial design 

References 
The shape of a unit 

cell 

Dimension   

(cm2) 
Substrate Bands 

No. of 

Resonant 

frequency 

EMR 

[137] Diamond shape 2.0 × 2.5 FR-4 - - 1.2 

[138] Wedge- shaped 0.53 × 0.43 Taconic CER- 

10 

- - 6.9 

[139] Two rectangular U-

shaped 

2.0 × 2.5 Glass - - 1.99 

[87] Split H- shaped 2.0 × 2.0 FR-4 S, C, 

X, 

Ku 

4 4.32 

[140] Modified SRR & CLS 

unit cell 

0.5 × 0.32 FR-4 - - 6.38 

[141] DBEM 

(Dual-band electric 

meta-atom) 

0.75 × 0.75 Rogers RT Dual 

bands 

2 7.14 

[131] Double C- shaped 1.2 × 1.2 FR-4 S, C, 

X 

3 7.44 

[85] CSRR 0.5 × 0.5 FR-4 C 2 8 

[133] Inverse double C- type 0.9 × 0.9 FR-4 S, C, 

X, K 

5 12.34 

Present 

Work 

Proposed metamaterial 1.6 × 1.6 FR-4 L, C, 

Ku 

3 13.37 

 

6.5 SUMMARY 

A MTM structure was designed for triple-band operation with wide bandwidth specifically targeting 

the C-band. Utilizing FEM-based COMSOL Multiphysics high-frequency electromagnetic simulator 

in the frequency domain, the design, simulation, and extraction of the MTM's S-parameters were 

conducted, with validation achieved through the CST Microwave Studio. Effective medium 

parameters of the proposed MTM structure were explored across the frequency range spanning         

0.1 to 16 GHz. Investigation of the proposed Quad 'e' mirror-shaped metamaterial revealed a notably 
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effective negative refractive index suitable for multi-band operations. Further analysis employing 

surface current distribution and electromagnetic field characterization, including electric and 

magnetic field distributions, facilitated a comprehensive examination of the MTM phenomenon. 

The proposed Quad 'e' mirror-shaped metamaterial demonstrates potential for enhancing emerging 

satellite communications and radar applications, attributable to its utilization of low-cost FR-4 

substrate, multi-band resonance capabilities, high EMR, and wideband characteristics. With an EMR 

of 13.37, affirming the compactness of the structure, this metamaterial holds promise for applications 

across the microwave region, covering all three frequency bands. The aforementioned attributes and 

outcomes of the proposed MTM structure position it as a promising candidate for various 

applications, including electromagnetic cloaking, filter design, sensor and detector layouts, antennas, 

and Wi-Fi applications, offering enhanced features and performance. 
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CHAPTER 7:  FAR-INFRARED METAMATERIAL PERFECT 

ABSORBER WITH SENSING APPLICATIONS 

 

7.1 INTRODUCTION 

The previous chapter discussed a designed of metamaterial structure for triple-band operation with 

wide bandwidth specifically targeting the C-band. In this chapter, the focus shifts to the design of a 

far-infrared metamaterial functioning as a perfect absorber, suitable for use as an IR sensor. 

Metamaterial absorbers (MAs) in the microwave regime were initially proposed by Landy et al. in 

2008  [142]. Since then, the field has progressed significantly, with numerous MAs featuring various 

microstructures being reported. This research has expanded the scope of metamaterial perfect 

absorbers (MPAs) across different frequency ranges, including visible light [143], infrared [144], 

and terahertz frequencies [58,145]. A significant research area within this field is the development 

of far-wavelength infrared (FWIR) MPAs, which are crucial for photothermal applications such as 

IR imaging [146] and sensing [147]. Continuous research efforts have accelerated the development 

of MPAs [148–150], resulting in their evolution from narrowband to broadband, polarization-

sensitive to polarization-insensitive, and single-frequency to multi-frequency designs. MPAs now 

cover the entire spectral range, including microwave [151], terahertz [152], visible [153] and infrared 

frequencies [65,154]. To enhance efficiency and broaden the absorption bandwidth of FWIR MPAs, 

various strategies have been employed. Common methods for achieving broadband absorption 

include metal-insulator multilayer stacks [155]. Additionally, MPAs with coplanar multi-sized 

resonators have proven effective for broadband absorption. By utilizing multi-sized crosses [156], 

rings [157], multiple surface plasmon resonances (SPRs) with adjacent wavelengths can be excited, 

resulting in broadband absorption. 

In recent years, numerous designs for metasurface perfect absorbers have been developed, employing 

a variety of materials. A notable example is a polarization-independent metasurface broadband 
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perfect absorber, which achieved a peak absorbance of 95% [158]. Additionally, a metasurface 

broadband solar absorber has been developed, offering absorbance exceeding 90% [159]. 

Narrowband metasurface perfect absorbers have shown effectiveness in detecting changes in the 

refractive index of the surrounding medium, prompting significant interest in innovative metasurface 

absorber designs for biomedical applications. 

In this chapter, we propose an MPA designed for the far-infrared (IR) C-band. This MPA features a 

split-ring resonator (SRR) with an I-shaped copper top layer, a silicon dielectric base layer, and a 

copper bottom layer. The design achieved an absorption rate of 99.47% at a wavelength of 𝜆𝑟= 9.40 

μm, demonstrating a perfect absorption effect. The impact of altering the angle of incidence and 

structural characteristics on the absorption was also examined. Additionally, the refractive index of 

the surrounding environment was varied to assess the structure's sensing performance. Results 

indicated that the sensitivity could reach as high as 1600 nm/RIU. Furthermore, the device exhibited 

sensitivity to both transverse electric (TE) and transverse magnetic (TM) polarizations. 

7.2 STRUCTURE DESIGN AND UNIT CELL MODEL 

 
Figure 7.1 (a) 3D Side view and (b) top view of a metamaterial unit cell 

Figure 7.1 illustrates a schematic diagram of the top and 3-D side view of a single metamaterial 

absorber (MA) unit cell. The unit cell comprises three unequal split ring resonators, each containing 

two split gaps (denoted by the letter "g"), and an I-shaped patch at the center. The absorber is 

a

a
g

 𝒓(a) (b)
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constructed with an upper copper resonant patch (depicted in green in Figure 7.1), a middle silicon 

dielectric layer (shown in blue in Figure 7.1), and a bottom ground layer made of 0.1µm-thick copper 

(denoted as 𝑡𝑐). The reflection coefficient (S11) of the designed structure is calculated using a finite 

element method (FEM) solver within COMSOL Multiphysics. Two periodic ports are employed for 

wave propagation in both the positive and negative z-directions. The structure is analyzed under the 

influence of transverse electric (TE) and transverse magnetic (TM) electromagnetic waves, incident 

at an angle 𝜃 to the 𝑧-direction. For the TE wave, the electric field is oriented in the 𝑦-direction, 

whereas for the TM wave, the magnetic field is aligned along the 𝑦-direction. The geometrical 

parameters of the structure are detailed in Table 7.1. Periodic boundary conditions are applied in both 

the 𝑥 and 𝑦 directions. 

Table 7.1 Dimension of the unit cell 

Parameters Value (𝛍𝐦) Description 

𝑝𝑥 2.60 period in 𝑥-axis 

𝑝𝑦 2.60 period in 𝑦-axis 

𝑡𝑑 0.27 thickness of dielectric layer 

𝑡𝑚 0.10 thickness of resonator patch 

𝑤𝑟 0.12 width of resonator 

𝑎 1.85 length and breadth of resonator 

𝑔 0.10 split gap between resonator 

The bottom copper layer functions as a perfect mirror, with its thickness (𝑡𝑐) defined by the skin 

depth formula. The skin depth, Δ, is calculated as follows [160]: 

∆ =  √
2

ωμσ
= √

λ

πcμσ
  7.1 

In this equation (7.1), Δ represents the penetration depth, 𝜆 is the operating wavelength, 𝜔 is the 

angular frequency, and 𝜇 and 𝜎 denote the permeability and conductivity, respectively. The reflective 

layer is designed to be much thicker than the calculated skin depth, ensuring that electromagnetic 

waves are effectively blocked from penetrating the absorber. 
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7.3 RESULTS AND DISCUSSION 

The absorption through the metamaterial structure is defined by 𝐴 = 1 − 𝑅 − 𝑇, where A is the 

absorption coefficient, R is the reflection coefficient, and T is the transmission coefficient. The 

transmission coefficient (T) is nearly zero because the metal ground plane at the bottom of the 

structure is thicker than the penetration depth of infrared light. This simplifies the absorption 

coefficient to 𝐴 = 1 − 𝑅. The absorbance for both TE and TM polarization at normal incidence is 

shown in Figure 7.2. Simulation results demonstrate that the absorber's properties are polarization-

sensitive, with absorption exceeding 99% for TE polarization and nearly 40% for TM polarization 

in the 6-13 μm range of the C band in the far infrared region. 

 
Figure 7.2 (a) Reflection coefficient (S11) response and (b) Absorption variation response showing resonance 

wavelengths of the designed MA unit cell. 

Figure 7.2 (a) and (b) illustrate that the designed metamaterial unit cell resonates at two specific 

wavelengths, 7.18 µm and 9.40 µm, as indicated by the reflection coefficient (S11) shown in Figure 

7.2 (a). Figure 7.2 (b) highlights two absorption peaks, labelled Ist and IInd, with absorption rates of 

77.92% and 99.47% respectively, in the Far Infrared (IR-C) band. Metamaterials, functioning as 

effective media, can be described by their complex effective electric permittivity (𝜀𝑒𝑓𝑓.  =  𝜀1 + 𝑖𝜀2) 

and magnetic permeability (𝜇𝑒𝑓𝑓.  =  𝜇1  +  𝑖𝜇2). To design a resonant metamaterial absorber (MA), 

the goal is to match the impedance of the absorber with that of free space, thus minimizing reflection. 

This impedance (Z) is calculated using the S-parameter retrieval method [160,161]:  

(a) (b)
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Z = Zo = √
μeff.
εeff.
  7.2 

 When 𝑍𝑟 is derived from transmission line theory, the absorption is defined as [162]: 

Zeff. =
Z

Zo
  

7.3 

A = 1 − R = 1 − |
Z − Zo
Z + Zo

|
2

= 1 − |
Zeff. − 1

Zeff. + 1
|
2

  7.4 

Zeff. = ±√
(1 + S11)2 − S21

2

(1 − S11)2 − S21
2   7.5 

 

Figure 7.3 The effective impedance of the metamaterial unit cell showing perfect absorption at 9.40 µm 

For a TE configuration, the effective impedance is derived from the reflection and transmission 

coefficients of the designed metamaterial unit cell, as depicted in Figure 7.3. According to the above 

equations (7.3-7.5), the real part of 𝑍𝑒𝑓𝑓. is nearly one, and the imaginary part is close to zero at the 

second resonance wavelength, indicating an impedance match with free space [163]. This impedance 

matching condition leads to nearly perfect absorption at the resonance wavelength of 9.40 µm. 
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. 

 

 
Figure 7.4 The step-by-step evolution from Design I to proposed design of metamaterial unit cell to achieve 

perfect absorption. 

Four-unit cell layout structures were designed, and their absorption responses were analyzed as 

shown in Figure 7.4. Design 1 uses a single split ring resonator (SRR) with two split gaps of 0.1 µm 

and a thickness of 0.12 µm. This design exhibits an absorption response at a resonant wavelength of 

10.02 µm, achieving an absorption of 95.6%. In Design 2, a SRR with the same thickness and two 

split gaps is placed inside the first ring resonator, with both rings interconnected from the vertical 

side. This shifts the absorption response to a resonant wavelength of 9.60 µm, with an absorption 

percentage of 98.7%. Design 3 adds another SRR, smaller in size, inside Design 2 with the same two 
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split gaps. This design shows an absorption response at a resonance wavelength of 9.20 µm, but it 

cannot achieve more than 99% absorption. The final design features a solid I-shape with a length and 

width of 0.37 µm and 0.1 µm, respectively. This design demonstrates maximum absorption responses 

of 77.92% and 99.47% at two resonance wavelengths, 7.18 µm and 9.40 µm, respectively, as shown 

in Figure 7.5. 

 
Figure 7.5 The response of different designs in terms of absorption corresponding to different designs steps. 

7.3.1 Electric Field Profile 

To provide a clear understanding of the absorption mechanism, we examine the distribution of the    

z component of the electric field in the TE configuration at the resonant wavelength of λ = 9.40 µm 

on the I-shaped split-ring resonator (SRR). The side view of the designed structure, depicted in Fig. 

10, reveals crucial insights into the field distribution. As illustrated in Figure 7.6 (a), the electric field 

is predominantly concentrated in the gap regions (g), where the field intensity reaches 

2.97 × 108 V/m. Furthermore, Figure 7.6 (b) demonstrates that the 𝑧 component of the E-field is 

significantly concentrated at the metal-dielectric interface. This concentration at the interface is 
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indicative of the generation of Surface Plasmon Resonance (SPR), a phenomenon that amplifies the 

local electromagnetic fields at specific resonant wavelengths. The presence of SPR at the metal-

dielectric interface thus plays a pivotal role in enhancing the absorption efficiency of the 

metamaterial at the designated resonant wavelength [164,165]. 

 

Figure 7.6  The electric field distribution from (a) top view and (b) YZ direction of the electric field 

distribution of the proposed absorber at 𝜆𝑟 equals to 9.40 µm. 

7.3.2 Refractive index (RI) sensing application 

 

Figure 7.7 (a) Absorption spectra of the proposed MA sensor using different RI values of the surrounding 

environment. (b) The variation of simulated resonance wavelength (square and circle symbols) and linear 

fitting (solid line) with different RI values of the surrounding environment. 

The following section examines the change in absorption with respect to various refractive index 

values to evaluate RI sensitivity. The study of RI sensing properties involves altering the surrounding 

environment of the metamaterial to correspond with changes in its RI, which in turn causes a shift in 

(a) (b)

(a) (b)



                                               CHAPTER 7 

 

102 

the 𝜆𝑟 of the proposed MA, as shown in Figure 7.7 (b). Sensitivity (SR) serve as a crucial benchmark 

for evaluating sensing performance and is defined by equation (5.1).  

The absorption spectra exhibit a red shift as the refractive index of the surrounding environment 

changes from 1.00 to 1.30, as shown in Figure 7.7 (a). Figure 7.7 (b) illustrates the correlation 

between the shift in 𝜆𝑟 (𝛥𝜆) and the variations in RI (∆𝑛) of the surrounding environment. 

Additionally, the resonance wavelength of the proposed MA shows a linear increase with the rise in 

the refractive index of the surrounding environment. The sensitivities, SR1 and SR2, corresponding to 

the first and second resonance peaks in the far infrared C band (IR-C), are approximately 600 nm/RIU 

and 1600 nm/RIU, respectively. These sensitivities surpass those of previously reported MA sensors, 

as noted in Table 7.2. Therefore, it can be concluded that the suggested MA sensor has a high 

refractive index sensitivity in the IR-C band. 

Table 7.2 Comparison of sensitivity of the proposed MA structure with the previous literature work. 

Reference Designed structure Sensitivity 

[166] Cut out 𝑆𝑅 = 928.9 𝑛𝑚/𝑅𝐼𝑈 

[167] Slot strip 𝑆𝑅 = 700 𝑛𝑚/𝑅𝐼𝑈 

[168] Nano slit 𝑆𝑅 = 190 𝑛𝑚/𝑅𝐼𝑈 

[169] Vertical Split ring structure 𝑆𝑅 = 1194 𝑛𝑚/𝑅𝐼𝑈 

[170] Silicon meta-atoms 𝑆𝑅 = 460 𝑛𝑚/𝑅𝐼𝑈 

[171] Trapezoidal silver array 𝑆𝑅 = 228 𝑛𝑚/𝑅𝐼𝑈 

[172] Asymmetric metasurface 𝑆𝑅 = 418 𝑛𝑚/𝑅𝐼𝑈 

This work SRR with I-shaped 
𝑺𝑹𝟏 = 𝟔𝟎𝟎 𝒏𝒎/𝑹𝑰𝑼 

𝑺𝑹𝟐 = 𝟏𝟔𝟎𝟎 𝒏𝒎/𝑹𝑰𝑼 
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7.4 SUMMARY 

We proposed a MPA specifically designed for the far-infrared C-band. The MPA structure includes 

a SRR with an I-shaped copper top layer, a silicon dielectric base layer, and a copper bottom layer 

(𝑡𝑐). Using the FEM within COMSOL Multiphysics software, we analyzed the absorption 

characteristics of this structure in the far-IR band. The absorption rate achieved was an impressive 

99.47% at a wavelength of 𝜆𝑟 = 9.40 μm, indicating perfect absorption and impedance matching with 

free space at this resonance. We also investigated how different structural parameters and incidence 

angle affected absorption efficiency. Furthermore, by varying the refractive index of the surrounding 

environment, the sensing performance (𝑆𝑅) of the structure was assessed, and it was discovered that 

the 𝑆𝑅 may reach up to 1600 nm/RIU. The device also demonstrated sensitivity to both TE and TM 

polarizations. Overall, our metamaterial perfect absorber shows significant potential for applications 

in imaging, sensing, and biomedical diagnostics. 
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CHAPTER 8:  CONCLUDING REMARKS AND FUTURE 

RESEARCH SCOPE 

 

In this concluding chapter, the research conducted in this thesis is summarized, and future directions 

are outlined. The thesis encompasses the exploration and evaluation of various metasurface and 

metamaterial designs aimed at applications such as perfect reflectors, wide bandwidth 

communication (including Wi-Fi and satellite), and refractive index sensors. 

One significant contribution involves the development and analysis of an eye-shaped CC-SRR 

metasurface structure on an FR-4 dielectric substrate, demonstrating characteristics like effective 

negative refractive index (ENG) and near-zero refractive index (NZI) within the frequency range of 

1-15 GHz. Experimental measurements closely match simulated results, indicating minimal 

frequency deviations and suggesting the structure's suitability for microwave components in different 

frequency bands. 

Another notable achievement is the design of a nearly perfect reflector with a tunable metamaterial 

(MTM) structure for optical communication, particularly at a resonance wavelength of 1550 nm. 

Parametric studies on substrate materials and thicknesses result in effective negative refractive index 

properties, making it suitable for long-distance optical transmission. 

A novel all-dielectric metasurface made of SOI material serves as a perfect reflector in the visible 

region, with resonances analyzed using COMSOL Multiphysics. Tunability is achieved by adjusting 

various parameters and showcasing consistent responses in scattering parameters regardless of the 

structure's orientation. 

Additionally, a dual-band operation MTM structure with refractive index sensing capability is 

analyzed, demonstrating effective negative and near-zero refractive index for dual-band operations, 

making it applicable as a refractive index sensor with notable sensitivity. 
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A triple-band operation MTM structure with wide bandwidth in the C-band is designed, offering an 

effective negative refractive index for multi-band operations, particularly suitable for satellite 

communications and radar applications. 

Lastly, a far-infrared metamaterial perfect absorber with sensing applications has been designed and 

results demonstrate that the designed structure achieves nearly perfect absorption of transverse 

electric (TE) polarization at a resonance wavelength. 

Looking forward, potential areas for further exploration includes: 

Exploration of Novel Materials: Future studies could focus on utilizing advanced materials, such 

as 2D materials (e.g., graphene, hexagonal boron nitride) or metamaterials with tunable properties 

(e.g., phase-change materials), to achieve better performance in terms of tunability and refractive 

index manipulation. 

High-Frequency Designs: Expanding the range of operating frequencies, particularly beyond the 

GHz and into the THz range, could provide valuable insights for applications in terahertz 

communications, imaging, and sensing. 

Wideband Metamaterials: Investigating new geometries and materials that allow for wider 

bandwidth in both microwave and optical frequency ranges could increase the versatility of these 

structures. 

Biocompatible and Flexible Materials: The development of metasurfaces using flexible, 

lightweight, and biocompatible materials could enable applications in wearable electronics, medical 

devices, and bio-sensing. 

Higher Efficiency Reflectors: Future work could focus on improving the efficiency and minimizing 

losses in perfect reflectors, especially for optical communication and beyond visible frequencies. 
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Polarization Control: Research could explore controlling polarization states (linear, circular, etc.) 

more effectively in metamaterial absorbers and reflectors, making them more adaptable for practical 

applications in radar and remote sensing. 

Further future research scope also includes: 

➢ Enhancing gain and directivity of metamaterial-based antennas. 

➢ Designing dielectric metamaterial absorbers for sensing applications.  

➢ Exploring new designs for ENZ/MNZ/EMNZ-based metamaterials and their applications at 

the nanoscale, such as optical couplers, optical switches, and polarizers. 
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