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Abstract

This thesis investigates the design, optimization, and fabrication of metamaterial absorbers
(MMAs) with a focus on their electromagnetic properties and practical applications. Metamate-
rial absorbers are of great interest due to their ability to achieve high absorption rates over a broad
frequency range and their potential for use in advanced communication and sensing technologies.
The research encompasses the theoretical modeling, simulation, and practical implementation of var-
ious MMA designs, including spiral wire coil resonator. Key findings reveal how modifications to
the absorber design and substrate parameters can significantly enhance performance across different
frequency bands. The work provides valuable insights into optimizing metamaterial absorbers for
improved functionality in applications such as radar, imaging systems, and stealth technology, ad-
vancing the field of metamaterials and their technological applications.

Keyword :Metamaterial absorber;Electromagnetic propriety; Frequency range; spiral wire coil
resonator.



Resumé

Cette these explore la conception, I'optimisation et la fabrication des absorbants de métamatériaux
(MMAs), en mettant I’accent sur leurs propriétés électromagnétiques et leurs applications pratiques.
Les absorbants de métamatériaux suscitent un grand intérét en raison de leur capacité a atteindre des
taux d’absorption élevés sur une large gamme de fréquences et de leur potentiel d’utilisation dans
les technologies avancées de communication et de détection. La recherche couvre la modélisation
théorique, la simulation et la mise en ceuvre pratique de divers designs de MMA, y compris le
résonateur a bobine de fil en spirale. Les principales conclusions révelent comment les modifica-
tions apportées a la conception de ’absorbants et aux parametres du substrat peuvent améliorer de
maniere significative les performances sur différentes bandes de fréquences. Ce travail fournit des
perspectives précieuses pour optimiser les absorbants de métamatériaux afin d’améliorer leur fonc-
tionnalité dans des applications telles que le radar, les systemes d’imagerie et la technologie furtive,
faisant progresser le domaine des métamatériaux et leurs applications technologiques.

mots clée : métamatériaux; absorbants; resonateur a bobine de fil en spirale; bande de fréquences.
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General Introduction

Metamaterials have revolutionized the field of electromagnetic research by offering
unprecedented control over wave propagation, enabling phenomena that are unattainable
with natural materials. These engineered structures, designed at sub-wavelength scales,
can exhibit extraordinary properties such as negative refractive index, electromagnetic
cloaking, and perfect absorption [9]. The ability to manipulate electromagnetic waves
at will has led to the development of novel devices and applications that were once con-
sidered impossible. Among the various types of metamaterials, absorbers have garnered
significant attention due to their versatile applications in stealth technology, electro-
magnetic shielding, sensors, and energy harvesting. The ability to fine-tune absorption
characteristics over a broad frequency spectrum makes metamaterial absorbers essential
for numerous technological innovations .

Metamaterial absorbers, in particular, have emerged as a critical area of research
due to their potential to achieve near-perfect absorption of electromagnetic waves across
specific frequency bands. This is made possible by engineering resonant structures that
interact with incident electromagnetic waves in such a way that minimal reflection and
transmission occur, thereby maximizing energy dissipation within the material. This
characteristic makes metamaterial absorbers highly desirable for applications requiring
effective electromagnetic wave manipulation, including radar cross-section (RCS) reduc-
tion, electromagnetic interference (EMI) mitigation, and wireless communication sys-
tems. The ability to design absorbers that can operate across multiple frequency bands
or maintain performance across a wide bandwidth is key to their integration into modern
technological systems .

The design and optimization of metamaterial absorbers are complex processes that
rely on sophisticated computational simulations to predict their electromagnetic behav-
ior accurately. Techniques like the finite element method (FEM) [10], finite-difference
time-domain (FDTD), and method of moments (MoM) are often employed to model how
electromagnetic waves interact with the absorber’s intricate structure. By adjusting pa-
rameters such as geometry, material properties, and layer configurations, researchers can
optimize absorption performance to meet specific application requirements. This itera-
tive design approach, often guided by deep theoretical understanding, is key to achieving
absorbers with tailored characteristics for a wide range of uses. Additionally, advances in
machine learning and optimization algorithms have opened up new pathways for automat-
ing and improving the design process, enabling the discovery of absorber configurations
that might not be obvious through traditional methods.

Fabrication plays a critical role in realizing the theoretical potential of metamate-
rial absorbers. The process involves the precise patterning of materials at the micro
or nanoscale, which is essential for achieving the designed electromagnetic properties.
Techniques such as photolithography, electron-beam lithography, and various etching
methods are commonly used to create the intricate designs necessary for manipulating
electromagnetic waves. More recent advances in additive manufacturing, such as 3D
printing, have introduced new opportunities for fabricating complex metamaterial struc-



tures with greater flexibility and lower costs. The choice of materials and deposition
techniques—such as sputtering and evaporation—significantly influence the absorber’s
performance, particularly in terms of efficiency, bandwidth, and polarization sensitiv-
ity. Despite advancements in fabrication technologies, challenges like scalability, material
losses, and integration with existing systems remain. Overcoming these hurdles is crucial
for enhancing the performance and cost-effectiveness of metamaterial absorbers [11] [12].

In this thesis, we present the design and fabrication of a wideband metamaterial
absorber (MMA) optimized for enhanced absorption across a broad frequency range.
Utilizing advanced simulation techniques, including parametric optimization and elec-
tromagnetic modeling, the MMA is designed to maximize absorption efficiency through
careful selection of geometric and material parameters. The absorber is then fabricated
using state-of-the-art lithographic methods to replicate the design with high precision
at the microscale. A multi-layered design, incorporating both resonant elements and
impedance matching techniques, is explored to achieve broad absorption across multiple
frequency bands. Through both simulation and experimental validation, the wideband
performance of the MMA is demonstrated, highlighting its potential for applications such
as electromagnetic interference (EMI) shielding, radar cross-section (RCS) reduction, and
wireless communication systems.

This research contributes to the growing body of metamaterial absorber studies by
pushing the boundaries of design and fabrication techniques. By exploring the interplay
between material properties, structural design, and practical implementation, we aim to
develop an absorber that not only performs exceptionally well in simulations but also
demonstrates high real-world effectiveness. The successful development and testing of
this MMA open new possibilities for high-performance, application-specific absorbers,
addressing the growing demand for solutions that operate across wide frequency ranges
with minimal signal loss or distortion.

As the field of metamaterials continues to evolve, ongoing research is pushing the
boundaries of design, fabrication, and application. Future advancements are expected to
further refine the capabilities of metamaterial absorbers, with potential breakthroughs
that could impact various sectors of technology, from next-generation communication
systems to advanced energy-harvesting devices. By overcoming current limitations such
as fabrication scalability and material losses, metamaterial absorbers will undoubtedly
play a key role in the technological landscape of the future.
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1.1 Introduction

The study of electromagnetic theory provides the basis for comprehending the char-
acteristics of light and wave propagation in different materials. This chapter starts by
investigating the transmission of light in a vacuum, establishing basic rules in the ab-
sence of material substances. This serves as a reference point for understanding complex
interactions. It explores the phenomenon of wave propagation in material media, taking
into account the influence of elements such as absorption, reflection, and refraction on
wave behavior. The dispersion relation, which establishes the relationship between phase
speed and frequency, is a fundamental idea in classical and contemporary physics.

This chapter goes to discuss metamaterial theory, which explores the interesting world
of artificially created materials that possess unique features not seen in natural substances.
This text presents a summary of metamaterials, emphasizing their distinct electrical char-
acteristics that have resulted in novel uses in areas such as optics, telecommunications,
and sensing.

In addition, we classify various metamaterials based on their specific characteristics
and explore how these properties impact their interaction with electromagnetic waves.
This classification offers a systematic comprehension of the wide array of metamaterials
and their possible uses.

The next sections will examine the characterisation of metamaterials, as well as an
analysis of the necessary numerical techniques for modeling these materials. The finite
element method (FEM) is a very efficient determining technique that is specifically high-
lighted for its ability to describe and comprehend the complex behaviors of metamaterials
under various conditions.

Finally it ends by examining the practical uses of metamaterials. This part serves as
a connection between theoretical concepts and practical implementation. It shows the
application of the ideas described in the chapter in real-life situations to create creative
technology.Engineered materials possess distinctive features that challenge ordinary com-
prehension. We provide a comprehensive analysis of their electrical properties, classify
different varieties, and explore their importance in modern applications.

1.2 Electromagnetic Theory

1.2.1 Propagation of light in a vacuum

We are primarily concerned with the equations that describe the transmission of waves
in a vacuum, without any discussion on their origins. The equations depict the charac-
teristics of the electric fields E and magnetic fields B in an electromagnetic wave. Any
electromagnetic wave (EMW) is defined by four fundamental equations, or five if we in-



clude the Maxwell-Lorentz law, known as the Maxwell equations after their creator. The
E and B fields of an EMW are the foundation of electromagnetism and illustrate their
inter connectedness. Multiple formulations of Maxwell’s equations are available, but the
most frequent one described here is the vector version using partial derivatives.

Maxwell’s Equations

Before exploring the science of metamaterials, it is essential to first outline the basics
of electromagnetic theory. This begins with Maxwell’s equations, which serve as the
cornerstone of all interactions between light and matter. These equations were developed
by various scientists over the course of the early 19th century and were unified by James
Clerk Maxwell in 1865. Although Maxwell’s equations can be expressed in different
forms, here they are presented for a linear, isotropic medium without free charges or
currents. [13].

V-D=0 (1.1)
V-B=0 (1.2)
. 9B
E=_2 1.
V x oy (1.3)
. 9D
H="— 1.4
V x o (1.4)

The signs 5, B , E , and H represent the electric flux density or electric displacement
(measured in C), magnetic flux density (estimated in T ), electric field (V/m), and mag-
netic field (A/m), respectively. Within a uniform and symmetrical material, the electric
and magnetic flux densities (D and B) are related according to equations (1.5) and (1.6).

—

D = ¢E (1.5)

B=uH (1.6)

The equations of Maxwell in a material that exhibits isotropic nature are as follows:

V- (eE)=0 (1.7)
V- (uH) =0 (1.8)
VxE= —u%—lt{ (1.9)
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H=¢— 1.1
V x €5 (1.10)

In the case of a planar monochromatic wave, the electric and magnetic fields are repre-
sented by the equations mentioned in Equation 1.11 and 1.12;

E(w, k) = Ege/(kz (1.11)
B = Bye/ k70 (1.12)
By using these relationships, Maxwell’s equations may be reformulated. 1.13 and 1.14.
K x E = wepH (1.13)
K x H = weeE (1.14)

k represent the wave vector, w represent the angular frequency of the electromagnetic
wave, and ¢ represent the speed of light in free space. The permittivity and permeability
of materials are commonly stated in complicated function

e(w) = €(w) + je'(w) (1.15)

() = (@) + i (@) (1.16)

Index of refraction of a material can also be represented in complex function 7 as in
1.17.

i=n+k (1.17)

k represents the extinction coefficient of an electromagnetic wave in a specific material.

Figure 1.1 illustrates that in an isotropic medium, k , H , andF are mutually perpendic-
ular, whereas H and E are in phase. It is evident that when both the electric permittivity
and magnetic permeability change signs simultaneously, it has an impact on the signs of
Equation 1.15 and 1.16. Figure 1.1 provides a geometric description of the wave vector,
magnetic field, electric field, and Poynting vector. If both € and p have positive signs,
equations 1.15 and 1.16) remain unaltered, indicating a "right-handed material”. How-
ever, when both the signs of € and p are negative at the same time, equations 1.15 and
1.16 are modified to represent a ”left-handed material”. The mathematical description
of the behaviour of electromagnetic waves propagating through right and left-handed
materials may be expressed using equations for energy flow, also known as the Poynting
vector 1.18, and wave vector, as seen in Figure 1.1 [14].
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Figure 1.1: Geometric representation of P, K , H, and E in: (a) Right handed materials
and (b) Left handed materials. [15]

P=HxE (1.18)

As per Equation 1.18 in the field of electrodynamics, the Poynting vector ]3, together
with the fields £ and H , have to conform to the right hand rule, and energy must
propagate in alignment with the wave vector K .whereas in materials that demonstrate
left-handedness, the two vectors Kand S propagate in opposing directions. In substances
with left-handed properties, the flow of energy occurs in the opposite direction of the
phase velocity. This is shown by the vector K, which indicates the direction of the phase
velocity. Materials that exhibit left-handed properties are often known as "negative group
velocity materials.” [14].

1.2.2 Propagation of waves in material media

In a medium other than a vacuum, there exist point charges p as well as currents J.
Maxwell’s equations are therefore slightly different from those of a vacuum [16]:

v E=" (1.19)
€0
V-B=0 (1.20)
, OB

E=-——"— 1.21
V x o ( )

. OE .
VxB= M(ﬁoa + /L()J (122)

A material medium will also tend to polarize (and magnetize in the case of a magnetic
substance) in response to an event Electro-magnetic wave (EMW) because of the charges
and currents it carries. After that, its polarization (P) and magnetization (M) must be



considered. Therefore, we must add two new values, the magnetic field H and the electric
induction D, which are related to these numbers by:

D=¢E+P (1.23)

O P

H=—B-M (1.24)
Ho

The relationship between E, H , g, ﬁ, and the parameters of the medium is expressed
by the following constitutive relationships in the most general way possible.

HEIH 1

The tensors €, &, ¢, and i describe the permittivity, two polarization transfer com-
ponents, and permeability of the medium, respectively. Their values are contingent on
the presence of dispersion in the medium; otherwise, they stay constant. Without po-
larization transfer, we assume the diagonal terms are zero, so £ = (=0. If the medium
is homogeneous and isotropic, the tensors € and g become scalar in nature, leading to
constitutive relations that are also scalar.

(1[3)> - (3 2) (E) (1.26)

When there is no current J = 0 and no charge density p = 0 present, the Maxwell
equations are the same as in the preceding section, with the only difference being that
and i are substituted by € and u, respectively

V-E=0 (1.27)
V-B=0 (1.28)
, OB
. JE
H pr— — 1.
V x € BT (1.30)

We derive the equation describing the propagation of the electric field E in a material
medium. (symmetry occurs in field B)

—

, E
VﬂE]—;w?%?ZZO (1.31)

In a conducting material, when current J # 0 is present, the conductivity is described by
the same sort of equation.



J=0E (1.32)
By replacing the expression for J into Equation 1.15, we get the generalized permittivity
€.q of the medium.
jo
€oqg = +e (1.33)

where € is the permittivity of free space (vacuum permittivity) and e, is the relative
permittivity of the medium.

where €.q is the permittivity of the medium considered € = €€, and E the frequency
of the incident Electromagnetic wave (EMW)) So we have:

- O°E
V2E — Heea g =0 (1.34)

e The Dispersion Relation

The dispersion relation in a material medium is defined using a monochromatic
plane wave that corresponds to Equation 1.11 as a specific solution of the propaga-
tion Equation 1.12.

E(r,t) = Egel k=« (1.35)

The dispersion equation becomes in this case:

k* = wiep (1.36)

In real materials, these values are complicated owing to losses. This drives us to
redefine the refractive index using a different .We may begin by defining it and
connecting it to wave vectors.

k

= __ 1.
n e (1.37)
k €N
n=-—=—=~¢l 1.38
ko €opto a (1.38)

We thus obtain a new definition of the index, solely from the parameters e,.and pu,
of the material medium:
n? = el (1.39)

The relative permittivity €, and relative permeability pu, of common materials are
complex with positive real components, ensuring no ambiguity about the sign of
the index. However, in the case of a metamaterial when both values are negative at
the same time, there is one. When p, < 0 and €, < 0, the equation results in n < 0,
which may not be immediately apparent. To comprehend this thoroughly, we need
to position ourselves on the complicated plane shown in Figure 1.2 , in which we
have:

6 = |e]e? p = |y |e? (1.40)

In this case the refractive index becomes:



n = /le ] €770+ (1.41)

As our environments are considered passive, the imaginary parts of ¢, and p, are
necessarily positive, which imposes that . € [0, 7] and 6, € [0, 7]. In fact, the angle

of the refractive index n belongs to the same domain: @ € [0,n].

In the case of a doubly negative medium, where the real parts of €. and p, are
negative simultaneously, the domain of definition of the angle is reduced to [7, 7]
for €., p,, and n. We therefore have a real part of the negative index n for Re(e,) < 0
and Re(u,) < 0. This is even more obvious if we place ourselves in the limiting
case without loss; it just makes 0. and 0, tend towards 5. We thus obtain, for the
index:

n = /Jell] & (1.42)

which is equivalent to saying that:

n =Tl (1.43)

To avoid any possible ambiguity about the existence of a negative index, let us now
see how else to define a medium of negative index, not via the relative parameters
of the medium, but from the group speed v, and the phase speed vy4 of the incident

wave [17].
A imaginary A imaginary
Ep n
‘urk 0. \9 _6:+6,
S > N2
Real

Figure 1.2: Representation in the complex plane of the relative permittivity and of the
relative permeability when their real parts are negative (left) and the resulting refractive
index n in this configuration (right). Our materials are passive, which is why the angular
part is in the upper part of the complex plane: 6, 0., and 0, € [0,7]. In this case, we
understand better why Re(n) < 0 if Re(e,) < 0 and Re(u,.) < 0 [1].
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1.3 Metamaterial Theory

1.3.1 Metamaterial

Natural materials are typically composed of individual atoms and molecules that bond
together through a chemical process known as bonding. When these materials interact
with light, a form of electromagnetic radiation, three key phenomena occur. First, a por-
tion of the solar radiation is absorbed by the material, a process known as ”absorption.”
Second, some of the radiation that is not absorbed is reflected by the material’s sur-
face back into the atmosphere, a phenomenon called ”reflection.” Lastly, the proportion
of radiation that is neither absorbed nor reflected is transmitted through the material,
described by the transmittance coefficient. The absorption, reflection, and transmission
properties of natural materials are closely linked to their atomic and molecular struc-
tures [18]. In recent years, there has been growing interest in creating electromagnetic
materials from artificially engineered sub-wavelength structures known as ”metamaterials
(MM),” which exhibit unique and extraordinary electromagnetic properties.

Metamaterials have been characterized in various manners by numerous references.
Broadly, they are identified as synthetic substances with extraordinary electromagnetic
properties not typically found in natural materials. This structurally modified material
derives its name from the Greek word "meta,” meaning "beyond”. Metamaterials have
attracted considerable attention and are utilized across various global societies. While
physicists traditionally investigate natural phenomena, engineers concentrate on the prac-
tical application of scientific principles. Metamaterials serve as a link between scientific
inquiry and engineering application [19] [20].

Metamaterials are man-made materials that consist of tiny components smaller than
the wavelength of light. These components influence the material’s optical characteristics,
such as its capacity to conduct electricity (electric permittivity) and respond to magnetic
fields (magnetic permeability). Usually, they are made up of unit cells, each measuring
around % or smaller, organized in a vast array. Due to the tiny size of each unit cell
compared to the wavelength of light, metamaterials interact with electromagnetic waves
as if they were a medium having optical characteristics, rather than diffracting off indi-
vidual parts. The effective electric permittivity and magnetic permeability are defined as
ceff(w) and peg(w), respectively.

The optical characteristics of metamaterials are mostly influenced by the geometry of
their unit cells, rather than their band structure or chemical composition, as is the case
for ordinary materials. Metamaterials has the ability to be proportionally variable over a
broad band of electromagnetic waves, exhibiting proven reactions from radio frequencies
to the optical and visual ranges [16].

1.4 Metamaterials Overview

Metamaterials were not the first medium to effectively use artificial components in
order to generate accurate electromagnetic reactions. In 1898, Jagadis Chunder Bose

11



conducted a microwave experiment on polarization using twisted copper wires. Artificial
dielectric materials gained substantial momentum in the 1940s with research done at
Bell Labs, specifically with Kock’s metallic delay lens, and continued to be influential
throughout the century. The concept of artificial magnetism, which does not rely on
magnetic components, has a long history that dates back to the same time period. It is
described in a conventional textbook on antennas [19]. Artificial plasmas, also known as
built media with negative (w), have been acknowledged since the 1960 s.

One important characteristic of these artificial substances is their ability to exhibit
negative refraction, which has led to them being referred to as ”left-handed materials”
(LHM). These materials refract electromagnetic waves in a manner that goes towards the
conventional "right-handed” rule of electromagnetism .When an electromagnetic wave
travels through this material, the electric vector, electromagnetic vector, and wave vector
do not follow the right-handed law.The idea of these substances was initially proposed in
1968 by Veselago, who suggested that it is theoretically possible for materials to possess
both negative permeability and positive permittivity [21].The user performed a theoret-
ical analysis on the propagation of plane waves in a material with negative values for
bothe (permittivity) and p (permeability). This uconcluded that the refractive index of
a material has to be reevaluated and represented as n. Nevertheless, Veselago’s theoret-
ical research on negative refractive index metamaterials (NRI MMs) could not progress
to practical implementation because of the absence of a material capable of exhibiting
simultaneous negative permittivity and permeability.

Metamaterials are thought to have originated with John Pendry’s artificial magnetism
in 1999, as well as the groundbreaking work that analyzed the first structure exhibiting
both negative (w) and p(w) simultaneously. The papers presented a new way of thinking
that enabled artificial materials, subsequently named metamaterials by Walser, to exhibit
more unique features throughout a wider span of the electromagnetic spectrum, partic-
ularly in shorter wavelengths, compared to previous materials; he is devised a practical
method to create an LHM that deviated from the conventional right-hand rule.The au-
thor presented a design of a Thin-Wire (TW) structure with periodic arrangement, which
demonstrates a negative effective permittivity .It was shown that the structure exhibits
a lower plasma frequency compared to the wave in the microwave domain. Due to its low
plasma frequency, this structure is capable of generating a negative permittivity that is
effective in microwave frequencies. Furthermore, it was shown that a group of split-ring
resonators may be used to get negative magnetic permeability [22].

In 2000 Smith’s [23] design of a negative index material (NIM), a material exhibiting
simultaneous negative values of €. f f(w) and p.f f(w), resulting in an index of refraction,
neg(w) can be less than zero, in 2000, represented an important development in meta-
materials. Metamaterials have shown many qualities include individualised absorption
and emission, multi-band response, and dynamic performance across a wide range of the
electromagnetic spectrum. Metamaterials’ extensive design flexibility enables their easy
integration into many devices, including super lenses, invisibility cloaks, and spatial light
modulators.
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1.5 Electronic Properties of Metamaterials

Metamaterials are synthetic materials made up of artificial unit structures, referred
to as "metal-atoms” or ”metal-molecules,” which are constructed from existing compo-
nents and organized in a systematic fashion. The integration of various unit structures
results in to a unique material that displays extraordinary characteristics that are dif-
ferent from its separate constituents. The response of a metamaterial structure to an
electromagnetic wave and its properties are governed only by the MM unit cell, which is
composed of composite materials and their arrangement inside a single cell. Hence, while
creating metamaterials, it is crucial to thoroughly evaluate the choice of materials and
their distinct physical attributes, including optical and electrical qualities. It is crucial
to establish the best suitable material for the intended design, application, and the exact
range of wavelengths of interest. Electronics consist of three primary categories of mate-
rials: insulators/dielectrics, semiconductors, and conductors/metals. The categorization
of materials is defined by their conductivity qualities, which are influenced by the energy
band structure or electronic energy levels [14] [24]. Each material has two primary energy
bands, known as the valence band and the conduction band, which are distinguished by
a gap between them. The conduction band is positioned at the highest energy level and
typically has a deficit of electrons, while the valence band is placed at the lowest energy
level and includes electrons that are partially filled. The region of space located between
these two bands is often known as the ”band gap” or "forbidden band,” and it has a sub-
stantial impact on the conductivity characteristics of materials. The diagram shown in
Figure 1.3 provides a visual representation of the electronic energy levels for a conductor,
semiconductor, and insulator. In conductors, there is an overlap between the conduction
band and the valence band. Thus, when a weak electric field is generated (with a small
suppressed voltage), electrons in the valence band readily move to the conduction band
(due to the great electrical conductivity of metals). A semiconductor has a band gap that
is larger than that of a conductor, but less than the band gap of an insulator. Therefore,
semiconductors need a greater electric field strength than conductors in order to enable
the transfer of electrons from the valence band to the conduction band. However, the
dielectric material has a much wider energy band gap compared to the other two ma-
terials. Consequently, electrons are incapable of carrying out this activity and need a
much larger amount of energy to go across the empty space between the valence band
and conduction band. Dielectrics are incapable of facilitating the flow of electric current,
making them ineffective as conductors of electricity. [2].
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Figure 1.3: Energy band gap diagrams for conductors, semiconductors, and dielectric.
The dashed black line between the conduction and valence bands represents the Fermi
energy level(EF) [2].

Classifying materials based on their electronic energy band levels is not sufficiently
justified, since many compounds exhibit metallic behaviour electronically yet behave as
dielectrics optically. Indium tin oxide (ITO) is a compound that exhibits metallic be-
haviour in terms of its electrical conductivity, while also behaving as a dielectric material
in terms of its optical transparency. These unique properties make ITO highly suit-
able for use in transparent electrodes in the display and lighting industries. Tungsten,
a naturally generated metal, has comparable behaviour to lossy dielectric materials in
the visible spectrum region. It is often used to transmit current in the filaments of light
bulbs and has a positive dielectric constant [25]. Due to their narrow energy band gap,
semiconductor materials are commonly employed in metamaterial designs rather than
dielectric materials. This is because they are highly effective in manipulating the path
of electromagnetic waves. Depending on the wavelength range of interest, semiconductor
materials can function as either a lossy/absorber layer or a loss-free substrate [26].

1.6 METAMATERIAL CLASSIFICATION

The response of a system to an electromagnetic field is affected by the properties of the
materials it comprises. The characteristics of these materials are defined by specifying
the macroscopic parameters of permittivity € and permeability . The categorization of
metamaterials may be visually shown using the parameters permittivity and permeability,
as shown in Figure 1.4 [27].
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1.6.1 Double Positive Material (DPS)

A medium with non-zero permittivity and permeability, specifically € > 0 and p > 0,
is known as a double positive (DPS) media. Media commonly encountered in various
applications, such as dielectrics, are classified within this category. Materials with a
negative permittivity e < 0 and a positive permeability ¢ > 0 are commonly known
as Epsilon negative (ENG) mediums. These features are commonly observed in various
frequency ranges in plasmas. [27].

1.6.2 Epsilon Negative Material(ENM)

If a material has permittivity less than zero and permeability greater than zero ¢ < 0
and p > 0 it is called as epsilon negative (ENG) material. In certain frequency regimes,
many plasmas exhibit these characteristics [27].

1.6.3 Mu Negative Material (MNM)

Mu negative (MNG) media are defined as a medium with a permittivity greater than
zero and a permeability less than zero, expressed as € > 0 and pu < 0. This characteristic
is exhibited by certain gyrotropic materials within specific frequency ranges. [27].

1.6.4 Double Negative Material (DNM)

A medium having negative values for both permittivity and permeability ¢ < 0 and
w1 < 0 is referred to as a Double Negative (DNG) media. At this point, this category of
materials has only been shown using artificial structures [27].
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1.7 Metamaterial Type

1.7.1 Electromagnetic Metamaterials

Metamaterials have emerged as a distinct field of study within the domains of physics
and electromagnetism, with a particular focus on optics and photonics.These devices
find applications in optical and microwave systems, offering goals such as beam steering,
modulation, band-pass filtering, lensing, microwave coupling, and antenna protection.
Metamaterials are composed of intricate structures.A metamaterial affects electromag-
netic waves by its structural properties, which are smaller in scale than the wavelength
of the electromagnetic radiation it interacts with. [28].

Different classes of Electromagnetic Metamaterials.

1. Metamaterials with double negative properties are materials that possess negative
values for both permittivity and permeability. These materials are often known
as negative index metamaterials (NIM). Alternative terms for DNGs include left-
handed media, media with a negative refractive index, and ”backward-wave media”.
[27], [25].

2. Electromagnetic bandgap metamaterials regulate the transmission of light. This
may be achieved using either photonic crystals (PC), a kind of metamaterial, or left-
handed materials (LHM), another type of metamaterial. Both are a new category
of intentionally designed structures that regulate and manage the movement of
electromagnetic waves, namely light. As a result, they have gained significant
attention in the electromagnetic and antenna research field. Their designs changed
and they have investigated a diverse array of materials and shapes. [29].

3. Bi-isotropic and bi-anisotropic metamaterials are categorized according to their
distinct electric and magnetic reactions, which are defined by the permittivity and
magnetic permeability characteristics. These metamaterials may be classified as
either single negative or double negative. However, in some instances of electro-
magnetic metamaterials, the electric field stimulates magnetic polarization, whereas
the magnetic field activates electrical polarization, which is referred to as magneto-
electric coupling. Bi-isotropic media are characterized by their anisotropic magneto-
electric interaction and are also often referred to as bi-anisotropic. [22].

1.7.2 Terahertz metamaterials

Terahertz metamaterials are a kind of metamaterial that specifically interact at fre-
quencies in the terahertz range. For the study or practical use of the terahertz range
in metamaterials and other substances,The frequency range is often characterised as 0.1
to 10 terahertz (THz). This refers to the wavelengths ranging from 3 mm (very high
frequency band) to 0.03 mm (far-infrared light’s long-wavelength boundary) [30].
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1.7.3 Photonic metamaterials

Photonic metamaterials are artificial structures made up of specifically designed micro-
or nanostructured metallodielectric subwavelength components. This concept, which
seems simple at first look, has the remarkable ability to enable the manifestation of
numerous novel and unconventional optical characteristics. These include magnetism
occurring at optical frequencies, negative refractive index, significantly high refractive in-
dex, complete elimination of reflection through impedance matching, flawless absorption,
substantial circular dichroism, and enhanced nonlinear optical properties [31].

1.7.4 Tunable metamaterial

A tunable metamaterial is a structure that intentionally modifies its electromagnetic
behaviour over regular use by changing factors such as the effective circuit of the unit
cell, material properties of its constituents, or its geometry [32].

1.7.5 Frequency selective surface FSS

FSS is a type of periodic surface that is capable of selectively filtering incoming electro-
magnetic waves based on their operating frequencies, polarisations, and incidence angles.
Because of its filtering characteristic, FSS may be used in several applications. Tradi-
tional Frequency Selective Surfaces (FSS) typically include a 2D periodic arrangement of
slots or holes that are etched onto a conductive plate or printed on a dielectric substrate
using conducting patches or strips [33].

1.7.6 Metamaterial Absorber

A metamaterial absorber MMA has the capacity to manipulate the electrodynamic
properties and effects, enabling the development of materials with desirable effective

permittivity and permeability values, leading to a very efficient electromagnetic absorber.
[34].

1.8 Metamaterial Characterization

The choice of characterisation approach is determined by both the operating wave-
length and the specific electromagnetic phenomena that one intends to measure, similar
to the fabrication procedure. Vector network analyzers (VNAs) are used at microwave
frequencies to produce and detect signals with both phase and amplitude. These signals
are then sent via horn antennas into free space. This technology has been expanded to
the low THz range with the use of various multipliers, extenders, and filters. However, it
is most typically seen in the low RF frequencies to the millimeter-wave regimes. THz time
domain spectroscopy is more prevalent in the THz region and allows for amplitude and
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phase measurements. A temporal pulse is used for both the sample and reference, while
a Fourier transform provides information in the frequency domain. FTIR spectroscopy,
short for Fourier-Transform Infrared spectroscopy, is somewhat misleading since it en-
compasses a wide range of the electromagnetic spectrum, spanning from terahertz (THz)
to visible wavelengths. The fundamental concept is using a Michelson Interferometer to
get spectral data from a particular sample. Existing systems provide many options for
combining sources, detectors, and beam splitters, as well as the capability to perform
measurements that include transmission, reflection, and angle dependence. Furthermore,
FTIR systems often have the capability to be connected to a microscope equipped with
a mobile stage, enabling the use of raster scan microscopy. Other methods, like ellip-
sometry and optical microscopy, are available to analyse metamaterials throughout the
electromagnetic spectrum [22] [35].

1.9 Numerical methods and advice for simulating
Metamaterials

1.9.1 The finite element method

Clough introduced the idea of "finite element” in 1960 .During the early 1960s, engi-
neers used this technique to get approximate answers for issues related to stress analysis,
fluid flow, heat transfer, and several other domains. Zienkiewicz and Chung released
the first book on the Finite Element Method (FEM) in 1967. During the late 1960s
and early 1970s, the Finite Element Method (FEM) was used to address a diverse range
of engineering challenges. The emergence of many commercial Finite Element Method
software packages like as Ansys, Abaqus, Adina, etc., was observed mostly during the
1970s.The concept is easy to understand: the continuous domains, or geometries, are
divided into discrete and interconnected areas known as finite elements. The collection of
these elements is referred to as a mesh, as shown in 1.5 . Next, a collection of equations
at the individual element level is solved to determine the whole response of the entire do-
main to a certain set of boundary conditions. The Finite Element Method (FEM) offers
the benefit of employing a non-uniform mesh, enabling more detailed representation of
meshes, particularly for complicated geometries. The precision of the solution improves as
the mesh becomes finer. However, this approach demands substantial computational re-
sources, particularly for complex structures.Especially for complicated constructions [36]
(Figure 1.5).
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Figure 1.5: Two-dimensional mesh of a non uniform structure.

In general, the solution approach relies on the variational formulation and the weighted
residuals. To facilitate comprehension, we will focus our explanation on a one-dimensional
system, where the geometric domain is represented by a straightforward interval [a,b] [37]
[38]. The system under consideration is defined by a differential equation.

Llu(z)] = f(x) (1.44)

Let L be a linear differential operator, which in this instance corresponds to Maxwell’s
equations. Let f be a function, u be an exact solution to the issue, and x be the variable.
To ensure the problem’s completeness, we take into account the given boundary conditions
u(a) and u(b). We seek an approximate solution @(z) for the function u(x) in the form of
a linear combination of linearly independent functions ¢;, which together constitute the
foundation.

i(x) =Y cipi(x) (1.45)
i=1
Theg; called to as interpolation functions, are typically polynomials with varying degrees.
The C coefficients are the weighting factors that need to be found in order to get an
approximate solution. By substituting the approximation solution into the differential
equation, the resulting value is not equal to f and there is a remaining residue r:

Ll — f = (@) #0 (1.46)

However, we can evaluate the best possible approximation of u using the weighted
residual method. This method consists of minimizing the residue 1 over the definition
domain. To do this, we construct the integral R; of the product of the residue r by a
weighting function w;, and we write:

b
V7, Rj:/ ria(z)]) w;(z) do (1.47)
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The equality is true for the exact function u(z) regardless of the weighting functions
wj, since the integrand becomes zero for all values of z. For a particular approximation
function u(x) and a certain weighting function w;, the integral disappears only when the
residue is minimised (this may be understood intuitively from the explanation of the least
squares approach below).Using this integral, we can formulate the approximate answer
as:

> [ (Llese)) — f@)) wyta) o =0 (1.48)

This results in a matrix system where the coefficients represent the unknown variables.
In order to solve a system of equations, we need an equal number of equations as there
are unknown variables. Consequently, we must choose a certain number N of weighting
functions. The answer, represented as the set of all ci, can be determined using the inverse
of the matrix produced by certain methodologies. In the next section, we will describe
two distinct weighting functions used in the weighted residuals approach. In the next
section, we will describe two distinct weighting functions used in the weighted residuals
approach

1. The Method of Least Squares :is a strategy that is used to determine the
best fit line to data. The proof to this method requires the use of linear algebra
and calculus. The primary obstacle is to determine the straight line that best
fits the data, y=ax+b, provided that the pairs (x,y) are observed for n = 1,...,
N. The procedure rapidly generalizes to the determination of the optimal suit for
the shape.Linearity with respect to x is not necessary for the functions fk. Only
condition is that y be represented as a linear combination of these functions. [39].

2. GalerkinMethode :is more accurately a family of methods, is highly versatile
and robust. The approach begins with a variational problem defined in an infinite-
dimensional space. To simplify, we first approximate the problem using a sequence
of finite-dimensional subspaces. Solving the problem in this finite-dimensional space
is generally much easier than tackling it directly in infinite dimensions. Once the
approximate solution is obtained, we then take the limit, as the dimension of the
approximation spaces approaches infinity, to arrive at a solution to the original
problem. Beyond its theoretical value, the Galerkin method also offers, in certain
cases, a practical process for constructing approximate solutions. Numerous exam-
ples, especially in the context of evolution problems, demonstrate the application
of the Galerkin method. [40] [41]

1.9.2 Extraction of effective parameters

Various methodologies may be used to determine the values of permittivity and perme-
ability based on reflection and transmission coefficients. Each of the conversion techniques
has specific advantages and limitations. The choice of method relies on several aspects,
including whether the S parameters (S11, S21) are simulated or measured, the length
of the sample, the required dielectric characteristics, the speed of conversion, and the
accuracy of the converted findings. The S parameters are obtained by illuminating a
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metamaterial slab with a normally incident wave. They provide information about the
effective properties of the metamaterial. This assumes that the boundaries of the slab
are clearly defined and that the Fresnel formulas for reflection and transmission are ap-
plicable at the interface between air and the metamaterial. S11 represents the reflection
coefficient and S21 represents the transmission coefficient [42].

For a homogeneous material of thickness d, the reflection and transmission coefficients
of electromagnetic (EM) waves can be expressed as a function of the refractive index n
and impedance Z of the material [43] [44].

€E=n-=z
P (1.49)

The wave vector, represented by k& = 27”, corresponds to the incidence wavelength in free

space. The normalized transmission coefficient, ¢ = t*e’*?, is used to measure the trans-
mission of the wave. The connections between transmission and reflection are inverted,
and the expression for Z is as follows:

(1+72) —1t7

— 4 "
© (1—12) — 12

(1.50)
The fact that the environment is passive implies that:

z>0

The refractive index, represented as n, is a mathematical function that depends on
two variables, t and r. This relationship may be stated as:

1
cos(nkd) = X = o7 (1—7r%+1t") (1.51)

The complex refractive index, denoted as n, may be expressed in the following math-
ematical form:

n=n"+jn" (1.52)

Equation (z > 0) results
ek [cos(n'kd) + jsin(n'kd)] =Y = X £V1 — X2 (1.53)

In order for the amplitude of the electromagnetic wave to decrease inside the structure,
the absolute value of |Y'| must be less than 1. Therefore, the sign of n is determined by
the requirement

n” > 0. (1.54)

The calculations of a quadrupole (two waveports, i.e., two inputs/two outputs) result
in the parameters S being written in the form of a 2 x 2 matrix:

Sll S21
S = 1.55
(521 522) (1.55)
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The diagonal parameters Sy, and Sss represent the reflection of the structure, whereas
the extra-diagonal parameters S5 and So; represent its transmission. Furthermore, it is
assumed that the system is reciprocal, meaning that S;; = So and Sis = Sa1.

The values S1; and Syo represent the coefficients of reflection (r) and transmission (t')
for our structure. The equations are given by:

(L+5h) — 95
z == 1.56
\/(1—5%)—5%1 0
X = cos(nkd) = (1—853 +55) (1.57)
250

eIk — X+ iy/1 — X2 (1.58)

The expression n” > 0 allows for the determination of both the real and imaginary
components of the refractive index, as well as the sign of Re(n). This is particularly
important when using materials that may contain regions exhibiting Left-Hand charac-
teristics, meaning regions where Re(n) can be negative. The complex number n may be
decomposed into its imaginary portion and real part, which are determined by:

" _i

== [Re (In(Y"))] (1.59)

Im(Y)
o arctan <Re(y)> + mm (1 60)
kd ’

Where m is an integer.

1.9.3 HFSS

High Frequency Structure Simulator (HFSS) is a software programme that simulates
electromagnetic phenomena in three dimensions. It employs the finite element approach
to analyse electromagnetic behaviour in the frequency domain. The software has an in-
tuitive graphical interface that allows for the construction of the simulation structure
and the presentation of results. Studying parameters allows the answer to be visualised.
To compute the electromagnetic field and extract the parameters, the user just has to
provide the shape, materials, and set the frequency range. The structure is meshed us-
ing tetrahedral volume components. Furthermore, it is also applicable to homogeneous
structures, as well as heterogeneous ones. This programme also enables the creation and
optimisation of meshes. In order to address such issues, It is important to find solu-
tions to Maxwell’s equations, which enable the calculation of electric and magnetic fields.
HF'SS uses a direct solver as the default method for solving the resolution component of
the linear system that results from discretization. This direct solver is quick but may
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have constraints when dealing with extremely large problem sizes. Alternatively, an it-
erative solver may be used . After being created, HFSS immediately produces the near
field and distant field [45] [46]. HFSS, or High Frequency Structure Simulator, employs
adaptable solutions and a simple to use interface to provide exceptional performance
and comprehensive understanding of all 3D electromagnetic issues. By integrating with
ANSYS thermal, structural, and fluid dynamics tools, HFSS offers strong and extensive
multi-physics analysis for electronic goods, verifying their thermal and structural depend-
ability. HFSS utilizes an automated adaptive meshing approach and advanced solvers to
ensure precise and reliable results. Additionally, the use of High Performance Computing
(HPC) technology may further enhance the speed and efficiency of HFSS. Finite element
codes may be categorized into two groups: general codes and specialized codes. The first
method provides the resolution of any system of EDPs, but it is not optimised in terms
of the IT resources used. The specialised systems’ codes enable the efficient resolution
of the partial differential equations (PDEs) specific to a given system. In our situation,
we use the specialised code HFSS®).The differential Equation 1.61 solved by its finite
element code is the equation Following wave:

V x [M;IV X E] —k2eE=0 (1.61)
This equation is a frequency code because it has to be solved for each value of kg = 2”7”
which directly associated with the frequency value v.This code is designed to generate a
three-dimensional mesh using a mesh adaptable tetrahedral approach. The use of finite
element analysis in these constructions, in conjunction with an integrated calculator,
enables the visualisation of many fields and physical parameters. Most HF'SS mistakes are
caused by incorrect usage of excitations and boundary conditions. Boundary conditions
play an important role since they have significant impacts on the electromagnetic solution.
HFSS advises using ”perfect E” and "perfect H” boundary conditions on the unit cell
surfaces in the x and y axes for simulating infinite structures. Boundary conditions define
the limits of the model and have the ability to simplify the model and reduce the time and
resources needed for obtaining a solution. The boundary conditions are properly set on
the symmetry and antisymmetry planes of the unit cell. The electric field is perpendicular
to any electrical antisymmetry plane, while the magnetic field is perpendicular to the
magnetic symmetry planes. This allows us to simulate the periodicity of the network
and minimise the size of the simulated region. To accurately replicate the design, it
is necessary to generate or allocate a minimum of one port excitation for simulation
purposes [47].

1.9.4 CST - Microwave Studio

The Computer Simulation Technology (CST) tool had many modules known as ”solvers”.

e A transient solver is a versatile 3D module that enables real-time simulations, useful
for analyzing the propagation of fields in an electrical component as time progresses. A
frequency solver is a broad solution that operates based on a frequency technique, similar
to the transient solver. The mesh might be Cartesian or tetrahedral, depending on the
structure being analyzed.

e A modal solver specifically designed for simulating resonant closed structures. Possi-
ble outcomes consist of mode distribution and resonance frequencies of the structure. e
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Integral solver: This solution is designed for complex electrical systems. The approach
depends on the Method of Moments using an integral formulation of electric and magnetic

fields. The Multilevel Fast Multipole Method(MLFMM) technique is used to decrease
numerical complexity.

The CST program provides several options for analyzing electromagnetic structures.
Analysis may be conducted in either the time domain or the frequency domain. CST
examines the possibility of a non-uniform mesh. This tool is suitable for time-domain
analysis as well as wideband analysis. However, its use is restricted to structures of modest
dimensions, typically a few wavelengths in size. Modeling propagation in a tunnel is not
feasible because of limitations in calculating time [46]

1.10 Metamaterial application

1.10.1 Metamaterial as antenna

Metamaterial coatings were previously used to enhance the radiation and coupling
properties of electrically small electric and magnetic dipole antennas. Apply metamate-
rials to amplify the radiated power. The most recent Metamaterial antenna achieves a
95% efficiency in capturing the incoming radio signal at a frequency of 350 MHz. Meta-
material antennas used in research typically have diameters that are around one-fifth of
a wavelength. The inclusion of a metamaterial cover improves the directivity of a patch
antenna. The use of a zero index metamaterial in the construction of a flat horn antenna
with a flat aperture offers the advantage of enhanced directivity. Zero-index metama-
terials enable the realization of antennas with exceptional directivity. In a zero-index
metamaterial, the propagation of a signal results in the generation of a time-varying, but
spatially fixed, field structure. Once the system reaches a steady state, the phase at any
given place inside the metamaterial remains constant. Metamaterial has the ability to
amplify the signal strength and minimize the amount of signal reflected back in a patch
antenna. The following is a comparison of I-shaped antennas inspired by metamaterials,
as conducted by M.A. Wan Nordin et al. in 2012 as seen in figure(1.6) [3].
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Figure 1.6: (a) three-dimensional graphic depicting the coplanar waveguide (CPW) feed-
ing mechanism of an antenna. (b) Outcome of a basic patch antenna.(c) The results of
the Metamaterial antenna.

1.10.2 Metamaterial absorber

In 2008, Gangwar and Gangwar created the first metamaterial absorber, which con-
sisted of a dielectric layer placed between two metal layers [3]. The absorber, which
operated at a frequency of 22,984 Hz, demonstrated an absorption rate of 22%. In con-
trast, Landy’s research achieved a greater absorption rate of 44%.Figure 1.7 depicts the
absorber and its unique cell. Hossain et al. [4] designed an efficient metamaterial absorber
consisting of two metal layers separated by a gallium arsenide dielectric substrate, with
the aim of harnessing solar energy. The solar cells of this adsorbent have the capacity
to increase the performance of the system by enhancing the solar electromagnetic pulse.
The adsorbent metamaterial has achieved optimal adsorption in both the electric and
transverse magnetic modes. Results suggested that altering the thickness of different
absorbent layers, the polarization angle, and the size and shape of the resonators had the
ability to change the rate at which absorption occurs. Figure 1.8 shows the absorbent
material that was built, whereas figure 1.9 demonstrates how the absorption rate changes
depending on the frequency for several shapes of patches (hexagonal, octagonal, pen-
tagonal, and circular) that were made throughout the research. The study data showed
that the hexagonal shape was more efficient in collecting solar energy due to its higher
absorption rate.
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Figure 1.7: Metamaterial absorber and its unit cell [3]
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Figure 1.9: Changing of the absorption rate in frequency for patches with varying con-
figurations (a) with a varied effective area and (b) with the same operational area [4]

Using two dielectric layers that were specifically designed for adsorption on the k-
band, Tran and Phuong [48] created an exceptional metamaterial absorber. The absorp-
tion rate was examined in relation to the dimensions of the structure and the distance

26



between the two level after the researchers made adjustments. The structure’s efficacy
was significantly correlated with its size, as indicated by the experimental and simulation
results. [49].

1.10.3 Invisibility cloaks

One popular application of metamaterials and transformation optics is the develop-
ment of an invisibility cloak, which causes an object undetectable to external observation.
A cloak is a space that contains various types of media. The cloak enables an incident
wave to pass around the object effectively, maintaining its original form to obtaining the
opposite side. The incident wave will perceive the entire covered area as if it were open
space. The initial prototype of the invisibility cloak is a 2D cylindrical design that func-
tions within the microwave frequency range, as observed in the laboratory setting. The
mechanism involves the polarization of the electric field along the axis of the cylinder.
The cloak was fabricated using printed SRR arrays, as depicted in Figure 1.10, and eval-
uated in a parallel-plate waveguide operating at X-band frequencies (8 to 12 GHz). The
experiment showed that using a cloak reduces scattering from the concealed item while
also minimizing its shadow, resulting in a cloak and object that resembles empty space.
Initially, cloaking devices focused on cylindrical or spherical shapes for ease of analysis
and implementation. However, they are not always effective in hiding irregularly shaped
things. As a result, several forms of cloaking devices were later developed. Cloak invisi-
bility has been created for inverse design ,as well as other sections of the electromagnetic
spectrum, including optical and terahertz frequencies (figurel.10) [50].

Figure 1.10: (Color online) The first prototype of NIM metamaterial.
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Figure 1.11: The first 2D cloak at microwave frequencies has been developed, with a plot
illustrating the material parameters used in its implementation.

1.10.4 Metamaterial as sensor

Metamaterial offers the creation of sensors with precise sensitivity; it provide a means
to greatly amplify the sensitivity and precision of sensors. Metamaterial sensors have
use in several areas such as agriculture and medicinal sciences. Agricultural sensors use
resonant material and utilize SRR technology to provide improved sensitivity. In the
context of biomedical applications, wireless strain sensors are often utilized. Researchers,
such as Goran Kiti et al. (2012), have created nested SRR~based strain sensors to boost

sensitivity [5].
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Figure 1.12: The sensor utilizes metamaterial unit cells (a). This research focuses on the

multiple SRR, (b) Sierpinski SRR, (c) Spiral Resonator [5].

1.10.5 Metamaterial as superlens

Metamaterials are used in superlens technology to exceed the diffraction limit. Ra-
makrishna (2005) demonstrated that it has resolution capabilities beyond those of tra-
ditional microscopes. Conventional optical materials are restricted by diffraction since
they can only transmit the propagating components of light emitted by a source. The
non-transmitting elements, referred to as evanescent waves, are not conveyed. Increasing
the resolution may be accomplished by raising the refractive index. However, this method
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is limited by the lack of high-index materials. The primary characteristic of the super
lens is its capacity to significantly magnify and retrieve the evanescent waves that convey
information at very small scales. At now, there is no lens that can completely recreate all
the transient waves produced by an object. Our next objective is to create an advanced
lens that can effectively capture and use all evanescent waves, resulting in a clear and
high-quality image [6].
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Figure 1.13: (a)Propagation wave recovery (b) Enhancement of Evanescent wave [6].

1.10.6 Metamaterial as cloaks

A metamaterial cloak is a device that can provide invisibility for objects by modifying
the propagation of electromagnetic waves. This is accomplished by using metamateri-
als, which bend the electromagnetic waves around the object, essentially rendering it
invisible. The underlying idea of this cloaking method relies on the notion of coordinate
transformation, in which the spatial coordinates are altered in such a way that the elec-
tromagnetic field inside the cloak becomes nonexistent [5]. Pendry, Schurig, and Smith
(2006) [51] provided a description of this notion (Figure 1.14).

Light Source
. Object

Metamaterial Guiding of Electromagnetic

waves

Figure 1.14: Cloaking

29



1.11 Conclusion

In conclusion, this chapter laid the groundwork for understanding the key principles of
electromagnetic theory, starting with the behavior of light in a vacuum and progressing
to the intricate dynamics of wave propagation in various materials. By exploring the
dispersion relation and its implications, we have gained insight into how different media
influence wave behavior, which is essential for advancing into more complex topics such
as metamaterials. This foundational knowledge is critical as we transition to the next
chapter, where we delve into metamaterial absorbers. In the upcoming section, we will
build on the concepts introduced here to explore how engineered structures, like meta-
material absorbers, interact with electromagnetic waves, allowing for tailored absorption
properties and innovative applications in various fields.
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2.1 Introduction

Metamaterial absorbers (MMAs) have emerged as a cutting-edge technology in
the field of electromagnetic wave absorption, offering significant advantages over tra-
ditional absorbers. This chapter begins by exploring the origins and evolution of
metamaterial absorbers, focusing on the foundational theories that underpin their de-
sign and operation. Key principles such as impedance matching and resonance are
discussed to provide a clear understanding of how MMAs achieve high absorption
rates over specific or broad frequency ranges. Furthermore, the chapter introduces fig-
ures of merit, which are critical benchmarks for assessing the performance of different
types of absorbers. Beyond the theoretical framework, this chapter also provides an
in-depth overview of the primary industrial absorbers, including dielectric, magnetic,
and adaptive absorbers, highlighting their unique mechanisms and applications. Fi-
nally, we categorize various types of metamaterial absorbers, emphasizing their diverse
structures and functionalities, thereby paving the way for the development of advanced
applications in modern technology.

2.2 Background and History

Electromagnetic absorbing materials, often known as Radar Absorbing Materials
(RAM), were developed in both the United States and Germany during the Second
World War. An ideal absorbent is characterized by its ability to function as an efficient
paint or coating that can absorb all polarizations over a broad frequency range and a
wide range of incident angles. Such a substance does not exist in actuality, and it seems
challenging to create a prototype that precisely answers this specification. The primary
uses of absorbents are mostly in the domains of ElectroMagnetic Compatibility (EMC)
and radar stealth. They act in order to mitigate the issues of interference that arise
between the frequency bands of terrestrial and/or space telecommunications systems.
For instance, they may be used in electromagnetic properties testing rooms, such as
anechoic chambers [52] [53].

The MMA counts among the electromagnetic (EM) wave absorbers that have been
manufactured in the last century. The primary goal of these absorbers is to create a
material with little transmission and reflection, hence achieving high absorption. Ab-
sorbers were first introduced in the 1930s, but their full potential was realized in the
1940s when they were used to improve radar performance and provide defense against
radar detection [54].Famous absorbers that have been created and are now used include
the Salisbury Screen, the Jaumann absorber, the crossed grating absorber, and circuit
analog absorbers. Electromagnetic wave absorbers find use in several radar applica-
tions, as well as in the mitigation of electromagnetic interference (EMI), waveguides,
and other military applications. [55] [56].

The MMA, which was established in 2008 [57], used a three-layer design and oper-
ated inside the microwave range of the electromagnetic spectrum .The outcome was
an experimental absorption rate of 88% at a frequency of 11.5 GHz .Following to the
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publication of , significant advancements have been made in the design of the MMA.
Currently, there are absorbers available that function throughout a wide range of fre-
quencies, from microwave to optical. These absorbers possess various features, such
as being omnidirectional, sensitive or insensitive to polarization, and having either
broadband, narrowband, or multiband capabilities. Additionally, they may be either
passive or dynamic in nature [35].Metamaterials that exhibit numerous responses have
also influenced the development of absorbers. As a result, multi-band metamaterial
absorbers (MMAs) are now capable of operating over a wide range of frequencies, from
microwave to optical wavelengths [50].

2.3 MMA Theory

The absorption of a material, which depends on frequency, may be defined using
the transmission and reflection properties. It can be expressed as [58]:

Aw) =1 - T(w) — R(w) (2.1)

This equation does not take into account scattering effects or the re-radiation of light
caused by surface electromagnetic waves. Hence, it is essential to concurrently establish
a frequency range that exhibits both minimal transmission and reflection in order to
optimize absorption. To reduce reflection, the impedance of the metamaterial must be
adjusted to match that of free space. The impedance is determined by the equation:

Z =4]= 2.2
: (22)
where ;1 and e represent the permeability and permittivity of the substance, respec-
tively. The permeability (1) may be calculated as the product of o and p,., while the
permittivity (€) can be calculated as the product of ¢y and €,. The reflection at normal
incidence may be expressed using the following equation:

(2.3)

All parameters in this context are dependent to the frequency of the receiving
radiation, denoted as w, as well as the impedance of the vacuum, which is represented
Zy = 1207 Q [59]. Beer’s Law states that the transmission through a slab may be
described by the equation:

2ngodw
T(w)=e - (2.4)
where T'(w) represents the transmission, n is the refractive index, d is the thickness of
the slab, w is the angular frequency, and c is the speed of light.

As the limit of Z(w) approaches Zp, in the above equation, ny represents the imagi-
nary part of the index of refraction (n = n;+iny), d represents the thickness of the slab,
w represents the frequency of the incoming light, and ¢ represents the speed of light
in a vacuum. Thus, by adjusting the values of € and u such that Z = \/g = 1207 €Q,
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and ensuring that npd is much larger than £,, it is theoretically possible to achieve

complete absorption of both reflection and transmission, resulting in a nearly perfect
absorber [16]. For Equation 2.1, all the absorbers that have been created are cov-
ered by a metallic plate at the bottom that completely eliminates any transmission,
resulting in 7" = 0. This reduces Equation 2.1 to Equation 2.5.

Aw) =1 - R(w) (2.5)

Therefore, in order to achieve complete absorption, it is necessary to ensure that there
is no reflection. This state or situation. Impedance matching is the term used to
describe this. It is important to explain that R represents the reflectance, which is
the ratio of power between the reflected and incident waves. The expression may be
formulated using the complex reflection coefficient I'; as shown in equation (2.6a),
or the complex reflection coefficient represented by the scattering parameter S11, as
shown in Equation [60]. BothI" and S11 are represented as ratios of voltages.

R=1T? (2.6a)
R=1S1|? (2.6b)
Considering Equation 2.6, Equation 2.5 can be written as:

Aw)=1- TP =1—|S, (2.7)

In order to comprehend the impedance matching condition, we consider the ex-
ample of a plane wave propagating through free space at a perpendicular angle and
encountering a medium situated above a metal plate, as seen in Figure 2.1.

[

Figure 2.1: illustrates the geometric arrangement of a single dielectric slab positioned
on a metallic plate. The incident power, shown as 1, is the quantity of power that
may either be reflected or absorbed. The metallic plate ensures complete absence of
transmission.

When the reflection coefficient in equation (2.8) becomes zero, the material losses
result in a unitary absorptivity indicated by equation (2.7). This results because the
transmission is zero below the metal plate [61].

_ =" (2.8)
1+ Mo

34



Here, n represents the intrinsic impedance of the medium, while 7y represents the
intrinsic impedance of free space (air), which is equal to 377 ohms. When the value
of n is equal to 7y, the condition for impedance matching is met since the reflection
coefficient (I" ) is zero. The inherent impedance of a generic material 7 is only affected
by the constitutive properties of the medium, as outlined in 2.9

e\ e €

The variables € and p represent the permittivity and permeability , respectively. These
quantities are complicated and may be characterized by equations 2.10a and 2.10b,
respectively.

(o= piopty = po(pty — ji) (2.10a)
€ = o6, = (€. — jel) (2.10b)

The imaginary component of the constitutive parameters is linked to the dissipation
of energy inside the medium. Therefore, the magnetic and dielectric losses of a certain
medium may be quantified using the loss tangent, which is represented by Equations
2.11a and 2.11b correspondingly.

IL[/”

tand,, = —- (2.11a)
1,
%

tan é, = o (2.11Db)

T

An ideal absorber is achieved when the values of €, and p, are equal, satisfying equation
(2.9). Meeting this requirement is difficult, particularly when dealing with a broad
range of frequencies. However, it is feasible to achieve for absorbers that operate
within a limited frequency range. The preceding study of the electromagnetic field
using a transmission line model (voltage and current method) allows us to investigate
two situations for the medium presented in Figure 2.1: lossless and lossy. We can
then evaluate the input impedance at the interface between the air and the absorber
[12]. The use of a lossless medium is used to address the need for an RF absorber
with a gradient of absorptivity. This is achieved by adding resistive sheets on top of
the lossless medium. The impedance experienced by an incoming wave on a lossless
medium that is grounded and has a thickness of d may be expressed as:

Zin = jntan(kd) (2.12a)

The sign 7 represents the intrinsic impedance of the lossless material, where the imag-
inary components of permittivity and permeability are both zero. The symbol k rep-
resents the wave vector in the medium. When dealing with a medium that causes
loss, it is necessary to take into account the imaginary components of the constitutive
parameters.

2w py — Jhy 21 . :
Zin = 1) tanh (JA—O\/MG d) =m0y e tanh (j)\—o\/(% —Ju)(e = j€p) d)
(2.12b)

T s
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Ao represents the wavelength in open space, whereas 7 is a complex variable. Perfect
absorption may be achieved in both lossless and lossy media when the condition Z;, =
7o is met. This can be accomplished by adjusting the thickness d and the real parts
(6, and p,) in equations (2.12a) and (2.12b), as well as the imaginary parts (e and
w’).in equation (2.12b). Here, we have included some essential formulae for analyzing
the absorbance of a particular structure. The next part will offer an analysis of the
physical absorption processes.

2.4 Absorption mechanisms

Energy dissipation takes place inside a material when it is subjected to electro-
magnetic waves due to the damping effects on polarized atoms and molecules. The
use of vector calculus allows for the development of an equation in electromagnetism
that describes the conservation of energy, which is often referred to as the complex
Poynting vector theorem. This theorem establishes a correlation between the amount
of power into a certain volume V, via a closed surface S, and the electromagnetic fields
and material properties inside that volume. The actual origin of power found on a
particular surface is the power that has been dispersed or absorbed. In order support
this theory, we provide the conservation-of-energy equation (2.13) derived from [61].

I Yo f (30 e ] e ] (e~ $057) )

(2:13)

where:

e H is the magnetic field intensity in amperes per meter (A/m).
e M, is the impressed magnetic current density in volts per square meter (V/m?).
e F is the electric field intensity in volts per meter (V/m).

J; is the impressed electric current density in amperes per square meter (A/m?).

o is the conductivity in siemens per meter (S/m).
e c is the complex permittivity in farads per meter (F/m).
e 1 is the complex permeability in henries per meter (H/m).

e w is the angular frequency in radians per second (rad/s).
Equation (2.13) may be expressed as (2.13a)

Py=P. 4+ P+ j2w (Wm v We> (2.13a)

where: .
P, = —5/// (N0, + B J) o (2.13)
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(The supplied complex power (W)).

P, = f (%E‘ X ﬁ) -ds (2.13¢)

(The excited complex power (W)).

P = %///U|E|2dv (2.13d)

(The dissipated real power (W)).

W, /// Lot av (2.13¢)

(The time-average magnetic energy (J))

W, = ///-6|E| dv (2.13f)

(The time-average electric energy (J))

Although P, and P, can frequently be complicated, P; is always a real number.
However, the two variables mentioned are consistently imaginary and represent the
reactive power associated with magnetic and electric fields.. It is important to note
that when dealing with complex permeability and permittivity, the imaginary portions
of the integrals in equations (2.13e) and (2.13f) should be added to equation (2.13d).
This is because all three equations indicate the losses related to the permeability and
permittivity, as shown in equation (2.13g).

/// ”|H|2+e”|E|2 |E|2) dv (2.13g)

Therefore, it can be inferred that for full absorptivity, one must use either conduc-
tivity (o), imaginary permittivity (¢”), and imaginary permeability (x”). This will
happen when the impedance matching criteria is satisfied. This assertion is of utmost
importance for the structures analyzed in the present investigation. As an example, two
prototypes are created using 3D printing technology with layers that have relatively
low conductivity, in contrast to Printed Circuit Board(PCB) technology structures
that have layers with strong conductivity.

2.5 Figures of merit

The fractional bandwidth (FB) is the most often used metric to evaluate the per-
formance of a broadband absorber. The calculation is performed using the equation
(2.12).

max ~ Jmin 2 max ~ Jmin
fc fmax + fmin
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The variables fmax and fmin correspond to the greatest and lowermost frequencies.,
respectively, inside a band where an absorption coefficient over 90% is achieved. The
value of fc corresponds to the center frequency of this band. There are three key
factors that need to be emphasized at this juncture, which will be taken into account
it:

e I'B is often referred to as having a rate of absorption over 90%, unless otherwise
specified.

e The presented data refers to the frequency dependence of the absorbance. The
reflection coefficient is sometimes used in relation to the scattering parameter
S11, which is measured in decibels (dB). When the absorption level is 90% (0.9),
the corresponding S11 value is -10 dB.

e Absorber is classified as broad-band if its fractional bandwidth is 0.67, which is
comparable to one octave.

2.6 Principal Industrial Absorber Types

2.6.1 Dielectric Absorber

Dielectric absorbers exhibit loss behavior that is completely attributed to their di-

electric properties, without any magnetic characteristics. The loss might originate from
several sources inside the dielectric material. Dielectric absorbers have the benefits of
being cost-effective and lightweight when used with elastomers. Furthermore, due to
their limited ability to absorb magnetic fields, dielectric absorbers are not suitable for
most cavity resonance applications, which is a disadvantage [62]. This absorber is ba-
sic. These structures consist of foams, polymers, or honeycombs that include particles
of carbon or metals such as iron, aluminum, or copper...
These materials have a high dielectric loss constant, which means they efficiently con-
vert the incident wave into heat. The impedance of this substance is not well matched
to the impedance of open space. Consequently, they have the ability to exhibit an
effective reflection at their boundary. These materials are available in the industrial
sector. Current studies on dielectric absorbers are increasingly emphasizing the use of
conductive polymer materials. They possess the characteristic of having a low relative
permittivity and a very evident dielectric loss. The production of this particular ma-
terial is quite complex often including the deposition of layers onto material in order
to achieve a certain level of strength [52].

2.6.2 Structural Absorbers

The reflection of a wave at the surface of a material is directly correlated with
the impedance of the substance. Three kinds of absorbers (pyramidal, progressively
loaded, and impedance matching layers) were developed to improve the dispersion of
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the wave in a dielectric absorbing layer, based on this discovery. This specific material
requires a significant thickness to effectively reduce signal intensity over a wide range
of frequencies, which therefore leads to a high weight. The primary focus of our study
was the pyramidal absorber construction used in the anechoic chamber.

a)Paramydical strecture

Pyramidal absorbers are often composed of thick materials that include regularly
spaced structures in the shape of pyramids or cones, which are oriented at a right angle
to the surface. The pyramidal absorbers have been specifically engineered to provide
a smooth change between the impedance of air and the impedance of the absorber
at the interface. The height and frequency of the pyramids often coincide with the
wavelength. These absorbers have exceptional performance. Pyramidal absorbers have
the disadvantage of being large and prone to fragility [63].

(a) [ ® ,

Figure 2.2: Model of Pyramidal Dielectric Absorber. a) three-dimensional schematic
diagram. b) Two-dimensional cross-sectional view. [7]

b)Taped loading absorber

This material typically consists of a low-loss plate combined with a high-loss plate.
There are two separate categories of structures that we may specify. The first ideal
component is uniformly distributed along to the surface of the item to be protected,
with a perpendicular gradient and progressive distribution inside the material. Repro-
ducibly fabricating a gradient in this way is challenging and costly. The second kind of
structure, which is more prevalent, consists of uniform layers that have an increasing
load in the direction of propagation (i.e., the gradient is formed as a step function).
These materials provide the benefit of being thinner compared to pyramid absorbers.
However, their efficiency is lower [52].
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c)Matching Layer Absorber

Matching Layer has objective of an absorber is to decrease the necessary thickness
for materials that are subjected to increasing loads. This absorber type has an absorp-
tion change layer that acts as a barrier between the incoming wave and the absorbent
materials. The impedance value of the transition layer is intermediate between the
impedances of the two media. The idea is to provide a variation in impedance between
different configurations. The phenomenon of matching arises when the thickness of
the matching layer is precisely one-fourth of the wavelength of the incoming wave [52].

Zl =/ ZD X Z2 (215)

Impedance matching only takes place at the specific frequency that is wanted. Thus,
this particular absorbent material has a limited frequency range and is much thicker
at low frequencies, as seen in Figure 2.3.

"y

(a) (b)

Figure 2.3: (a) Ideal impedance curve and typical impedance curve, and (b) example
of a progressively charged absorbing material

2.7 Resonant Absorber

These absorbers are also known as tuned absorbers or quarter wave absorbers.
Specifically, they consist of the Déllenbach layers [64], the Salisbury screens [65], and
the Jaumann layers [66]. With this specific category of substances, the impedance
may not be precisely adjusted to align with both the incoming wave and the absorb-
ing medium. These materials have a thin structure and can only absorb a limited
amount of energy. The technique used utilizes both reflection and transmission at the
first interaction. The reflected wave experiences a phase inversion of a certain mag-
nitude. The wave travels through the absorbing medium and experiences reflection
when meeting a metallic surface. Due to the propagation of the wave towards the
center of the incident wave, a phase inversion takes place during this second reflection.
Destructive interference happens when the distance traveled by the emitted wave is a
precise multiple of half the wavelengths, causing the two reflected waves to be in phase
opposition. If the amplitude of two waves reflected is the same, then the combined
intensity of the reflected waves is zero.

40



IPCidﬂll Reflection Reflection
EM wave wave 1 wave 2

Figure 2.4: The representation of the Destructive Interference Phenomenon.

a)Dallenbach layer

A Dallenbach layer refers to a uniform absorption layer that is positioned on a flat
surface driver. The layer thickness, permittivity, and permeability are manipulated in
order to decrease the reflectance at a certain wavelength. The Déllenbach layer is sup-
ported by a process of destructive interference, which occurs when waves reflected from
the first and second interfaces cancel each other out. In order to achieve lowest reflec-
tivity, the effective impedance of the layer ZL must be equivalent to the impedance Z0
of the incident material. When designing a layer, there are five adjustable properties:

!N

e 1/, 1, and the layer thickness is often set at A/4. Applying many layers with
distinct absorption bands enhances the absorption bandwidth.

A E:l:“b“h Metal
Propagation
Direction
< »
r/4

Figure 2.5: Hlustration of the layout of a Dallenbach layer

2.7.1 Salisbury Screen

The Salisbury screen operates as a resonant absorber, which sets it apart from
absorbent materials that count on the permittivity and permeability of their main
layer. The Salisbury screen consists of a resistive sheet placed at a distance equal to
an odd multiple of one-fourth of the wavelength of the metallic ground plane, with an
empty space in between. Substituting an air blade with a material that has a high
permittivity may decrease the necessary thickness, but it will result in a reduced on
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bandwidth. The quarter-wave transmission line theoretically transforms a short circuit
at the metal into an open circuit at the resistive sheet. Impedance matching is good
when the resistance of the screen is comparable to the impedance of the air.

Air Resistive Air Metal
Sheet

Propagation
Direction

ASSNNNNSNNNNNNY

2/4

Figure 2.6: Illustration of a Salisbury screen layout

The original constructions consisted of a plywood frame covered with canvas, which
was then coated with colloidal graphite. Next, conductive polymers were used in the
creation of the Salisbury screen. The ideal thickness of the Salisbury screen may be
determined by equating the screen resistance to the impedance of free space (Zo). The
absorbent’s thickness is determined by:

1

d=—
Z()O'

(2.16)
The resistive layer’s thickness is denoted by d, while the sheet’s conductivity is repre-
sented by 0. Two assumptions are made regarding the resistive layer:

1. The layer is thin in terms of its electrical properties, which means kod+/|¢/| < 1,

where ky = i—’or is the free-space wavenumber.

2. The losses in the layer are primarily due to the conductivity o and €’ > €.

These approximations provide values that can be obtained through measurement.
Typically, a transition towards lower frequencies is observed as the resistive layer
thickness or € increases.

To minimize reflections at the material entry, the resistance of the resistive layer
should closely match the impedance of air, which is Zy = 377 2. The ideal resistance
Rqpor can be achieved to provide the desired reflectivity by:

1— 1—‘cu [¢)
Rspot = Z - cutol

2.17
01 + Fcutoff ( )
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where "o Tepresents the maximum acceptable reflectivity.

Research has shown that as the permittivity of the spacer layer increases, the band-
width decreases. The bandwidth of the Salisbury screen may be enhanced by creating
absorber multi-screens, which are referred to as Jaumann layers.

a)Jaumann layer

Type absorbents were developed in Germany during the Second World War. Jau-
mann used the concept of the Salisbury screens, but with the implementation of several
resistive screens. This was done to cover a range of frequencies and generate absorp-
tion bands. The resistivity of screens rises in the direction of the ground plane and is
separated by low-loss dielectric layers. The first device was outfitted with two resistive
layers that were separated by air, resulting in the creation of two adjacent frequency
minima to enhance the bandwidth. Resistors are typically composed of layers of elas-
tomer that contain carbon powder.
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Figure 2.7: lustration of Jaumann’s layer arrangement

2.8 Adaptatif Absorber

Adaptive absorbers use Reconfigurable Electromagnetic Surfaces (RES) by expand-
ing around the concept of resonant absorbers and absorbers using analog circuitry.

Numerous studies has been conducted on this particular absorbent material in order
to attain commercial use. An illustrative instance involves the use of a high permit-
tivity liquid inside a layer composed of a porous matrix with low permittivity. By
doing so, it becomes feasible to regulate the absorbent characteristics by managing
the volume of liquid. Regrettably, the absorbent in question has a somewhat pro-
longed reaction time. Applying a regulated magnetic field may vary the permittivity

43



of Dallenbach layers. However, implementing this technology on large surfaces is dif-
ficult.

2.9 Magnetic Absorber

Magnetic absorbers use iron or ferrite particles attached to a dielectric material,
such as polymer, foam, or honeycomb structure. The uniformity of particle dispersion
in the absorbent is an essential factor in the design of this material. Alternative
particles may be used, however they are less prevalent.

Although the magnetic absorber is heavy due to its constituent particles, its greatest
benefit is in its thinness, which may be as small as one tenth of the wavelength at its
initial resonance.

These materials function across a broad frequency range spanning from megahertz
(MHz) to gigahertz (GHz). The operating frequency of these particles is solely de-
termined by their size. The physical and chemical characteristics of iron and ferrite
particles were measured and computed. The preceding materials have a capacity that
is similar to that of space. In order to get more flexibility in the absorbent design,
we will adapt the parameter specific to these materials. The relative permeability
of a material is as significant as the relative permittivity for designing an absorber,
considering the expression of the characteristic impedance and refractive index.

z ="z, (2.18)
€r

n = /lr€ (2.19)

2.10 Metamaterial absorber

Metamaterial is a medium that allows the designer to manipulate electromagnetic
characteristics by manipulating the geometry of the material, resulting in unique and
exceptional capabilities. These materials often consist of dielectric and metallic com-
ponents that are formed at scales far lower than the wavelength. They possess unique
dispersion characteristics, such as negative permittivitye.s and effective permeability
et [67] [68].Due of these characteristics, the metamaterial has the ability to modify
electromagnetic waves by absorption, filtration, amplification, or bending. Therefore,
there are many possible uses for this technology, such as microwave and optical filters,
very sensitive detectors, compact directional antennas, phase shifters that work with
both right and left-handed signals, invisibility cloaks, extremely thin total absorbers,
and more [69] .The branch of metamaterial perfect absorber (MPA) has gained signif-
icant attention due to its ability to produce complete absorption of electromagnetic
waves at scales much lower than the wavelength. Since its first experimental demon-
stration in 2008 by N. I. Landy et al [57], several efforts [70] have been dedicated
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to the development of Metamaterial absorbers with the aim of achieving multi-band
absorption, broadband absorption, polarization-insensitive absorption, and wide in-
cident angle absorption. Metamaterials are often created using many types of struc-
tures, including photonic crystal structures[26][27] ,transmission line (TL) based struc-
tures [71] [72] ,resonant structures , and complete dielectric materials [73] . MPA is a
component of the resonant structure, meaning it functions within a limited frequency
range.

2.11 Categories of Metamaterial Absorber

Literature frequently highlights metamaterial absorbers that are categorized accord-
ing on many criteria, primarily resonance. In this part, we will discuss the fundamental
principles of metamaterial absorbers. We will specifically focus on their efficiency in
terms of absorption level, sensitivity to incoming angles, and sensitivity to polarization.
A literature evaluation of several models will be provided to do this.

2.11.1 Plasmonic Resonance

This design is the most basic one reported in the existing research. It is considered
the essential element for a resonant absorber. Plasmonic resonant-based MPAs have
made significant progress in the last ten years because of their capacity to demonstrate
wide-ranging behaviors and other advantages for real-world applications. Most MPAs
are composed of three layers: (i) periodically spaced metallic patterns, (ii) a dielectric
layer, and (iii) a solid metallic plate [73]. The metallic layers must be carefully planned
to achieve a certain resonance at the desired frequency. The impedance matching
requirement for open space is achieved by modifying the dimensions of the resonators,
which may take various shapes such as ring, cross, patch, circular, snowflake, and
others. When the impedance matching condition is satisfied, the reflectivity of the
device is removed and all incident electromagnetic waves are efficiently coupled to the
device.
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(a) (b)

() (d)

Figure 2.8: Proposed metamaterial absorber. (a) Three-dimensional representation
of a 5x5 unit cell, (b) Three-dimensional model of a nanostructure composed of unit
cells, (c) Top view, (d) the front views of the structure of unit cells [§].

The main objective of the second dielectric layer is to effectively capture the in-
coming electromagnetic wave. When the absorber is at its resonant frequency, the
electromagnetic waves bounce back and forth within the resonator, causing the elec-
tromagnetic energy to be effectively absorbed.

In basic terms, the metal-dielectric-metal structure directly influences the lifespan
of the resonant cavity, which subsequently impacts the frequency selectivity of its
resonance via its quality parameter. The primary purpose of the third metallic layer
is to reduce the transmission of the affecting wave. Furthermore, the next sections
focused on plasmonic-type structures will illustrate that the metallic regions adjacent
to the structured top metal layers facilitate the flow of reverse backside local currents.

To summarize, when an electromagnetic wave interacts with a tri-layered medium,
the lack of transmission and reflection at the resonance point signifies that all of the
electromagnetic energy is absorbed. This supports the term of ”perfect magnetic
absorber” (PMA) for such a material.

2.11.2 Broadband metamaterial absorbers

Broadband metamaterial absorbers are designed with precision to provide optimal
absorption over a wide range of frequencies. These absorbers use advanced designs,
such as multi-resonant structures and gradient index materials, to expand their ability
to absorb electromagnetic waves over a range of frequencies, rather than just one
unlike classic absorbers which are confined to certain frequencies. This characteristic
make them effective in many applications, including stealth technology and energy
harvesting [74].
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a)Multi-resonant structures

Multi-resonant structures use many resonant components, each adjusted at differ-
ent frequencies, To gain broad-spectrum absorption. An instance of this is the use of
Split-Ring Resonators (SRRs) of diverse diameters, which may generate several res-
onance peaks over a broad frequency spectrum. The superimposition of these peaks
leads to a wide absorption range, which is especially advantageous in applications that
need efficient electromagnetic interference (EMI) protection. The research conducted
by Liu et al. (2011) [75] is titled ”Broadband Metamaterial Absorber Based on Multi-
Resonant Structures”. The researchers in this study devised an absorber by employing
multiple concentric square rings of varying sizes. Every square ring resonates at a dis-
tinct frequency, resulting in numerous absorption peaks that overlap with each other.
The distinctive design led to a wide-ranging absorption spectrum that covered fre-
quencies from 2 GHz to 18 GHz. The broad absorption range is attained by precisely
adjusting the dimensions of each resonator element to resonate at specific target fre-
quencies, providing a uniform overlap of absorption bands. The absorber showcased
in Liu et al.’s research is especially advantageous For applications require thorough
absorption over a broad spectrum of frequencies, such as reducing radar cross-section
and enhancing thermal imaging capabilities.

2.11.3 Frequency-Selective Metamaterial Absorbers

Frequency-Selective Surfaces (FSS) are designed surfaces made up of regular ar-
rangements of resonant features, such as patches, dipoles, or loops, that resonate at
certain frequencies. When an electromagnetic wave comes into contact with a Fre-
quency Selective Surface (F'SS), the resonant components of the FSS interact with the
wave. This interaction causes the wave to be highly absorbed at the resonant frequency,
while allowing other frequencies to either pass through or be reflected. The specific
capacity of F'SS absorbers to absorb just a restricted range of frequencies makes them
very suitable for applications like antenna radomes. These absorbers effectively pro-
tect the antenna while permitting the transmission of certain frequencies. The study
authored by Huang et al. [75] (Figure 2.9) describe the creation of an ultra-wideband
Frequency Selective Surface (F'SS) absorber that can function over a broad spectrum of
frequencies. The absorber employs innovative resistive patterns to provide exceptional
absorption over the whole range of wavelengths, showcasing substantial enhancements
compared to conventional FSS designs. The design exhibits polarization insensitivity
and consistently delivers excellent performance at different incidence angles, giving
it ideal for practical use in electromagnetic interference (EMI) shielding and stealth
technologies. The paper provides comprehensive models and experimental data that
demonstrate the efficacy of the proposed FSS absorber in accomplishing absorption
over a broad range of frequencies. This enhances its potential for many electromagnetic
applications.
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Figure 2.9: FSS structure (a)3D view of F'SS Design; (b) Prototype of fabricated FSS.

2.11.4 Multilayer Metamaterial Absorbers

Multi-layer metamaterial absorbers uses multiple layers of diverse metamaterials,
each specifically designed to absorb electromagnetic waves across different frequency
ranges. This approach increases the absorption across a wider range of frequencies or
enhances efficiency specifically at certain frequencies. H Xiong, wt all in 2013 [76](Fig-
ure2.10)article showcases the design and effectiveness of a highly thin and broad meta-
material absorber employing a multi-layered configuration. The absorber consists of
multiple layers of resonant metamaterial structures, with each layer contributing to the
absorption at distinct frequencies. Through meticulous layer design and stacking, the
authors successfully achieve a wide absorption spectrum that spans from microwave
to terahertz frequencies.
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Figure 2.10: (a) A vertical perspective of a unit cell. (b) A upward view of the cell.

2.11.5 Angle-insensitive metamaterial absorbers

Angle-insensitive metamaterial absorbers are designed to exhibit consistent ab-
sorption characteristics regardless of the incident angle. This capability is accom-
plished by utilizing symmetric designs or specialized structures which ensure consis-
tent impedance matching, regardless of the angle at which the electromagnetic wave
arrives. These absorbers are essential in applications that demand consistent perfor-
mance across different orientations, such as cloaking devices and antennas that can be
used in multiple orientations.

Metasurface absorbers are a notable illustration of designs that are not affected
by the angle of incidence. These absorbers utilize flat, engineered surfaces made up
of sub-wavelength structures to efficiently control electromagnetic waves at various
angles of incidence. An example of such an article is In the study conducted by Y.
Fan, (2020) [77], an innovative approach is examined for the design of phase-controlled
metasurfaces, utilizing an optimized genetic algorithm. The study highlights the uti-
lization of genetic algorithms to optimize the geometric configurations and material
properties of metasurfaces. This optimization allows for precise control of the phase of
electromagnetic waves. The metasurfaces created using this technique have the ability
to precisely control wave phases, making them well-suited for applications that demand
precise beam steering, focusing, and wave manipulation. This technique demonstrates
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the capacity of genetic algorithms to improve the functionality and adaptability of
metasurfaces in different electromagnetic applications.

2.11.6 Flexible and Printable Metamaterial Absorbers

Metamaterial absorbers that are both flexible and printable are developed to be
flexible and compatible with different surfaces and devices through the utilization of
flexible materials or additive manufacturing techniques. These absorbers have the
property of being adaptable and capable of being incorporated into various applica-
tions, such as wearable technology and flexible electronics. By utilizing materials and
techniques that enable flexibility, elasticity, or printing, these absorbers may maintain
their functionality while conforming to various shapes and surfaces. Illustrations:

e The research conducted in 2017 [78] investigates the highly flexible metamaterial
absorber figure 2.11 and its potential application in sensing. The research shows
that the metamaterial absorber maintains exceptional absorption performance
while also being highly flexible, able to adapt to different surfaces and struc-
tures. The absorber’s high degree of flexibility enables it to undergo substantial
deformation without compromising its effectiveness, making it especially suited
for installation into sensing platforms. This study emphasizes the application
of the ultra-flexible absorber in sensing technologies for detecting variations in
environmental conditions, such as pressure or strain. It demonstrates the adapt-
ability and potential of this absorber for use in wearable and flexible electronic
devices.

e Stretchable metamaterials are designed using flexible and stretchable substrates,
enabling their integration into soft electronics or flexible screens. An illustra-
tion can be found in the article studied by Z. Xu et all (2019) [79] introduces
a stretchable metamaterial with a parabolic shape that is specifically designed
for terahertz applications as seen in figure 2.12. The research demonstrates that
this metamaterial consistently maintains its performance even when subjected
to various deformations, such as stretching and bending. The parabolic design
enables improved control and absorption of terahertz waves, while the stretch-
able properties ensure that the metamaterial can adapt to different surfaces and
structures without affecting its performance. This novel method showcases the
capacity to develop versatile and flexible metamaterials that are well-suited for
modern terahertz technologies.
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Figure 2.11: (a) Diagram depicting the construction of the asymmetric cross MPA. (b)
A top-down optical microscope picture of the sample. The sample that was created is
very flexible and can be readily wrapped around a measuring cylinder, as seen in the
inset .
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Figure 2.12: (a) Diagrams depicting the proposed PSM (Piezoelectric Strain Mi-
croscopy) device in operation, with a stretching force applied in the x- and y-axis
directions. b,c) The photographs depict the PSM (Photonic Crystal Structure) that
was created on a PDMS (Polydimethylsiloxane) substrate, highlighting its fundamen-
tal flexibility .

2.12 Conclusion

In conclusion, this chapter has explored the various types of metamaterial absorbers
(MMAs) and their unique ability to manipulate electromagnetic radiation, distinguish-
ing them from traditional absorbers. By classifying MMAs into resonant, broadband,
frequency-selective, and flexible absorbers, we have highlighted their versatility and
potential for a variety of applications. Each category offers a different approach to
achieving high absorption efficiency, whether through fine-tuning resonant structures
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or using flexible materials suited for diverse environments. These classifications un-
derscore the transformative role MMAs play in controlling electromagnetic waves, pro-
viding tailored solutions for fields such as stealth technology and energy harvesting.

As we transition to the next chapter, we will shift focus from the broad catego-
rization of MMAs to the theoretical modeling, design simulation, and parametric op-
timization of these absorbers. Building on the foundational understanding of MMAs’
absorption mechanisms, the upcoming chapter will delve into how precise design and
simulation techniques can optimize absorber performance, paving the way for enhanced
functionality and practical applications.
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3.1 Introduction

In this chapter, we examine theoretical designs of MMAs, focusing on the sig-
nificance of geometric structure and material qualities in achieving certain absorp-
tion characteristics. Following that, a comprehensive parametric analysis is provided,
specifically examining the influence of several design parameters, such as the angle of
incidence.unit cell parameters and the thickness of the substrate, on the performance
of the absorber. We present a specialized ultrathin metamaterial absorber designed
for conformal applications in the Ka frequency region. We explain the approach used
to construct it and examine the theoretical foundations behind it. In addition, we
analyze a modified wideband metamaterial absorber that includes a resistor element
to improve absorption bandwidth and conformal flexibility. Our objective is to get a
thorough grasp of the design and optimization methodologies for future metamaterial
absorbers by using theoretical insights and simulation data.

3.2 Flexible and ultrathin metamaterial absorber
for microwave application

3.2.1 Design Methodology

Figure 3.1 illustrates the structure of the unit cell for the proposed MA Its design
consists of S shape in the middle and two rectangular positioned perpendicular to
each other, empty inside are implemented on the four corners of these unit cell and It
comprises copper layers on both sides. Additionally, there is a flexible silicone rubber
layer with a thickness of t3 = 3 mm. The silicone rubber has a relative permittivity of
2.9 and a loss tangent of 0.08. The polyimide material, with a thickness of 0.25mm,
is characterised as a lossy polymer with a dielectric constant of 3.5.The electrical
conductivity of the top and bottom copper layers, with a thickness of t1 = 0.017mm, is
adjusted at 0 = 5.8 x 107 Sm~! The absorber was optimised to have a broad acceptable
absorption band. The dimensions of the indicated absorber are 10x10x2.284 mm?3, as
shown in Figure 3.1.The optimal parameters of the MMA are shown in Table 3.1.
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Figure 3.1: The provided diagram illustrates the structural arrangement of the unit
cell for the suggested (MA). (a) A view from above, and (b) perspective view of a unit
cell.

Table 3.1: Geometric parameter of the Proposed MMA

Parameter | Value (mm)
A 10
B 3.5
C1 3
C2 2
L1 2.5
L2 1
m 0.5

3.3 Parametric Analysis

Figure 3.2a a demonstrates the simulated absorption effects while varying the inci-
dence angle from 0° to 45°. The absorption band exhibits a constant behavior through
the frequency range of 8 to 11.5 GHz across different incident angles, maintaining a
similar absorption rate of above 90%. This stability in absorption performance in-
dicates that the proposed metamaterial structure exhibits excellent angle-insensitive
characteristics. Such a feature is highly desirable for practical applications where the
angle of incidence may vary, ensuring reliable and efficient absorption across a range of
conditions. Furthermore, the minimal shift in peak frequencies and the preservation of
high absorption rates underscore the robustness of the design. This property enhances
the potential of the metamaterial absorber in real-world scenarios, such as in stealth
technology [80] and electromagnetic shielding [81], where consistent performance is
crucial regardless of the incident angle (theta).
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Additionally, Figure 3.2b depicts the simulated absorption rates as a variation of
frequency at different polarization angles. With the polarization angle varying from
0° to 60°, the absorption band consistently approximately between 8 to 11.5 GHz with
high absorption rates. This indicates that the metamaterial absorber exhibits excellent
polarization-insensitive characteristics. The stable absorption performance across a
wide range of polarization angles ensures that the absorber can effectively operate in
diverse electromagnetic environments. Such polarization insensitivity is particularly
advantageous for applications in stealth technology , where the orientation of incoming
waves can vary unpredictably.
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Figure 3.2: (a) Simulated absorption rates at different angles of incidence (b) The
absorption rates of the MMA at different polarization angles.
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Figure 3.3a demonstrates the absorptivity at different substrate thicknesses (t3).
Increasing t3 thickness affects the absorption frequency bands differently. Thicker
substrates extend the absorption band to lower frequencies, while thinner substrates
enhance absorption in higher frequency bands.Therefore, there is a balance between
the ability to absorb light and the range of frequencies that can be absorbed. [82].
Based on the analysis, t3 = 3 mm is identified as the optimized value.

Figure 3.3b illustrates the absorptivity at various thicknesses of polymide, where the
parameter t2 represents the thickness. As t2 increases, there is a noticeable decrease
in the percentage of absorptivity. This trend indicates that thicker layers of polymide
result in reduced efficiency in absorbing electromagnetic waves across the tested fre-
quency range. The optimal thickness, identified as 0.25 mm, exhibits the highest
absorptivity percentage, suggesting that this thickness is most effective in attenuat-
ing incident electromagnetic radiation. This finding underscores the critical role of
material thickness in determining absorber performance, emphasizing the importance
of optimizing thickness parameters for achieving desired absorption characteristics in
practical applications such as antenna design.

As illustrated in Figure 3.3c , increasing the thickness of the FSS affects its reso-
nant frequency and absorption characteristics. In general, thicker F'SS structures tend
to lower the resonant frequency due to increased inductance and capacitance effects
within the rings. This change in resonant frequency alters the absorption spectrum,
potentially broadening or narrowing the bandwidth over which effective absorption
occurs. In contrast, thinner FSS can exhibit higher resonant frequencies and nar-
rower absorption bands. Therefore, the optimal FSS thickness balances these factors
to achieve desired absorption performance over specific frequency ranges. This un-
derstanding highlights the importance of precise manufacturing control and design
optimization to tailor FSS structures for applications in metamaterials, electromag-
netic absorbers, and related technologies.
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Figure 3.3: Absorber unit cell simulated absorption vs (a) silicone rubber, (b) poly-
imide substrate, and (c¢) FSS surface thickness.
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Figure 3.4a displays the spatial arrangement of the electric field at 8.3 GHz. The
electric field exhibits significant concentration along the outside border of the S-shaped
structure and the rectangular components. The high concentration seen in these ar-
eas suggests a strong capacitive coupling, which plays a important part in the overall
resonance of the absorber. The areas regarding the S-shape and the corners of the
rectangular parts exhibit high-intensity electric fields, indicating that these locations
are particularly efficient in absorbing and dispersing the energy of incoming electro-
magnetic waves. The electric field is uniformly circulate all over the surface of the
absorber, hence enhancing the general effectiveness of the device.

Figure 3.4b depicts the spatial arrangement of the electric field with a frequency of
8.3 GHz. At this frequency , the electric field is mostly focused on the margins of both
the S-shaped structure and the rectangular elements, similar to the observed distribu-
tion. The persistent focus of the electric field suggests that these areas are essential
for capacitive coupling and the resonance of the absorber at various frequencies. The
high-intensity zones around the S-shape and rectangular components effectively collect
and dissipate incoming electromagnetic waves, hence improving the performance and
efficiency of the absorber at this frequency.

Figure 3.4 illustrates the electric field distribution of the F'SS. It shows an S-shaped
structure in the centre and two rectangular components placed at right angles to each
other. The four corners are left vacant. The presence of high electric field intensity in
these regions emphasises the need of including S-shaped and rectangular features in
the design, as they greatly enhance the overall performance of the absorber.
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Figure 3.4: Electric Field distribution (a) for {=8.3 GHz (b) for f= 10.8 GHz.
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3.4 An Ultrathin Metamaterial Absorber for Con-
formal Applications at Ka Frequency Band.

3.4.1 Architectural Design of the PMMA

The PMMA has an absorption peak of 98% is obtained for resonance frequency at
32.3 GHz. The optimal values for the structural parameters are shown in Table 3.2, and
the simulated structure is shown in Figure 3.5. As depicted in Figure 3.5, copper was
deposited on the upper and lower surfaces of the flexible silicone rubber substrate with
a dielectric constant of 2.90, a loss coefficient of 0.08, and a thickness of 2 mm.Silicone
rubber is a polymer with high flexibility, low density, exceptional resistance to high
and low temperatures (50 °C to 250 °C), high tensile strength, and excellent chemical
resistance [83]. The upper surface consists of two cross circles with a small void printed
on a 0.25 mm-thick of flexible polyimide film. Where the background is composed of
metals, making the transmittivity nil. The unit cell parameters are correctly optimised
so that the incident wave is properly coupled. The proposed absorbers are simulated
using ANSOFT HFSS with Master-Slave boundary condition.

A

N

Py N

(a) (b)

Figure 3.5: a)Schematics view b) topview of the absorber unit cell.

Table 3.2: Parameters list of the designed structure.

Parameter | Value (mm)
A 10.5
R1 4
R2 2.39
C 0.28
N 0.97
M 1.21
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3.4.2 Results and Discussion

Figure 3.6 depicts the absorptivity values of the simulated structure witch has one
absorptivity peaks where the absorption is greater than 98%, and it is calculated
at resonance frequency of 32.3 GHz, where the absorption values at these peaks are
0.9841.
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Figure 3.6: Simulated absorption and S11 of the Ka Frequency Band flexible absorber.

Figure 3.7 illustrates the electric field distribution in the proposed absorber at
frequency of 32 GHz. The picture unambiguously demonstrate the existence of a
powerful electric field focused on the cross-ring resonator, especially in the middle
area of the device. The strong concentration of the electric field suggests that the
structure exhibits resonant activity. The absorption peaks seen at these resonance
frequencies are mostly attributed to the frequency selective surface (FSS) resonator,
as shown by the concentrated electric field strength. This elucidates the exceptional
efficacy of the absorber at the designated frequency.

61



E Field[¥_per_n

2.7777e+B02
2. 6041e+002
2. 4385e+0082
2, 256%+882
2.0833e+002
1,9997e+002
1. 7361e+002
1.5625e+082
1.3889%e+002
1.2153e+002
1.8%17e+002
8. 6815e+081
6. 9456e+001
5. 2097e+001
3. 4738e+001
1.737%e+081
1.9592e-082

Figure 3.7: The absolute arrangement of electric fields in the MMA for TE polarization
at 32 GHz.

Figure 3.8 depicts the surface current density of the design. The current is mostly
focused in the inner arcs, notably in the right and bottom regions of the structure, as
seen in the illustration. In addition, the currents flow in a certain direction within the
absorber design and reach a maximum value of 16.37 A/m.
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Figure 3.8: Analysis of the suggested design’s surface current density at the Absortivity
frequency.
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The figure 3.9a illustrates how altering the diameter of the first ring affects the
absorption properties of the absorber. It is evident that decreasing the diameter of the
first ring leads to a significant reduction in the maximum absorption rate. Decreasing
the diameter of the ring changes its resonance frequency. Reducing the diameter of
the resonator alters its inductance and capacitance, resulting in a frequency shift in
the resonance and a decrease in the efficiency of energy absorption.

The figure 3.9b illustrates that as the radius of the inner ring increases, there is
a significant reduction in the absorption rate. This is attributed to changes in reso-
nance characteristics, inefficient field distribution, and impedance mismatching. This
emphasizes the susceptibility of the absorber’s efficiency to the geometric characteris-
tics of the resonant components According to the figure 3.9¢ , the ideal height for the
absorber’s substrate is 2 mm. At this elevation, the absorber functions with optimal
efficiency, delivering the highest level of absorption. Deviation from the ideal height
leads to reduced absorption efficiency, suggesting that the substrate height has a sub-
stantial influence on the performance of the absorber ; from here the best best valeu
is R1=4mm and R2=2.39mm.

The diagram 3.9d illustrates that the gap C in each ring has an impact on the
absorption efficiency. The absorption efficiency is maximized when the gap size is set
at 0.3 mm. Any deviations from this value result in decreased absorption, suggesting
that the size of the gaps inside each ring is crucial for attaining optimum performance.
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Figure 3.9: Simulated absorption rates: (a) for various outer diameter rings, (b) for
different inner diameter rings, (c) for multiple substrate heights, and (d) for varied
gap values.

3.5 Modified Resistor loaded wideband conformal
metamaterial absorber

3.5.1 Unit cell design

In this part, we devlpe a compact structure of SachinKalraiya and all [84] to produce
an ultrathin, inexpensive MMA that is polarization-insensitive and functional through-
out a wide frequency range. The estimated bandwidth for effective absorption (more
than 90%) ranges from 4 to 18 GHz. Achieving an improved ultrathin design, featuring
compact broadband polarization insensitivity and wide-angle absorption, specifically
optimized for transverse electric (TE) incident waves. This advanced structure demon-
strates exceptional performance in maintaining consistent absorption across a broad
range of incident angles and frequencies, while ensuring minimal sensitivity to the po-
larization of incoming waves, making it ideal for applications requiring compact and
efficient energy absorption. The MMA structure confirms that its absorption is indif-
ferent to polarization angles. Furthermore, when TE-polarized waves are encountered
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at 50° angles of incidence, the suggested MA absorbs more than 85%. Different ge-
ometrical characteristics and their effect on the spectral absorption were studied.In
Figure 3.10 we see the unit cell design of The absorber. The design consisting tree
layer a metallic layer, a resistive layer , and a layer of flexible polyethylene terephtha-
late (PET) substrate (¢, = 3.5 and tand = 0.015). A metallic cross-shaped resonator,
which is equipped with lumped resistors, is used for the top layer.

A 5

-
<

(@)

Air

Copper Ground

Figure 3.10: a)Schematics view of the absorber structure ; b) side view.

The suggested geometrical structure of the unit cell is constructed on a polyethylene
terephthalate (PET) substrate with a thickness of 6 mm, which contributes to the
absorber’s overall compactness. The absorber’s absorption is defined by A = 1-R-T,
where the background is made up of metals, resulting in a zero transmissivity. The unit
cell’s characteristics are suitably tuned so that the incident wave is properly linked.
The suggested absorbers are simulated using Ansoft HF'SS with Master-slave boundary
condition and The MMA optimal unit cell parameters are shown in Table 3.3.

3.5.2 Simulation Results

Figure 3.11 illustrates the theoretical absorptivity values of the absorber, which
demonstrates over 90% absorption all over the frequency range of 4 GHz to 18 GHz
when the incident angle is normal.
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Table 3.3: Geometric parameters list of The proposed design.

Parameter | Value
A 12.5 mm
B 4.4 mm
C 2 mm
D 1.6 mm
R 90 Ohm
N 1 mm
M 0.8 mm
h 6 mm
hl 0.16 mm
084

1
on T T T T T T T T T 1 -18 T T T T T T T
3 W 3 3

Figure 3.11: Simulated absorption and S11 of the flexible absorber.

a)Effect of oblique incidence wave:

Figure 3.12 depicts the absorber’s absorptivity values as a function of incidence
angle for TE polarization, where the incident angle covers from 0 degrees to 50 degrees
by a factor of 10 degrees. At incidence angle 50 degrees, the absorption values are
higher, with values more than 0.8 at two separate frequencies and frequency ranges.
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Figure 3.12: The estimated absorptivity when the incident angle is changed for TE
polarization.

b)Effect of the polarization angle:

Absorption efficiency changes as a function of polarization angle for normal inci-
dence are seen in Figure 3.13. Here, the microwave moves in a path parallel to the z
axis, while the electric field and magnetic field maintain a constant angle with respect
to the x and y axes. It is important to remark that the absorption curves coincide
precisely for a variety of polarization orientations. This is due to the fact that the
flexible absorber’s surface resonant unit cell has a radially symmetrical pattern. So,
the suggested structure has great absorption performance despite polarization. The
preceding research shows that the planned absorber has a large polarization operating
area.
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Figure 3.13: The estimated absorptivity when the polarization angles is changed.

d)surface current distribution:

Studying the surface current distribution of the suggested structure helps to further
comprehend the radiation process of the device. Figure 3.14 shows that at 17 GHz,
the current is located around the cross-shaped resonatorsbecause the greatest surface
current is highest near in the middle of the SRR.

Al/m
20.7

Figure 3.14: surface current distribution at 17 Ghz.
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3.5.3 Comparison with others study

Table 3.4 Illustrates the differences between the suggested absorber configuration
and other presented absorber designs. The technique discussed here is innovative in
that it produces a wide absorption bandwidth with fewer resistors while having smaller
electrical dimensions and thickness

Table 3.4: Comparison of Electrical Size, Electrical Thickness, and Fractional Band-
width

. . Electrical Fractional
Study Electrical Size Thickness Bandwidth
[85] 0.16 X 0.41) 91.6%
[83] 0.14) 0.098 ¢ 82.6%
Original
structure [34] 0.8\ 0.88)\g 123%
Our Modified 0.14), 0.6) 127%
structure

3.6 Conclusion

This chapter thoroughly looked at multiple types of metamaterial absorbers, with
particular focus on theoretical modeling and practical simulations to improve per-
formance in diverse applications. We started by examining the fundamental design
concepts and doing a parametric analysis. Through this process, we identified the key
elements thathave an important effect on the absorption efficiency of MMAs. These
factors include the incidence angle, substrate thickness, and material selection. The
implementation of an extremely thin absorber designed for flexible applications in the
Ka frequency range showcased the capability of metamaterial absorbers (MMAs) to
achieve significant absorption rates while preserving a compact and adaptable shape.

As we move to the next chapter, we will shift focus towards developing new designs
through wideband performance simulations and further optimization. Building on the
theoretical insights gained in this chapter, the next chapter will delve deeper into the
design and simulation of wideband flexible MMASs, highlighting how these concepts
can be refined for enhanced performance and practical applications.
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4.1 Introduction

This chapter explores into the comprehensive process of developing effective meta-
material absorbers devloped in this study, starting from the theoretical design and
simulation to the optimization of absorber parameters and finally the fabrication of
the optimized structures. The efficacy of metamaterial absorbers depends on their
capacity to modulate electromagnetic waves via specific structures, often represented
using equivalent circuit or transmission line models.

This chapter starts by presenting the proposed design in details then describe the

equivalent transmission line model of the absorber, which provides an additional per-
spective of how the absorber’s structure works with the incoming electromagnetic
waves. By decomposing the complex shape of the absorber into manageable transmis-
sion line sections, we can systematically examine the impedance matching, resonance
characteristics, and overall absorptivity.
Based on the theoretical model, we investigate the electromagnetic field distributions
within the absorber. Our focus is on analyzing the electric field, magnetic field, and
surface current distributions.Next, we analyze the normalized impedance of the ab-
sorber when it is subjected to normal incidence. This factor is essential for obtaining
minimum reflection and maximum absorption; also examines the efficient permittiv-
ity and permeability of the absorber, which are important factors that define the
absorber’s reaction to electromagnetic fields and impact its capacity to absorb.

Finally, the chapter covers the fabrication process of the optimized MA, outlin-
ing the practical challenges and solutions encountered during the materialization of
theoretical designs into physical prototypes. This comprehensive approach not only
demonstrates the potential of metamaterial absorbers in practical applications but also
provides insights into the integrated process of design, simulation, optimization, and
fabrication.

4.2 Presentation of The Structure

4.2.1 Design description

The design we presented for the metamaterial absorber (Figure 4.1) included a wire-
coil resonator structure. The wire coil resonator is an unfamiliar element used in the
construction of metamaterials. We selected it based on its ability to produce strong
magnetic resonances, which are essential for improving the material’s absorption ca-
pacities. In our design, we made accurate modifications to the size of the SRR in order
to improve its capacity to control electromagnetic waves within the specified frequency
range of 16.5 GHz to 27.3 GHz. The suggested unit cell of the flexible wideband MMA
consists of a single layer with 3 turns of split wire resonator on the top side, which
is placed on a terephthalate (PET) substrate. Polyethylene terephthalate (PET) is
used as the dielectric substrate due to its advantageous combination of flexibility and
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affordability. The goal was to improve the resonance frequencies of the F'SS in order
to achieve maximum absorptivity within the specified frequency range [86].

Resistive FSS

Terephthalate (PET)
substrate

h Copper Ground

a) b)

Figure 4.1: The Structure of the proposed MMA, as seen from two different perspec-
tives. a) A view from the side. b) A look at the front.

The key parameters adjusted in the design included:

e The inner radius (R0) was tuned to a specified value of 0.3 mm. This optimiza-
tion allows for tuning the higher resonant mode to the upper end of the frequency
spectrum.

e The wire coil end angle was configured to 180 degrees, determining the angle at
which the wire coil terminates and impacting the inductive characteristics of the
coil.

e Wire coil start angle: The wire coil’s beginning angle was optimized to 90 degrees,
which directly affected the initial inductance and the total resonance.

e The parameter ”Wire coil angle” is set to a particular value in degrees, and it
directly influences the magnetic resonance by determining the angular extent of
the wire coil.

e Wire coil turns (N): The wire coil was configured with a precise number of turns,
namely 3, which plays a critical role in calculating the inductive coupling and,
therefore, the resonant frequency.

e The trace width (Ws) of the wire coil was configured at 0.1 mm, which directly
impacted the resistance and inductance of the coil.

e The wire coil trace (t) was set to a specified value of 0.035 mm. This number
represents the height of the trace and has a significant impact on the overall
electromagnetic characteristics of the coil.
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e Wire coil progress (g): This parameter, when set to a given value, governs the
movement of the wire coil along the structure, hence modifying the system’s
inductance and capacitance.

4.2.2 Simulation Setup

The unit cell architecture of the proposed design was simulated systematically using
CST MICROWAVE STUDIO™ 2021. To simulate the electromagnetic wave propaga-
tion along the z-axis, open space boundary conditions were applied in the z direction.
Meanwhile, periodic boundary conditions were set along the x and y directions to
represent the unit cell structure. Table 4.1 contains the requested simulation settings.

Table 4.1: Specifications and parameters used in the simulation.

Name

Value

Frequency Range

15-30 GHz

Substrate Material

Terephthalate (PET) substrate (¢, = 3.5 and tand = 0.015)

Substrate Thickness

1.6 mm

Conductivity of SRR

Copper; 0.035 mm

Boundary Conditions

The open-space

The wire_coil_end_angle

180 degrees

The wire_coil _start_angle | 90 degrees
Wire_coil_angle (E) 45 degrees
Wire _coil_turns 3
Wire_coil_progress 0.4 mm
Inner Radius of Spiral 0.3 mm
Trace Width 0.1 mm
Wire_coil trace_height 0.035 mm
a 12.5 mm

4.2.3 Simulation Processs

Implementing the wire-coil structure on a dielectric substrate was a crucial step in
the modeling process. The substrate material was selected based on its appropriate
dielectric characteristics, including permittivity and loss tangent, to facilitate the nec-
essary frequency functioning. The absorber’s performance is evaluated based on its
ability to achieve an absorption efficiency greater than 90%. As illustrated in Figure
4.3, the absorption bandwidth extends from 16.5 GHz to 27.3 GHz, resulting in an
absolute bandwidth of 10.8 GHz. The fractional bandwidth (WFRA) [55] is calculated
using the formula WFRA = 2(fU - fL) / (fU + fL), where fU and fL represent the
upper and lower frequency limits for absorption above 90%. The calculated WFRA is
around 50%, indicating ultra-wideband absorption. With a thickness of 1.67 mm, which
is approximately 0.09 times the wavelength of the lowest absorption frequency (16.5
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GHz), the proposed design fulfills the criteria for subwavelength structures, making it
a promising candidate for a wideband metamaterial absorber.
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Figure 4.2: the simulated Absortivity and reflection coefficient S11 of the PMA

4.3 Analysis and discussion

4.3.1 Equivalent Transmission Line Model

To assess the structural performance of the proposed absorber, simulations were
carried out using Keysight’s PathWave Advanced Design System (ADS) software. As
depicted in Figure 4.3, the unit cell consists of a three-turn open-loop split-ring res-
onator (SRR). Each SRR is modeled as a series combination of RLC components,
connected in parallel. The dielectric substrate is represented as a transmission line
with a characteristic impedance of 300 ohms. The inductor in the final stage of the
model accounts for the spacing between the coils, offering a comprehensive represen-
tation of the absorber’s structure and behavior. The inductances L1, 1.2, and L3 were
calculated from the outer ring, outer ring additional components, and inner rings,
respectively, using Equation (4.2) [87].

w; + C

Li(nH) = 1.257 x 1073 X Pimean {m (&> + 0.078] . Kuy=12  (41)

The variables 7;pean, Wi, and t., represent the dimensions of the i-th SPAR ring
in micrometers. Specifically,they correspond to the mean radius, width, and copper
thickness of the ring, respectively. Kg is the adjustment factor that takes into consid-
eration the existence of the ground plane. The capacitances C1, C2, and C3 represent
the values for the lowest, middle, and highest frequencies, respectively, as calculated
using Equation (4.2), where f indicates the resonance frequency [88].
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To calculate the input impedance required for fabricating the unit cell, both the ohmic

loss (Ro) of the area occupied by the SRRs and the dielectric loss (Rd) of the substrate

must be considered. These factors are critical in accurately determining the unit cell’s
impedance and ensuring optimal performance in practical applications.

B Cell area ( 1 ) n @3

metallic area of SRR \ o6

In the case of a metallic split-ring resonator (SRR),The conductivity (o), skin depth
(0), and surface resistance (%) are important parameters in the study of electromag-
netic materials and metamaterials.. Surface resistance refers to the resistance of the
non-metallic region within the resonator. The total resistance is inherently tied to the
surface resistance at each resonance frequency, as it directly influences the absorption

behavior of the unit cell. This relationship can be described as: ;

) »

In this context, S represents the total length of the resonator, while P denotes the
period of the unit cell. The dielectric loss (Rd)can be efficiently calculated using simu-
lation data based on the unloaded capacitance of the SRR. Rd is treated as a variable
resistor in the simulation, allowing for adjustments to achieve the desired S values,
thus simplifying the overall calculation process [89]. During the simulation, a 50-
ohm impedance is connected to the output of the circuit design to provide impedance
matching. In the S-parameter simulation setup, certain start and stop frequencies are
selected. The frequencies range from 16 GHz to 30 GHz, with an increment of 2 GHz.

(4.2)

I’]'_.
=13 Ohm R=206 Ohm |R=1.7kOhm Z=3000hm
E=66
F=22GHz
g R=17 Ohm s
= _ = L=84nH =
L=41nH L=4.9nH L=1nH F22CHz

T—os pF C=9pF C=12pF

Figure 4.3: The equivalent circuit model for the geometry of the PMMA

To determine the equivalent resistance in an RLC circuit, the absorptivity was
adjusted to observe how changes in its magnitude whether an increase or decrease
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affect the overall behavior. The estimated parameters were fine-tuned to approximate
the S11 curve obtained from CST simulations. Figure 4.4 shows a comparison between
the absorption rate calculated through full-wave modeling and the Equivalent Circuit
Model. The close similarity between the two absorption curves confirms the accuracy
of the equivalent circuit approach.
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Figure 4.4: Evaluation of absorption characteristics through numerical simulations
using CST and ADS.

4.3.2 Electric Field,Magnetic Field and Surface Current Dis-
tribution.

a)Electric Field and Magnetic Field Distribution

To gain a thorough understanding of the device’s wide absorption range, we ana-
lyzed the electric and magnetic field distributions at three specific frequencies: 19.4
GHz, 21.7 GHz, and 27 GHz. The modeling results indicate that 19.4 GHz and 27
GHz represent key points within the absorption spectrum, corresponding to the highest
absorption levels. The 21.7 GHz frequency falls between these two peaks.

In Figure 4.5, at the first peak frequency of 19.4 GHz, the distributions of the electric
field (E-field) and magnetic field (H-field) are primarily concentrated at the outer edges
of the structure. This suggests a strong resonance effect, with the interaction between
the electric and magnetic fields at the edges of the unit cell being critical for energy
absorption.

For the second peak at 27 GHz, as illustrated in Figure 4.5, both the electric and
magnetic fields are focused in a specific region within the unit cell. This indicates a
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more intense interaction among the internal components of the structure, enhancing
absorption at this higher frequency. The notable interaction in the central part of the
fundamental element at 27 GHz underscores the significant role of surface Resonator
configuration in achieving broad-spectrum absorption.

In contrast, at the intermediate frequency of 21.4 GHz, shown in Figure 4.5(c),
the electric and magnetic fields are less concentrated than at the peak frequencies.
The field distribution across the structure is more even, resulting in lower absorption
compared to the peaks at 19.4 GHz and 27 GHz. This highlights the importance of
field concentration in influencing the efficiency of the absorption process at different
frequencies within the spectrum.

b)Surface Current Distribution

An analysis of the surface current distributions at the same frequencies has been
completed to clarify the absorption behavior of the metamaterial absorber being sug-
gested. This analysis is shown in Figure 4.6. At a frequency of 19.4 GHz, the current
distribution is mostly focused on the surface of the spiral wire-coil components. These
elements play a crucial role in creating the lower absorption band. The robust surface
currents in this area demonstrate the substantial contribution of these constituents to
the energy absorption process.

At a frequency of 27 GHz, a similar pattern is seen, where the surface currents are
mostly concentrated around the SRR structures, but with a higher level of strength
in comparison to 19.4 GHz. This indicates that there is an increased resonance effect
at higher frequencies, which causes a wider range of frequencies being absorbed. Fur-
thermore, at both frequencies of 19.4 GHz and 27 GHz, the surface currents in the top
resistive layer and the metal ground plane converge in opposing directions, resulting in
the formation of magnetic resonance. The counterflow of currents plays a crucial role
in the absorber’s capacity to efficiently capture and disperse electromagnetic energy.

In contrast, at the intermediate frequency of 21.7 GHz, the surface current is less
intense and more evenly distributed across the structure. This reduced concentration of
current correlates with the lower absorption observed at this frequency, as less energy
is gathered and dissipated compared to the peak frequencies. Notably, the current
intensity in the lower layer is consistently lower than in the upper resistive layer at all
three frequencies. This indicates that a significant portion of the energy is absorbed
by the upper resistive layer before reaching the lower layer, which contributes to the
absorber’s capacity to handle a wide range of frequencies.
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Figure 4.5: (a,c and e)Electric field at 19.4 , 27 and 21.7 GHz respectively.(b,d and f)
magnetic field distribution at 19.4 ,27 and 21.7 GHz respectively.
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Figure 4.6: Surface current distribution at (a) 19.4 and (b) 27 GHz and (c) 21.7 GHz.

4.3.3 Normalized Impedance at Normal Incidence

Equation 4.5 illustrates the scattering characteristics used to calculate the normal-
ized input impedance (Zin) of the proposed absorber, as depicted in Figure 4.7. The
input impedance of the absorber is nearly equivalent to the impedance of free space
(377 + j0), indicating minimal power reflection from the structure. As a result, max-
imum absorption occurs within the targeted frequency range, where the real part of
the normalized input impedance is approximately equal to one (around 1) and the
imaginary part is close to zero.

(I Su(f)? - S3.(f)
7 \/ (T=Su(NP =S4/ )
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Figure 4.7: The normalized impedance of the proposed absorber at normal incidence.

4.3.4 Effective Permittivity and Permeability

To provide more knowledge of the absorption character, the effective permeability
(tefr) and permittivity (o) of the suggested structure are shown in Figure 4.8 (a) and
(b). These were generated using the following equations [89].

c 1 -5 —5h
e = - 4.
Gﬂ(f) i fd (1+521+S11> ( 6)
. C 1-— 521 + 511
walh) = (et (47)

At the absorption frequencies, the real components of both permittivity and per-
meability approach zero (e.q < —0.004; peg < 0.02), signifying negligible reflection. In
other words, when the real parts of the permittivity and permeability exhibit nearly
opposite signs within the absorption band, it results in no transmission.
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Figure 4.8: a)Effective permitivity and b) Effective permittivity of the designed ab-
sorber

4.3.5 Polarization and incident angle stability

Figure 4.10 demonstrates the absorptivity of the prototype at various polarization
angles. This was carried out to confirm that the suggested wideband absorber is
not influenced by changes in polarization. During these experiments, the electric
field and magnetic field are positioned at right angles to the x and y axes, while the
microwave propagation takes place along the z axis. It is significant that the absorption
curves maintain consistency regardless of the polarization angles, indicating that they
exhibit the same behavior regardless of the direction of polarization. The unit cell’s
surface resonance pattern exhibits rotational symmetry around its central axis, which
explains its constant performance. Consequently, the suggested absorber design has
excellent absorption properties that are not affected by polarization, ensuring stable
performance across different polarization states.
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Figure 4.9: The polarisation angle’s effect on absorption performance under normal

incidence.

The previous study demonstrates that the proposed absorber performs effectively
over a wide range of polarization and incident angles, accommodating both TE and

TM modes.
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Figure 4.10: The Proposed MMA absorption spectra for a)TE and b) TM polarizations
at different incident angles.

Figure 4.10 illustrates the absorption responses of TM and TE polarizations for
oblique incidence angles from 0° to 50°, with a fixed angle of 0° for phi. Figure 4.10a
illustrates the change in angle when light is incident at an oblique angle. We use
rotational displacement to alter the magnetic field and wave propagation vector, while
simultaneously maintaining a consistent direction for the electric field.
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4.3.6 The substrate thikness

The Figure 4.11 depicts the absorptivity of the metamaterial absorber in relation
to the thickness of the substrate (h), which varies from 0.8 mm to 1.6 mm. The data
unambiguously demonstrates a significant increasing in absorptivity with increasing
substrate thickness. The increase in substrate thickness results in a decrease in the
absorber’s capacity to adjust to the incoming electromagnetic waves, which therefore
reduces the total absorption efficiency.

In addition, this figure demonstrates that the absorber’s conformality decreases as
the substrate thickness increases. The deterioration is probably caused by the greater
separation between the resonant components and the ground plane, which changes
the distribution of the electromagnetic field and reduces the interaction between the
incoming waves and the absorber’s resonant structure.

In order to enhance the absorption efficiency and ensure a wide range of absorption
frequencies, a thin and flexible substrate measuring 1.6 mm in thickness was used.
The use of a thinner substrate not only increases the absorption bandwidth, but also
maintains the flexibility of the absorber, allowing it to adapt to different surfaces. This
flexibility is important for practical applications that need the absorber to be mounted
on curved or irregular surfaces.
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Figure 4.11: The absorption spectra for differences thickness of the substrate.
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4.4 Comparison with Literature

Table 4.2: Comparison analysis with state-of-the-art metamaterial absorbers

Total Bandwidth Desien
MA Thickness Absorptivity Flexible o egrt
(mm) spans (GHz) property
4.8 to 11.1 GHz Circuit equivalent
[90] 3.8 (6.3) NO based on IoT
Polyimide film, PET
[91] 8 8.2 t(()71§) GHz NO and Ground separated
' by PMI layers
Circle and a slotted
85 7.5 YE sector, loaded wit
3.9 to 10.5 GHz S loaded with

(6.6) lumped resistors

Copper, rubber
YES substrate, PET,

92] 97 6.68 to 18 GHz

(11.32) resistive film
Silicone rubber,
7.6 to 18.3 GHz Polyimide, resistive
[83] 3.302 (10.35) YES FSS with four
lumped elements
Foam, PET, cross-
3.25 to 16.3 GHz shaped resonator
[84] 8.23 (10.35) YES loaded with lumped
resistors
Proposed 16.5 to 27.3 GHz PET,
esign . spiral coi
desi 1.67 10.8 YES iral coil SRR

A comparative analysis has been carried out between the suggested metamaterial
absorber, which depends on a wire coil construction, and other flexible metamaterial
absorbers (MMAs) that use various resonator forms. The comparison is clearly shown
in Table 4.2, which emphasizes the distinctive characteristics and benefits of the sug-
gested design. The table illustrates many essential characteristics that differentiate
the suggested absorber as an innovative addition to the field.

Initially, the frequency selection of the suggested absorber is fine-tuned to specif-
ically target essential bands that are significant for diverse practical purposes. The
exact frequency targeting of this design improves its relevance and efficacy in compar-
ison to other designs. Moreover, the suggested absorber has a compact design, which
makes it ideal for situations where limited space is of utmost importance. Furthermore,
the suggested design provides a greater bandwidth, allowing it to effectively capture
a broader spectrum of frequencies. The wideband performance is especially beneficial
in situations that need absorption of many frequencies. The design’s simplicity is a
notable quality that not only simplifies manufacturing but also decreases production
costs, making the absorber more accessible for wider application. In addition, the sug-
gested absorber has exceptional polarization stability, ensuring constant performance
independent of the polarization angle of the incoming wave. Ensuring stable function-
ing is essential in real-world circumstances where polarization angles may fluctuate.
Ultimately, the absorber’s pliability enhances its adaptability, enabling seamless incor-
poration into curved or uneven surfaces while maintaining optimal functionality. The
suggested wire coil-based metamaterial absorber represents a substantial improvement
over existing flexible MMAs, since it combines a set of highly desired qualities that
are suitable for many applications.
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4.5 Optimization of the MMA Parameters

The flexible broadband MMA, illustrated in Figures 4.12, comprises two main lay-
ers: a resistive frequency selective surface (FSS)layer and a polyethylene terephthalate
(PET) substrate. The top layer features a spiral coil design. Notably, a copper layer
in the background acts as a reflective surface, effectively bouncing back the incoming
wave. The PET substrate has a thickness of 1.6 mm, a permittivity of 3.5, and a loss
tangent of 0.015. The copper layers on both the top and bottom are 0.035 mm thick.
the absorber is optimized for the widest possible absorption band.The wire coil width
(Ws) is precisely set to 0.2 mm. Additional geometric parameters include a unit cell
size (a) of 3.5 mm, an inner spiral radius (R0) of 0.3 mm, a wire coil connection space
(We) of 0.8 mm, and a wire coil progression (g) of 0.4 [93].

Figure 4.12: The optemized strecture

Unit-cell boundary conditions were applied to the x and y axes, with the elec-
tromagnetic wave (EMW) propagating along the negative z-axis. The metamaterial
(MM) exhibited reflection R(w) and transmission T'(w), expressed as follows:

R(w) = |Su(w)/* (4.8)

T(w) = [Sa1(w)[? (4.9)

The transmission parameter Ss; can be described as a function of the material
thickness d:

1

So1 = : 4.10
2 cos(nkd) — £ (Z5L) sin(nkd) (4.10)

In this equation, n represents the complex refractive index, expressed as:
n=n'+in" (4.11)

and Z denotes the complex impedance, expressed as:
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Z =27 +iZ" (4.12)

When the absorber’s impedance equals the impedance of free space, Z(w) becomes
1. In this condition, where Zj is the characteristic impedance of free space, the equa-
tions governing the reflection and transmission of the wave within the material are

given as:

Z(w) —1)?
R(W)(zw)—1) = |51 |? = (%) =0 (4.13)
T(W) (nys00) = |Sn|? = [ — e7™"M2 = Jim 720"k — (4.14)

When n” approaches infinity, it indicates that the absorbing structure possesses a
high level of EM wave attenuation. The absorption rate A is given by:

Aw) =1- Rw) - T(w) =1 (4.15)

Broadband absorbers are frequently evaluated based on their bandwidth, which is
determined by measuring the absorption rate and aiming for values greater than 90%.
The optimized absorber in this case demonstrates a wide range of effective absorption,
spanning from 17.9 to 27.9 GHz, as shown in Figure 4.13. The bandwidth has a fixed
value of 10 GHz, meeting the criteria for wideband absorption. The absorber has
a thickness of just 1.6 mm, which is approximately 0.095 times the wavelength at its
operating frequency of 17.9 GHz. This thickness meets the criteria for a subwavelength
structure. Therefore, the proposed design is a thin broadband metamaterial absorber.
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Figure 4.13: The new Absorption simulated at standard incidence conditions.
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Figure 4.14 illustrates the core unit of the absorber structure, which consists of a
three-turn coil open-loop resonator (SRR). This SRR is modeled using a series combi-
nation of resistance (R), inductance (L), and capacitance (C) elements, connected in
parallel. The dielectric substrate in the proposed absorber is modeled as a transmis-
sion line with a characteristic impedance of 417 ohms. Furthermore, the inclusion of
the final inductor in the model accounts for the distance between the coils, offering a
detailed view of the absorber’s structure and its interaction with EM waves.

— i
i B I LSC
R 5 = TLN L2
R=10 27 Ohm [t} S 2 T2 Z=50.0 Ohm
R=131.54 Chm [§ R=2.32 kOhm {§ ?‘3;7 Ohm {§ ot E=3'3'“Hz
=55 ef =22 Gl
F=22GHe
T Lz L
. L=8.223 nH {} L3 L
L=48.33nH R 102 0H 3 Lo
R= = L=115.82 nH {i}
- = o
< TermG1 R=17.85 Ohm {t}
S | Mum=1 - <
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C=0E72 F {f] -
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et (&
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T T 25 1 T C=12.24 FF{g

Figure 4.14: Topological representation of the equivalent circuit for the geometry of
the Proposed MMA

The accuracy of the modeling approach is validated by comparing the absorption
rates obtained through full-wave modeling and the equivalent circuit model. Figure
4.15 presents this comparison, showing the absorption rate curves derived from both
methods. The close alignment of the two curves demonstrates the validity of the
equivalent circuit concept, confirming that the simplified RLC representation accu-
rately captures the absorber’s behavior.
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Figure 4.15: Comparative analysis of absorption rates using numerical simulations in
CST and ADS.

4.6 Fabrication Process Overview

4.6.1 Experimental Setup and Measurement Outcomes

To verify the efficacy of the Proposed MMA, a prototype was fabricated using the
photolithography process, incorporating optimal geometric properties. Initially, the
PCB method was employed to create a sample consisting of 40 x 40 individual cells.
The prototype was constructed using a PET substrate on both sides, with dimensions
of 500 x 500 x 1.6 mm. Figure 4.16 shows the constructed prototype, while Figure
4.17 depicts the measuring equipment.

The S-parameters for the PMMA were acquired using a horn antenna and a vector
network analyzer (AgilentFieldFox®) model N9918A). Initially, S-parameters for an
ideal reflector were established as a reference.Subsequently, the S-parameters for the
PMMA were measured, and subtraction was employed to mitigate the influence of
factors such as edge reflection, diffraction loss, and scattering loss between the two
sets of measured data.
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Figure 4.16: Photographic representation of the constructed PMMA.
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Figure 4.17: Visual representation of the experimental setup: (a) Complete experi-
mental configuration, (b) Measurement setup for absorptivity, (c¢) Zero-backscattering
reference (Spaac = —00 dB), (d) Backscattering coefficient of the test surface.

Figure 4.18 presents the observed absorption of the PMMA in contrast to the es-
timated values, demonstrating a significant degree of concurrence. The prototype’s
absorption spectra were measured, highlighting the difference between the observed
and expected results for the planar absorber.The measured results closely match the
broadband absorption pattern observed in the calculations, although the absorption
rate is somewhat reduced at specific frequencies. The difference in the results can be
attributed to diffraction and scattering of waves [94], as the sample’s inability to match
the conditions for infinite geometry leads to edge diffraction during characterization,
resulting in minor variations observed during the manufacturing phase. Addition-
ally, the PMMA can be modified by adjusting the frequency range it functions within
through the incorporation of an active component, such as a varactor diode [95].
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Figure 4.18: The absorptivity of the proposed MMA, as determined via both measure-
ment and simulation.

Table 4.3 provides a comprehensive comparative study of several MMAs, focusing
on important factors such as absorption bandwidth, unit cell size, thickness, and design
propriety. The table also indicates whether the examined absorbers are constructed
using multilayered or lumped element designs. The current MMA design offers dis-
tinct advantages, including small thickness, perfect absorptivity, and a broadband
absorption response, achieved without the complexity of multiple layers or concen-
trated components.Comparing our study’s frequency bandwidth of [17.9 to 27.9] GHz
with literature findings reveals significant superiority. For instance, Zolfaghary pour
et al. [96] ,Chen et al. [33], Singh et al. [37] [97], and Nguyen et al. [98] reported
bandwidths ranging from approximately [7.1 to 13.8] GHz,[7.1 to 18.3] GHz, [7.39 to
18] GHz,and [8 to 18] GHz, respectively. Our bandwidth exceeds these ranges by
approximately [25 to 60]%, demonstrating our absorber’s ability to efficiently operate
over a broader spectrum. De Aratijo et al. [99] and Saadeldin et al. [100] achieved
narrower ranges of [11.4 to 20] GHz and [12 to 20.2] GHz, respectively, indicating a
narrower performance compared to our study. Kalraiya et al. [85] had the narrowest
bandwidth of [3.90 to 10.5] GHz, significantly less than our absorber. These compar-
isons underscore our MMA design’s robust capability in accommodating diverse EM
frequencies for enhanced absorption efficiency across a wide range of applications.
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Table 4.3: Comparison of Various Metamaterial Absorbers

Frequep < U.mt Cgll Thickness Multi-layered

Study Bandwidth Dimension 3
(GHz) (x10-% m) (x107° m) / Lumped Elements

Zolfaghary et al. [96] 7.1-13.8 15 x 15 6 NO / NO
Singh et al. [97] 7.39 - 18 14 x 14 3.2 YES / NO
Nguyen et al. [98] 8§18 9.7 x 9.7 2.5 NO / YES
De Araijo et al. [99] 11.4 - 20 3.65 x 3.65 1.6 NO / NO
Saadeldin et al. [100] 12 - 20.2 3.7 x 3.7 1.6 NO / NO
Kalraiya et al. [85] 3.90 - 10.5 12,5 x 12.5 7.57 YES / YES
Present Study 17.9 - 27.9 12.5 x 12.5 1.6 NO / NO

4.7 Conclusion

In this chapter, we looked at the structure and efficiency of the suggested meta-
material absorber, with especially focused on its ability to absorb a broad range of
frequencies. The transmission line model, which is analogous, offers a theoretical foun-
dation for comprehending the interaction between the structure and electromagnetic
waves. Through the analysis of the electric and magnetic field distributions at certain
frequencies, we have shown that field concentration is crucial in attaining significant
absorption. The evaluation of normalized impedance and effective material character-
istics also showcased the absorber’s effectiveness and its ability to work regardless of
polarization. The investigation on the impact of substrate thickness emphasized the
significance of a thin substrate in keeping efficient absorption and flexibility. In sum-
mary, this chapter provides evidence that the suggested absorber is well engineered to
provide dependable, broad-band absorption for a range of uses.
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Conclusion and Perspectives

As we conclude this exploration into metamaterial absorbers, our research signifies a
notable advancement in the field of electromagnetic materials and their applications.
This thesis has delved deeply into the design, simulation, optimization, and fabrication
of metamaterial absorbers, offering new insights and solutions that push the boundaries
of current technology.

A key achievement of this work is the development and successful fabrication of a
wideband metamaterial absorber (MMA) that operates efficiently within the frequency
range of 17.9 GHz to 27.9 GHz. By leveraging innovative design techniques and op-
timizing various parameters, we have achieved a level of absorption performance that
surpasses previous benchmarks. The integration of a spiral coil split-ring resonator
(SRR) within the absorber’s structure has proven to be highly effective in broadening
the absorption bandwidth while maintaining high performance.

Our empirical results demonstrate not only a significant enhancement in the ab-
sorber’s bandwidth and absorption efficiency but also a robust fabrication process that
ensures the practicality and reproducibility of our design. The meticulous optimiza-
tion of parameters such as wire coil angles, trace widths, and substrate thickness has
led to an absorber with superior performance characteristics, setting a new standard
for future research and development in this field.

Central to our success is the innovative approach adopted in the design and fabrica-
tion processes. By combining advanced simulation techniques with precise fabrication
methods, we have achieved a high degree of accuracy in aligning simulated predictions
with experimental results. This approach highlights the effectiveness of integrating
theoretical models with practical fabrication techniques to create high-performance
metamaterial absorbers.

As we reflect on the significance of our work, it is clear that our research not only
advances the understanding of metamaterial absorbers but also opens new possibilities
for their application in various fields. The insights gained from this study offer a
solid foundation for further exploration and development, paving the way for future
innovations in electromagnetic materials and their applications. The methodologies
and results presented here provide valuable contributions to the ongoing advancement
of metamaterial technology and its practical implementations.

In perspective, future research could build on these findings by exploring additional
design modifications, alternative materials, and expanded frequency ranges. The con-
tinued refinement of fabrication techniques and the exploration of novel applications
for metamaterial absorbers hold the promise of further enhancing the capabilities and
impact of these advanced materials in various technological domains.
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