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Abstract

Metasurfaces are artificial structures carefully designed to exhibit extraordinary
characteristics, including the ability to exhibit negative refractive index, negative
permittivity, and negative permeability as well, which are unattainable in naturally occurring
materials. These subwavelength designs have found extensive applications and offer
enhanced efficiency in various fields, including solar energy harvesting, electromagnetic
(EM) shielding, beam splitting, and more. Although classical techniques like the Faraday
effect and bi-refringence can achieve perfect absorption of EM waves, they often come with
drawbacks such as increased costs, design complexity, structural non-linearities, and
bulkiness. Consequently, metasurface-based perfect absorbers have earned significant interest
among researchers over the past two decades and continue to be actively explored. Perfect
absorption can be achieved through the design of left-handed metamaterials (LHMSs), which
reduce losses and provide negative permittivity and permeability. Numerous LHMs have
been proposed in the literature; however, many designs lack angular stability and polarization
insensitivity.

In this thesis, we present three metasurface designs. The first design is a tetra-band
metasurface absorber intended for X and Ku band applications. It is based on the concept of
Split Ring Resonators (SRRs) and utilizes an FR-4 substrate. The proposed design exhibits
four distinct absorption peaks, with polarization insensitivity up to 90° and an angular
stability of 60°. Subsequently the 2" design entails a wideband metamaterial absorber (MA)
that proves to be highly suitable for deployment across a diverse range of energy bands,
specifically encompassing the C, X, K, and Ku frequencies. The structured MA design
incorporates Cyclic-4 (C-4) symmetry, having excellent angular stability and showing
excellent response to polarization insensitivity till 90°, which a huge achievement in case of
broad band meta surfaces. The design features a modified square ring-shaped structure
implemented on a FR-4 economical substrate, utilizing SMT resistors to achieve a high
absorptivity of 99%.

The third design is a frequency-tunable metasurface employing resistors, inductors, and
diodes. This design enables the metasurface to switch bands from X-band to Ku-band by
toggling the diodes on and off. Various parametric analyses and modifications were

conducted to optimize absorption. An in-depth analysis of surface current and electric field

Vi



distributions was conducted with the aim of comprehending the intricate absorption
mechanisms at play. To evaluate the simulated results the above designs MAs were
fabricated, and it has been observed that the simulated and experimental results have shown
good agreement with each.

The designed meta surfaces have extensive applications related to radar stealth material,
energy harvesting, and various microwave applications. It is worth noting that our planar,
symmetric, single-layered, and passive-elements-based MA design achieves superior

accuracy compared to previous studies.
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CHAPTER 1

Introduction

The chapter consists of theoretical background and motivation related to the below mentioned
thesis. The importance of meta surface has also been highlighted along with the objectives
outlined in the last section.

1.1 Understanding Polarization

The polarization of electromagnetic (EM) waves holds great significance within the scientific
community. EM waves exhibit three primary polarization types: linear, circular, and
elliptical. Linear polarization occurs when the electric field lies in a single plane, either
horizontally or vertically. Circularly polarized EM waves involve one of the vector
components, either x or y, being out of phase by 90° with respect to the other. Additionally,
the above-mentioned types can be seen as special cases of elliptical polarization. Each of

these polarization types offers unique advantages over the others.

Extensive research has been conducted to manipulate the polarization of EM waves. Various
techniques have been developed to convert one polarization form into another or to achieve
perfect absorption. EM wave absorption carries numerous benefits and has thus become a
subject of significant research within the field. Absorbers have gained substantial attention
due to their potential for industrial-level applications. Initially, the focus was primarily on
achieving metamaterial absorbers through the Faraday effect. However, these 3D
metamaterial designs proved to be costly, complex, and prone to system non-linearities.
Recent advancements have provided simpler methods and techniques for designing 2D
metasurfaces as alternatives to 3D metamaterial absorbers. These metasurfaces are easier to
design and fabricate, offering greater flexibility and lower costs. The subsequent section will

delve into the detailed importance of metasurfaces.



1.2 The Metasurfaces

Metamaterials are artificially structured designs that possess unique properties that are not
present in nature [1]. Based on their geometry, metamaterials can be categorized as either 2D
or 3D structures. Unlike traditional metamaterials, 2D metasurfaces are ultrathin and consist
of a periodic array with repeating unit cells alongside the x and y axes. It is crucial for the
thickness of the substrate to be below the wavelength scale [2-4]. The material properties,
including conductivity, permittivity, and loss tangent, used in the design and fabrication of
these structures, hold significant importance as they actively contribute to the behavior and
performance of the overall design. The design principles governing the geometrical
configuration of the unit cell of MA play a central role and will be discussed in subsequent
chapters. Fig. 1.1 illustrates a metasurface composed of single split-ring resonators (SRRS)
unit cells repeated along the x and y directions [5]. These 2D periodic metasurfaces can
operate in two modes: reflection and transmission. Figure 1.2 showcases a metasurface with a
cyclic-4 symmetrical unit cell design, enabling it to function as a perfect absorber [6].

Each mode of operation, whether reflection or absorption, carries its own significance and
application viewpoint. Metasurfaces designed for reflection and absorption modes
incorporate a ground plane, which restricts wave transmission and induces total internal
reflection. On the other hand, metasurfaces operating in transmission mode do not require a
ground plane. In the subsequent sections, a comprehensive analysis will be conducted to
classify metasurfaces, providing relevant examples to support the discussion.
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Figure 1.1: Metasurface consists of repeating split-ring resonator [5]



Figure 1.2: Metasurface absorber consists of repeating split-ring resonator [6]

Different techniques for the modes of operations have been realized in literature while

considering meta surfaces. Most significant techniques are discussed below with examples.

1.2.1 Anisotropic Metasurfaces

The geometrical configuration of the unit cell plays a crucial role in metasurfaces' ability to
convert polarization, primarily due to anisotropy. Anisotropy refers to the non-identical
configuration of a unit cell when it is split along different axes. Figure 1.3, illustrating a
double triangle unit cell design, can help illustrate this concept [7]. If the unit cell is split in
half along the x-axis, the geometry of each half after splitting should not be the same as when
it is split along the y-axis. This anisotropic behavior is exemplified in the structure depicted
in Fig. 1.3, which represents reflection mode in which an anisotropic metasurface operates.
When the unit cell is split along the x and y axes, the geometrical configuration should differ
for each half. Anisotropy is a desirable characteristic in metasurfaces as it leads to a
distribution of current within the structure which is non-uniform. In summary, the anisotropy
resulting from the unit cell's geometry is a fundamental aspect of polarization conversion in
metasurfaces. It is responsible for creating non-uniform current distributions, contributing to

the meta surface’s ability to manipulate polarization.
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Figure 1.3: (a) Anisotropic unit cell design of metasurface [7]

1.2.2 Chiral Metasurfaces

Polarization conversion is effectively demonstrated using chiral metasurfaces, which leverage
the generation of electromagnetic coupling at distinct resonant frequencies [8,9]. Chirality
refers to the absence of mirror symmetry in the structure, as illustrated in Fig.1.4. Within this
arrangement, patches are strategically situated on both the upper and lower surfaces of the
substrate. Notably, these patches are rotated relative to each other. Consequently, chiral
metasurfaces exhibit asymmetrical transmission patterns. This can be observed through the
distinct responses of the transmission coefficients in both forward and backward directions.
Researchers widely employ this technique to achieve polarization conversion and realize

asymmetrical transmission.

. anisotropic
o structure pair

Figure 1.4: Chiral structure of discussed metasurface [8]



1.2.3 Metasurface Absorbers

Metasurface absorbers are specifically designed to selectively absorb a desired frequency
band or peak. These absorbers are characterized by a four-fold or cyclic-4 (C4) symmetrical
structural design, wherein the structure maintains the same pattern after every 90° rotation
[10]. Upon splitting the unit cell along the x-axis, the resulting geometric configuration of
each half should mirror the identical pattern obtained when splitting it along the y-axis. This
adherence to cyclic-4 symmetrical design principles can be observed in the structure
illustrated in Fig.1.5, depicting a C4 symmetrical metasurface operating in absorption mode.
Suppose the unit cell of this structure is split in two halves along the x-axis and y-axis, it
should exhibit the same geometrical configuration for both halves. The C4 symmetry is
highly desirable in metasurfaces as it enables efficient absorption of electromagnetic waves

within structure.

H¥

K.z

Copper Port 2
B Diclectric

Figure 1.5: Absorber structure of discussed metasurface [10]
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1.2.4 Applications of Metasurfaces

Metasurfaces offer numerous advantages, including a compact profile, seamless integration
on chips, and straightforward fabrication processes. As a result, they find applications in
various fields, such as enhancing antenna radiation, suppressing scattering, reducing radar
cross-section, and enhancing gains through focusing lenses [11-13]. Additionally,
metasurfaces play a crucial role in polarization beam splitting and beam deflection.
Researchers have successfully demonstrated the independent manipulation of circular and
linear polarized waves using metasurfaces [14].
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Plasmonic metasurfaces have significant potential in optical communications, offering
opportunities for high-capacity communication, real-time holography, and adaptive optics
[15]. In the context of this thesis, we introduce a unique metasurface absorber that
encompasses a broad spectrum of applications across different frequency bands which
includes C, X, Ku, K, and Ka.

1.3 Objectives and Motivation

In the past decade, there has been a remarkable surge in the development of metasurface
absorbers for efficient absorption of electromagnetic (EM) waves. These planar, ultra-thin
metasurface absorbers offer significant advantages compared to previously employed
techniques such as the Faraday effect, Brewster effect, and optical cavity of crystals. These
conventional techniques were used for operations like polarization conversion, beam-
splitting, and absorption. However, the advent of metasurface absorbers has opened up new
possibilities due to their unique characteristics. Researchers are actively engaged in the
pursuit of ultra-thin, multi-functional, broadband, efficient, and angular stable metasurface
absorbers for various real-world applications. The aim is to develop metasurfaces that can
absorb EM waves effectively across a wide range of frequencies, while also maintaining
stability under different incident angles. Working principle of meta material absorbers is
defined by [16]:

A) = 1 — [S11(w)] = |S21(w)| (1.1)

In the context of the given scenario, [S11(®)| and |S21(w)| represent the magnitudes of the
reflectivity and transmissivity coefficients, respectively. It is apt to mention that the presence
of a ground plane results in complete reflection, leading to the absence of any transmission.

Consequently, |S21(®)] is equal to zero. The Equation (1.1) can then be written as

Aw) = 1 — S11(w) (1.2)

Moreover, for normally incident electromagnetic wave, |S11(w)| can be written as
(Z(w) — Zo) (1.3)

(Z(w) + Zo)

In the given context, Z(w) represents the impedance of the metamaterial absorber (MA),

1S11(w)| =




while Zo = 377 Q is known as free space impedance. The absorption phenomenon manifests
itself when the impedance Z(w) approaches a critical threshold, Zo, resulting in the
magnitude of the reflection coefficient, |S11(®)|, converging towards zero at the desired
absorption frequency. Recent advancements in the field of absorption have given rise to three
prominent methodologies that significantly influence the physical design and absorption
characteristics of metamaterial absorbers at specific frequencies [17]. These methodologies
encompass equivalent circuit theory (ECT), standing wave resonance theory (SWRT), and
multiple interference theory (MIT). Among them, SWRT has emerged as the most efficacious
approach for determining the structural parameters of metamaterial absorber designs [95]. As
a result, SWRT serves as the fundamental framework for selecting the structural parameters
in the proposed metamaterial absorber. By leveraging the principles of SWRT, the proposed
absorber incorporates two metallic layers, situated at the top and bottom, effectively
emulating a planar waveguide. This arrangement facilitates the calculation of standing wave

modes at the desired frequencies, thus optimizing the absorption performance. [95].

s " (14)
v = 2DV,

In the given equation, v symbolizes the light velocity in a vacuum, €, denotes the relative

permittivity, and D signifies the electrical length of the resonator at the specific desired
frequency. Additionally, it has been noted that the electrical length of each resonator is
approximately equivalent to one-fourth of the wavelength, a finding that has been verified

and confirmed. through a relationship [95]:

Le
Leff =7 (1.5)

In the given equation, A represents the wavelength corresponding to the absorption
frequency, while Le denotes the length of the resonator at the specified frequency.
Angular stability is a crucial requirement for metasurfaces, wherein they should
maintain their absorptivity at certain angles of TE/TM polarized EM waves.
Additionally, metasurfaces need to be polarization insensitive, with the unit cell
structure and periodicity determining the stability of polarization angles on the
surface. Considering the advantages offered by metasurface absorbers, it is essential
to achieve multifunctionality, broadband capability, angular stability, and high
efficiency within a single surface. Therefore, the main objective of this thesis is to
8



fabricate, design, analyze, and test metasurface absorbers that can simultaneously
provide broad operating bandwidth while maintaining insensitivity to the incidence
angle.

1.4 Thesis Organization

This thesis is organized into six chapters, each consisting of multiple sections and
subsections. Chapter 2 provides a detailed literature review and comparison of different
metasurfaces. It discusses existing research and highlights the strengths and weaknesses of
various metasurface designs. In Chapter 3, the design and analysis of the suggested
metasurface, capable of absorbing 04x frequency bands, are presented. The fabrication
process is also described, and a prototype of the metasurface is created for experimental
evaluation. Chapter 4 aims on the design evolution and experimental analysis of a broadband
metasurface. The chapter includes experimental results and analysis of the meta surface’s
performance. In Chapter 5, the design methodology, simulation results, and absorption
spectra analysis of a frequency-reconfigurable broadband metasurface are presented. The
design approach is described, and the meta surface’s ability to change its operating frequency
range is demonstrated through simulations. The absorptivity factors are analyzed to evaluate
performance of the frequency-reconfigurable metasurface. Finally, Chapter 6 provides a
comprehensive conclusion of the thesis, summarizing the key findings and contributions. It
also offers future recommendations for further research and development in the field of

metasurface design.



CHAPTER 2

Literature Review

Introduction

Metamaterials are artificially designed structures that exhibit unique electromagnetic
properties not found in natural materials. They offer a wide range of characteristics, with
absorptivity being one of the most recent areas of exploration. Absorptivity refers to the
inherent ability of metamaterials to absorb incident electromagnetic waves. The exceptional
absorption capabilities of metamaterials, combined with their tunability, simplified design
architecture, and near-broadband absorptivity, make them highly suitable for applications in

stealth technology.

Metamaterials find utility across various electromagnetic wave spectrums, spanning from
optical to microwave and visible frequencies. Their perfect absorption properties and ability
to manipulate electromagnetic waves make them particularly well-suited for stealth
applications and modules. Unlike naturally occurring materials, metamaterials possess
properties that enable them to achieve superior absorption performance. This has led to their

increasing significance in various fields.

These properties are not commonly found in natural materials, leading to the widespread
acceptance of the metamaterial definition among researchers [18]. Metamaterials are defined
as structured materials that simultaneously exhibit negative permittivity and negative
permeability [19]. Once these properties are achieved, other variables associated with the
material, such as phase velocity (Vo) and wave propagation, are also influenced, including
the possibility of backward wave propagation. The inherent properties of metamaterials
mentioned above make them highly suitable for a range of applications. Optical cloaking
[20], radiation response [21], perfect focusing lenses [22], electromagnetic wave absorption
[23], and polarization conversion [24] are just a few areas where metamaterials find utility.
Metamaterial absorbers are effective in reducing the radar cross-section (RCS) [25,26],

enabling the development of unique metasurfaces for radar stealth and related absorption
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applications [26].

The pioneering work on the negative refractive index property of metamaterials dates back to
1968 when Sir Victor G. Veselago first studied it, leading to the exploration of various
associated characteristics and a new era in metamaterial research [27]. Subsequently, in 1999,
Sir John B. Pendry and his team conducted the first experimental verifications based on
Veselago's studies [28]. However, it took some time to develop metamaterials specifically
designed for absorption purposes. In 2008, Landy et al. demonstrated electromagnetic wave
absorption using metamaterial absorbers with near-perfect absorption [29]. However, it
required additional analytical and experimental verifications to establish its validity. Over
time, a wide range of metamaterial absorbers with different characteristics have been studied
and implemented. These include wideband, ultra-wideband, and polarization-independent
absorbers. Metamaterials are available in various forms, such as multi-functional designs
[30], polarizers in transmission and reflections [31, 32, 24, 33], circular polarizers in
reflection and transmission [34-37], and beam splitters [38]. Within the realm of metamaterial
absorbers, a diverse array of options can be found, encompassing single-band, multi-band,
and wide-band configurations, and polarization-independent absorbers, all of which have
been extensively studied and implemented [39-45]. Researchers have proposed different
approaches for metamaterial absorber designs, including passive elements-based designs
[46], active elements-based designs [47], and structures incorporating lumped elements
[48,49]. Active and lumped-element-based structures offer advantages such as compensating
for losses and enhancing bandwidth through negative inductance and capacitance.
Nevertheless, these design variations present inherent challenges concerning design
complexities, non-linear characteristics, and power-related concerns.

In recent research, the design of metamaterial absorbers has evolved to incorporate various
approaches, including single layer metasurfaces, multilayer structures, and cascaded layers, to
enhance their applications. These designs have demonstrated effective performance in the
GHz and THz frequency ranges. Detailed study of above-mentioned structures is given

below: -
2.1 Metamaterial Absorbers — Single Layer

Chetan et al. [50] have devised a metamaterial absorber characterized by a double-squared
shape design and implemented with an FR-4 substrate. Their innovative design exhibits
wideband absorption capabilities spanning the Ku and K frequency bands, effectively
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covering a frequency range from 14.44 GHz to 27.9 GHz. This absorber demonstrates
significant potential for applications in radar communication and satellite communication
fields, showcasing efficient absorption properties for electromagnetic waves at both normal
and varying angles of incidence. In a separate study [51], an absorber based on metamaterial
principles was proposed specifically for operation in the low-frequency band, within the 1-
2.75 GHz range (L Band). This absorber achieved an impressive absorptivity exceeding 90%
within a narrow frequency band, offering utility in 4G communication systems and RFID

systems.

Yadgar et al. presented a distinctive swastika-shaped metamaterial resonator in [52],
demonstrating effective operation in the X band. This design holds significant applications in
the analysis of electrical properties of various chemical liquids, enabling researchers to
discern specific characteristics of chemical substances through their electrical properties.
Another notable contribution is detailed in [53], where the authors introduced a metamaterial
absorber structure employing a single closed-meander wire as a resonator on an FR-4
substrate. This design exhibits absorptivity across multiple frequency bands and remains
insensitive to polarization, making it suitable for image sensing and detection applications,

especially at wide incidence angles.

In a comprehensive study by the authors in [54], a P-shaped metamaterial absorber resonator
was introduced, utilizing two different substrates: FR-4 and Rogers 3035. The design
incorporates a spiral-shaped resonator comprising dual and continuous opposite P shapes.
The absorptivity of the proposed design spans from 80% to 99.9% in the Ku frequency band
(with Rogers substrate) and the K frequency band (with FR-4 substrate). When implemented
with an FR-4 substrate, the design functions as a single negative metamaterial absorber
within the K frequency band, exhibiting an absorption band from 19.7 GHz to 21.35 GHz.
Simultaneously, it operates as a double negative metamaterial absorber within the Ku
frequency band, with absorptivity ranging from 15.3 GHz to 17.1 GHz. When utilizing the
Rogers 3035 substrate, the same design acts as a single negative metamaterial absorber,
effectively absorbing the frequency of 14.65 GHz in the Ku frequency band, and as a double
negative refractive index metamaterial absorber within the K frequency band, with an

absorptivity range of 18.25 GHz to 16.2 GHz. The design specifically caters to the TEM
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mode incidence of electromagnetic waves and exhibits excellent performance for wide

incidence angles.

In a separate study by Jafari et al. [55], a Jerusalem cross absorber was proposed, tailored for
applications in the X and Ku frequency bands. The design leverages an FR-4 substrate and
achieves a substantial absorptivity of 86% across three distinct frequency bands: f; = 8.6
GHz, f, = 10.3 GHz, and f; = 11.9 GHz. Furthermore, the absorber demonstrates reliable
performance for oblique incidence angles of up to 60 degrees. In [56], the author presents a
microwave absorber design that achieves a wide bandwidth by incorporating an oxide-metal-
oxide film in combination with graphene. Monolayer graphene is grown on a graphene
frequency selective surface (FSS) through chemical vapor deposition, effectively reducing
the sheet resistance to 150 Ohms/square via HNO5; doping. This design finds diverse
applications in radar stealth surfaces and other electromagnetic wave-compatible systems.

Another significant contribution discussed in [57] is a triple-band absorber design
showcasing three absorption peaks at f; = 3.5 GHz, f, = 6.35 GHz, and f; = 11.5 GHz,
achieved through a unit cell configuration. The proposed structure achieves absorptivity
exceeding 90% and remains insensitive to both transverse electric (TE) and transverse
magnetic (TM) modes of incident waves. This design finds broad applications in microwave
and X-band absorption surfaces. In [58], a wideband metamaterial absorber with a two-
squared-shaped design was proposed by Ranjan et al. The absorber, fabricated using an FR-4
substrate, achieved wideband absorption spanning 6 GHz (5.9 GHz to 11.9 GHz) with a full-
width at half-maximum (FWHM) bandwidth of 7.5 GHz within the range of 5.5 GHz to 13.1
GHz. The design exhibits nearly unity absorption peak and remains unperturbed by
polarization or oblique incidence angles, making it suitable for applications within the X
frequency band spectrum. In a study by Zhou et al. [59], an ultra-thin metamaterial absorber
employing a double-squared loop structure was designed. The absorber, utilizing an FR-4
substrate as the dielectric material, achieves maximum absorption at a frequency of 6.75
GHz, resulting in a reduction of the radar cross-section (RCS) by up to 14.9 dB, thus
providing applicability in radar stealth materials. Guang Sheng Deng et al. [60] proposed an
ultra-thin triple-band metamaterial absorber based on a polyimide substrate and structured
metamaterial absorber elements. The absorber effectively absorbs three distinct frequency
peaks at 8.5 GHz, 13.5 GHz, and 17 GHz, exhibiting absorptivity surpassing 89%. This
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design demonstrates polarization insensitivity and remains effective for various polarization
incidence angles, finding applications within the X and Ku frequency bands. Saif Hannan et
al. [61] presented an absorber design based on two Split ring resonators (SRRs). The design
was verified using equivalent circuit analysis, enabling the design of co-polarization
insensitive metamaterial absorbers without relying on lumped circuit elements. By
incorporating a frequency selective surface (FSS), the absorber achieved two absorption
peaks at 2.5 GHz and 5 GHz, resulting in perfect absorption of Wi-Fi signals. In [62], Jie
Qian et al. proposed a Hybrid metamaterial absorber (HMM) based on a
metal/insulator/metal (MIM) design utilizing permalloy. The design was evaluated on PET
and glass substrates, demonstrating near-perfect absorption in the frequency band of 7.1 GHz.
The proposed structure allows for the absorption of microwave signals, generating DC
current based on spin rectification. The design finds applications in opto-spintronics,
magnonic metamaterials, and wireless energy transfer. Javad Shabanpour et al. [63]
introduced a reconfigurable metamaterial absorber (MMA) based on honeycomb and VO2
films. The design exhibits the highest-ever proposed absorptivity exceeding 90% at incident
angles up to 87°. The MMA remains polarization insensitive and achieves absorptivity within
the frequency band of 1 THz to 4 THz, finding applications in camouflage, electromagnetic
interference, imaging, and sensing. In [64], the authors proposed a wideband metamaterial
absorber employing a metallic patch and FR-4 substrate with a thickness of 1.578 mm. Due
to its C4 symmetric design, the absorber remains insensitive to polarization angles up to 45°,
exhibiting absorption of over 90% within the X and Ku bands at frequencies of 11.31 GHz,
14.11 GHz, 14.23 GHz, and 17.79 GHz. It finds numerous applications in stealth technology.
Yan-Lin Liao et al. [65] presented an ultra-narrowband dielectric metamaterial absorber
based on ultra-sparse dielectric nanowire grids. The design utilizes gold as the substrate
material and silicon for the nanowire grid. Through rigorous coupled wave analysis (RCWA),
the absorber achieves an absorption peak of 99% at a wavelength of A = 1.48251 um. The
absorption spectrum was studied for varying refractive indexes, demonstrating ultra
sensitivity of 1052 nm/RIU and a large figure of merit (FOM) of 2768. In [66], the author
proposed a wideband metamaterial absorber based on concentric crossed eclipses. The model
utilizes a metal-dielectric-metal (MIM) structure to maximize the absorption of infrared (IR)
radiation. The design incorporates gold and TiO2 metallic split-ring resonators (SRRs), with

cuts in the SRRs acting as diodes for current rectification. The proposed design achieves
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absorption within the frequency range of 30 THz, making it suitable for energy harvesting
applications.

2.2 Multi-Layer Metamaterial Absorbers

In [67], Mehmat et al. proposed a wideband metamaterial absorber based on split ring
resonators (SRRs). The design achieved near-perfect absorption in the frequency range of 4
GHz to 16 GHz, making it suitable for applications in energy harvesting. In [68], the authors
presented an ultra-thin metamaterial absorber with three absorption peaks at frequencies
f1=3.4 GHz, f2=6.4 GHz, and f3=11.5 GHz. The absorber exhibited triple-band absorption in
the range of 3 GHz to 11 GHz, and it was polarization-insensitive and capable of operating at
oblique angles up to 45°. Potential applications include microwave and X-frequency bands. In
[69], a broadband metamaterial absorber was designed to achieve over 90% absorptivity
across a wide frequency range from 0.95 GHz to 18.5 GHz. The absorber utilized double
layers of resistive films and eight square patches with a double ring structure. It demonstrated
insensitivity to polarization angles, making it suitable for various applications. Jiakun et al.
[70] proposed a graphene capacitor-based tunable radar absorber metasurface. By
manipulating the effective sheet resistance of the graphene capacitor, the absorber
demonstrated the ability to attain absorption across a broad frequency spectrum spanning
from 2.9 GHz to 16 GHz. It was insensitive to polarization angles and exhibited angular
stability, making it applicable in radar stealth applications. In [71], a dual-band polarization-
insensitive metamaterial absorber based on split ring resonators (SRRs) and an inner cross
conductor was proposed. The absorber achieved 90% absorptivity with a bandwidth of 400
MHz from 21.4 GHz to 21.8 GHz, and an additional 760 MHz bandwidth from 23.84 GHz to
24.24 GHz. It remained polarization-insensitive up to a 90° incidence angle and found
applications in pressure sensing technology. Xiaoming Liu et al. [72] presented a two-band
metamaterial absorber based on a structured dielectric molecule. The design provided double
absorption peaks at 9.4 GHz and 11.7 GHz, and it remained polarization-insensitive up to 75°
incidence angles. The absorber had applications in detectors, transceiver systems, and
spectroscopy imaging. In [73], A novel concept of a dual-layered metamaterial absorber-
based camera with subwavelength spatial resolution was introduced. The design utilized a
front metal structure with RLC resonators, a dielectric substrate, and a metallic plate at the
back. The camera exhibited little far-field distortion and had applications in subwavelength
imaging systems, non-destructive detections, and beam directional tracers. Lincy Stephen et
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al. [74] proposed a bandwidth-enhanced bidirectional metamaterial absorber based on strips
and squares. The absorber achieved 90% absorptivity in the frequency range of 13.4 GHz to
14.25 GHz. It utilized a front model of strips and squares, and a metallic back plate (copper)
with an FR4 dielectric substrate. The final design obtained absorptivity from both sides and
exhibited C4 symmetry. In [75], the author proposed a soil moisture-based perfect
metamaterial absorber (PMA) with 100% absorptivity for electromagnetic waves. The design
used a squared shaped waveguide with perpendicular slots etched into the borders to detect
water content in the soil. It found applications in soil moisture sensor devices. In [76], a
pyramidal metamaterial absorber based on a real pillbox cavity was proposed. The design
achieved wideband absorption by uniting multiple layers with different absorption peaks. By
optimizing the substrate thickness, absorption peaks at 3 & 4 GHz were obtained. The
absorber worked as a accurate mode dampener in a pillbox microwave testing environment.
Keng-Te Lin et al. [77] proposed a 3D structured graphene metamaterial (SGM) absorber for
almost 100% absorptivity of solar thermal radiation. The design consisted of multiple layers,
including a top layer of graphene, a dielectric layer, another graphene layer, and a metallic
plate at the bottom with vertical stacking of dielectric slots at the edges. The absorber used
photothermal radiation absorption and was capable of selective and broadband absorption of
solar radiation. It exhibited insensitivity to the polarization of incidence light and had
applications in solar energy harvesting. In [78], the author proposed a fractal periodic
resonator structure for a metamaterial absorber. The design consisted of four elliptical ring-
shaped resonators internally connected to form a fractal structure. Tungsten was used as the
material on a dielectric substrate (silicon diode), and a copper plate served as the back. The
proposed fractal metamaterial absorber achieved over 90% absorptivity against incident light
at all angles in the wavelength range of 400 nm to 750 nm. The design was verified using the

Fabry-Pérot model.
2.3  Metamaterial Absorbers using Lumped Elements

In [79], a metamaterial absorber design based on squared loops was proposed. These squared
loops, acting as resistive loaded components, functioned as frequency-selective surfaces
(FSS) resistant to the overall coupling environment. By combining resistive resonant squared
loops (RRSL) with distinct geometric configurations on a single layer of dielectric substrate,
the design achieved wide absorption bandwidth from 7.9 GHz to 18.9 GHz (overall
bandwidth of 11 GHz) with an absorption rate of over 86%. In [80], a resistive film and
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glass-based metamaterial absorber unit cell design was introduced. This design was
insensitive to the polarization of incident waves and achieved wideband absorption of 15
GHz (3.5 GHz to 185 GHz). It found applications in stealth radar technology and
electromagnetic wave shielding. In [81], Guo et al. proposed a stretching transformation-
based metamaterial absorber. The design included a dielectric layer, variable capacitor, and
metal patch-based loading resistor. The variable capacitor provided tunability to the loading
resistor, resulting in a narrow bandwidth of 1.4 GHz ranging from 0.7 GHz to 2.1 GHz. In
[82], an antique-type metamaterial absorber using active components was proposed. This
design could absorb the entire X-band and Ku frequency band using lumped resistors. It
exhibited angular stability for different incidence angles of electromagnetic waves (both TE
and TM modes) and was insensitive to the incidence angle. In [83], authors proposed a unit
cell-based metamaterial absorber design providing absorptivity of up to 90% from 4 to 10.5
GHz. The design utilized four loaded SMT resistors to enhance the absorption range. It had a
symmetrical design architecture with circles and slotted sectors, resulting in insensitivity to
polarization angles. In [84], a low-profile absorber (LPA) design achieved wideband
absorption of a 9 GHz frequency band (3 GHz to 12 GHz). It utilized a lossy capacitive
surface and metallic ground to provide total reflectivity from the ground, thereby achieving
total absorptivity by the capacitive surface-based metamaterial absorber. The design
demonstrated insensitivity to the polarization of incident waves, making it polarization-
independent and suitable for bi-stealth applications. In [85], the proposed design used eight
lumped resistive elements with a value of 250 ohms each. Based on frequency-selective
surfaces (FSS), this metamaterial absorber had a wide frequency band absorption of 6 GHz,
ranging from 8 GHz to 13.4 GHz. It could be implemented with various polarization angles
up to 60° and exhibited insensitivity to the polarization of electromagnetic waves due to its
C4 symmetry. In [86], a metamaterial absorber design based on two weakly coupled layers
was proposed. The weak coupling resulted in frequency-selective bands, where the center
layer acted as the frequency-selective surface (FSS) and the coupling between the outer layer
and the FSS layer was weak, leading to different frequency-selective absorption bands. This
design achieved wideband absorption in the frequency range of 13 GHz (2.9 GHz to 16.65
GHz). In [87], a metamaterial absorber structure based on metal wire arrays with a frequency-
selective surface phenomenon was proposed. This design provided a wideband absorptivity
of 11 GHz, ranging from 8 GHz to 19.5 GHz, making it suitable for stealth applications. It
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exhibited absorption rates above 90% for all incidence polarization angles up to 70 degrees,
making it polarization independent. In [88], an ultra-broadband metamaterial absorber with
multiple absorption peaks ranging from 7 GHz to 16.5 GHz was proposed. This tunable
multilayer metamaterial absorber (TMA) used lumped elements, making it an active
metamaterial absorber. The design included a continuous metallic plane with three split-ring
resonators (square-shaped) imposed on it, sandwiching a dielectric layer. The substrate
contained Y-shaped solid-state plasma resonators and truncated ring-shaped resonators. The
structure was tested for various polarization incidence waves and found to be polarization-
independent for electromagnetic waves. In [89], Cuilian Xu et al. proposed a hybrid
metamaterial absorber (HMA) for infrared-multiband bi-stealth applications. The design
comprised two structures separated by a foam surface: an infrared shielding layer (IRSL)
consisting of metallic squared patch arrays providing low infrared emissivity, and a radar
absorption layer (RAL) used to absorb X-band frequencies, comprising four L-shaped
metallic resonators. The two layers utilized different dielectric constants (F4B and FR4) and
were separated by a foam layer of defined thickness. This design was suitable for IR-radar bi-
stealth applications and exhibited five strong absorption peaks at 6.35, 8.38, 12.1, 15.37, and
18.05 Gigahertz, respectively. In [90], Heijun Jeong proposed a thin electric metamaterial
absorber using four inductive lumped elements on a square loop resonator. This design
introduced polarization angle insensitivity through a simpler design with 90° rotational
symmetry. The model utilized a square-shaped resonator with a chip inductor and an FR4
substrate, achieving wideband absorption at 2.4 GHz with a small error of 1.2%. The model

had applications in ultra-low-frequency absorption and acoustic applications.
24 Metasurfaces in THz Frequency Regime

Within the electromagnetic spectrum, the terahertz (THz) frequency range, encompassing
frequencies from 300 GHz to 3 THz, having numerous applications, particularly in
biochemical and pharmaceutical sciences. Metasurfaces designed to operate within this
frequency range have been explored in the literature, showcasing the development of cross-
and circular-polarizers [91-93]. While THz devices based on cross-polarization converters
generally exhibit lower efficiency, one specific design stands out as a high-efficiency
terahertz device [91]. The proposed design involves C-shaped gold antennas supported by
gold gratings at the bottom. Fig. 2.1 provides a comprehensive representation of the
numerical, theoretical, and experimental calculations of the meta surface’s transmission,
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demonstrating an efficiency exceeding 85% across the desired bandwidth.
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Figure 2.1 Transmission coefficient of experimental, numerical, and theoretical results of the designed
metasurface [91]

A novel approach to achieving wide-view circular polarizers is introduced, offering a
significant advancement in the field. The authors have developed a methodology for creating
single and broadband wide-view circular polarizers that operate within a range of +85° [93].
In this innovative metasurface design, the optical efficiency has been significantly improved,
leading to enhanced performance and functionality.
To highlight the importance of meta surfaces w.r.t their angular stability, polarization
insensitivity and their efficacy a comprehensive analysis of different designs have been
carried out in detail based on their absorption band, limitations and designing methodology.
Table below contains the comprehensive analysis of few designs with have been counted in
in the literature review:

Table 1: Evaluation of Metasurfaces based on operations and limitations.

Research Paper Unit Cell Operation Bandwidth Limitations
Scientific Reports Quarter-Wave 24.6-26.6 GHz Narrowband
(2017) plate and half Operation
mirror
Progress In Circular-Polarizer | 7.6-11.2 GHz Single
Electromagnetics Half-wave plate Operation,
Research (2018) operation Narrowband
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TAP-(2018) Half-wave plate | 8.5-11.56 GHz Normal
operation incidence, multi-
layered
J. Appl. Half-wave plate | 14.2-43.2 GHz |Single Operation
Phys (2018) operation

Optics Express Half-wave plate 6.7-17.1 GHz | Low efficiency,
(2018) operation single operation
Journal of Cross Polarizer |8.40 GHz to 20.15| Limited angular
ELECTRONIC GHz stability
MATERIALS
(2018)
Optics Express Cross Polarizer 71019.5 GHz |Angular Stability,
(2018) upto4l5
degree
IEEE AWPL (2019) Cross Polarizer & [6.53 to 12.07 GHz Normal
Circular polarizer (HWP) Incidence
13.70 to 15.60
GHz (QWP)
Paper Unit Cell Design Technique Pros Cons
An Ultrathin, e Absorption . X and Ku |e Use of
Triple-Band e Said paper | band absorption |  polyimide
Metamaterial propose triple | at 3x peaks (8.5, | substrate is
Absorber with absorption 135, 17 GHz2z) not cost
wide Angular | peaks (8.5, | achieved  with | effective.
Stability at X and 13.5, 17 GHz) | approx. 89% |e Not lossy
Ku  Frequency l_ using ultrathin | accuracy material
Bands K metamaterial |e Insensitiv used as per
(Guang sheng Deng absorber (MA) | ity to angle of | most of the
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Paper Unit Cell Design Technique Pros Cons

et al, “An Ultrathin, using incident up till today
Triple-Band polyimide 60 degrees applications.
Metamaterial substrate. . No effect |[¢ No  band
Absorber with e X and Kul|on absorption | absorption

Wide-Incident-Ang

le  Stability for band . s<_:a|e using only 3x
Conformal absorption dlffer_ent_ peaks N
Applications at X e Author uses | polarization absgrptlwty
and Ku symmetric angles. achieved
Frequency Band”, geometry o Thin
research letters, concept to | material having
2020). achieve  C4 | flexibility to be

absorption. used for

e Linearly implantation on

polarized any surface

incident waves

have been

absorbed with

zero or

minimum

reflection
“Hybrid \ e Absorption o Five e Absorptivity
metasurfaces for H:T: e The designed | absorption varies  with
infrared- ] {b MA has been | peaks have | incident
multiband radar | =t proposed for | been achieved | angle of
stealth- ﬂ: I radar  stealth | at 6.35 8.38,| more than 45
compatible =S| '{i compatible 12.10, 15.37 | degrees.
applications” e | materials. and 18.05. e Absorptivity
(Cuilian Xu, e Said paper |® 89% max | sharply
“Hybrid proposes  use absorption has varies once
metasurfaces for of 2x layers, | been achieved | two layers
infrared- one each for| using X-| are
multiband  radar IRSL (infrared polarized combined.
stealth- radar  Stealth wave incident e This
compatible layer) and experiment at metasurface
materials RAL  (radar | max 45-degree | operates
applications”, absorption angle of | only  for
IEEE Access, layer) incidence. normal
2020) respectively. incidence

It uses angle.

different types More

of  material, complex

namely cupper design

and F4B of

varying

thicknesses for
development
of IR stealth
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Paper Unit Cell Design Technique Pros Cons
and radar
wave
absorption.
Metasurfaces  —— e Polarization |e Bandwidth of e This
with  Half-wave B 2| conversion 13 GHz has| metasurface
Plate Operation | B "?E i e One of the| been achieved | operates
Ultra-wideband | E"\I most  widely | in the | only for
Cross-pol | - z | used frequency normal
(W. Jia-Liang, L. - techniques to range of 7.57 incidence
B. Qin, and D. get broadband GHz to 20.46 angle.
Xin-Yu, "Ultra- Cross GHz. e Only for
wideband polarization is |e The linearly
reflective multiple Experimental polarized
polarization plasmonic and simulated | light
converter  based resonances. results are in |e Complex
on anisotropic The novel parallel  with design
metasurface," anisotropic each other that |e Useful only
Chinese  Physics unit cell makes this| for normal
B, vol. 25, p. configuration metasurface incidence
088101, 2016.) of double-head | strong wave
arrow candidate for
produces four | polarization
plasmon conversion
resonances applications
which has | for normal
made it ultra- incidence
wideband only.
S. Sambhav, J. e Absorption |e Covering | ® Althoug
Ghosh, A. K e Said paper wide range of | h the design has
Singh,  "Ultra- propose a [absorption range | been made on
Wideband broad  band |e Insensitivity to | T4 lossy
Polarization absorber angle of ?:uastrate a”td ha.i
Insensitive Thin ranging from incident up to |aék§ymrgiéﬁi;r
Absorber Based (6.7-20.58 90 degrees. stability.
on  Resistive GHz)  using |¢ No effect on | Number of SMT
Concentric FR-4 absorption resistors  used
Circular Rings” substrate. scale using | are large in
IEEE » X, Ku and K different numbers which
Transactions  on band absorption polarization | ultimately
Electromagnetic o Author angles. makes it less
combability uses  symmetric cost effective.
(2021) geometry
concept to
achieve C4
absorption.

22




Paper Unit Cell Design Technique Pros Cons
Pathak  Tiwari, — Absorption |e K and Ku|e Althoug
Surya. K. Pathak, ( el Said paper band wide | h the design has
and V. Siju.||[, W[ ® propose a| absorption been made on
“Design, : "t lﬂi t broad band | ranging from | FR-4 lossy
development ‘ ™ Lo absorber (13.42-22.66 | Substrate and has

| ; . . C-4 symmetry, it

and [ ranging from | GHz) achieved |~ 7" 0o
characterization (13.42-22.66 with  approx. | gty J
of resistive GHz) using | 95% accuracy |, Number
arm based ultrathin Insensitivity to | of SMT resistors
planar and metamaterial angle of | used are large in
conformal. absorber (MA) | incident up till | numbers which
metasurfaces for using FR-4 | 90 degrees. ultimately
RCS reduction,” substrate. No effect on | makes it less
Scientific Reports Ku and K absorption cost effective.
(2022). band scale  using

absorption different

The author polarization

uses angles.

symmetric o Thin

geometry material  having

concept to

flexibility to be

achieve C4 | used for
absorption. implantation on
any surface.

T.Q.H. Nguyen, H;/]\E Absorption e The design has |e The designs
T.K.T. Nguyen, - Said  paper | good lack angular
T. N. Cao, H. | propose  a| polarization stability.
Nguyen broad  band | insensitivity |e Having
and L. G. Bach | absorber up  to 90| much greater
“Numerical "| ranging from | degrees. substrate
study of a (7.8-12.6 e The meta |  thickness
broadband_ ) we| ©HZ)  using surface ~ was
metamaterla_ll o FR-4 designed ~on
absorber using a substrate. cost-effective
single split circle X and Ku FR-4 substrate
ring band and have
and lumped absorption applications in
;‘Jes%tors for X- The author | EM shielding
an uses
applications” symmetric

geometry

AIP Advances
(2020)

concept to
achieve C-4
absorption.
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2.5 Summary

The literature mentioned above explores cutting-edge designs of metasurface absorbers,
highlighting their various functionalities such as angular stability, polarization insensitivity,
and absorption mechanisms. This research on metamaterial absorbers offers valuable insights
into developing absorbers that are more efficient and cost-effective for specific applications.
Moreover, it has the potential to advance metamaterial design, enabling the creation of highly
effective absorbers for diverse application areas. Therefore, investigating metamaterial
absorbers is a valuable research area that can propel the development of more efficient and
effective absorbers across various applications. The literature review conducted in this thesis
examines several key challenges that form the basis of this research. The following
paragraphs discuss some of these core challenges identified through the review, which have
influenced the foundation of this thesis.
e Bandwidth limitation: Achieving a broad operational bandwidth is a challenge due
to the inherent resonances and narrowband response of traditional metamaterial
structures.
e Polarization sensitivity: Ensuring polarization insensitivity is crucial for practical
applications. Designing a metamaterial that exhibits consistent performance irrespective
of the incident polarization is a challenge. Therefore, the design must have C-4
symmetry.
e Angular stability: Another challenge is the maintenance of angular stability over
wide frequency range. The metamaterial should exhibit similar absorption
characteristics regardless of the angle of incidence.
e Frequency tunability: Designing a metamaterial that can be tuned to operate at
different frequencies is a significant challenge. This involves controlling the resonance
response and achieving frequency tunability while maintaining other desirable
properties.
e Material selection: Choosing suitable materials with appropriate electromagnetic
properties that can effectively manipulate the incident waves over a broad frequency
range is challenging. Identifying materials with low losses and high tunability is critical.
In our case selection of FR-4 substrate is considered.

e Fabrication complexity: The fabrication process for C4 symmetric broadband and
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frequency tunable metamaterials can be complex. Ensuring precise control and
replication of the desired structure at the nanoscale or microscale can pose challenges.

o Cost-effectiveness: Balancing the performance requirements with cost considerations
Is an ongoing challenge. Developing cost-effective fabrication techniques and utilizing

materials that are readily available can contribute to addressing this challenge.

2.6 Problem Statement

To address the limitations observed in current metasurface absorbers, such as limited
absorption peaks (3 to 4), low angular stability (up to 45° to 50°), limited polarization
insensitivity (up to 60° to 70°), and relatively low absorptivity (up to 90%), we propose the
development of a multi-band metamaterial absorber. This absorber would exhibit enhanced
angular stability (> 60°) and insensitivity to polarization (> 90°). Additionally, we have
designed and fabricated the tetra-band and broadband metamaterials capable of covering a
wide frequency range, while maintaining excellent angular stability, polarization
insensitivity, and achieving absorption levels exceeding 99%. By focusing on these
improvements, we aim to overcome the existing limitations and provide advanced

metamaterial solutions for various applications.
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CHAPTER 3

Novel, highly efficient, and iInsensitive to
polarization tetra band metamaterial absorber on a

thin substrate.

Introduction

This chapter introduces a brand-new multipurpose metasurface absorber that can achieve
flawless absorption in the C, X, and Ku frequency bands. This metasurface completes all the
functionalities simultaneously within a single-layered structure, in contrast to existing designs
in the literature that achieve separate operations, such as broadband absorption, angular
stability, and polarization insensitivity, using complex structures and multiple layers. Wider
bandwidth, high efficiency, and angular stability are made possible by the suggested unit cell
design and geometric configurations, removing the constraints imposed by production
methods and practical application. The distinct metasurface arrangement has a great deal of
promise for use in many different electromagnetic applications. This chapter introduces a
novel metamaterial absorber (MA) design that is symmetrical, single-layered, highly
efficient, and capable of wide-angle and polarization-stable absorption. The absorber is
fabricated on a thin dielectric layer with a thickness of 0.8 mm and exhibits four distinct
absorption peaks. The compact geometry of the MA is achieved by combining two circular
rings with a square-shaped arrangement of four split ring resonators (RR), along with a
circular patch and a square ring in each unit cell. This arrangement enables mutual coupling
between the elements, creating an independent environment that enhances performance. The
proposed MA demonstrates polarization insensitivity over wide incident angles for both
transverse electric (TE) and transverse magnetic (TM) waves at four frequency bands: 7.16
GHz, 10.175 GHz, 12.92 GHz, and 16.82 GHz, with absorptivity values of 99.6%, 97.2%,
98.3%, and 94.8%, respectively. The experimental validation of the prototype was conducted

in an anechoic chamber to verify the simulated results.
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The chapter is structured as follows: In section 3.1, the geometrical layout and design
evolution of the proposed structure are presented. section 3.2 provides a comprehensive
analysis of the design evolution process. The Absorption Characteristics of the Frequency
Spectra is discussed in section 3.3, while section 3.4 focuses on the distribution of the surface
current. Section 3.5 Authentication of the meta material nature of the Proposed MA unit cell,
section 3.6 describes the Electric field analysis. Experimental verification is explained in

section 3.7 and finally the chapter’s concluding remarks are in section 3.8.

3.1  Methodology of Design and its Evolution

3.1.1 Geometrical Configuration layout of the Unit Cell

Figure 3.1 (a) presents an illustrative representation of the geometric dimensions of the
finalized unit cell. The uppermost layer of the unit cell showcases four distinct conducting
patterns. For the absorption resonant peaks at 7.26 GHz and 10.24 GHz, two separate circular
rings are incorporated. A rectangular split ring resonator (SRR) with symmetrical splits is
introduced as the third independent structure, chosen for its suitability for miniaturization, to
achieve absorption at 12.77 GHz. Additionally, a square-shaped strip coupled with a circular
patch act as the fourth resonator, resulting in absorption at 16.90 GHz. The unit cell employs
a thin dielectric substrate of 0.8 mm thickness made of FR-4 material, featuring a relative
permittivity (e,) of 4.3 and a loss tangent (tan 8) of 0.025 in the middle layer. The ground
layer is composed of copper with a thickness of 0.02 mm, exhibiting an electrical
conductivity of 5.8 x 107 S/m. The design modeling, analysis, and optimization processes are
conducted using CST Microwave Studio 2019. Finite boundary conditions are applied along
the x and y directions, while plain wave excitation is introduced from the z-axis using Floguet
ports. Figure 2.1 (b) illustrates the final optimized dimensions of the proposed unit cell and
provides an overview of its structural anatomy. Further details regarding the design evolution
of the unit cell, as well as the functionality of each included conducting pattern, will be

discussed extensively in the subsequent subsection.

27



Figure 3.1: Layout of the unit cell (a) Upper view (b) Isometrical View.

3.2  Progression of Design and Functionalities of Integrated Structures

In pursuit of wide-angle polarization insensitivity, angular stability, and multiband
absorbance, the initial iteration of the design focused on incorporating two circular ring
geometries. The utilization of circular ring structures was favored due to their circular
symmetry and inherent polarization insensitivity. To ensure a single resonance and avoid the
occurrence of weak resonances, the electrical length of the circumference of the two circular
rings was carefully set to be one wavelength long at frequencies of 7.26 GHz and 10.24 GHz,
respectively. Mathematically, circular rings resonance is given by:

C= geff=}“ (31)

The circumference of the corresponding circular rings, denoted as C, and the effective
permittivity of the dielectric substrate, represented as &,¢¢ play crucial roles in the design. By
utilizing the wavelength A, which can be calculated using the equation v = f A, the resonance
frequency can be determined. A 0.8 mm thick FR-4 substrate with a relative permittivity (e,.)
of 4.3 and a loss tangent (tan 8) of 0.025 was chosen due to its cost-efficacy (economical) and

widespread commercial accessibility.
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To determine the radii of the circular rings within the X band, equation (3.1) was employed.
For the frequencies of 7.26 GHz and 10.24 GHz, circular rings with widths of 0.18 mm and
0.35 mm, respectively, were chosen. These radii were then implemented in the CST
simulation software, where the circular rings were modeled on the upper layer of the 0.8 mm
FR-4 substrate, while a solid ground plane was modeled on the bottom of the substrate.
Copper with a thickness of 20 um was used as the conductor material in the design. The
absorptivity of the included circular rings is then studied by plotting the absorption

coefficient from the given equation:

A(w) =1—|S11(@)]|* — |S21(w)|? (3.2)

The reflectivity coefficient (S;;(w)) and transmittivity coefficient (S,;(w)) are utilized to
characterize the performance of the design. In the presence of a ground plane, the transmission
coefficient (S,;(w)) tends to approach zero. However, due to a strong resonance and the
effects of electrical and magnetic losses that trap traveling waves, a robust absorption
mechanism is established at the resonant frequencies. The absorption resulting from the
incorporation of circular rings is visually represented in Figure 3.2. Subsequently, a
rectangular resonator is chosen as the second independent geometric structure. The
implementation of rectangular shapes offers advantages in terms of miniaturization and dense
packing, while maintaining the overall dimensions of the unit cell. To achieve a higher
resonant value compared to a single conventional split ring resonator (SRR), the SRR is
modified with four splits. The inclusion of these additional gaps in the structure reduces the
overall capacitance while simultaneously increasing the magnetic resonance frequency (wf;,=
1/(LC)). Consequently, the second iteration of the four-split SRR leads to resonance at 12.77
GHz. The absorption peak resulting from the incorporation of the four-split SRR is depicted in
Fig. 3.2. To achieve the fourth resonance, a combination of a circular patch and a rectangular
strip is employed. The introduction of these two structures creates a tight coupling effect,
which contributes to the emergence of a resonance peak at 16.90 GHz. The impact of
incorporating these new structures can be observed in Fig.3.2, where a distinct fourth
absorption peak resulting from the fourth conductive pattern becomes apparent.
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The inclusion of the rectangular strip, along with the circular patch, serves multiple purposes.
Not only does it shield the capacitive couplings from the circular rings, but it also aids in
establishing independent structures with their own resonance peaks. This approach allows for

the achievement of distinct resonances and enhances the overall performance of the

metamaterial absorber.
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Figure 3.2: Progression of Design of the MA unit cell.

To achieve comprehensive design advancement, the principles of Standing Wave theory
(SWR) were employed, serving as the cornerstone for meticulously selecting the dimensional
structural parameters to enable absorption at the desired frequency, as depicted in Figure 3.1.
To accurately calculate the standing wave mode, the following mathematical expression will
be employed. Given that our proposed metamaterial absorber design consists of both upper

and lower metallic layers, it can be effectively treated as a planar waveguide.

v
Sw= g (3.3)

The relative permittivity of the substrate, denoted as €,-and the speed of light in a vacuum,

represented by v, play significant roles in the following analysis. Specifically, the length of

the assigned resonator at a given absorption peak frequency is represented by w. By
substituting w = 4.32 mm into Equation (3.3), we obtain a calculated frequency, f, of 16.744
GHz, which closely aligns with the observed absorption peak at 16.88 GHz. This absorption
peak corresponds to the inner square structure within our proposed metamaterial absorber

unit, which is surrounded by a circular ring.
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Furthermore, it is worth noting that the approximate electrical length of each resonator,

denoted as A/4, has been verified using the relationship L.sf = %, where A represents the

wavelength corresponding to the absorption peak frequency. As an example, when w = 4.32
mm, the electrical length of the inner square structure with the circular ring is A/4. This
validation ensures that the electrical lengths of all other elements utilized in the design are
approximately equal to A/4, as determined by the expression. Consequently, this confirms the
compact size of our designed metamaterial absorber unit. Moreover, our designed
metamaterial absorber exhibits a mere substrate thickness of 0.8 mm, further emphasizing its
sub-wavelength dimensions. This is reinforced by the effective wavelength of 0.0191, at
7.16 GHz and 0.0444, at 16.82 GHz, indicating that the size of our proposed metamaterial

absorber is significantly smaller than the corresponding free-space wavelength (4, ).

3.3  Absorption Characteristics of the Frequency Spectra

The absorption characteristics of the individual conductive patterns integrated into the unit
cell are depicted in Fig. 3.3. This figure clearly demonstrates that the incorporated
metamaterial structures are responsible for four distinct and independent absorption peaks. A
minimal shift observed in the resonant peaks of the unit cell, compared with the individual
structures, validates the independent nature of the proposed design. Furthermore, the
consistent absorption characteristics for both transverse electric (TE) and transverse magnetic
(TM) polarized waves confirm that the circular and four-split SRR structures exhibit cyclic
(C-4) symmetrical layouts. The compact arrangement of the circular rings, circular patch, and
four-split ring resonators within the proposed unit cell results in a significant reflective area.
This, in turn, contributes to the generation of high absorption peaks even when the structure
is rotated, as evidenced by the variation in 6. Additionally, the proposed structure exhibits
polarization insensitivity, with 90% absorptivity observed across various angles (¢) of
incidence, as shown in Fig. 3.4. This observation holds true for both TE and TM polarized
waves. The absorption peaks also remain stable at higher angles of incidence in the 0 plane,
as indicated by Fig. 3.4. In summary, the absorption characteristics analysis highlights the
independent behavior of the integrated conductive patterns, the cyclic symmetry exhibited by

certain structures, and the polarization insensitivity of the proposed metamaterial design.
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3.4 Distribution of Surface Current of designed MA Unit Cell

To get comprehension into the resonance mechanism associated with the incorporated
conducting patterns, the current vectors were examined at the four resonance peaks for TE
polarized waves, as depicted in Figure 3.6. It is worth noting that for TM polarized waves, the
orientation and concentration of the current vectors would be shifted by 90 degrees. Fig. 3.6
(a-d) clearly illustrates that the surface current intensity on the top layer is highly
concentrated at the specific conductive patterns corresponding to the respective resonance
frequencies. For example, a pronounced concentration of current vectors can be observed at
the two circular rings at 7.16 GHz and 10.175 GHz. Similarly, the innermost square structure
with a circle inside and the four-gap SRR exhibit significant current concentrations at 16.82
GHz and 12.92 GHz, respectively. Furthermore, it is apparent from Fig. 3.6 that all the
incorporated structures exhibit opposite orientations of current vectors when subjected to
incoming TE polarized waves. This observation indicates the presence of dipole-like electric
resonances within the conducting patterns. The examination of current vectors provides
valuable insights into the resonance mechanism and highlights the concentration and

orientation of current flow within the relevant conducting patterns.
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Conversely, when examining the bottom layer, it becomes evident that the current vectors
exhibit an opposite direction, as shown in Figure 3.6 (e-h). This observation highlights the
interplay of electric, magnetic, and LC resonances within the incorporated patterns of the unit
cell, which are responsible for achieving perfect unity absorption at four specific frequencies:
fl = 7.16 GHz, f2 = 10.175 GHz, f3 = 12.92 GHz, and f4 = 16.82 GHz. The designed
geometry and orientation of the surface currents in both metal layers effectively prevent the
incident electromagnetic wave from penetrating through the uppermost layer at these
resonant frequencies. Consequently, the formation of corresponding current loops within the
metamaterial structures gives rise to the excitation of magnetic and electric dipoles,
ultimately leading to the manifestation of four distinct absorption resonant peaks. The
observed opposite direction of current vectors on the bottom layer provides further evidence
of the complex interplay between electric, magnetic, and LC resonances within the unit cell.
This intricate coupling mechanism facilitates the absorption of electromagnetic energy and
enables the formation of distinct resonant peaks.
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Figure 3.6. Surface Current distribtions at top and bottom layer of MA unit cell.

3.5  Authentication of the meta material nature of the Proposed MA unit cell

To confirm the metamaterial characteristics, the effective permittivity (e,..rr) and
permeability (u,..rr) values were determined by extracting the relevant information from the
S-parameters and applying them in the mathematical equations provided below.:
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2jA, 1-1/511
T * h * /goul +1/511

2j4, 1+1/511
mxhx* Jepnl— 1/511

Equations (3.3) and (3.4) utilize the substrate thickness represented by h and the free space
wavelength denoted by A,. By analyzing the S11 values obtained from the CST simulations,
the effective permittivity (e,.rr) and permeability (u..rr) values were estimated. The
resulting values, graphically presented in Fig. 3.7, demonstrate that the effective permittivity
and permeability exhibit negative values at most absorption peaks, except for the one at 16.82
GHz. This phenomenon of showcasing unusual dielectric properties in the proposed
engineered structure serves as evidence of its metamaterial nature. The corresponding
negative numeric values of €, and p,.ff at the desired frequencies are also listed in Table
2.

Furthermore, the metamaterial nature of the proposed design is further validated through the
examination of impedance matching theory. Specifically, the S11(®) values should align with
the free space impedance (Z,) at the corresponding absorption peaks. The numeric values
presented in Table 2 display that the real part of the characteristic impedance is
approximately equal to the free space impedance. Moreover, the imaginary part is nearly zero
at the desired absorption peaks, further reinforcing the metamaterial characteristics of the

proposed design.
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Table 2: Comparison and values of retrieved parameters w.r.t absorption peaks.

Frequency Band of
Re (€¢ff) Re (kesy) Re(znor) Im(znor)
Peak Frequency
7.16 GHz C-band -2.41 -1.95 0.75 0.02
10.175 GHz X-band -1.33 -1.72 11 0.004
12.92 GHz -1.79 -.0.81 0.72 -0.017
Ku-band
16.82 GHz 1.031 0.828 1.09 -0.02

3.6 Analysis of Electric Field Distribution for Absorption Mechanism

Moreover, to gain insights into the absorption mechanism, an examination of the electric field
distribution on the proposed metamaterial absorber (MA) was conducted for TE polarized
waves at 0 = 0°, as depicted in Fig. 3.8. The findings from Fig. 3.8 (a) reveal that the E-field
is identified around the outermost circular ring, corresponding to the absorption peak at 7.16
GHz. This observation indicates the presence of strong surface currents on the outer circular
ring and a solid electric field distribution, which are indicative of the permittivity and its
association with the electrical resonance. Similarly, at 10.175 GHz, the electric field
demonstrates a significant influence along the second circular ring, as depicted in Fig. 3.8 (b).
Moreover, the existence of an intense electric field along the lower edges of the four-gap split
ring resonator (SRR), as shown in Fig. 3.8 (c), confirms the presence of the third absorption
peak at 12.92 GHz. Finally, for the absorption peak at 16.82 GHz, a pronounced electric field
can be observed at the innermost square, as depicted in Fig. 3.8 (d). This strong electric field

arises from the electric coupling between the innermost square and the inner circular patch.
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Figure 3.8: Electric Field Distributions of the Proposed MA Unit Cell.

3.7  Experimental Setup and Validation of the Prototype

Subsequently, a prototype of finite size (305 mm x 254 mm), consisting of 30 x 25-unit cells,
was fabricated to validate the proposed design. Since a 0.8 mm thick double-sided FR-4
substrate was not commercially available, a double-sided FR-4 was prepared by
electroplating copper on both the top and bottom layers of the 0.8 mm FR-4 substrate. The
relevant conductive patterns were etched using a laser ablation procedure. Fig. 3.9 (a)
showcases a snap of the fabricated prototype, along with a magnified image highlighting the
design's shape. To verify the simulation results, the fabricated prototype underwent
measurements in an anechoic chamber. The prototype was tested at different values of 6 and

¢ to demonstrate the effectiveness of the design.

To facilitate the transmission and reception of EM waves, two identical double-ridged
broadband horn antennas with a frequency range of 0.8 GHz to 20.0 GHz were employed.
Both antennas were connected to a well-calibrated Anritsu MS46122B vector network

analyzer (VNA). To ensure the far-field conditions, a distance of 1.5 m was maintained
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between the fabricated prototype and the horn antennas, as illustrated in Fig. 3.9 (b). For TE-
polarized EM waves, reflections from the prototype were measured by recording the |S21]
values on the VNA. This procedure was repeated for various rotations of 6 and ¢, and the
corresponding |S21| values were recorded. The absorption spectra were obtained using the
expression A = 1 - |S21|. Fig. 3.10 presents the absorption spectra, providing a detailed
analysis of the absorptivity. Additionally, Fig. 3.9 (b) showcases a photograph of the
measurement setup. The comparison of results displayed in Fig. 3.10 (a-c) reveals that the
experimental findings align with the simulated results for different values of 6 (0°, 30°, 60°)
for both transvers electric and transverse magnetic polarized EM waves. The absorption
factor remains above 90% at the four distinct peaks and remains consistent even for oblique
angles of incidence. However, a slight discrepancy in the absorption peaks between the
experimental and simulated results can be credited to the lossy characteristic nature of the
FR-4 substrate at higher frequencies. Additionally, the occurrence of additional harmonic
peaks may contribute to the observed spatial dispersion phenomenon at varying incident
angles 0. Nevertheless, due to the subwavelength structures and utilization of multiple
resonant elements within a unit cell, the original absorption peaks at the desired frequencies
are minimally affected by changes in 0, indicating the angular stability of the proposed
design. The polarization-insensitive analysis of the proposed design, achieved by varying the
Phi angle (¢) from 0° to 90°, is represented in Fig. 3.10 (d). Overall, a good concurrence can
be observed among the simulated and measured results. The absorption characteristics of the
structure at the four distinct peaks remain unchanged with variations in the polarization angle.
Consequently, it can be concluded that the proposed design exhibits polarization insensitivity.
Furthermore, a comprehensive comparative analysis between the proposed metamaterial

(MA) and existing MA designs from the literature is performed and organized in Table 3.
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Table 3: Comparative Analysis of Proposed Metamaterial Absorber with Recent

Relevant Studies.

: Absorption s Oblique
ool | Teee | e | e | SSUSE | opurvatons
(GH2z) Stability (8)
As© e Sensitive to ¢
[105] 12.79- 16.64 GHz till 70° Increases 1.00mm | °® Less: _ angular
absorption stability
decrease o
) e Less angular
[106] 4.52-25.42 GHz Not reported Up to 45° 5.0 mm stability
e Not flexible
e Less angular
stability
As 6 e |esser
[107] 5.49-16.84 GHz As 0 increases increases 4.0 mm polarization-
absorption decrease absorption ' insensitive
decrease eLarger unit
cell
dimensions
[109] 7.8-14.1 GHz Not reported Up to 40° 50mm |° Thick design
Absorption * Q;g:::g,r N
[110] reduces o MHZ Upto 45° Up to 30° 0.60 mm less.
Upon variation in
size o less
absorptivity
e Angular
stability is
[111] 7.64-10.4 GHz till 30° till 30° 160mm | '€
e Polarization-
sensitive
e Angularly
. . . . unstable
[112] 7-12.8 GHz till 70 till 45 3.4 mm o Thick
substrate
e Angularly
. . . . unstable
[113] 2.3-18.9 GHz till 45 till 45 11.30 mm « Thick
substrate
e Angularly
unstable
[114] 5.69-15.12 GHz till 0° till 45° 44 mm | ePolarization-
sensitive
elLess angular
. . stability
[115] 8.37-20.1 GHz Up to 90 Up to 45 3.65 mm e Thick
substrate
[116] 5.12 - 5,59 GHz Not reported Up to 45° 6.76 mm | eless
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Polarization-
Insensitive

e Thick
substrate

e Polarization-

[117] 4.7-50 GHz Not reported Up to 40° 6.5 mm sensitive

e Thick
substrate

e Excellent
absorptivity

e Good

Polarization-
7.16, 10.175,

Proposed |15 95 3nd 16.82 Up to 90° Upto60° | 08mm | Imsensitivity
Work GHz e Decent

angular
stability

e peaks

e Thin design

3.8 Discussions

We have successfully developed, simulated, and fabricated a single-layered metamaterial
absorber (MA) that exhibits remarkable performance in terms of efficiency, profile, and
absorption across multiple frequency bands. Our proposed MA demonstrates exceptional
absorption capabilities, having absorption of more than 99% at the desirable resonant
frequency peaks of 7.16, 10.175, 12.92, and 16.82 GHz when subjected to normally incident
electromagnetic waves. Moreover, the designed MA has shown angular stability at higher
angles as well i.e., up-to 60 degrees and along with the polarization insensitivity up to 90
degrees. This characteristic is attributed to the symmetrical C4 structure employed in our
design. The designed MA has also been evaluated thoroughly by discussing and analyzing its
surface current distribution as well as electric field distribution. To further validate our
design, a prototype consisting of 30 x 25-unit cells was fabricated and tested. The
experimental results closely matched the simulated outcomes, confirming the accuracy and
reliability of our design approach. With its impressive absorption characteristics, our
proposed MA holds great potential for applications in electromagnetic shielding and
reduction of radar cross-section (RCS). applications.
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Chapter 4

Ultra-thin, Wideband Modified Square Shaped with
Chip resistors Metamaterial Absorber for RCS

reduction applications.

Introduction

This chapter comprises of the development, designing and characterization of wideband
metasurface absorber in planar and as well as in conformal or cylindrically bent geometrical
surface. The design has shown outstanding polarization insensitivity as well as angular
stability at different angles. The Cyclic-4 (C-4) symmetrical design comprises of modified
metallic (copper) square-shaped structures stacked with 04 x lumped resistors whose
optimization has been numerically achieved using CST microwave studio. Under the
incidence of EM wave, the designed metamaterial absorber has achieved reflection
coefficient reduction smaller than -10 dB for fractional bandwidth (104.14%) and having the
thickness of 0.0971; (where A, represents the starting operating frequency of metamaterial
absorber). Proposed broadband metamaterial absorber having ultra-thin substrate thickness
with only 0.15mm and having polarization insensitivity ¢ = 90 ° with absorption up-to 99.9%
and for subsequently varying angles in TE and TM modes the absorption is greater than 90%
till 45° ranging from 7.30 to 23.16 GHz. The designed broad band absorber has perfect RCS
reductions and EM shielding capabilities.

To validate the principles of designed metamaterial absorber and its simulated results, upon
successful fabrication of the metamaterial absorber prototype has been undertake, a thorough
examination revealed a remarkable agreement between the observed experimental results and
the simulated outcomes. Moreover, to authenticate the radar stealth application the same
design has been simulated for different geometrical surfaces which includes planar and

conformal both.
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The chapter is divided into various sections. Section 4.1 comprises structural designing and
layout and describing designing methodology of unit cell. While section 4.2 comprises of
absorption characteristics at different oblique and polarization angles. Section 4.3 tells us
about the absorption mechanism of proposed MA, whereas 4.4 describes Surface current
distribution and sub-section 4.5 comprises of equivalent circuit model. Section 4.6 describes
analysis of RCS reduction of the proposed metamaterial absorber, Section 4.7 comprises of
Fabrication of Designed MA for Experimental Results and concluding remarks are presented

in Section 4.8.
4.1  Structure Designing and layout of Proposed MA Unit Cell
4.1.1 Designing Methodology of a Unit Cell

To achieve broadband absorbance with wide angular stability and polarization insensitivity,
the design of meta-surface absorbers often involves utilizing symmetrical geometries.
Square-shaped ring structures have been used due to their polarization insensitivity and
inherent symmetry. To avoid weak resonances and achieve a broad absorption bandwidth, the
electrical length of the square rings has been kept at one wavelength long, Encompassing a
broad spectrum of frequencies 7.3 to 23.16 GHz. Therefore, the designed MA consists of
modified square-shaped metallic patch and one inner square shaped ring as well printed on
the dielectric substrate and is grounded by an air spacer used for zero transmission whose
pictorial view is depicted in Fig.4(a). The substrate which has been used as a dielectric spacer
is FR-4 (having €,=4.3 and loss tangent §=0.025) with thickness of only 0.15mm. Similarly,
the thickness for the air spacer has been kept to 4mm. The top metallic modified square
shaped structure and the ground is made of thin copper film (having conductivity ¢ =5.8 x
107 S/m and thickness of 0.02mm). Overall augmented dimensions of the proposed design
are displayed in Fig.4(b). To increase the absorptivity response of the proposed broadband
metamaterial design 04 x chip resistors with value R = 200Q were reinforced on each unit
cell. The resonance frequency of a squared ring metasurface absorber can be estimated

mathematically using the following equation:

C
f= 2%Lq+Ly

(4.1)
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Fig.4.1 (a) Proposed 3D MA Design.
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Fig.4.1 (b) Complete layout of the proposed MA
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4.1.2 Designing of a Unit Cell without lumped Resistors.

The proposed MA unit cell was tested with and without SMT resistors, while testing it
without chip resistors the designed MA unit has exhibit very less absorption which shows that
the adding of resistors though increases the ohmic losses but eventually helps in attaining the

broad band frequency absorption band. Same is demonstrated in Fig. 4.2 (a-b).

Fig.4.2 (a) Layout of Proposed MA Unit Cell without chip resistors

Absor-x [Real Part]

4 6 8 1b 1‘2 1I4 1I6 1I8 il) 2I2 ZLI 26
Fig.4.2 (b) Absorptivity vs Frequency graph for without resistors
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4.1.3 Designing of a Unit Cell with varying values of lumped Resistors.

In this case the designed MA unit cell is tested for different ohmic values ranging from 50 to
300 ohms same is displayed in Fig. 4.3, where it is clearly visible that the best and much
greater broad band absorption has been achieved at 200 ohms ranging from 7.30 to 23.16
GHz.

Absor-x [Real Part]

s Absor-x (R=50)
— Absor-x (R=100)
s Ahsor-x (R=150)

0.9 1
0.8 1
0.7 1 — fhsor-x (R=250)
0.6 - w— Absor-x (R=300)
0.5 1
0.4 1
0.3 1

0.2 q

0.1

Fig.4.3 Absorptivity vs Frequency graph with different resistors values.

4.2  Physics of Absorption of the Proposed MA Unit Cell

To determine the absorptivity factor or absorption coefficient of the proposed metamaterial

absorber under the incidence of normal EM wave, A(®) is given by:

A(w) = 1 — |S11(w)|? — |S21(w)]? (4.2)

To achieve the ideal metamaterial absorber, it is crucial to maximize its absorption coefficient
by minimizing both the reflection coefficient (S_11) and transmission coefficient (S_21).
This objective can be realized by cautiously optimizing the geometric dimensions of the unit
cell to ensure impedance matching between the absorber (Z(w)) and free space (Z,), where
Z(w) = Z,. By precisely tailoring the unit cell's geometrical parameters, the reflection
coefficient can be effectively suppressed, approaching zero. Consequently, when employing a
copper metallic ground, the transmissivity coefficient (S,) is reduced to zero, resulting in an

enhanced absorption coefficient (A(w)) given as:
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Alw) =1-1511(w)|? 4.3)

Moreover, under the incidence of normal EM wave the value of reflection coefficient S;; (w)
remains less than -10 dB from 7.30 to 23.16 GHz with the maximum dip of -38.18 dB at 9.26
GHz which subsequently corresponds to 99.99% absorption.

To assess the reliability and suitability of the developed meta surface absorber as a
benchmark device, an analysis was conducted to examine its absorption capabilities when

subjected to variations in both incidence and polarization angles.

4.2.1 Angle of incidence variation

The proposed metamaterial absorber was thoroughly deliberated and tested under different
oblique incident angles. Under the TE-polarized EM-wave and by varying incidence angle
from O to 45 degrees and the absorptivity remains > 90%. For the TM-polarized EM wave
by varying the angle the absorptivity remains > 90% till 45 degrees in the given regime of
frequency i.e., (7.3-23.16 GHz) with minute reduction or slight right shift in the frequency
resonant band as depicted in Fig.4.4(a-b).

< 4 — =1 {TE)
P=18 [T
— =3 TR

P=45 [TH

H] L] 15 b

Frequensy (GHZ)
(a)

Fig.4.4 (a) Absorption of proposed MA at variation of angles along TE Mode.
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Fig.4.4 (b) Absorption of proposed MA at variation of angles along TM Mode.
4.2.2 Polarization angle variation
Since the designed metamaterial absorber is having four-fold Cyclic-4 (C-4) rotational
symmetry and its response to all polarization angles have been also thoroughly analyzed and
it has been observed that the suggested design remains insensitive to polarization till $=90°

same is displayed in Fig.4.4 (c).

5 I-I] ].."~ :;] .'.f
Frequescy (GHz)

(c)
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Fig.4.4(c) Absorption Spectra of proposed MA at different (¢)

4.3  Absorption Phenomena of Proposed MA Unit Cell.

To gain insights into the absorption mechanism exhibited by the metamaterial absorber
design, an in-depth analysis of the power loss density distribution was conducted at the
extreme operating frequencies, i.e., 7.3 and 23.16 GHz. The findings obtained from the
examination, as illustrated in Figure 4.5(a-b )that for TE-polarized EM wave incidence the
magnitude of the maximum power dissipation density is maximum along the chip resistors
which are mounted along the vertical length of modified square shaped metallic structure and
while for TM-polarized EM wave incidence the magnitude of the power loss density is
maximum along the chip resistors mounted along the horizontal length of modified square
shaped metallic structure a displayed in fig. 4.5 (c-d). From the figures is clearly visible that
the majority of energy losses are because of the resistors who are responsible for the ohmic
losses which are attached along the vertical and horizontal lengths of the modified square
shaped structure. It is pertinent to mention that here absorption of EM wave in designed MA
is due to different losses in the metallic patch or structure which includes ohmic, conduction
and dielectric losses. Here the vital role for the broadband absorption is played by the lumped
resistors present in the design. Moreover, a strong electric field concentration has been found
around the specific parts of designed MA which results in an absorption band depending

upon the electric length of the modified square shaped structure.
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Fig.4.5 Electric Fields distributions at (a) 7.3 and 23.16 GHz for TE polarized EM wave (b)
7.3 and 23.16 GHz for TM polarized EM wave.

4.4  Examination of Surface Current distribution at desired frequencies

The distribution of surface current was analyzed at lowest and highest frequencies of the
broadband MA i.e., (7.30 and 23.16 GHz) and it has been observed that the surface current at
the top metallic layer and the ground are in anti-parallel direction at 7.3 GHz around the
conducting electrical lengths of metallic structure which gives negative permeability and
ultimately results in magnetic dipole effect at the desired resonant frequency. Consequently,
for 23.16 GHz resonant frequency the direction of surface current on the top metallic layer
and ground are parallel to each other around the conducting electrical lengths of metallic
structure thus forms negative permittivity in TE and TM modes respectively. Same is
illustrated in Fig.4.6(a-d).
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Fig.4.6 Surface Current distributions at 7.30 and 23.16 GHz.

45  Designing of Equivalent Circuit Model (ECM).

The equivalent circuit model of the proposed meta material is shown in Figure 4.7(a). The top
layer having the whole metallic patch (structure) is loaded with 04 x chip resistors which are
represented through RLC series circuit connected in parallel as depicted in figure. The
metallic patch is represented as the inductor and due to the path of current on the metallic
patch inductance is created and the gap between the two metallic elements is represented
through capacitor or capacitance respectively. Here, the equivalent losses within the metallic
patch are represented as R, L and C, where i=1 is for resistive line in vertical direction and
i=2 is for the resistive line in horizontal direction and i= 3 is for the inner square of the

proposed design.

Zya=(R; + jwLy)||(Ry + jwL,)|| oLz + ]w_c) (4.4)

The air spacer and dielectric substrate (FR-4 lossy) are counted as the transmission lines
having the lengths represented as ¢, and t, and the overall impedance Z; seen from the air

spacer is given as:

AR (\/Tl)tanﬁl (4.5)
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where Z, represents the characteristics impedance of free space, f is the phase constant, e,. is
the dielectric constant while t,is the thickness of air spacer with copper ground. The FR-4

substrate, characterized by its lossy properties, can be effectively modeled as a transmission

line with a defined length denoted as ¢, allowing the input impedance to be expressed as:

7 Z1+j(\/.i—L)tan/32ts
Z, :j( o ) s (4.6)

Zo

/erz ﬁ'f'jthanﬁzts

here, t; and S are the phase constant where g = “’T‘/E_T Therefore, the input impedance of the
proposed metamaterial is given as

ZyaZ
Zin = ZyallZ, = ~HMAZ2 4.7)

ZpmatZy
The parallel circuit discussed earlier exhibits resonance when the admittance (Y;,,) of the top
metallic structured layer matches the magnitude but differs in sign from the admittance (Y;)
of the layer of substrate. This condition leads to a purely real input impedance value,
indicating the optimal state for resonance. To design and simulate the circuit, the Keysight
ADS software was utilized, allowing for precise optimization of the circuit parameters. The
optimized values and corresponding results are presented in Figure 4.7 (b), providing a visual

representation of the achieved resonance and its associated characteristics.
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Fig.4.7(a) ECM MA unit Cell (b) Simulated results on CST microwave studio versus ADS.
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4.6.  Analysis of RCS reduction of designed MA

Major advantages of radar stealth applications are to keep the Radar Cross-Section or RCS of
objects, especially like military aircraft or ships small to keep them invisible or make enemy
radar’s unable to detect them. There are many ways to keep RCS of these targets small by
size, shape, aspect, or material (MASS), conformal structures are the key contributors
towards the RCS of targets. Hence, it is worth mentioning to discuss the effect of RCS
reduction on metasurfaces. The RCS of the MA was calculated by applying far-field
conditions on the design on CST microwave software, moreover for the measurement of RCS
the RCS of Perfect Electric Conductor (PEC) was also measured along with the designed MA
for comparison which has been illustrated and explained in chapter as well. Target RCS (o) is

stated as:

2
o = 4mlimp_,,R? = (4.8)

1

In the context of radar detection, the distance between the detection radar and the target is
denoted by "R." The intensity of E-field wave that has scattered from the target is represented
as "E,," while the E-field intensity is denoted as "E;." of the incident wave. These parameters
play a crucial role in assessing the interaction between the radar waves and the target,
allowing for the analysis of signal strength and the extraction of valuable information
regarding the target's characteristics.

4.6.1 Absorption mechanism of Proposed Metamaterial for Planar Surface

To understand capabilities of RCS reduction of proposed MA design a 11 x 11-unit cells of
the same structure was designed to analyze its capabilities against the monostatic as well as
bistatic radar systems. For the comparison a PEC plate having the same size as that of MA
was designed and simulated. Under the broad frequency spectrum RCS reduction for
monostatic radar system (where transmitter and receiver are located at same place) for both
planar PEC as well as MA are calculated. Figure 4.8(a-d) presents the monostatic radar cross-
section (RCS) patterns under normal incidence of electromagnetic waves for the planar
metamaterial absorber (MA) (depicted in black), as well as the planar perfect electric
conductor (PEC) (depicted in red). Additionally, the far-field patterns at the lowest, central,
and highest frequencies of 7.3 GHz, 15.2 GHz, and 23.16 GHz are displayed. The figure
clearly demonstrates that the proposed MA achieves a significant reduction in RCS, reaching
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nearly -20 dB across the given frequency range of 7.3 - 23.16 GHz. Furthermore, the
designed MA exhibits substantial RCS reduction at the specified frequencies.
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Fig4.8. (a) Monostatic RCS pattern for planar and bent MA and PEC (b) Pattern of Far-field
at 7.3 GHz (c) 15. 4 GHz (d) 23.16 GHz

4.6.2 Exploring the Absorption Mechanism of Metamaterials on Curved Surfaces

The proposed metasurface absorber in this case comprises of 11 x 11-unit cells cylindrically
bent at a radius of curvature r=100mm to evaluate and understand its RCS reduction
characteristics. As a reference the cylindrical bent PEC of the same size and radius of
curvature was designed to calculate the RCS for comparison with the proposed cylindrically
bent MA. The three-dimensional representation of a cylindrically bent Perfect Electric
Conductor (PEC) and the proposed Metamaterial Absorber (MA) can be observed in Figure
4.9(a-b). Figure 4.8(a-d) illustrates the radar cross-section (RCS) of the cylindrically bent
perfect electric conductor (PEC) and the proposed metamaterial absorber (MA) when

subjected to normal incidence of an electromagnetic wave.
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(a) (b)

Fig4.9. A three-dimensional visualization of a cylindrically bent Perfect Electric Conductor
(PEC) and the proposed Metamaterial Absorber (MA)

4.7.  Fabrication of Designed MA for Experimental Results

For authentication of the simulated results the prototype of designed MA was constructed,
having the size of 12 x 10 inches (30 x 25-unit cells) using smart PCB technology. The
design was etched using copper metal used to form metallic patch on the top layer of only
0.15mm thick FR-4 substrate. Once the fabrication of metallic designed MA on FR-4
substrate was done, chip resistors (3000 in numbers) were soldered on the metallic design
having value of 200Q2 using technology known as surface mounting and padding. Afterwards,
Teflon strips were used to separate the top dielectric layer (substrate layer) from the ground
metallic layer having air spacing of 4mm Fig.4.10(a-b) exhibits top metallic layer, and the
whole testing and experimental setup.

For the experimental setup was equipped with 02 x horn shaped antennas manufactured by A-
INFOMW having frequency ranges from 0.8 to 25 GHz one used as transmitter and the other
one for receiving the EM waves., the vector network analyzer (VNA) MS46122B. was used
for the measuring of received antenna signals connected to horn antennas. Before the
measurement the conditions were satisfied and VNA was calibrated (by placing metallic plate
having the same size as that of prototype in the far-field region) to include the transmission
losses and tolerance errors for the calculations of reflection reduction. The prototype MA was
placed at 1.3m from the horn shaped antennas fulfilling the far field obligations. Upon
incident of the normal EM wave the experimental results were found making good settlement

with the simulated results. Slight shifting of resonant peak (broadband peak at different
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angles) is due to the mutual coupling between the resonating elements, lossy nature of FR-4
material and the losses during the measurements as shown in Fig.4.11 (a-d). Similarly, the
experimental setup for the cylindrically bent proposed MA along with its fabricated results
are in Fig.4.12 (a-b).
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Fig.4.10 (a) Fabricated Prototype (b) Experimental Setup
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Table 4: Comparison of our designed broadband MA with the recent related broadband MA

designs
Ref Broadband | Substrate | Fractional Stability at | Polarization | RCS
absorption | thickness | bandwidth Oblique insensitivity | Reduction
range (mm) (%) angles
[118] 7.8-12.6 GHz 3.2 47.0 Up-to 30° Yes Not mentioned
[119] 1.91-5.75 GHz 1.6 100.26 Up-to 30° Not
mentioned
[120] 8-18 GHz 2.5 76.92 Up-to 30° Up-to ¢=
90°
[121] 2.3-9.6 GHz 0.5 122.6 Up-to 30° Not
mentioned
[122] 6.7-20.58 GHz 0.8 101.7 Up-to 40° Up-to ¢=
90°
[123] 15.7-23.8 1.6 41.01 Up-to 30° Up-to ¢=
90°
Proposed | 7.3-23.16 GHz 0.15 104.14 Excellent Up-to o= Information regarding
Design Absorption | 90° RCS reduction
>90 % at 0 provided in paper for
=45° both geometries of
designs i.e., (planar as
well as conformal)
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4.8 Discussions

The successfully fabricated and characterized novel broadband metasurface absorber,
designed for applications involving RCS reduction and EM shielding, has yielded promising
results. The fabricated results exhibit favorable bargain with the results extracted from CST,
validating the feasibility and effectiveness of the design. The absorber showcases remarkable
features, including high absorption efficiency across a wide frequency range, minimal
reflectivity, and reduced radar cross-section, rendering it an exceptional candidate for diverse
applications. The fabricated prototype finds practical utility in various domains, including
radar stealth techniques and the mitigation of electromagnetic interference. Furthermore,
experimental findings demonstrate the absorber's exceptional stability and resilience when
subjected to varying angles of incidence and polarization. This study contributes significantly
to the advancement of advanced electromagnetic absorber materials, offering improved
performance and practical utilization possibilities.
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CHAPTER 5

Electronically Re-configurable Broadband Metamaterial

Absorber for Microwave Applications

Introduction

The manuscript of this chapter includes the designing and fabrication of novel electronically
switchable or tunable broadband metamaterial absorber using resistors, inductors and more
importantly PIN diodes. The designed metamaterial absorber consists of a square-shaped
structure along with a cross circle (CC) shaped resonator. The inductors used in the outer
square ring are responsible for generation of electric field within the MA unit cell while PIN
diodes are used for switching ON and OFF state along with chip resistors which provide a
wide characteristic broadband. The designed frequency switchable MA operates between
different frequency bands i.e., during diode “ON” state in operates or show absorption from
8.58-9.98 GHz i.e., in C-band while in “OFF” state it operates between 11.65-12.67 GHz i.e.,
in K-band. The designed MA shows excellent absorption behavior with absorptivity rate up-
to 90% for TE and TM mode for different tilted angles till 30° and excellent polarization
insensitivity p-to @= 90°with absorption > 90%. All the simulations of the designed MA were
undertaken on CST Microwave Studio 2019 by applying flouget port conditions.

The chapter is organized into different sections, each focusing on specific aspects. In Section
5.1, a geometrical approach is used to design MA. Section 5.2 discusses the absorption
phenomena related to the design of the MA. Section 5.3 provides a detailed analysis of the
absorption frequency spectra, considering variations in Phi (¢) and theta (0). Sections 5.4 and
5.5 explain the absorption physics and characteristics and distribution of the surface current
density in depth. Finally, Section 5.6 presents the concluding remarks, summarizing the main
findings and insights derived from the study.
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5.1  Design methodology and Simulation Analysis of the Proposed Reconfigurable
MA

5.1.1 Designing Approach of the Unit Cell MA

To realize both frequency reconfigurability along with wide angular stability in metasurface
design, the inclusion of symmetric structures such as circular rings or square rings is crucial.
In our proposed metasurface absorber (MA), we have incorporated a square ring along with a
cross-shaped circle (CC) design, ensuring excellent angular stability and polarization
insensitivity. The MA absorber comprises three layers, starting with a thin copper film
printed on a di-electric FR-4 substrate in the top layer, with a mere thickness of 0.3mm. A
3.25mm air spacer is introduced before attaching to the ground, which consists of a thin
copper film having a conductivity of ¢ = 5.8 x 107S/m and a 0.02mm of thickness. To
achieve broadband absorption and frequency reconfigurability, we have incorporated
electronic components such as resistors, inductors, and PIN diodes into the design. The
geometrical configuration of our proposed MA unit cell along with 3D view is depicted in
Fig. 5.1 (a-b). The top layer features conductor patterns, including a cross-circle-shaped
resonator (CC), square ring structure. Furthermore, SMT resistors, diodes, and inductors are
strategically integrated. The CC resonator plays a vital role in facilitating LC resonance,
which generates the desired electric field. The outer square ring structure effectively directs
and concentrates the electric field towards the unit cell, enabling broadband operation with
the assistance of chip resistors. The PIN diodes function as switchable components, allowing
for an ON/OFF state as needed. To prevent wave transmission, the bottommost layer of the
MA is covered with a conductor (copper). The unit cell is meticulously designed with C-4

symmetry. The optimized parametric values are provided in Table 5.

Parameter Dimensions (mm) Parameter Dimensions (mm)
a 8 e 0.22

b 2.64 g 0.5

c 2.97 w 0.5

f 3.65 i 0.75

h 0.32 t 0.02
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3.25 m 4.22

Table 5. Augmented and optimized Parametric values of the designed MA.

K(z) E(x)

Fig.5.1 (a) Top labeled view of Unit Cell

Fig.5.1 (b) 3D View of Unit Cell
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5.2  Absorption Phenomena of the Suggested Meta Surface

The absorptivity factor of the metamaterial absorber when subjected to normal
electromagnetic (EM) wave incidence is expressed as A(w). This parameter quantifies the
extent to which the absorber can absorb incident electromagnetic energy. Subsequently, the

absorption of the proposed MA unit cell is given as:

Alw) =1 —|S11(w)|? — |S21(w)|? (5.1)

In the pursuit of attaining an impeccable metamaterial absorber, the maximization of its
absorption coefficient holds paramount importance. This objective can be accomplished by
reducing the reflectivity (S;;) and transmissivity (S,;) coefficients. To accomplish this,
careful optimization of the geometrical dimensions of the unit cell is necessary, ensuring that
the absorber's impedance (Z(w)) matches the impedance of free space (Zo), denoted as Z(w)
= Zo. By precisely adjusting the geometrical parameters of the MA, it becomes feasible to
effectively suppress the reflection coefficient, driving it towards zero. This impedance-
matching condition results in a substantial reduction in reflected energy, thereby augmenting
the absorber's absorption performance. To further enhance the absorption coefficient, a
copper metallic ground is employed. This choice of material helps to minimize the
transmission coefficient ((S,,), driving it towards zero. Consequently, the energy that would
otherwise be transmitted through the absorber is effectively blocked, contributing to a higher
absorption coefficient. By accurately engineering the geometrical dimensions and leveraging
the properties of copper as a ground material, the absorption coefficient A(w) can be
significantly enhanced, yielding a metamaterial absorber with improved absorption

capabilities and thus has been modified to:

Alw) =1-1511(w)|? (5.2)

Ultimately, under the incidence of normal EM wave the proposed frequency reconfigurable
MA shows value of reflection coefficient i.e., S;; > -10 dB during diode ON state while

frequency ranging from 8.5-9.9 GHz and similarly in OFF state with frequency range from
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11.68-12.58 GHz show value of reflection coefficient > -10 db.

5.3  Thorough examination of the absorption frequency spectra was conducted by

systematically varying the parameters Phi (¢) and Theta (0).

To further validate the performance of the designed metamaterial absorber (MA) in terms of
polarization insensitivity, the absorptivity was assessed by varying the polarization angle (¢)
from 0° to 90° while maintaining consistent conditions. Through simulation conducted in
CST Microwave Studio, it was observed that the proposed absorber consistently maintained
its uniform performance irrespective of the polarization state, both in the ON and OFF states,
as illustrated in Figure 5.2(a-b). This favorable characteristic can be attributed to the
symmetrical (C-4) structure of the unit cell, which includes conducting metallic pattern,
passive and active electronic components. Accordingly, the suggested absorber offers the
benefit of switchable frequency bands while exhibiting robust insensitivity to variations in
polarization angles.
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Fig. 5.2 Absorption Spectra at variation of Phi (¢)

Metamaterial absorber was thoroughly simulated and tested under various oblique incident
angles. Specifically, when subjected to TE-polarized electromagnetic (EM) waves, the
absorptivity was measured while varying the incidence angle from 0 to 30 degrees.

Remarkably, the absorptivity consistently remained above 90% in both the ON and OFF
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states. Similarly, when exposed to TM-polarized EM waves and by varying the angle of
incidence, the absorptivity remained above 90% up to 30 degrees within the specified
frequency range. This behavior was observed with the diode in both the OFF and ON states,
accompanied by a marginal reduction or slight rightward shift in the absorption bands, as
demonstrated in Fig. 5.3(a-d).
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Fig. 5.3 Absorption Spectra at variation of theta (6) in (a) TE Mode ON State (b) TM Mode
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Fig. 5.3 Absorption Spectra at variation of theta (8) in OFF State (c) TE Mode (d) TM Mode
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5.4  Absorption characteristics of Proposed MA Unit Cell

To gain awareness into the absorption behavior (MA) unit cell, a detailed analysis of power
loss density distribution was conducted at the operating frequencies of the designed MA,
considering both the ON and OFF states. During the forward bias condition i.e., during ON
state at starting frequency of 8.5 GHz in TE mode the magnitude of the power loss density
was found maximum along the vertical arms of the square ring where inductors are
connected, along the cross-circle shaped structure. Whereas in TM mode the power loss
density has maximum concentration along the horizontal arms of square ring and completely
along the cross-circle shape as shown in Fig. 5.4 (a-b). Subsequently, at highest operating
frequency i.e., at 9.9 GHz in TE mode the concentration of power loss density was highest
along the horizontal lengths of the square ring and minutely concentrated along the vertical
lengths and for TM mode the power loss density was clustered densely around the vertical
arms of the square ring and minute concentration was found along the horizontal lengths
illustrated in Fig. 5.4(c-d).
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Fig.5.4 Distribution of E-Field in ON State for (a) 8.8 GHz TE Mode (b) 8.8 GHz TM Mode
(c) 9.9 GHz TE Mode (d) 9.9 GHz TM Mode
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Similarly, during the reverse bias condition i.e., during OFF state at 11.68 GHz in TE mode
the magnitude of the power loss density was found maximum along the horizontal direction
of the cross-circle shaped structure where resistors are connected and minimum along the
vertical lengths of square ring where inductors are attached, similarly for TM mode the
magnitude of the power loss density was found maximum along the horizontal direction of
the cross-circle shaped structure where resistors are connected and minimum along the
horizontal lengths of square ring where inductors are attached, as displayed in Fig. 5.5 (a-b).
Correspondingly, at the highest operation frequency i.e., at 12.58 GHz in TE mode the
concentration of the density of power dissipation is mostly around the horizontal lengths of
the square ring and also around the cross circle-shaped structure in vertical direction and for
TM mode the concentration of the density of power dissipation is generally around the
vertical arms of the square ring and also around the cross circle-shaped structure in horizontal

direction as depicted in Fig. 5.5 (c-d).
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7764
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76 44
7584
75,24
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7389
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Fig.5.5 Distribution of E-Field in OFF State (a) 11.680 GHz TE Mode (b) 11.680 GHz TM
Mode (c) 12.581 GHz TE Mode (d) 12.581 GHz TM Mode
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5.5  Distribution of Surface Current on the proposed MA Unit Cell

To gain a better understanding of the absorption mechanism, the distribution of surface
current density was extensively analyzed during both forward and reverse bias conditions of
the reconfigurable metamaterial absorber (MA) unit cell. In the ON state, specifically at the
initial operating frequency of 8.5 GHz, the surface current exhibited an anti-parallel direction
between the top metallic structure layer and the bottom ground, leading to a negative
permeability. Conversely, at the final operating frequency of 9.9 GHz, the surface current
flowed in a direction like that of the ground plane, resulting in negative permittivity. This
behavior is illustrated in Figure 5.6(a-d). Similarly, in the OFF state (reverse bias condition),
spanning the operating frequencies from 11.68 GHz to 12.58 GHz, the surface current
direction was identical for both the top metallic layer and the bottom ground layer, leading to

negative permittivity.
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Fig.5.6 Surface Current distribution in Forward and Backward Bias conditions in (a, b), ON
State (c, d) OFF State
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Table 6: Comparison of our designed Frequency reconfigurable MA with the recent related
research
ON STATE OFF STATE
Research | Broadband | Fractional | Angular Broadband | Fractional | Angular Substrate
Ref Absorption | Bandwidth | stability Absorption | Bandwidth | stability thickness (mm)
(GH2z)
[124] 12-12.8 0.8 (6.4%) | Not 7.1-8.1 1(13.2%) | Not 3.175
mentioned mentioned
[125] 4.75-4.85 0.1(2%) | Not 4.0-4.15 0.1(2%) | Not Not
mentioned mentioned | mentioned
[126] 8.4-9.3 0.9 Up-to 20° | 9.2-10.5 1.3 Up-to 20° | 3.2mm
(10.2%) (13.2%)
Proposed | 8.5-9.9 1.4 (7.6%) | Up-to30° | 11.68-12.58 | 0.9 (3.7%) | Up-to30° | 0.3mm with
work excellent shifting
of band from C to
K-band
56  Conclusion:

In conclusion, this chapter represents a novel designing of electronically switchable or

tunable broadband metamaterial absorbers (MAs) utilizing advanced active and passive SMT

components. The proposed MA exhibits remarkable absorption characteristics across a wide

frequency range, with distinct absorption bands achieved by controlling the states of the PIN

diodes. Notably, the MA demonstrates excellent absorptivity rates and polarization

insensitivity, maintaining high absorption levels at various oblique angles. Overall, this

research offers a promising avenue for the development of efficient and adaptable

metamaterial absorbers with potential applications in diverse frequency bands.
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CHAPTER 6

Conclusion and Recommendations for Future

6.1 Conclusion

In conclusion, this study focused on the development and fabrication of meta material
absorbers (MA) with three different designs. These designs were successfully implemented,
and prototype absorbers were fabricated, providing effective performance across the C, X, K,
and Ku bands. The absorbers exhibited remarkable angular stability, capable of maintaining
absorption properties up to 60° of incidence angle. Additionally, they demonstrated
polarization insensitivity up to 90°. One of the notable achievements of this research was the
design of a frequency reconfigurable MA. This design allowed for the absorption band to be
adjusted from the X band to the K-band. This flexibility in absorption frequency is of
significant practical importance, as it enables the absorber to adapt to different operational
requirements and frequency ranges. The successful implementation of these MA designs and
their fabrication as prototypes showcased the feasibility and effectiveness of the proposed
approaches. The achieved angular stability and polarization insensitivity further enhance the
practical applications of the absorbers, allowing for reliable performance under various
incident angles and polarization states.

Overall, this study contributes to the advancement of meta material absorbers, providing
insights into MA designing and fabrication capable of covering a wide range of frequency
bands while maintaining angular stability and polarization insensitivity. The frequency
reconfigurable design adds an extra dimension of versatility, enabling the absorber to adapt to
specific frequency requirements. These findings pave the way for the development of more

efficient and adaptable absorber technologies in the future.
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6.2 Future Recommendations

In conclusion, this thesis successfully achieves the goals of designing a multifunctional,
multiband, broadband, and frequency-reconfigurable metasurface that demonstrates angular
stability and high efficiency. However, there are opportunities for further optimization to
improve both efficiency and angular stability. Here are some critical aspects to consider for
future recommendations:
e Implementation of metallic patterns on flexible substrates should be explored,
considering critical parameters for successful integration.
e To enhance angular stability up to 90°, a thorough parametric analysis of the
geometrical configuration, periodicity, and substrate thickness is required.
e The designed metasurface serves as a perfect absorber and can be tuned to specific
frequencies, enabling its applications in energy harvesting and in radar stealth.
e |t is prudent to mention that substrates such as Rogers, polyimide, or gold, to amplify
performance for applications that necessitate exceptional conformal stability.
These future recommendations aim to optimize the design, expand its capabilities, and

explore new applications while maintaining efficiency and angular stability.
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