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Preface

In recent years, metamaterials have become a hot topic in the scientific com-
munity due to their remarkable electromagnetic properties. Metamaterials 
have the ability to alter electromagnetic and acoustic waves in ways that 
bulk materials cannot. The metamaterials have a wide range of potential 
applications, including remote aerospace applications, medical appliances, 
sensor detectors and monitoring devices of infrastructure, crowd handling, 
smart solar panels, radomes, high-gain antennas lenses, high-frequency 
communication on the battlefield, ultrasonic detectors, and structures to 
shield earthquakes. A wide range of disciplines is involved in metamaterial 
research, including electromagnetics and electrical engineering, classical 
optics, microwave, and antenna engineering, solid-state physics, material 
sciences, and optoelectronics. This book presents an overview of metama-
terials’ current state of development in several domains of application.

Chapter 1 focuses on applications of metamaterials in the terahertz 
range, especially summarizing the performance attributes such as the gain, 
bandwidth, polarization, and isolation of the antenna by integrating meta-
materials and various types of metamaterial-based absorbers. It also dis-
cusses their ability to manipulate and control electromagnetic waves.

Chapter 2 discusses the fundamentals of chiral metamaterial (CMM), 
its properties, constructions, applications, and recent advancements in the 
modern era. CMMs have many advantages, like design flexibility, excel-
lent customized properties, giant optical activity, tuneability, etc., which 
makes them suitable for applications in imaging, bio-sensing, polarization 
manipulation, absorption, and other fields.

Chapter 3 reviews the theory of Metamaterial Absorbers (MMAs) and 
their applications in bio- and chemical sensing in mid-IR frequencies. The 
theoretical background on the design of MMAs is given in detail. In addi-
tion, bio- and chemical detection approaches based on Surface-Enhanced 
Infrared Spectroscopy (SEIRA) and refractive index change are discussed. 
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Chapter 4 provides a deeper understanding of double-positive medium 
metamaterials, their inherent features, and their various applications in 
sensors, photonic devices, etc. In addition, different types of metamaterials 
are discussed and compared with double-positive medium metamaterials, 
highlighting their merits over widely discussed double-negative medium 
metamaterials.

Chapter 5 discusses various types of photonic metamaterials and their 
application in life. Ways to alter the properties of this man-made mate-
rial by changing its composition is also explained. Application of meta-
materials in various areas, such as the health care industry, optical field, 
and aerospace, are all detailed. It signifies the composition, properties, and 
application of metamaterials.

Chapter 6 discusses the diverse topic of metamaterials with the support 
of theoretical models. Each theory employs a unique viewpoint to describe 
the same device. The main focus here is to communicate the drawbacks 
and benefits of available models. Additionally, the unusual advances pro-
posed in metamaterials are discussed in detail.

Chapter 7 discusses the limitless potential of metamaterials to trigger a 
wide variety of applications, including band gaps, cloaking devices, elec-
tromagnetic, transformation elastodynamics, etc. Considering the recent 
proliferation of metamaterials and the growing interest in the associated 
research, three important milestones are also discussed in this chapter.

Chapter 8 discusses the basic concept of metamaterial cloaking and 
invisibility, and its design and simulation are explained. Types of cloaking, 
such as optical cloaking, acoustic cloaking, thermal cloaking, elastic cloak-
ing, and mass diffusion cloaking, multifunctional cloaking, light diffusion 
cloaking, are explained. Also reviewed are various techniques of metama-
terial cloaking, which includes scattering line cancellation, transmission 
line technique, coordinate transformation technique, and others. 

Chapter 9 discusses different kinds of metamaterials, such as electro-
magnetic metamaterial, double-negative metamaterials, chiral metama-
terials, and semiconductor metamaterials. Fundamental equations of 
metamaterials and the development of single negative metamaterials are 
explained along with their application.

Chapter 10 discusses negative-index metamaterials. Various basic con-
cepts and theories of metamaterials, as well as scientific importance, are 
covered in detail. A primary focus is on the different aspects of NIMs and 
their potential applications in different domains, which allows access to 
new dimensions of material response.

Chapter 11 discusses the various kinds of electromagnetic metamateri-
als, their properties, uses, and types. The importance of an in-depth study 



Preface xvii

of metamaterials and their potential applications in numerous aspects of 
life is explored. Moreover, several traditional metamaterials that are tun-
able using multiple design techniques are discussed.

Chapter 12 discusses the plasmonic materials and their fundamentals, 
such as negative refractive index and negative permeability. Surface plas-
mon polariton and localized surface plasmon are also explained. Different 
types of plasmonic materials, including graphene-based plasmonic meta-
materials, nanorod plasmonic metamaterials, plasmonic meta-surfaces, 
self assemble plasmonic metamaterials, non-linear plasmonic materials, 
2D plasmonic metamaterials are presented in detail. Furthermore, the 
chapter delves into the applications of these plasmonic metamaterials in 
nanochemistry, biosensing, photovoltaics, filter, planner ring resonator, 
and optical computing.

Chapter 13 explains the nonlinear effects of the metamaterial. Types of 
nonlinear metamaterials such as ferrite-based metamaterials, plasmonic 
metamaterials, dielectric materials, and some tunable nonlinear metama-
terials are discussed. Applications of nonlinear metamaterials in Spling 
Ring Resonators (SRR) and an overall overview of nonlinear metamateri-
als are provided.

Chapter 14 discusses tunable metamaterials. The chapter also highlights 
the substantial developments that have been made in the fabrication and 
design of these materials. 

Chapter 15 discusses metamaterials and their types. Further, the role 
of metamaterials in sound filtering is discussed with a focus on acoustics 
metamaterials. Additionally, phononic crystals are discussed in detail, 
along with their applications. Later, the fabrication and assembly of meta-
materials used for sound filtering are discussed.

Chapter 16 presents concepts of metamaterial, radar technology, Radar 
Cross-Section Reduction (RCS), and different techniques of RCS reduc-
tion. Finally, the chapter concludes with future outlooks based on the cur-
rent progress and advancements in metamaterials for radar cross-section 
reduction.

Our thanks go to Wiley and Scrivener Publishing for their continuous 
support and guidance.

Inamuddin
Department of Applied Chemistry, Zakir Husain College of Engineering 

and Technology, Aligarh Muslim University, Aligarh, India
Tariq Altalhi 

Department of Chemistry, College of Science, Taif University,  
Taif, Saudi Arabia
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Metamaterial-Based Antenna 
and Absorbers in THz Range

M. R. Nigil1 and R. Thiruvengadathan1,2*

1Department of Electronics and Communication Engineering, Amrita School of 
Engineering, Coimbatore, Amrita Vishwa Vidyapeetham, Coimbatore,  

Tamil Nadu, India
2Mechanical Engineering, Department of Engineering and Technology,  

Southern Utah University, Cedar City, Utah, USA

Abstract
In the past decade, there has been exponential growth in the number of users of the 
internet, with consumers using both wireless and wired means to achieve connec-
tivity. This rapid growth demands a wider spectrum of operations. But fabricating 
devices for operating at higher frequencies is difficult due to various impeding 
factors like power loss, reduced electromagnetic properties, and material sensi-
tivity with increasing frequencies. In particular, there are no naturally occurring 
materials that can be employed to operate and exploit the terahertz (THz) region. 
Hence, there is a need to develop material for THz applications. Thus, this chapter 
presents a detailed review of the development of a class of material called meta-
material and its applications, especially in the THz regime. These are engineered 
materials capable of being tuned to provide desired electromagnetic properties 
that are not found naturally. Deployment of these materials in appropriate propor-
tions in antennas and absorbers is found to provide significant improvements in 
the gain, bandwidth, and absorption coefficient. It is also found to reduce mutual 
coupling and enables the miniaturization of the devices.

Keywords: Metamaterials, metamaterial antennas, metamaterial absorbers, 
terahertz region, metamaterial design approach, tuneable metamaterials

*Corresponding author: rajagopalanthiruveng@suu.edu



2 Electromagnetic Metamaterials

1.1 Introduction

The growth in technology requires a lot of new inventions along with 
improvements in existing devices and systems. Constant growth in wire-
less communication around the world demands a wider spectrum of 
operation. With growing frequency ranges, the possibility of fabricating 
devices for higher frequencies is hindered by many factors like power 
loss, lack of natural electromagnetic material, and material sensitivity at 
higher frequencies. One of the viable solutions that have gained attraction 
in recent years are artificially engineered materials called metamaterials. 
Metamaterials are materials that can be controlled to manipulate electro-
magnetic waves. Metamaterials have exciting application possibilities in 
high-frequency ranges. These materials are used in the design of antennas, 
absorbers, switches, etc. Implementing metamaterials in high frequencies, 
especially in the terahertz region, ensures wireless communication with 
enhanced carrier frequency, greater data rates, and channels with high 
capacity. Sections 1.1 and 1.2 of the chapter, summarize the issues in the 
terahertz region, the basics of metamaterials, the various types of meta-
materials and their design approaches. Section 1.3 outlines the application 
of metamaterials in absorbers and then provides a more generalized sum-
mary of performance improvements achieved in antennas.

1.1.1 Terahertz Region

The terahertz spectrum is defined in the range between 0.1 and 10 THz, cor-
responding to wavelengths of 0.03 and 3 mm. This spectral region bridges 
the gap between electronics and photonics and is called the terahertz gap. 
THz radiation is non-destructive, non-invasive, and non-ionizing, so 
has no health risks [1]. Due to severe power losses at higher frequencies, 
scaling microwave electronics to the THz range is challenging and scal-
ing infrared technologies, such as photonic band-gap materials, is prob-
lematic due to material sensitivity at THz frequencies [1]. Various novel 
hybrid approaches have been suggested to develop THz systems. One such 
approach is engineered materials called electromagnetic metamaterials. 

1.1.2 Metamaterials

Metamaterials are artificial materials composed of subwavelength resonating 
structures that can modify light waves. In ordinary materials, the electro-
magnetic properties are obtained from atoms or molecules, but in the case 
of metamaterials, the desired electromagnetic property is obtained from the 
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resonating subwavelength structures. Walser developed the term “metama-
terial” to describe artificial three-dimensional periodic composites that pro-
duce a combination of more than two electromagnetic responses that are 
not present in nature. Hence, these are also called engineered materials [2]. 
Metamaterials can be constructed to operate at the desired frequency and 
have a broad range of electromagnetic properties that do not occur in nature. 
As a result, the word “meta” was coined, which means “beyond materials”.

1.1.3 Classification of Metamaterials  

Victor Veselago was the first scientist to suggest a categorization of meta-
materials based on the permittivity and permeability of homogenous mate-
rials. Figure 1.1 shows a schematic of the classification of metamaterials 

Real (µ)

ε < 0, µ > 0 ε > 0, µ > 0

n = +√εµ

Real (ε)

Quadrant II Quadrant I

Epsilon Negative Materials (ENG)

Quadrant IV

Mu-Negative Materials (MNG)

Double Positive Materials (ENG)

Quadrant III

Double Negative Materials (DNS)

Plasma

Dielectrics
(Metals at High Frequency)

(Insulators)

Evanescent Propagation

Backward Propagation Evanescent Propagation

Forward Propagation

Not Found in Nature
(Engineered using Combination of Artifical

Magnetic Materials and Metallic Strips)

(Artificial Magnetic Materials)
Ferrites

ε < 0, µ < 0 ε > 0, µ < 0

n = -√εµ

Figure 1.1 Classification of metamaterials based on permittivity and permeability. 
Reproduced with permission from Hossain et al. Decagonal c-shaped CSRR textile-based 
metamaterial for microwave applications, Computers, Materials & Continua, vol. 71, no.1, 
pp. 1677–1693, 2022. Copyright @2022 Hossain et al.



4 Electromagnetic Metamaterials

based on permittivity and permeability [3]. When both permittivity and 
permeability are negative, Snell’s law, the Cerenkov effect, and Doppler 
shift, phenomena deviate and are reversed [4]. 

 = ± ε µn   r r  (1.1)

εr - relative permittivity of the material
µr  - relative permeability of the material
n - refractive index

The relationship between the refractive index and the permittivity and 
permeability is established by Equation 1.1. 

Quadrant I—Dielectrics are often found in the domain where both real 
electric permittivity and magnetic permeability are positive. 

Quadrant II—Radiation-plasma interactions  occur well beyond the 
infrared region and produce negative permittivity. For example, metama-
terials like thin-wire lattices can dilute plasma clouds and reduce plasma 
frequency, leading to negative permittivity [5]. 

Quadrant III—Negative permeability values are uncommon and can be 
obtained via magnetic resonances in ferromagnets at sub-microwave fre-
quencies (terahertz). For example, upon interaction with magnetic waves, 
pairs of split ring resonators and thin wires exhibit negative permeability, [6]. 

Quadrant IV—A double negative material with both permeability and 
permittivity less than zero can be achieved by controlling the electric and 
magnetic responses of the material. Such materials are seldom naturally 
observed because the frequency range at which the negative permeability 
and negative permittivity are realized is not only very narrow but also far 
away from each other [7]. 

At microwave frequencies, the first realization of double negative materials 
was realized by the combined activities of both cut wires and split ring resona-
tors to provide permittivity and permeability values that are negative [8]. These 
double-negative materials have sparked widespread interest in metamaterials 
because of their odd and controllable behaviour, and they have also become the 
focus of metamaterial research operating in the terahertz and visible regions. 
The next section provides an overview of the properties of metamaterials.

1.1.3.1 Epsilon-Negative Metamaterials

Epsilon-negative metamaterials (ENG) are materials with ε negative and 
µ positive. ENG metamaterials are obtained by exposing metallic mesh of 
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thin wires that show high pass filter properties to the application of a par-
allel electric field. Below the plasma frequency, the cylindrical arrays show 
negative permeability. These metal structures are organized into periodic 
patterns as in Figure 1.2(a). Figure 1.2(b) provides the single unit cell struc-
ture of the thin wire, and Figures 1.2(c) and (d) provide the effective per-
mittivity graph and LC equivalent circuit of the thin wire metamaterial [4].
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Figure 1.2 (a) Array of thin conducting metallic wires, (b) single unit cell, (c) effective 
permittivity plot of metallic wire array and (d) equivalent transmission circuit model. 
Reproduced with permission from K. Wojciech Jan and C. Thanh Nghia, in Metamaterials 
and Metasurfaces, ed. C.-F. Josep, IntechOpen, Rijeka, 2018, Copyright@2018 Wojciech 
Jan et al. 
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From Equation 1.2 the permittivity is negative for propagation frequen-
cies lower than the plasma frequency (ωp) and exactly at ωp, the permittiv-
ity becomes zero. Interested readers can refer to published works for the 
detailed calculation of effective plasma frequency [9–11].

1.1.3.2 Mu-Negative Metamaterials 

Mu-negative metamaterials (MNG) are materials with ε positive and µ neg-
ative. The Split Ring Resonator (SRR) has been the most preferred struc-
ture for mu-negative (MNG) material. The SRR unit cell is made of two 
circular metallic rings separated by a small gap. As shown in Figure 1.3(a), 
each ring has a slit on each side that is 180 degrees apart. From Figure 
1.3(b), it can be inferred that the gap between rings serves as a capacitor, 
and the rings serve as inductors when current is passed in accordance with 
Faraday’s law of electromagnetic induction. As a result, the two rings work 
together to form an LC resonance circuit.

 
µ µ µ

ω ω
ω ω γω

= ′ − ′ = −
−

− −
j

j
  1eff eff eff

mp
2

0
2

2
0
2  (1.3)

ω   - frequency of the signal
ωmp - magnetic plasma frequency
ω0   - magnetic plasma divergence frequency
γ   - losses

The geometry of the material determines the frequencies f0 and fmp. The 
effective permeability plot is shown in Figure 1.3(c) and the equivalent res-
onance circuit is shown in Figure 1.3(d). 

1.1.3.3 Double-Negative Metamaterials 

Negative refractive index material (NIM), or DNG material, are mate-
rials with both ε negative and µ negative. The DNG metamaterial capa-
bilities can be attained by merging the thin wire-based ENG structure 
with the SRR-based MNG structure, as shown in Figure 1.4. Both ε neg-
ative and µ negative are satisfied by the combination of SRR and wire 
medium that serves as an artificial dielectric medium. Additionally, to 
take advantage of both sides of the dielectric layer, 2D metamaterials 
have been constructed by etching SRR on one side and a planar strip 
on the other. 
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DNG metamaterials are highly frequency dependent due to their strong 
resonance behaviour, causing the refractive index to be rewritten as,

 ω ε ω µ ω= =n n ( )   ( ) ( )eff eff eff  (1.4)

Equation 1.4 shows the dependency of effective permittivity and per-
meability on frequency (ω), which in turn makes the refractive index a 
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Figure 1.3 (a) Array of SRR, (b) single SRR unit cell, (c) effective permeability plot of SRR 
array and (d) equivalent transmission circuit model. Reproduced with permission from 
K. Wojciech Jan and C. Thanh Nghia, in Metamaterials and Metasurfaces, ed. C.-F. Josep, 
IntechOpen, Rijeka, 2018, Copyright@2018 IntechOpen Limited [4].
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function of frequency. Effective material permittivity and permeability can 
be obtained by Drude-Lorentz dispersion models [2]. Equation 1.5 and 
Equation 1.6 are plotted in Figure 1.5 [12].
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ωep  - electric plasma frequency
ωmp  - magnetic plasma frequency
ωeo  - electric resonance frequency 
ωmo  - magnetic resonance frequencies
γc   - collision frequency
F  - amplitude factor
Г  - damping factor

Both the negative sections of the ENG (ωeo < ω < ωep) and MNG (ωmo < 
ω < ωmp) structures must coincide to create the DNG materials. For the 
calculation of the amplitude and damping factor, the readers are suggested 
to refer to [13].

These double-negative materials have gained significant traction among 
researchers in recent years. These double-negative materials are also known 
as left-handed materials (LH). These LH can be modelled as transmission 
line (TL) models enabling easy physical realization. In practical cases, these 
materials have left-handed material characteristics in some frequency 

ENG Metamaterial MNG Metamaterial DNG Metamaterial

Figure 1.4 Combination of thin metallic strip wire and SRR to form double negative 
material.
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ranges and right-handed material properties (natural electromagnetic 
materials) in others. These materials are called CRLH (Composite Right/
Left Hand) materials. This term was coined by Caloz et al. [14]. In the next 
section, various design approaches of CRLHs are summarized.

1.2 Design Approach

The performance of metamaterials may be influenced by several factors. 
Metals and dielectrics, which are prevalent in metamaterials, play a signif-
icant role in the dissipation of energy. There are three design approaches 
widely employed to achieve the desired metamaterial characteristics. 

1.2.1 Resonant Approach

In the resonant approach, the LH material combines two distinct materials 
to form its unit cell. One material has negative permittivity and the other 
has positive permittivity. This approach is derived from the application 
of SRR [15]. Metamaterial designed using a resonant approach reacts to 
external factors like a magnetic field, electric field, and voltage and exhibits 
LH material characteristics in the vicinity of the resonant frequency. An 
SRR subjected to an axial magnetic field exhibits positive effective perme-
ability above the narrow band at the quasi-static resonant frequency and 
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Figure 1.5 Plots of effective permittivity and permeability of NIM materials as a function 
of frequency. Reproduced with permission from S. S. Islam et al., An Object-Independent 
ENZ Metamaterial-Based Wideband Electromagnetic Cloak, Scientific Reports, 2016, 6, 
33624. Copyright © 2016 Springer Nature [12]. 
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negative effective permeability below the narrow band at the quasi-static 
resonant frequency. 

A material loaded with an array of SRR usually forms a negative refrac-
tive medium exhibiting extreme stopband characteristics. The closer the 
SRR rings, the higher the coupling and the better the stop-band character-
istics. Due to its ability to reject frequencies near the resonant frequency, 
the SRR approach is used in the fabrication of filters, frequency-selective 
surfaces, etc. Metamaterials formed using a resonant approach cannot be 
used for wider frequency ranges [11].

1.2.2 Non-Resonant Approach

The non-resonant approach is also called the transmission line (TL) 
approach. It is the dual of the RH transmission line theory [16]. In this 
case, the capacitors are connected in series and the inductors are placed 
in parallel. Like the resonant approach, the material designed exhibits 
effective negative permittivity and negative permeability at certain fre-
quency ranges. The RH materials act as low-pass filters, whereas the 
LH materials act as high-pass filters [15]. Homogenous CRLH materi-
als are not naturally occurring but can be created by cascading multi-
ple CRLH unit cells such that their dimension is sufficiently small and 
both effective permeability and effective permittivity can be calculated. 
Unlike the resonant approach, the TL approach can be applied to a wide 
range of frequencies with materials that are significantly smaller. But, 
TL-based materials have relatively high insertion loss that can be over-
come by using novel unit cells like ForeS [17] and S-spiral unit cells 
[18]. 

1.2.3 Hybrid Approach

The hybrid approach combines both the resonant approach and the 
non-resonant approach. Here the unit cell contains SRR & CSRR (reso-
nant approach) on one side and gaps and shunted stubs (TL approach) 
on the other side. The SRR and gaps provide negative permeability, and 
CSRR and shunted stubs produce negative permittivity around the reso-
nant frequency. The material formed usually has band-pass characteristics. 
The metamaterial unit cells formed using this approach are not pure LH 
material due to the pass band characteristics. In this approach, LH material 
can be designed using more than two materials, such that third material 
can be used to control and tune the effective permittivity and permeability 
of the material [18].
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1.3 Applications

Metamaterials can be integrated with a wide range of devices like antennas, 
absorbers, switches etc. This chapter will be focused on summarizing the 
metamaterial application to improve antenna performance and provide a 
summary of various types of metamaterial-based absorbers.

1.3.1 Metamaterial Absorbers

Metamaterials can absorb electromagnetic radiation such as light, giving 
them greater adaptability and effectiveness than traditional absorbers. 
These electromagnetic metamaterials are used to create a high electromag-
netic absorber as well as to manipulate the loss components of effective 
parameters. The scarcity of strong terahertz properties in natural materials 
has provided a significant impetus for driving the research area of terahertz 
metamaterials. This section is a brief introduction to various metamaterial- 
based absorbers.

The two most important parameters in the absorption mechanism are 
the reflected power S11 and transmitted power S21. Both the reflected power 
and transmitted power should be minimized simultaneously, to achieve 
maximum absorptivity (A). The absorptivity is given by Equation 1.7. 

 = − −A S S1  | |  | |11
2

21
2  (1.7)

Most of the absorber designs are backed by complete metal lamination, 
thereby ensuring zero transmission (S21 = 0). The design is made in such 
a way that the input impedance is matched exactly with the free space 
impedance S21.

Metamaterial absorbers can be used to regulate effective electromagnetic 
parameters. Metamaterial absorbers can be easily fabricated and scaled 
from microwave, terahertz, and infrared, to optical regions. There are two 
types of absorbers: dielectric-based absorbers and magnetic absorbers. 
Dielectric-based absorbers are good at absorbing electric fields, while 
magnetic absorbers absorb magnetic fields. To understand the working 
of absorbers, consider a simple dielectric absorber acting as an insulator 
placed in an electric field. The electric field generates static electric charges 
that give rise to dielectric polarization. This induced dielectric polar-
ization causes an internal electric field. When an EM wave is incident 
on the surface of the dielectric, the wave gets attenuated and energy loss 
occurs because of thermal energy due to the phase cancellation between 



12 Electromagnetic Metamaterials

the incident electric field and the internal electric field. Correlating to the 
transmitted power S21, the lower the transmission coefficient, the better the 
attenuation property of the dielectric medium. So, it can be concluded that 
the amount of absorptivity (A) indirectly depends on the frequency, elec-
trical permittivity, and magnetic permeability. Metamaterial absorbers are 
ultra-thin. The first metamaterial structure was reported by Landy et al. in 
2008 [19]. Metasurface-based absorbers can be classified into two types: 
passive absorbers and active absorbers. Based on the bandwidth and ranges 
of operating frequency, there are various types of passive absorbers such 
as passive single/multi-band metamaterial absorbers [20], passive band-
width-enhanced broadband absorbers [21] and broadband absorbers [22].

Conventional passive absorbers offer no flexibility after fabrication. 
Active absorbers can be re-used by controlling them with external stim-
uli. External stimuli can be achieved magnetically, mechanically, or elec-
tronically. Electronically controlled absorbers use active components, such 
as PIN diodes (PN junction diodes with an intrinsic layer) and varactor 
diodes. Those components offer high tuning speed, wideband tuning, 
compact size, and low cost. There are several types of active absorbers; 
they are switchable absorbers-reflectors, switchable absorbers, and tune-
able absorbers. These switchable absorbers exhibit two bands of operation 
depending on the external stimuli [23].

1.3.1.1 Switchable Absorbers-Reflectors

A switchable absorber-reflector exhibits absorption and reflection responses 
in two different conditions, regulated by external control. External control 
can be achieved by two fabrication techniques that are used to provide 
switching operations; they are PIN diodes and varactor diodes. 

A DC voltage source needs to be connected across the PIN diode, such 
that the diode can be ON or OFF, by regulating the external voltage levels.
[24] Note that the biasing of a single metamaterial is easy but, in a metasur-
face absorber structure, unit cells are arranged in a periodic pattern. The 
most crucial factors in the case of metamaterial absorbers are the biasing 
networks that generate internal electric or magnetic fields, causing dielec-
tric or magnetic polarization. Figure 1.6(a) shows the incorporation of PIN 
diodes in the metasurface unit cell and Figure 1.6(b) shows the equivalent 
electrical model of the structure.

The absorbers are further classified into two types based on their band 
of operation; they are narrow band and broadband absorbers. Broadband 
absorbers operate over a wide range of frequencies, and narrow-band 
absorbers, as the name suggests, operate over narrow frequency ranges. 
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An absorber is said to be polarization insensitive if its absorption prop-
erty at different polarization angles is the same. Based on the range of 
operation and polarization, the switchable absorber-reflectors are classi-
fied into polarization-insensitive switchable absorber-reflectors, broad-
band polarization-sensitive switchable absorber-reflectors, and broadband 
polarization-insensitive switchable absorber-reflectors. By modeling the 
metasurface absorbers as transmission models and extending the structure 
by mounting multiple lumped resistors in the structure, one can increase 
the range of operation and the switching can occur at multiple bands over 
the range. 

1.3.1.2 Switchable Absorbers

A switchable absorber exhibits a response that can be switched between two 
frequency bands by an external stimulus. PIN diodes are mostly used for gen-
erating the switching operation [25]. The absorption is happening in both 
states, but the frequency is changing due to the diode action. Like switchable 
absorber-reflectors, switchable absorbers are classified based on bandwidth 
and polarization sensitivity. They are polarization-independent single-band 
switchable absorbers based on a circular split ring and cross-dipole geometry, 
and polarization-independent dual-band switchable absorbers. In the circu-
lar split ring geometry, the diodes are in series connection, so there will be 
a large supply of voltage that is required to turn ON the diodes, but in the 
case of cross-dipole geometry the PIN diodes are in parallel connection,  
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Figure 1.6 (a) Metasurface with two PIN diode connected in-between the gaps. 
(b) equivalent transmission line model of metamaterial for the ON and OFF states of 
the PIN diode. Reproduced with permission from Chaimool et al., Design of a PIN 
Diode-Based Reconfigurable Metasurface Antenna for Beam Switching Applications, 
International Journal of Antennas and Propagation, 2019, 7216324. Copyright © 2019 
Sarawuth Chaimool et al. [67]. 
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so the overall supply voltage is small [26]. Combining the circular split ring 
and cross dipole designs can give resonance conditions at four frequencies. 
These is called polarization-independent dual-band switchable absorbers [27].

1.3.1.3 Tuneable Absorbers 

A tuneable absorber exhibits a variable absorption frequency that can be 
regulated by an external bias voltage. The structure has an infinite number 
of states. Most of the tuneable absorbers are realized by varactor diodes. 
A varactor diode, while operated under reverse voltage, exhibits tuneable 
junction capacitance, represented by Equation 1.8 [28].
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The varactor-modelled tuneable absorbers are polarization sensitive 
in nature. Depending on the placement of the varactor diode, a polar-
ization-independent single-band tunable absorber can be achieved. Note 
that, unlike PIN diodes, the varactor diodes operate under reverse bias 
voltage, and the varactor diodes should be placed in a parallel combina-
tion to reduce the voltage requirement. Embedding the polarization-inde-
pendent single-band tuneable absorber with an internal biasing network 
provides an increase in the tuneable frequency. Using the biasing network, 
complexity can be reduced and the structure can be expanded to dual or 
multi-band tunable absorbers [29].

1.3.2 Metamaterial Antenna

Metamaterial antennas are antennas wherein metamaterials are utilized 
to increase the antenna system’s performance. A metamaterial coating is 
applied to improve the radiation and increase the radiating power. When 
utilized in an antenna system, metamaterials with negative permeabil-
ity may allow for qualities like high directivity, superior operational fre-
quency, and increased radiated power. This increases bandwidth range by 
using metamaterials as a superstrate over traditional patch antennas. High-
directivity antennas are frequently made from materials with a refractive 
index of zero. Using the unusual properties of metamaterials, antennas 
with compact size and improved performance can be obtained.
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Primarily, unit cells are made to interact with the antenna structure to 
obtain the desired antenna performance. There are many types of meta-
material incorporation techniques that are implemented to achieve the 
desired antenna performance. Listed below are a few:

1. Metamaterial Loading: Metamaterials made of periodic sub-
wavelength unit cells loaded into antennas.

2. Metamaterial Inspired Antenna: In this approach, the meta 
resonators are loaded into the structure of the antenna. The 
loading may involve two or multiple meta-resonator unit 
cells.

3. Metasurface Loading: Artificial thin layers made of sub-
wavelength periodic elements in a uniform or non-uniform 
pattern are arranged to form planar 2D surfaces.

4. Resonant Dispersion: Fractal geometries of RH material and 
LH material-based unit cells are incorporated into the prox-
imity of the antenna.

Sections 1.3.2.1 to 1.3.2.4 provide a brief description of various improve-
ments achieved in antenna performance by loading metamaterial. Though 
there are numerous benefits to incorporating metamaterials, this chapter 
will only summarize the reduction in antenna size, improvements in gain 
and bandwidth, generating circularly polarized electromagnetic waves via 
antenna structures from the linearly polarized antenna, and finally achiev-
ing isolation between antenna arrays.

1.3.2.1 Miniaturization 

(1) Metamaterial Loading
Growing technology demands compact antennas with more accurate reso-
nant conditions. Electrically small antennas (ESA) with such requirements 
are hard to achieve because as the antenna size decreases, the operating 
wavelength also decreases, causing an imbalance in the impedance [30]. 
One of the possible solutions is integrating the antenna with periodic 
subwavelength metamaterial unit cells. Various metamaterial techniques 
include ENG/MNG materials, high permittivity or permeability shells, 
photonic crystals, and near-field resonators [31–36].

The primary goal of antenna miniaturization is to make the antennas’ 
physical dimensions independent of the loading. According to S.K. Sharma 
et al., this can be achieved by using a meta resonator such as a zeroth-order 
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resonator (ZOR) [37]. The ZOR provides a zero-phase constant and an 
infinite wavelength at frequencies other than zero. This enables antenna min-
iaturization just by tuning the distributed lumped elements like capacitors or 
inductors. These ZORs are made of ENG/MNG or CRLH TL models [38]. 

(2) Metamaterial Inspired Antenna
As mentioned above, the unit cells are structured in an array configuration 
to show ENG, MNG, or DNG characteristics. In contrast to the previous 
technique of metamaterial loading, where the metamaterials are loaded 
near the device, in this technique, metamaterial-inspired antennas, the 
metamaterials are used as a fabrication component. In this method, the 
unit cells are engraved into the antenna patch, ground or in the substrate, 
making them a more integral part of the antenna fabrication material [5]. 
These integrated metamaterials act as resonant structures and, by con-
trolling the resonating components, size reduction, increased gain, and 
good impedance matching are reported in R. K. Saraswat et al. [39]. 

(3) Metasurface Loading
There are various types of metasurfaces: high impedance surface (HIS), 
reactive impedance surface (RIS), frequency selective surface (FSS), and 
electromagnetic bandgap (EBG). 

HIS is a periodic arrangement  of sub-wavelength structures atop a 
dielectric medium with a metal ground plane on the other side [40]. HIS 
materials suppress surface waves at other frequencies and have zero to 
low phase reflection (θ) at specific frequencies. At zero-phase reflection, 
the surface becomes an artificial magnetic material (AMM). This AMM 
functions as an artificial ground, doubling the fields while reducing the 
antenna thickness. It is suggested that refer to [40] for the formula of phase 
reflection. 

RIS is like HIS but can store magnetic energy or electric energy and 
reflects power like ideal magnetic or electric conductors [41]. RIS struc-
tures reduce the size by improving the propagation constant, leading to a 
decreased wavelength at the resonant frequency [42]. RIS also provides iso-
lation between the antenna and dielectric, thereby decreasing impedance 
mismatch [43]. Both FSS and EBG metasurfaces operate like RIS and HIS. 

(4) Resonant Dispersion 
As mentioned above, CRLH metamaterial unit cells are loaded for antenna 
miniaturization. These CRLH unit cells act as internal load and adjust the 
capacitance and inductance values of the CRLH TL model, contributing to 
compact-size antennas.
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An important point to note from (1) to (4) is that all the size reduc-
tion is achieved by altering the reactive elements of the TL model of the 
metamaterial unit cell. The adjustment of the reactance, inductance, and 
capacitance of the metamaterials makes the antenna resonate at a lower 
frequency than its intended frequency of operation, resulting in reduced 
antenna size. 

(5) Metamaterial for Antenna in Terahertz Region
So far, the general idea of metamaterial inclusion in antennas has been dis-
cussed briefly. Now, let us extend the discussion to terahertz region appli-
cation by considering an antenna with dimensions of 131.5 µm x 155 µm x 
10 µm and a patch with dimensions of 71.5 µm x 95 µm on dielectric 
made of quartz with a relative permittivity of 3.78 and tanδ (loss tangent) 
of order 10-3. The antenna resonates at 0.97 THz without the inclusion 
of metamaterials with an S11 of -28.76 dB and a fractional bandwidth of 
around 4.12% [44].

The most commonly used metamaterial is circular SRR. It is used to 
study the improvements achieved in the patch antenna proposed. The SRR 
used as loading has a 20 µm outer radius and a 15 µm inner radius with 
a 5 µm split width and a 5 µm ring thickness. For the calculation of the 
permittivity and permeability of SRR, refer to [45, 46]. The SRR is incorpo-
rated into the dielectric of the terahertz antenna.

The SRR resonance frequency is adjusted by controlling the capacitance 
(C) due to the split in the rings and the inductance (L) in the two rings due 
to Faraday’s law. The structure of SRR is shown in Figure 1.3a. Note that 
inductance is varied by varying the dimension of the ring and capacitance 
is varied by altering the split size. By modeling SRR as an LC resonant 
element and controlling the inductance and capacitance, it results in neg-
ative permeability or even zero refractive indexes at or near the resonant 
frequency [47]. The proposed antenna with SRR loading on the substrate 
showed an increase in the resonant frequency from 0.97 THz to 1.02 THz 
because the designed SRR metamaterial resonates at 1.02 THz. Also, sub-
strate size was reduced from 131 x 155 µm2 to 128.5 x 150 µm2 patch size 
was reduced from 71.5 x 95 µm2 to 68.5 x 90 µm2. As mentioned above, 
considerable size reduction can be achieved just by adjusting the capaci-
tance and reactance of the metamaterials.

1.3.2.2 Gain and Bandwidth Improvement 

In recent years, along with the downsizing of antennas, there has been 
a huge demand for antennas with a wider bandwidth of operation and 



18 Electromagnetic Metamaterials

improved gain in wireless communication. Compact antennas suffer from 
low gain and narrow bandwidth due to weak radiation characteristics. 
Although different methods and strategies are suggested across the litera-
ture, considering various other methods, the most cost-efficient and least 
complex method is introducing metamaterials.

(1) Metamaterial Loading 
The core idea behind achieving improved gain and bandwidth by using 
metamaterials is to control the electromagnetic waves at the surface by 
modifying the antenna structure to store less power and radiate more 
power. So, to achieve high radiated power, the metamaterial unit cells 
loaded into the antenna should decrease the reactance of the antenna.

For example, Yuan et al. proposed an antenna with a planar metamate-
rial structure incorporated into the ground plane, offering discontinuities 
such that the antenna stores less energy and radiates more power, provid-
ing an increased gain and wider bandwidth of operation [48]. A similar 
technique is suggested by Urul et al. using DNG metamaterial in conven-
tional microstrip antennas [49]. DNG metamaterial reduces impedance 
mismatch and reduces the reactance of the antenna structure. This allows 
the antenna to radiate high power, thereby achieving improved gain (4.36 
to 7.45 dB) and bandwidth. 

(2) Metamaterial Inspired Antenna
Metamaterial deployment in the fabrication process has significantly 
improved the performance of planar antennas. The most deployed meta-
material structures are the SRR and complementary SRR (CSRR). Like 
metamaterial loading, this technique also focuses on controlling the elec-
tromagnetic waves at the surface and increasing the radiated power.

For example, Patel et al. proposed an antenna structure deployed with 
corrugated and noncorrugated SRR [50]. The proposed microstrip antenna 
with SRR achieved an improved gain from 6.2 dB to 7dB and improved 
bandwidth from 230 MHz to 430 MHz.

(3) Metasurface Loading
Unlike metamaterial loading and metamaterial-inspired antennas, where 
the metamaterial just provides improvements by changing the surface 
wave characteristics of the antenna, here the metasurfaces act as an aper-
ture for the antenna, radiating or receiving EM waves from or into the 
feed, playing an integral part of the antenna function. But, like the previ-
ous techniques, metasurfaces also regulate surface waves to increase radi-
ated power.
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For example, consider the well-known metasurface EBG in antenna 
design. EBG acts as a transmission or reflection surface and suppresses 
surface waves so that high gain can be achieved. P. Sambandam et al. pro-
posed a monopole antenna whose radiating patch is partially integrated 
with EBG, which has a significant increase in bandwidth (3.1-10.6 GHz) 
and a peak gain of 6.25 dB [51].

(4) Resonant Dispersion 
CRLH metamaterial can also be used to improve antenna performance. 
The presence of a zeroth-order resonator improves the bandwidth of the 
antenna when the CRLH unit cell is loaded. With the right tweaking of 
the parallel and series inductance and capacitance of the LC equivalent 
circuit of the CRLH transmission line model, antenna bandwidth can be 
increased. Similarly, integrating SRR and CSRR with CRLH can boost the 
gain of the antenna [52–58].

Incorporating metamaterials into antenna structures decreases the 
quality factor (Q) of the resonating antenna structure. It is well known that 
the bandwidth of an antenna is inversely proportional to the quality factor. 
This justifies the core idea of achieving high gain and enhanced bandwidth 
because, with a reduced quality factor, the antenna radiates more power, 
thereby increasing the gain.

For the readers convenience, various improvements like gain and band-
width enhancements and miniaturization of antennas achieved by the 
inclusion of various metamaterials in the antenna structure are summa-
rized in Table 1.1. 

(5) Metamaterial for Antenna in Terahertz Region
The metamaterial loading technique can be extended to the terahertz 
region without any difficulty because THz waves have shorter wave-
lengths and require miniaturized antennas to transmit. With the inclu-
sion of metamaterials, conventional antennas can be made to resonate at 
lower frequencies than their intended frequency, and vice versa, because 
the resonant frequency is inversely proportional to capacitance and 
inductance.

Considering the same patch antenna with SRR inclusion discussed 
previously, the gain of the antenna increases from 1.44 dB to 5.75 dB. It 
can be seen that metamaterial loading helps the antenna to radiate maxi-
mum power in the desired direction. As a result, the directivity and gain 
are increased because the SRR loaded in the substrate acts as a reflecting 
surface and suppresses the antenna’s surface wave. By suppressing the sur-
face waves, the S11 (return loss) of the antenna increased from -28.75 dB 



20 Electromagnetic Metamaterials

Table 1.1 Influence of metamaterials on antenna size, gain, and bandwidth of antenna.

Ref Metamaterial technique
Operation frequency 

(GHz)
Size reduction 

(%) S11 BW (%) Gain (dB)

L.-Y. Liu et al. 2015 
[30]

ENG-TL metamaterial with 
circular shaped closed 
complementary resonator

1.16, 2.32, 3.58 - 8.54, 10.25, 
35.75

1.59, 2.1, 4.97

Gupta et al. 2019 [68] Split ring resonator (SRR) 2.78, 6.02 - 3.59, 25.41 -

Rao et al. 2018 [69] Complementary SRR 1.8 48 - 7

Gudibandi et al. 2020 
[36]

HRI (metasurface loading) 2.5 45.7 - -1.4

Hong et al. 2019 [70] FSS (metasurface loading) 1.59, 1.96 - - -

Gupta et al.2017 [35] CRLH (Resonant method) 1.62, 2.78 51.9 2.46, 1.07 1.05, 2.59
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to -65.26 dB and the VSWR ratio also decreased from 1.07 to 1.00. In the 
metamaterial loaded patch antenna considered, there was no enhancement 
in bandwidth reported. The fractional bandwidth remained constant at 
4.12 %. Note that the bandwidth can also be increased by decreasing the 
quality factor as mentioned above.

1.3.2.3 Circular Polarization

The polarization of an antenna is a crucial parameter in determining the 
performance of the antenna. Depending on the requirements, the antenna 
is either linearly polarized or circularly polarized. Most of the fabricated 
antennas are linearly polarized. In a linear polarized (LP) EM wave, the 
fields and direction of propagation are all mutually perpendicular. In a cir-
cular polarized (CP) EM wave, the electric field lags or leads the magnetic 
field by 90 degrees and appears to be rotating. If the wave rotates in the 
anti-clockwise direction, it is said to be right-hand circular polarization 
(RHCP) and left-hand circular polarization (LHCP) if it rotates in the 
clockwise direction.

CP provides several advantages, including improved absorption and 
reflectivity; reduced phasing difficulties; fading and multipath interfer-
ences; protection against weather changes; and providing flexibility in 
antenna orientation. Two parameters are used for determining circular 
polarization: (1) axial ratio (AR) and (2) surface current distribution. For 
an ideal circularly polarized antenna, the AR should be unity or 0 dB. This 
is not applicable in practical situations; therefore, as a rule of thumb, for a 
good CP antenna, the AR should range from 1 to 2.5. Various techniques 
and arrangements are reported in the literature to achieve CP. This section 
details the role of metamaterials in achieving circular polarization. 

(1) Metamaterial Loading 
As mentioned above, the important factor in achieving circular polariza-
tion is creating the phase difference. This phase difference can be achieved 
by incorporating metamaterial structures in association with an antenna. 
These metamaterials feature resonance qualities, which allow the anten-
na’s inductance and capacitance to be tuned. As a result, an antenna loaded 
with a metamaterial structure produces a variation in effective reactance 
and modifies the surface current distribution, which aids in the achieve-
ment of circular polarization in antennas. It should be noted that RHCP or 
LHCP can be produced by appropriately orienting the metamaterial unit 
cell. 
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(2) Metamaterial Inspired Antenna
Circular polarization is depending on the geometry of the antenna and the 
elements attached to it. M. Venkateshwara Rao et al. postulated, by utiliz-
ing ring resonators like SRR or CSRR metamaterials on antennas the effec-
tive inductances and capacitances can be altered such the antenna becomes 
circularly polarized [59]. 

(3) Metasurface Loading
Materials like HIS, RIS, EBG, FSS, etc., can also be used to achieve circular 
polarization. For example, J. Chatterjee et al. [60] verified that using RIS 
between the radiating plane and the ground plane reduces mutual coupling 
and increases current distribution consistently. At a certain frequency, the 
RIS surface inductance cancels out with a capacitive effect on the radiating 
patch, resulting in the antenna radiating a circularly polarized wave with a 
wider AR bandwidth.

(4) Resonant Dispersion 
A CRLH made of a meander (zigzag) line produces the capacitance 
effect, and a short-circuited stub produces the inductance effect. As pre-
viously stated, the polarization characteristics of an antenna are gov-
erned by its surface current. According to L. Y. Liu et al. [61], an antenna 
with two uneven meander lines placed between antenna patches acts 
as a parallel inductance and a pair of slots etched on the antenna patch 
acts as a series capacitance. The current distribution is disturbed by the 
newly added capacitance and inductance, which result in two orthogo-
nal operational modes with a phase difference creating a circular polar-
ized antenna.

(5) Metamaterial for Antenna in Terahertz Region
Creating a circularly polarized antenna structure using SRR loading relies 
heavily on Faraday’s law of electromagnetic induction. Faraday’s law 
states that a current will be induced in a conductor which is exposed to 
a changing magnetic field and will be in a direction such that it opposes 
the changing magnetic field that produces it. Implementing SRR in the 
substrate of the patch antenna under study uses the converse of Faraday’s 
law; that is, by altering the current distribution, the antenna operating at 
1.02 THz can produce circularly polarized electromagnetic waves by cre-
ating a phase difference of 90 degrees between electric and magnetic fields. 
Multipath effects can be reduced with this circularly polarized terahertz 
patch antenna [62].
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1.3.2.4 Isolation

Mutual coupling between adjacent antennas causes a reduction in diverse 
performance parameters such as antenna gain and reflection coefficient. 
The mutual coupling also affects the transmission capacity of the wireless 
channel and decreases the multiplexing efficiency.

In a MIMO system, if the antennas are placed less than λ /4, high mutual 
coupling occurs between adjacent antennas, causing performance degra-
dation. Among various methods reported in the literature, metamaterials 
are the most viable solution for suppressing mutual coupling. Metamaterial 
structures are used in MIMO systems to break up the flow of current and 
serve as a decoupling component between adjacent antennas, resulting 
in isolation. Controlling the magnetic field inside the exciting antenna 
enables maximum isolation.

(1) Metamaterial Loading 
Each metamaterial unit cell can be modelled into its equivalent TL model. 
This is the important analysis and design technique that has come in handy 
throughout the application section. The same is the case for achieving iso-
lation. Metamaterial unit cells that are modelled in terms of LC compo-
nents can also act as filters with band-stop characteristics. This band-stop 
characteristic of metamaterials has proved to reduce coupling between 
adjacent antennas. For example, R. Mark et al. proposed that MIMO 
antenna systems with circular-shaped near-zero permittivity and permea-
bility metamaterial, offer decoupling between adjacent antennas and have 
a maximum isolation of 41 dB [63]. 

(2) Metamaterial Inspired Antenna
The CSRR structure incorporated into the antenna design significantly 
reduces mutual coupling. For example, V. Najafi et al. [64] proposed that 
Vivaldi antennas with CSRR placed between antenna elements, due to 
their band stop characteristics, reduce mutual coupling and increase isola-
tion between two Vivaldi antenna arrays.

(3) Metasurface Loading
The Metasurface EBG structure is made of a series of subwavelength struc-
tures. At the operating frequency, these structures act as a band-stop filter, 
confining the surface waves within the antenna. MIMO systems with split 
EBG structures achieve a higher order of isolation, according to X. Tan et 
al. [65].
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(4) Resonant Dispersion 
A unique approach is suggested by A. A. Ibrahim et al. [66]. The MIMO 
system with a CRLH structure made of a meander line and short-circuited 
stub achieved ZOR by altering the dimension of the CRLH unit cell such 
that the structure provided reverse currents at the resonant frequency. 
These reverse currents tend to excite the antenna, thereby increasing the 
isolation between multiple antennas packed closely together.

(5) Metamaterial for Antenna in Terahertz Region
Though isolation is not explicitly verified for the patch antenna under 
study, it is important to note that isolation can be achieved between an 
array of antennas even in the terahertz region by utilizing the band stop 
characteristic of the SRR loaded into the substrate of the antenna. Table 1.2 
provides various metamaterial techniques used and the isolation achieved 
by including them in the antenna structure. 

1.4 Conclusion

This chapter provided an overview of the implications of fabricating 
devices in the terahertz region and suggests a novel artificial engineering 
material to overcome the constraint. Such materials are also called “meta-
materials”. Depending on the nature of the permittivity and permeabil-
ity, the metamaterials are classified into epsilon-negative metamaterials, 
mu-negative-metamaterials, and double-negative materials.

Table 1.2 Metamaterial approaches to achieve enhanced isolation and respective 
isolation achieved in dB.

Reference
Metamaterial approach for 

increased isolation
Isolation achieved 

(dB)

Shabbir et al. 2020 [71] ENG metamaterial loading >20

Reddy et al. 2021 [72] Metamaterial loading >25

Irene et al. 2018 [73] SRR metamaterial inspired 
antenna

>20

Ghosh et al. 2020 [74] HRI (metasurface loading) 10

Zhu et al. 2017 [75] FSS (metasurface loading) >16

Thakur et al. 2020 [76] CRLH (resonant method) 35
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Using the unit cell of ENG, MNG or DNG metamaterials as trans-
mission models and altering the effective reactance and dimension after 
incorporation with antenna structures provided various improvements 
in the antenna performance, such as high gain and enhanced bandwidth, 
generation of circular polarization, making the antenna independent of 
orientation, thereby reducing cross polarization loss; increased isolation 
between adjacent antennas; and finally, structure improvement includes 
miniaturization of the antenna. Described below are the following proper-
ties exploited to achieve the improvements.

1. In the miniaturization of the antenna, the reactance of the 
metamaterials is tuned such that the antenna resonates at a 
frequency lower than the intended frequency.

2. Gain is enhanced by increasing the radiated power by 
controlling the electromagnetic surface waves using 
metamaterials.

3. Bandwidth is increased by incorporating metamaterials, 
which reduce the quality factor, which in turn increases the 
bandwidth and the radiation efficiency.

4. Circular polarization is achieved by adjusting the reactive 
elements of the metamaterials such that the current distribu-
tion is perturbed, providing a phase difference of 90 degrees.

5. Isolation is achieved by using the band stop characteristics 
of the metamaterial, which in tweaking offers zero permit-
tivity and permeability at the frequency of operation of the 
antenna.

Also, the application section provides a short overview of various 
metamaterial/metasurface-based absorbers fabricated with the incorporation 
of PIN diodes and varactor diodes for the generation of dielectric and magnetic 
polarization. In the case of absorbers in the terahertz region, the main property 
exploited is described below.

Integration of PIN diodes and varactor diodes in the metasurface and 
exciting them using a biasing network produces static electric charges. 
These static charges provide an internal electric and magnetic field. When 
a terahertz wave is an incident on the metasurface, the electric field is 
attenuated and dissipated in the form of thermal energy due to destructive 
interference between the internal electric/magnetic field and the incident 
electric/magnetic field.  Various types of metasurface absorbers, such as 
switchable absorbers-reflectors, switchable absorbers, and tuneable reflec-
tors, were also briefed based on their polarization sensitivity and operation 
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bandwidth. Also, as far as the application in the terahertz region is con-
cerned, the metamaterial inclusion can be extended without any difficulty 
because metamaterials are one of the best solutions to overcome the dif-
ficulty in realizing devices in the terahertz region. The metamaterials can 
also be used for a wide range of applications, including absorbers, phase 
shifters, waveguides, and in stealth technology. Readers are encouraged to 
explore various other applications of metamaterials.
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Abstract
Chiral metamaterials (MTMs) are a special type of composite material having 
nonsuperimposable mirror image structures which leads to strong cross-cou-
pling interaction between electric field and magnetic field showing unusual or 
giant optical properties in them. In the last few decades, chiral metamaterials have 
drawn the attention of researchers because of their excellent advantages over nat-
ural chiral materials, such as their design flexibility, ability to achieve excellent 
customized properties, giant optical activity, tunability or switchability, and so on. 
The control or manipulation of optical activity, basically electromagnetic proper-
ties are fundamental to many applications which invoke the further development 
of such composite materials. Ability to achieve attractive customized properties, 
tuneability, and design flexibility; make them suitable for significant applications 
in medical and bio sectors, bio-sensing, absorber, optical filters, antenna, dis-
play, photography, etc. In this write-up, we have tried to outline the fundamen-
tals of chiral metamaterial, its properties, constructions, applications, and recent 
advances in the modern era.
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2.1 Introduction 

Asymmetry prevails everywhere in this universe, from the living world to 
galaxies, in biology and ecology, from physiology to anatomy, from micro-
components to macrocomponents in science and technology, and so on. 
Asymmetry arises due to the violation or absence of symmetry elements 
and chiral materials are asymmetric materials having no plane of sym-
metry; basically, construct nonsuperimposable mirror images possessing 
optical activity. In general, the capability of manipulating the plane of polar-
ization of EM (electromagnetic waves) is called optical activity. In a chiral 
medium, optical activity is nothing but the consequence of cross-coupling 
between the electric field and magnetic field. Due to weak electromagnetic 
coupling, naturally occurring chiral materials like sugars, amino acids, 
quartz, etc. exhibit weak optical activity [1]. In 1811, Dominique Arago 
first discovered the optical activity of chiral materials [2]. Optical activ-
ity has great importance in various fields of science like optoelectronics, 
molecular biology, display and imaging application, analytical chemistry, 
and many more [3, 4].

Manipulating and monitoring electromagnetic properties like circular 
dichroism and optical activity is the basis of diverse utilization, such as 
optical data storage, display, wireless communication, internet, imaging, 
etc. [5]. Advancement in these fields of technology demands structured 
or composite materials with exotic electromagnetic properties. Over the 
last few decades, the interest of researchers is rising in composite materi-
als having unusual and wonderful optical activities and these composite 
materials are commonly known as “metamaterials.” These metamaterials 
are mainly artificially constructed materials, engineered to induce several 
customized properties, which are absent in natural materials [6]. They are 
mainly designed based on their application. Metamaterials can exhibit neg-
ative refractive index, permeability, and permittivity, and the properties 
and features of metamaterials depend on their structure and construction 
rather than their component. Due to having the ability to achieve attractive 
customized properties, tuneability, and design flexibility, they have signif-
icant applications in aerospace, biosensor, absorber, optical filters, anten-
nae, energy harvesters, etc. [7].

Chiral metamaterials (CMM) are a special type of class-bearing struc-
tures which possess nonsuperimposable mirror images. As mirror sym-
metry is absent, strong cross-coupling occurs between the magnetic field 
and electric field, which results in an unusual or giant optical property in 
chiral metamaterials. Chiral metamaterials show extremely strong optical 
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activity and several unique features like negative refractive index [8, 9], the 
anti-Doppler effect [10], negative permittivity and permeability, etc. Being 
a metamaterial, they have also flexibility in design fabrication and tunabil-
ity as well as the ability to gain customized characteristics as per require-
ment. Moreover, the control of optical activity in chiral metamaterial is 
possible [11]. All these attractive features make them suitable in various 
application fields, such as bio-detector, absorber, antenna, imaging, dis-
play, smart devices, medical and bio sectors, communication technology, 
and optical fibers [7, 12, 13]. In this review, we will discuss chiral metama-
terial, their properties, constructions, applications, and recent advances in 
different segments.

2.2 Fundamentals of Chiral Metamaterials  
and Optical Activity Control

Circular dichroism (CD) and Optical activity (OA) are the most import-
ant electromagnetic properties manifested as an optical response in any 
chiral medium. Optical activity is the capability of manipulating the 
plane of polarization of EM (electromagnetic waves) in a chiral medium, 
which is the consequence of cross-coupling between magnetic and elec-
tric fields, whereas CD is the difference in the absorption of circularly 
polarized (RCP & LCP) light (Figure 2.1a,b) [14, 15]. Circular dichroism 
mainly depends on the transmission of light. Thus, it may be expressed 
in terms of ellipticity, which is a function of the relative difference in 
transmission. Furthermore, circular dichroism plays an important role in 
material absorption. Differences in the absorption of RCP and LCP can 
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Figure 2.1 a) Optical activity:In chiral medium, the electric field vector of a linearly 
polarized wave rotating about theaxis which is parallel with respect to its axis of propagation 
(+z axis). 1. b) Circular dichroism: Difference in absorption of right and left circularly 
polarized light resulting different transmissions for LCP and RCP to each other. Figure 2.1a 
and 2.1b is reproduced from [11].
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be considerably increased by resonance effect and circular dichroism in 
composite materials [11, 16].

Resonance in chiral metamaterial is another important element that 
favors achieving a giant optical or chiral response in chiral media. Strong 
resonance in constituent chiral meta-atoms arises due to excitation by 
external electromagnetic waves and as a result, strong polarization occurs. 
Thus, resonance in chiral metamaterial helps to enhance or manipulate 
optical activity, circular dichroism cum ellipticity [17, 18].

The major attraction of chiral metamaterial is its capability to exhibit a 
negative refractive index and this is also the prime reason which invokes 
its further development and research. The negative refractive index is 
known to arise from the oppositely directed phase velocity and group 
velocity and also propagation of energies and phase of the wave are oppo-
sitely directed. As earlier spoken, the optical activity of chiral MTMs can 
be exceptionally enhanced which implies that the direction of the elec-
tric field produced by linearly polarized light may be rotated or manipu-
lated within a very small distance while passing through a chiral medium  
[11, 19, 20]. In this regard, a large number of chiral MTM designs to 
achieve giant optical chirality have been proposed which will be dis-
cussed in segment 3.

In the practical field of an application controlling the dispersion and 
bandwidth of chiral material are very significant which becomes a real 
challenge as chiral MTMs generally depend on resonances to achieve large 
optical chirality, and also strong CD (circular dichroism) within a lim-
ited frequency range. Dispersion of the chiral metamaterials is also influ-
enced by the resonant characteristics of the materials, and so there arises a 
necessity to compromise between broad bandwidth and enhanced circular 
dichroism [11]. Hannam and his co-researchers reported a spectrally flat 
and experimentally large optical activity with little ellipticity by utilizing a 
meta-surface, comprised of pairs of twisted meta-atoms and their comple-
ments [21].

2.3 Construction of Chiral Metamaterial

From the basic idea, it can be said that chiral metamaterial can be con-
structed by interrupting the mirror symmetry of a three-dimensional 
arranged material. We have tried to represent the units of chiral meta-
material having different structural features. Several chiral unit cells are 
arranged to obtain giant chiral metamaterial [Table 2.1] having different 
structures including a Y-shaped structure [14], Slavic symbol [22, 23], 
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helix structure [24], multilayered arc structures [25], twisted split ring  
[26, 27], twisted cross structure [28, 29]. Due to greater chirality in peri-
odical unit cells, cross-coupling involving electric and magnetic fields 
becomes stronger. This coupling interaction is capable of being externally 
controlled by adjusting the size, shape, or type of the chiral unit cells to 
get exotic electromagnetic properties e.g., highly efficient absorption [30, 
31], conversion of broadband polarization [32, 33], optical imaging which 
break through the diffraction limit [34, 35].

Figure 2.2 represents various types of chiral metamaterial units. Figure 
2.2a, depicts a bilayer chiral metamaterial unit having a cross-wire design 
with a twisted angle ϕ which gives excellent OA as well as a negative refrac-
tive index [19]. The structure will possess chiral character if the angle 
(twisted) ϕ equals to other than the multiple of л/2 where n is an integer. 
In the cross-wire pairs, the cross-coupling interaction occurs at chiral res-
onance possessing potent chirality around the resonating frequencies. The 
resulting strong chirality splits the refractive indices which results in a neg-
ative refractive index of one circularly polarized wave [36].

Figure 2.2b represents multilayered gammadion structured chiral meta-
material in parallel planes with a definite twist angle with nearby planes. 
This multi-layered version of chiral metamaterial shows a negative refrac-
tive index, negative permeability, giant optical activity, negative permittiv-
ity moreover, enhanced polarization rotation and circular dichroism than 
bi-layered structure. This extraordinary performance makes it compatible 
to use in ultrathin polarization rotators and circular polarizers in various 
practical fields [4].

Table 2.1 Types of chiral metamaterial of different unit cell.

Sl. No. Types of chiral metamaterial of different unit cell References

1. Y-shaped structure [14]

2. Slavic symbol [22, 23]

3. helix structure [24]

4. multilayered arc structures [25]

5. twisted split ring [26, 27]

6. twisted cross structure [28, 29]

7. Multilayergammadion structure [4]

8. Twisted SRR U-shaped structure [40]
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Ye and He et al. reported two-layered chiral MTMs having enantiomeric 
patterns with the four-fold rotational axis of symmetry to acquire 90° polar-
ization transformation [37]. Another study on twisted bi-layered U-shaped 
SRR was reported to design 90° polarization transformation [38]. Huang 
and his co-workers proposed a polarization rotator, consisting of two pairs 
of twisted bi-layered SRRs with a twist angle equal to 90° exhibits broad-
band optical activity (Figure 2.2c) [39]. 

Another Chiral metamaterial composed of a bi-layered Y-shaped metal-
lic structure with a twisted angle ϕ and the angle between the parallel 
branches remained at 120°. At the lower resonance frequency, the incident 
linearly polarized wave is transformed to LCP whereas at a higher reso-
nance frequency the wave is converted into a cross-polarized wave. The 
planar structure makes it appropriate for application in multi-polarization 
antenna systems [14].
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Figure 2.2 Representation of chiral metamaterial-based unit cells. (a) Twisted cross 
wire structure [19]; (b) multilayer gammadion structure; (c) Twisted split ring structure; 
(d) Twisted SRR structure of U-shaped; (a) is replicated with consent from [19]. 
©American Physical Society, 2009; (b) is replicated with consent from [4]. ©American 
Physical Society, 2009; (c) is replicated with consent from [13]; (d) is replicated with 
consent from [40].
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With further development, other studies were reported regarding the 
construction of chiral metamaterials. Figure 2.2d depicts chiral metama-
terial constructed by basic units built of two pairs of twisted U-shaped 
metallic structures with a rotation angle equal to 90° with neighbors. These 
types of CMMs have multiple layers having 90° neighboring twist angles 
and generally are applied for 90° polarization transformation [40].

Some other chiral metamaterials do not contain C4 symmetry and they 
were reported to act as the highly efficient polarizer. The efficacy of polar-
ization conversion can be enhanced with proper designing of the struc-
tural parameters. In a study, a horn antenna that is dual circularly polarized 
was proposed in the Ku band which was formulated on chiral MTMs. The 
CMM unit cells are composed of a bi-layered metallic arc structure which 
is twisted by an angle ɵ2 with the top layer and bottom layer. This CMM can 
realize circular dichroism at two different working frequencies. The chiral 
metamaterial decomposes the linearly incident wave into two differently 
circularly polarized waves with only 0.6 dB degradation of the gain of the 
horn antenna around the two working frequencies [41].

In another study, a dual-band chiral metamaterial was reported to be 
composed of two pairs of arcs of different sizes with increased operating 
frequency. It was also studied that increase in the number of arcs on both 
sides of the dielectric lamina results in higher resonant frequency. Figure 
2.3a depicts the multiband circular polarizer for converting linearly polar-
ized incident waves into differently circular polarized waves having lower 
degradation and different rotations at four different resonances. Figure 
2.3b depicts the surface current distribution of CMM which resonates at 
a low value. This chiral MTM can be developed to be used potentially in 
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Figure 2.3 a) Unit cell with two pairs of twisted arcs; b) Surface current distribution at 
the first resonances of the CMM. a) & b) are replicated with consent from [42]. ©AIP 
Publishing LLC, 2012.
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circularly polarized antenna systems [42, 43]. The combination method of 
chirality with anisotropy results in enhancement in polarization conver-
sion of CMMs. The twisted arc CMM inspired the construction of more 
CMM for nonlinear optical devices [44].

2.4 Applications

In recent days, the advancement of communication technology demands 
multi-polarization states of electromagnetic waves and in this regard, chi-
ral metamaterial shows promising activities. Chiral metamaterials having 
twisted cross structure [19]; SRR structure of U-shaped [45]; multilayered 
twisted gammadion structure [4] can be used to achieve linear to circu-
lar polarization transformation, whereas some works are focused on 90° 

polarization transformation. 

2.4.1 Chiral Metamaterials in the Chiral Sensing

Generally, chiral molecules show different biochemical properties with 
their mirror images. The electromagnetic fields of chiral molecules interact 
in different manners with chiral material or matter for left and right circu-
larly polarized waves, and this effect of chiral metamaterials can be used 
as a platform for chiral sensing due to possessing strong optical activity 
around the vicinity of metamaterials [46]. Figure 2.4a depicts chiral meta-
material with gammadion structure which has efficient resonance near 
800  nm wavelength and shows strong circular dichroism signals due to 

(a) (b)

Figure 2.4 Enhancements of Optical chirality in the surrounding area of different CMM: 
(a) gammadion like structure [47], (b) shuriken structure [49], a) is replicated with 
consent from [47], © 2010, Nature Publishing Group; b) is replicated with consent from 
[49], ©2018, American Chemical Society.
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its chiral structure. The optical chirality surrounding the nearby field of 
the gammadion CMM structure is sufficiently large for strong coupling 
with chiral molecules and this strong coupling results in a significantly 
large shift [47]. In Figure 2.4b the shuriken-like structured metamaterial 
was employed for the characterization of protein interface structures [48] 
as well as the structural order of bio-interface [49]. This type of structure 
has two resonances nearly located at wavelengths about 710 and 740 nm. 
The coupling of different modes becomes asymmetric when the arrange-
ment of chiral molecules takes place on the surface of the shuriken and 
this asymmetric interaction is the pivotal point that is generally used for 
the chiral sensing of different types of biomolecules [48, 49]. Schfering 
and Giessen have reported a few facts about the construction of platforms 
based on chiral MTMs and from their study we know that greatly twisted 
planar configuration without any sharp corners can be utilized for getting 
an uninterrupted area of strong optical chirality [50]. In addition to that, a 
compact 3D chiral structure needed to be used to obtain a large difference 
in optical chirality. Despite having many advantages, chiral MTM sensing 
platforms have some drawbacks too, and the limitations arise due to the 
contamination between strong and relatively weak CD signals, which are 
generated by the platforms and chiral molecules, respectively [51, 52].

Generally, a chiral metamaterial platform gives strong CD signals even 
when the chiral molecule is absent. When platforms are occupied with chiral 
molecules, both of them contribute to the experimentally obtained CD sig-
nals. So, it is difficult to discriminate the signals through the MTM platforms 
which intensify comparatively weaker molecular circular dichroism signals. 
The signs of molecular Circular Dichroism signals are very significant for 
chiral sensing since they include stereo-chemical data of that particular chi-
ral molecule. So, there is a chance of contamination of the stereo-chemical 
data due to the strong optical chirality of the metamaterial platform [46].

2.4.2 Reconfigurable Chiral Metamaterial

The key part for achieving intelligent electromagnetic devices is the proper 
or desired tuning of electromagnetic characteristics of the constituent 
chiral metamaterial. In recent days, the most challenging task is the con-
struction of desired chiral metamaterial and in this regard, many active 
materials, such as semiconductors [53], microelectromechanical system 
(MEMS) [54], phase change materials [55], etc. have been induced to the 
construction method of CMMs to achieve controllable electromagnetic 
features and reconfigurable chirality. Active devices like positive-intrinsic- 
negative (PIN) diodes and varactors have been also introduced in the 
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microwave region for the construction of active CMMs [56]. The unit cell 
of this type of reconfigurable CMM in the microwave region consists of a 
metallic structure having rectangular and cross apertures in the top and 
bottom layers. Four PIN diodes are loaded in the cross aperture and sepa-
rated into two parts which work oppositely so that by altering the working 
states of the PIN diodes, the handedness of the material can be altered [56].

Despite the widespread use of active devices in metamaterial in micro-
wave range for tuning the features, they are not compatible with metamate-
rial of higher frequency because of their millimeter-scale volume [57, 58]. 
Active devices like semiconductors, MEMS, and phase change materials 
are used in metamaterial having higher operating frequency than tera-
hertz to construct reconfigurable CMMs. Yin and his co-researchers have 
reported the construction of reconfigurable CMM by introducing a layer 
of Ge3Sb2Te6, a phase change material between the two-stacked nanorods 
[59]. In this case, a higher spectral shift of circular dichroism was observed 
to reach 18% with thermal control while the refractive index of the phase 
material changed from 3.5 + 0.01i to 6.5 + 0.06i in heating conditions 
(160°C) in the mid-IR region. Kenanakis and his co-workers reported dif-
ferent chiral structures based on a two-layer conductor design to achieve 
switchable giant optical activity by altering metallic parts of the structures 
by Si which is photo-conducting and can be transformed from insulating 
to conducting condition with the help of the photoexcitation process [60].

In another study, Zhang et al. reported silicon pads incorporated a unit 
cell of the three-dimensional chiral metal molecule. The photo-induced 
switching of chirality manipulates the optical activity of the molecules 
resulting in the reversion of circular dichroism between right and left cir-
cularly polarized waves [61]. A planer CMM is represented in Figure 2.5 

Figure 2.5 Schematic representation of unit cell of the reconfigurable dynamic bi-layered 
conjugate gammadion-shaped gold resonators chiral metamaterials with semiconductor 
substrate. This is reprinted with permission [62]. Copyright American Physical Society, 2012.
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with a conjugated two-layered metal structure consisting of gammadi-
on-shaped gold resonators. This chiral metamaterial was fabricated on  
silicon-on-sapphire (SOS) wafer to get higher and more dynamic tunability, 
and superb optical activity was realized through near-infrared excitation of 
photo-carriers in the intrinsic silicon islands [62].

2.4.3 Chiral Metamaterial Absorber

The basis of circular dichroism and optical activity is the discrepancy in 
refraction indices of RCP and LCP revealed from the theoretical anal-
ysis of the chiral medium. The origin of Circular dichroism is the dif-
ference of refraction indices for circular polarization in the image parts 
that result in different extents of absorption between the circular polar-
izations when traveling through the optically active medium. So, chiral 
metamaterial may be used to absorb definite circular polarization and 
explore various applications in the field of imaging, detecting, display, 
communication system, sensor devices, biology detection, stealth, and 
so on [13].

Li and his co-workers reported a chiral metamaterial absorber exhib-
iting large circular dichroism in the near-IR region. Figure 2.6a depicts 
the schematic structure of the CMM composed of the periodic metallic 
z-shaped antenna on top of (PMMA) poly (methyl methacrylate) spacer 
and Ag metal backplane. The circularly polarized wave impinged into it 
normally resulting in a discrepancy in circular absorption. It was reported 
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Figure 2.6 Chiral metamaterial absorber: a) Representation of flat CMM for selective 
absorption circular polarization; b) Bi-layered CMM unit cell with twisted metallic rods; 
c) Schematic design of unit cell of CMM with dual band absorption; (a) is replicated with 
consent from [63]. ©2015, Nature Publishing Group; (b) is replicated with consent from 
[64]. ©2016,American Chemical Society; (c) is replicated with consent from [65]. ©2013, 
Progress in Electromagnetics Research Symposium.
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that the Left-handed CMM perfectly absorbed LCP light at the resonant 
frequency but reflected 90% of the Right-handed circularly polarized light 
and vice-versa in the case of right-handed CMM [63]. The combination of 
these chiral metamaterial absorbers with active materials like semiconduc-
tors results in tunable absorption activities of the material.

Wang and his co-researchers reported a chiral metamaterial (Figure 
2.6b) consisting of the chiral unit having a b-layered twisted metallic rod. 
They observed that at the wavelength of 8.1μm the metamaterial perfectly 
absorbed the incident RCP light while reflecting almost of the LCP light. 
Hence selective perfect absorption can be achieved for CP (circularly 
polarized) light and its handedness is preserved over a large range of inci-
dent angles [64].

Chiral metamaterials are suitable not only for selective absorption but 
also for multiband absorption because of their multiple modes of cross-in-
teraction within the magnetic and electric field. Figure 2.6c depicts a chi-
ral metamaterial absorber with a conjugated gammadion patterned unit 
cell composed of two metallic (copper) double arms. This is reported that 
the chiral metamaterial acts as radar-absorbing material and multiband 
absorption of the linearly polarized incident waves is achieved almost per-
fectly. Extra introduced branches can lead to an increment in the bands 
of resonant frequency chiral MTM. The absorption spectra consist of two 
separate peaks and the absorption is considerably well at the incident angle 
(0-30)° [65].

2.4.4 Applications of Chiral Metamaterial as 
Multifunctional Sensors 

Scientists have executed various microsized artificial intermediates like 
LHMs (left-handed materials) to accomplish electromagnetic (EM) waves 
in a controlled manner by applying microfabrication and nanofabrication 
methods. Left-handed materials are a special type of metamaterials that 
depends on the arrangements of the classical plasmonic resonator. LHMs 
have desired to achieve concurrent negative permeability and permittiv-
ity values which provide negative refraction. These artificially synthesized 
metamaterials can show excellent properties unlike their natural conge-
ners [66, 67]. Artificially produced split-ring resonators (SRR) are supe-
rior to conventional approaches in generating effective magnetic responses 
from optical to microwave regions in various types of metamaterials. Many 
recent findings are capable to establish magnetic resonances by varying 
SRR configurations [68–72]. The SRR topology systems are consists of 
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coupled SRR unit cells (should be more than one) which convey mutual 
capacitance and inductance at the resonance frequency following their 
positions [73]. Magneto-electric coupling is defined as an electric field 
inducing magnetic polarization which causes a magnetic field inducing 
electrical polarization in a chiral medium [74]. Studies on metamaterials 
have stretched to an advanced level because of the excellent progress in the 
fabrication and designing of microscale and nanoscale level metamaterials. 
The effective relationship between sensing technologies and metamateri-
als has directed modern science to develop advanced sensing technolo-
gies using such modern-day materials. Various environmental parameters 
can alter resonance frequencies, for this reason, scientists have developed 
metamaterial-based devices containing SRRs for sensing data of environ-
mental parameters [75].

2.4.4.1 Applications of Chiral Metamaterial as Temperature, 
Humidity, and Moisture Sensors

Karaaslan and Bakir et al. [75] in their investigations have elaborately 
explained various sensing aptitudes such as humidity sensing, density 
sensing, and temperature sensing with the help of Chiral MTM sensors 
based on split ring resonators with double split (SRDS). For sensing the 
change in temperature, humidity, and density, sensor layers are occupied 
by various materials which have variable relative permittivity (εi) and the 
dimensions of sensor layers should be kept fixed for measuring the men-
tioned environmental parameters. They have reported that chiral SRDS-
based density sensors are utilized in realizing the effects of change in the 
density of calcium chloride in silica gel material. In the same study, they 
have also reported that Chiral MTM structures based on SRDS are very 
much efficient for sensing marrowbone temperature, which plays a sig-
nificant role in diagnostic purposes. Electromagnetic waves can cure vari-
ous notorious diseases; this therapeutic property of EM was established by 
recording the heat, radiated from tissues due to the absorption of energy 
from EM. Generally, biological tissues and skin which exhibit conductivity 
properties, absorb the energy of EM to a higher extent than that of muscles 
and fat. So, we may conclude that Chiral devices exhibit diverse utilization 
in various fields e.g., humidity sensor, density sensor for CaCl2, tempera-
ture sensor for marrowbone, etc. Moreover, the SRDS enclosure might be 
applied in near future for terahertz applications instead of using sensors 
based on metamaterial which is specially used for sensing chiral structures 
[75].
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2.5 Conclusion and Future Perspective

During the last few years, the rising interest in various chiral metamaterial 
designs and their applications invokes researchers for its further develop-
ment. In this regard, it should be mentioned that the progress is already 
reflected in the operating frequencies of chiral metamaterials which it has 
increased from microwave to optical range. Advancement in construction 
technology and design of the CMMs also has accelerated its development 
towards the smart era. All these betterments make CMMs suitable can-
didates for application in the field of imaging, bio-sensing, polarization 
manipulation, absorption, and many more [13]. The control or manipu-
lation of optical activity and circular dichroism, basically electromagnetic 
properties is the fundamental of many applications which have drawn the 
attention of researchers for its further development in smart devices. By 
changing conformation, CMM can indicate the change in moisture which 
can be utilized as a potential tool for weather detection. Furthermore, it 
also has great application in the sensing of change in heat and humidity 
which invokes its utilization in climate monitoring studies [75]. Chiral 
metamaterials also can act as a great platform for chiral sensing and as 
the majority of the biological tissues and molecules are chiral it can be 
expected for CMMs to have more utilities in the field of biological sens-
ing and detection applications [46]. Moreover, a combination of CMMs 
with active devices leads to achieving switchable chirality and giant optical 
activity. 

However, more progress in the fabrication technology of CMMs is 
still needed for its higher efficiency and stronger chirality for its further 
development and utilities. Besides that, polarization manipulation in the 
case of smart detection as well as communication systems invokes more 
development in reconfigurable CMMs which is still a challenging task. 
Furthermore, control of circular dichroism and optical activity in the visi-
ble wavelength range also needs improvement as there are limited designs 
that can be achieved experimentally as well as they exhibit incomplete 
manipulation of material optical properties [11].
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3.1 Introduction

Metamaterials (MMs) are sub-wavelength composite materials comprised 
of dielectrics and highly conducting periodic metallic resonators. The main 
benefit of MM over natural materials is that it may achieve any desired 
operating wavelength and perfect absorption by selecting appropriate geo-
metric parameters of the resonator and layer thicknesses. The MMs’ unique 
electromagnetic features helped develop them to exhibit exceptional phe-
nomena such as negative refraction [1], perfect lens [2], and electromag-
netic stealth [3]. Among ongoing studies on MM-based devices, the MM 
perfect absorber (MMPA) fully exhibits the advantages of metamaterials. 
The investigation of the metamaterial-based perfect absorber (MMPA) has 
long been one of the favorable properties and important applications [4]. 
With its perfect absorption mechanism, MMPA can be used to convert 
energy from the incident electromagnetic wave to surface plasmon polar-
itons (SSPs) at full efficiency. Their small size and operation without input 
power allow their use in many potential applications at the different spec-
tral ranges when properly designed structures and manufacturing [5]. 

The first known work on metamaterials was theoretically presented 
by the Russian physicist Victor Veselago in 1968 [6]. Metamaterials have 
been defined as artificial materials with both negative permittivity and 
negative permeability. Although it is known that materials with negative 
electrical permittivity with fine-wire array structures are based on plasma 
theory, it was necessary to reveal materials with negative permeability 
to realize Veselago’s theory. The “Swiss Roll” proposal for material with 
negative effective magnetic permeability was first presented to the litera-
ture by Pendry in 1999 [7]. Later in 2000, Smith et al.  introduced the first 
metamaterial with simultaneously negative effective electrical permittivity 
(εeffective) and negative effective magnetic permeability (μeffective) using thin 
wire arrays and periodic Split Ring Resonator (SRR) arrays [8]. Along with 
these studies, metamaterials have become popular in many fields, such as 
electrical engineering, physics, microwave and antenna engineering, opto-
electronics, optics, materials science, and semiconductor physics. 

MMPA was first proposed by Landy et al. in 2008 based on the struc-
ture consisting of an electrical resonator and a cut wire operating in the 
microwave region [9]. Absorber surfaces ensure that the incoming electro-
magnetic wave is absorbed as heat and ohmic losses. MMPAs usually con-
sist of metal-insulator-metal materials (Figure 3.1), shown in the literature 
with various applications. However, in recent studies in the literature, these 
absorbers made of all metal [10] or all-dielectric materials [11] have also 
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been reported. MMPAs, including microwave [12, 13], infrared [14, 15], 
terahertz [16, 17], and visible region [18, 19] have been the subject of many 
research areas. Since Landy, there has been a great effort to develop MMPA 
for many potential application areas, such as cells [20, 21], bio/chemical 
sensors [21], photodetectors [22], and so on.

For perfect absorption to occur, the electric and magnetic fields of 
the incoming electromagnetic wave must be fully compatible with the 
absorber. The absorption rate is represented by the expression A(ω) = 1 − 
R(ω) − T(ω) [11]. Here, A(ω) is the absorption rate, R = (ω) and T(ω) 
are reflection and transmission rates, respectively. For absorption to be 
approximately one, transmission and reflection must be zero. To have per-
fect absorption, transmission and reflection must be zero. Transmission of 
the incoming electromagnetic wave can be minimized to zero by using an 
optically thick, highly conductive metallic layer at the bottom of the meta-
material. To minimize the reflection, the impedance of the free space is 
needed to be matched to the impedance of the MMA by suitably tailoring 
the geometric structure and material of resonators [23]. Since MMs have 
complex electrical permittivity (ε(ω) = ε1 + iε2)) and complex magnetic 
permeability (μ(ω) = μ1 + iμ2)), when ε(ω) = μ(ω) is satisfied with a suitable 
resonator geometry and material thicknesses; therefore, the normalized 
impedance becomes one yielding perfect absorption at a single operating 
frequency [23]. This chapter presents a brief review of the theory of electro-
magnetic MMAs and their applications in bio/chemical sensing in mid-IR 
frequencies. In Section 3.1.2, the theoretical background on the design of 
the MMAs is given. Section 3.1.3 shows the metamaterial design, working 
principle, and design methods. Section 3.1.4 discusses bio- and chemical 
detection approaches in the mid-IR regime based on Surface-Enhanced 
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Figure 3.1 Schematic representation of multiple reflections from a metamaterial substrate. 
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Infrared Spectroscopy (SEIRA) and refractive index change. Finally, a con-
clusion is given in Section 3.1.5.

3.1.1 Theoretical Backgrounds 

This section reviews the general theories that explain the physical phe-
nomena behind the absorption mechanism in metamaterials. The first 
phenomenon is impedance matching with free space, where the effective 
permittivity and permeability of the MM can be adjusted in a way that the 
resulting electric and magnetic resonance satisfy the perfect absorption. 
With this configuration, all incoming waves are trapped and forced to be 
absorbed in the interface with no reflection. The second phenomenon is 
the interference theory in the dielectric layer of the MMA. 

3.1.1.1 Impedance Matching Theory

An absorber based on metamaterial generally consists of periodic metallic 
structures sitting on a dielectric material and at the back coated with an 
optically thick metallic layer. Because of the electric and magnetic fluxes in 
the metal and dielectric substrate, there is a significant impedance mismatch 
between MMs and the surrounding environment. The electric permittivity 
ε(ω) and magnetic permeability μ(ω) of corresponding MM fields are ε(ω) = 
ε0εr(ω) and μ(ω) = μ0μr(ω), respectively, where ε0 and μ0 are the free space 
permittivity and permeability. εr(ω) and μr(ω) are the relative permittivity 
and permeability of the adjacent materials, respectively. Additionally, elec-
tric permittivity and magnetic permeability have frequency-dependent real 
and imaginary parts as given ε(ω) = ε(ω)′+iε(ω)′′ and μ(ω) = μ(ω)′ + iμ(ω)′′ 
[24]. Since the MMPA has a thick metallic ground plane at the back, there 
is zero transmittance on the other side. Therefore, we only need to deal with 
reflection at the front interface. When an incoming light hits on the surface 
of the MM, three physical events happen; reflection and scattering from 
the surface and transmission through the dielectric layer. To understand 
the perfect absorption mechanism, first, we need to know the penetration 
constant or skin depth (δ) of the incoming light in a specific material [25, 
26]. Skin depth is the thickness where the amplitude of the electromagnetic 
wave decreases to 1/e (0.369), as given in Eqs. 3.1 and 3.2 [26]. 

 e−mδ = 1/e (3.1)
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 δ
µσ

=
2

w
 (3.2)

Here ω is the angular frequency, μ is the permeability, and σ is the 
electrical conductivity. If the ground plane of the MM is thicker than the 
penetration depth (δ), the incoming wave cannot travel into the metal; 
therefore, the transmission becomes “0”. Also, the reflection must be zero 
for perfect absorption in a metamaterial. 

The refractive index can also express absorptivity since the absorption 
coefficient is directly related to the reflection coefficient based on the the-
ory developed by Agustin Jean Fresnel. Fresnel’s equations (Eqs. 3.3 and 
3.4) describe how much of an incoming electromagnetic wave will be 
transmitted and how much will be reflected at an interface. The general 
reflectivity and reflection coefficient from the metamaterial for TE and TM 
polarized light according to Fresnel equations are [23, 27]: 
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where rTE and rTM are the reflection of TE and TM polarized waves, and 
n r r= ε µ  is the effective index of the MAs. When an electromagnetic wave 
is at the normal incident (θ = 0°) at the air-MA interface, Eq. 3.5 reduces to:

 R r r

r r

=
−
+

=
−
+

µ ε
µ ε

2

0

0

2
Ζ Ζ
Ζ Ζ

 (3.5)

Here Ζ =
µ
ε

 and Ζ0
0

0
=

µ
ε

 are the impedance of the MM and free 

space, respectively. The absorptivity rate is given as A(ω) = 1 − R(ω) − T(ω). 
Since the metallic ground plane leads to zero transmission, T(ω) becomes 
zero, and absorptivity reduces to Eq. 3.6.
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According to equations above show that when Z = Z0 or μr = εr, the 
impedance matching is satisfied. Therefore, absorptivity becomes “1” with-
out an additional term for reflectivity, leading to perfect absorption. This 
critical condition is called impedance matching theory, where the imped-
ance of the MM is equal to the impedance of free space. The impendence 
matching condition is satisfied when electric and magnetic fields are in 
resonance simultaneously. Having either electric or magnetic resonance 
at a time, the impedance matching is not satisfied. Consequently, perfect 
absorption cannot be achieved. 

The incident electromagnetic wave in the material has an electric permit-
tivity of the  ε ω ε ε ω=( ) ( )r0  and magnetic permeability of  µ ω µ µ ω=( ) ( )r0 ,  
which are expressed by the Drude-Lorentz model as in Eqs. 3.7 and 3.8  
[23, 28, 29]:

 ε ω ε
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ei
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where the plasma frequencies are ωp and ωp,m, the oscillator center fre-
quencies are ω0 and ω0,m, the damping frequencies are γe and γm, and the 
electric permittivity and magnetic permeability are ε∞ and μ∞, respectively. 
The electrical permittivity and magnetic permeability values reveal a 
time-varying electric and magnetic field with the incoming electromag-
netic wave, and a Drude-Lorentz-type resonance response occurs depend-
ing on the frequency.

3.1.1.2 Interference Theory

Absorption can be due to the interference of electromagnetic waves 
destructively, which can be controlled by the structure’s geometry. A meta-
material absorber is a coupled system where the light-matter interactions 
at the resonator and dielectric layer interface induce an electric field while 
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the near field couplings result in currents flowing in opposite directions 
of the resonator and the bottom metal layer. The electromagnetic wave is 
partially reflected at the front surface with metallic structures (resonators), 
while the highly conductive metallic layer at the back serves as a perfect 
reflector with a 180º phase delay. 

The incident electromagnetic wave may be scattered, reflected, induced 
surface electromagnetic waves, transmitted, or absorbed at the surface of 
the metamaterials. We can simply neglect the scattering from the surface, 
where the average surface roughness is much smaller than the wavelength. 
Then, a portion of the incoming wave is reflected at the air-metamaterial 
interface with a reflection coefficient  ω ω= ϕ ωr r e( ) ( ) i

12 12
( )12  and trans-

mitted partially into the metamaterial with a transmission coefficient 
 ω ω= ϕ ωt t e( ) ( ) i

12 12
( )12 , as shown in Figure 3.1. The transmitted wave is 

reflected back from the highly conductive plane with −1 reflection coeffi-
cient. During the transmission in the dielectric substrate, the propagating 
wave has a propagation constant β β β ε= + =i k dd1 2 0  in a complex form, 
where k0 wavenumber in free space, d is the traveling distance (thickness 
of the dielectric layer), β1 is the phase of propagation, β2 is the measure of 
the absorption in the dielectric material, and β  is the phase delay caused by 
total internal reflection from the optical mirror at the back. The transmitted 
wave back into the dielectric layer will be partially reflected and transmit-
ted back to the surface of the MM with a new reflection and transmission 
coefficient of  ω ω= ϕ ωr r e( ) ( ) i

21 21
( )21  and  ω ω= ϕ ωt t e( ) ( ) i

21 21
( )21 , respectively. 

The back-and-forth reflection and transmission of the incident wave may 
interfere constructively or destructively in the dielectric layer, and the 
reflection coefficient can be re-stated as:
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Now we can state the absorption, ω ω= −A r( ) 1 | ( )|2 , by minimizing the 
reflection and neglecting the transmission through the slab of dielectric 
material that is backed with a thick metallic layer. This result is valid for 
a normal incident of the electromagnetic wave; when the wave is inclined 
at an angle θ, the wave takes a longer distance in the dielectric layer. As 
a result, the propagation distance can be updated as β ε= ′k ed 0 , where 

θ
′ =

′
d d

cos
 is the updated propagation length in the dielectric material. 

The angle of refraction is estimated from Snell’s law ε θ θ′ =sin sind  [30].
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The physical origin of the absorption mechanism of a metamaterial 
absorber can be well explained based on interference theory as an alterna-
tive method. 

3.1.2 Metamaterial Designs

Light-matter interactions have been widely investigated in science and 
engineering. Since the discovery of metamaterials around 2000, light- 
matter interactions have got great attention since these interactions can 
be achieved with artificially engineered MMs that are not found naturally. 
As we covered in the previous section, a MMA generally consists of a 
dielectric layer sandwiched between periodically arranged sub-wavelength 
size metallic structures and a thick metallic ground plane. These periodic 
sub-wavelength structures (meta-atoms) are called resonators that homog-
enize the incoming electromagnetic field leading to an average response 
(e.g., permittivity, permeability) from the materials by solving Maxwell’s 
equations under certain boundary conditions [31]. The resonators can be 
in any form such as square [32], triangle [33], rectangle [34], or circle [35], 
or more complex structures like fractal [36], and chiral [37, 38]. The physi-
cal basis behind perfect absorption depends on the Drude-Lorentz model. 
For perfect absorption to occur, the equivalent impedance of the metama-
terial that is related to the electrical permittivity (ε) and magnetic permea-
bility (μ) values and the free space impedance must be perfectly matched. 
The electric field is generated by the resonator’s geometric structure, and 
the magnetic field is generated by the dielectric layer; thus, the thicknesses 
of the sub-wavelength structures and the dielectric material have a direct 
impact on the resonance frequency and absorption/reflection/transmis-
sion strength [23]. The bottom metal layer works as an optical mirror, 
ensuring that there is no transmission on the other side of the metal layer. 
The middle dielectric layer is to keep and absorbs the incident electromag-
netic wave there. A typical metamaterial absorber layer is shown in Figure 
3.2 (a). When an incoming electromagnetic wave illuminates an MM, 
alternating electric and magnetic fields are induced in the dielectric layer 
with an anti-parallel current in between two metal layers, as illustrated 
in Figure 3.2 (b), resulting in the random formation of Surface Plasmon 
Polaritons (SPPs) along the interface of the metal-dielectric substrate. The 
polarization and positioning of metallic nanoparticles around the surface 
plasmons stimulated by incoming radiation results in the formation of 
Localized Surface Plasmon Polaritons (LSPP). The freedom of adjusting 
the geometry of the structures paves the way to design MMs from radio 
waves to the ultraviolet region, where the light-matter interactions occur 
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at the atomic level. The unique properties of metamaterials enable their use 
in a variety of applications such as biosensing [39], optical filtering [40], 
and optical cloak [41] as a narrow band [42], wide-band [43], dual-band 
[44], and multi-band [45] absorbers.

To understand the design strategies, we need to have an insight into 
light-matter interactions deeply. For that, the equivalent circuit method 
and transmission line theory are the most frequently used methods to pro-
vide absorbers’ impedance matching and model the resonance frequency. 
In the following sub-section, these two theories will be covered in detail. 

3.1.2.1 Equivalent Circuit and Impedance Matching in 
Metamaterial Perfect Absorbers

To understand the physical origin of the metamaterial absorbers, Maxwell’s 
equations are needed to be solved numerically based on different tech-
niques [46]. The structure of MM unit-cell can be in a complicated form of 
geometric structures that make the analytical solution of Maxwell’s equa-
tion inside the MMs difficult. Hence, much commercial software has been 
developed for numerical solutions of Maxwell’s equation to calculate var-
ious properties of MMs such as reflection, transmission, absorption, field 
and charge distributions. The outcome of the numerical simulation can 
provide valuable information for researchers to comprehend the theory 
of the absorption mechanism of these materials; however, the dependence 
of the geometrical shape and parameters, the thicknesses of the layers, the 
gap between structures, and so on in a unit cell is not sufficient enough. An 
analytical calculation is necessary to understand the systematic relation 
between these aforementioned parameters on the absorption mechanism. 
This chapter will cover two common analytical methods, namely equiva-
lent-circuit (LC) and transmission line theory. 
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Figure 3.2 a) Schematic representation of a metamaterial absorber. b) Current flow in a 
metamaterial structure.
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In LC theory, metamaterial structure is designed using the LC equiva-
lent circuit model, where periodic metallic structures residing on a dielectric 
layer have a resistance R. The anti-parallel current flowing in between metal 
layers induced by the electric and magnetic resonance modeled as an induc-
tor (L), and capacitors (C) is formed by the periodic metallic structures and 
the metallic ground plane. The inductance and capacitance are calculated 
analytically based on the geometrical parameters of the subwavelength struc-
tures. The estimated resonance frequency of the metamaterial can be found 
by using equivalent capacitance and inductance. The resonance frequency 
can be tuned with geometrical parameters and estimated systematically 
through the change in equivalent capacitor and inductance; therefore, it can 
be confirmed with experiments. Figure 3.3 shows an Asymmetric Electric 
Split-Ring Resonator (AESRR) structure and its corresponding circuit.

Lu et al. [48] applied an equivalent circuit (LC) model to a hybrid broad-
band absorber, whose unit cell is composed of a dielectric layer sandwiched 
between the hybrid patches antennas in rhombus and circular shapes and 
metallic ground plane. According to this model, the rhombus-shaped 
patch antenna and the metallic ground plane create a capacitor, whose 

capacitance and inductance are approximately given by ∝C D
h

( )
2

 and L ∝ 
h. The rhombus length is D, while the dielectric layer’s thickness is h. The 
magnetic resonance frequency fm is:

 =
π

∝f
LC D
1

2 / 2
  1

m  (3.10)

Equation 3.10 shows that fm is inversely correlated only to the rhom-
bus length, not the other geometrical parameters, such as width and the 
gap. This formulation cannot be used in numerical calculations; however, 
can give conception into MMs design and optimization. Hoque et al. also 
implemented a similar LC circuit model for a more complex structure [49]. 
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Figure 3.3 a) Schematic of the Asymmetric Electric Split-Ring Resonator (AESRR) 
structure. b) The equivalent circuit of AESRR. Reproduced with permission from [47].
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Later, Pendry et al. [50] used the same analogy on a continuous cut wire 
pair (CWP) with a more realistic approach. The electric and magnetic res-
onances can be estimated based on the gap between CWP layers.  

3.1.2.2 Transmission Line Theory

Transmission line theory is another method used to model impedance 
matching. This method is practically applied for obtaining the resonance 
frequency of the absorber in microwave applications since it simplifies the 
complex structures. In this method, the MMA is handled with two parts: 
the RLC circuit for the resonators and a short transmission line for the 
dielectric-metal layer. The resonator elements are considered as a serial 
and parallel RLC circuit, while the ground plane is considered as a trans-
mission line with a short circuit in the entire circuit system. This base is 
expressed analytically by Eq. 3.11 [51].

 Z jZ tan tan hbase M
TM TE= , ( ) β  (3.11)

Here, ZM
TM TE,  TM and TE denote the free space impedance for polarization, 

while β and h denote the wave constant propagating through the dielectric 
material and substrate thickness. The scattering parameter is modeled as 
a result;

w

w

w

S2 S1

I1

a

hh b

R1 R2
C

Z1 Z2

L1 L2

C1 C2

d2

Figure 3.4 Schematic diagram of the structure unit cell and transmission line equivalent 
circuit of the designed structure. Reproduced with permission from [52].
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where Ym
TM TEl  denotes the free space characteristic admittance for TM and 

TE polarization. The transmission line information for a MM is given in 
Figure 3.4. While the air gap of the U-shaped resonator is drawn with the 
capacitances C, the current path of the resonator is modeled by drawing 
the resistor R and inductances L [52].

3.1.3 Biosensing with Metamaterial Perfect Absorbers

A biosensor is a device integrated into a biological sensing part for analyte 
detection ranging from drug molecules to food and waterborne microor-
ganisms. Early detection and precise diagnosis are highly crucial in a bio-de-
tection system. Better sensing technologies are especially needed during 
epidemic outbreaks of avian and swine flu, Ebola virus, severe acute respi-
ratory syndrome coronavirus (SARS-CoV), and the recent SARS-CoV-2 or 
COVID-19. It is important to develop easily accessible sensor platforms to 
detect these viruses’ onset for the global solution. Fast, accurate, real-time 
diagnostic systems are urged to develop to prepare the health care system for 
the re-emergence of these kinds of epidemics or other common diseases such 
as cancer, bacterial infections, etc. To meet this need, conventional sensing 
methods, chromatography, electrochemical, and the enzyme-linked immu-
nosorbent test (ELISA), have been studied extensively in the bio-detection 
area and many potential areas (health, food, agriculture, etc.). Over 40 years, 
plasmonic based-sensors have also been under development in many poten-
tial areas such as early diagnosis of diseases [53], drug discovery [54], patho-
gen detection [55], and food [56–58], cancer diagnosis [59], virus and bacteria 
detection [60, 61], diagnosis of damaged tissue [62], and measurement of 
blood properties [63]. The working principle of the plasmonic biosensors 
is to control and manipulate the subwavelength electromagnetic wave with 
plasmonic structures based on surface plasmon polaritons (SPPs) [64]. Since 
plasmonic-based structures usually take up little space and can be easily inte-
grated into photonic circuits to operate from the terahertz to the visible fre-
quency regime. Plasmonic biosensor systems are preferred over conventional 
sensor systems to overcome the disadvantage of the aforementioned methods 
since they offer label-free detection, high reusability, fast response time, real-
time measurement, and reduced complexity and variability of the methods 
proposed so far, such as long incubation, separation, cleaning, and detection. 
However, plasmonic sensors also have some disadvantages; nonspecificity of 
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the binding surface, misinterpretations of the data, and limited mass transpor-
tation. MMPAs have been discussed in the literature with many applications 
in wide and narrow bands. Broadband absorbers have generally been used 
in solar energy harvesting [65, 66], photoelectric sensing [67, 68], thermal 
emitter [69, 70], optical imaging [71, 72] and photodetection [73, 74] applica-
tions. However, narrow-band absorbers are preferred in sensing [75, 76] and 
spectroscopic [77, 78] applications since they can show spectral change easily 
[79]. In this book chapter, we only cover the Refractive Index (RI) sensor for 
detecting the spectral shift due to refractive index change in the surround-
ings of the metamaterial sensors [80] and SEIRA methods for detecting the 
vibrational modes of the molecules [81, 82] among others (LSPR, SER, SERS) 
based on metamaterial perfect absorber for real-time, sensitive, reliable, label-
free, robust and noninvasive biosensing.

3.1.3.1 Refractive Index

A refractive index (RI) sensor, also called refractometric sensors, based on 
MPA is an optical technique used to detect the change in the refractive index 
of the surrounding environment after binding a target molecule such as a 
virus, protein, or toxic fluid. These RI sensors are the most favorable plat-
form among other optical sensor systems since it is highly sensitive to the 
refractive index change it offers label-free detection. The electromagnetic 
field incoming to the sensor surface couples with the surface plasmons and 
propagates along the interface of metal-dielectric substrates while decaying 
exponentially in both substrates. The surface plasmons are the collective 
oscillations of free electrons at plasmonic antennas and the dielectric sub-
strate interface. The coupling only occurs when their momentum is matched 
along with the interface. This decaying field is very responsive to changes in 
dielectric medium (RI change); therefore, it can be utilized as a real-time, 
precise, selective, and sensitive sensor system. The incoming radiation is 
absorbed in a certain resonance frequency of the plasmonic nanoantenna 
with and without the analyte. It is worth mentioning that the index of the 
medium, as well as the contact of each analyte with the antenna, produces 
a change in the effective refractive index, resulting in a shift in the spectral 
positions of the resonance frequencies in the two situations. Therefore, it 
gives a measure to detect the amount of analyte on the surface of the MA. 

Several parameters can be used to validate the performance of the 
biosensors, namely limit of detection (LOD), sensitivity, Q-factor, and 
figure of merit (FOM). The refractive index sensitivity or selectivity 
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λ  is defined as the fraction of the spectral shift (Δλ) of the 
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plasmonic mode before and after the target molecules to the change in the 
refractive index (Δn) [83]. In other words, sensitivity is a measure of a sen-
sor to detect a specific analyte or live cell from an admixture of similar or 
different agents. The overall sensitivity (specificity or selectivity) is directly 
related to full-width half-maximum (FWHM) as Sherry et al. defined the 

term FOM, which is given by =FOM S
FWHM

 [83, 84]. FOM is frequently 

used to measure the sensitivity of the sensor system that evaluates its preci-
sion. According to FOM, the change in the refractive index can be defined 
as the smallest measurable change in the refractive index. It determines the 
properties of the nanostructure and the properties of the optical sensors 
[85]. Another parameter to evaluate sensor quality is the Quality-Factor 

Q
FWHM

res=







λ  of the sensor which is the fraction of the resonance wave-

length over FWHM. The high Q-factor PAs are very advantageous for pre-

cise biosensing applications. The detection limit LOD
S

=







3σ  is also an 

important figure of merit in biosensing applications. It is defined as the 
minimum number of analytes that can cause a change in the sensor signal. 
σ is the background noise without an analyte in the sensor platform. 

Recent studies have aimed to design biosensors based on MPAs in sim-
ple structures that have high FOM, S, and Q factors, which are crucial for 
sensing low concentrations of biomolecules and low-index materials with 
high accuracy. The detection of low-index material like Aerogel is very dif-
ficult with common detection techniques; however, it can be achievable 
with a high FOM system. Farhadi et al. showed the detection of aerogels 
based on the Plasmon Induced Transparency (PIT) sensor system by mon-
itoring the shift in the spectral position of the resonance frequency with 
changing refractive index [86]. The sensor platform consists of a thin layer 
of Ag film and PMMA grating on top of an SOI wafer and backed with 
sub-wavelength grating (SWG) made up of SiO2, Si grating, and sensing 
material, as shown in Figure 3.5(a). Compared to the homogeneous wave-
guides, the proposed structure detection sensitivity is increased by a fac-
tor of 6 with SWG with its high Q factor (1870), FOM (3.3×102), and S 
(173 RIU−1) sensitivity. In that work, the author detected refractive index 
changes as low as Δn = 0.002 (around n = 1.0), as shown in Figure 3.5(b). 

In another work conducted by Liu et al., an ultra-narrow dual-band 
metamaterial absorber in the near-IR regime was proposed, and its bio-
molecular sensitivity was investigated [83]. The structure of the proposed 
PA consists of TiO2 plasmonic antennas resting on the SiO2 spacer layer 

Q1
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coated with a thick gold metal film at the back, as shown in Figure 3.6 (a). 
The Q factor of the proposed MA had a record value of 484 in recent years. 
The first and the second calculated FOM values of the dual-band MA are 
as high as 5 RIU−1 and 83 RIU−1, respectively. Figure 3.6 (b-c) shows the 
ultra-narrow double-band perfect absorber and the spectral shift concern-
ing the change in the refractive index of the medium.

A Surface Plasmon Resonance (SPR)-based biosensor has been reported 
for the detection of Coronavirus (SARS-CoV-2), which has infected 500 
million people worldwide and killed approximately 6 million people to 
date, is a newly reported virus that can be transmitted from person to per-
son. The World Health Organization (WHO) declared the SARS-CoV-2 
virus, which broke out in 2019, as a global epidemic [87]. Rapid, reliable, 
and precise diagnosis has become important to control the spread of this 
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Figure 3.5 a) Schematic configuration of the proposed plasmonic system. b) Reflection 
spectra of the plasmonic system for refractive index change with the step of 0.005 when 
Silicon SWG is used. Reproduced with permission from [86].
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disease and prepare a point of care for future pandemics like COVID-19. 
Akib et al. proposed a bio-sensor structure composed of PBS/graphene/
PtSe2/Au multi-layers backed with a Bk coupling prism, as shown in 
Figure 3.7 (a) is designed to detect COVID-19 spike proteins, anti-spike 
proteins, and viral RNA [88]. 

In the simulation of Ref 88, the sensor platform was found to be sen-
sitive at an SPR angle of 183.33º /RIU and SPR frequency (SPRF) of 
833.33 THz/RIU for sensing COVID-19 virus spike RBD, an SPR angle 
of 153.85º /RIU and SPRF of 726.50 THz/RIU for detecting the anti-spike 
protein, and an SPR angle of 140.35º /RIU and SPRF of 500 THz/RIU 
for sensing the viral RNA. In the same study, the author claimed that 
the proposed sensor would shorten the long processing times compared 
to conventional sensors and reduce clinical costs by reducing the false- 
positive results. Figure 3.7 (b–d) shows the sensing capacity of the proposed  
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biosensor via the IgG-Spike RBD and Spike RBD-IgGH proteins of the 
SARS-CoV-2 virus at different concentrations ranging from 1.9531 nM 
to 62.5 nM and 1.74 nM to 27.8 nM, respectively. The detection capac-
ity and sensitivity of the proposed biosensor and SARS-CoV-2 detection 
ability graphs are shown. 

It has been shown that biosensors proposed in recent years can perform 
more sensitive biosensing with their high FOM, QF (Quality Factor), sen-
sitivity and refractive index values. Table 3.1 shows the sensitivities of the 
biosensors that have been proposed in recent years. According to the data 
obtained from 5 different structures, it is obvious that the FOM value of the 
proposed structure in Ref (86) is at a very high level.

SensorSurface

Sensor Surface

Sensor Surface

Sensor Surface

Sensor Surface

Sensor Surface

Sensor Surface

Transmission Monitoring
CMOS/CCD

Graphene
PtSe2

Au

Prism

(a) Human MABs based

(b) Spike RBD based

(c) Oligonucleotide based

Reflection Monitoring
CMOS/CCD

Led

Lens

Filter

(a)

Tr
an

sm
itt

an
ce

 ,(
T)

,(d
B)

0

-5

-10

-15

-20

-25
1150

(c) (d)

1200 1300 14001250 1350

(c)
Surface Resonance Frequency (SRF),(THz)

ΔSRF = 10.00THz

ΔnS = 0.0128RIU

S = 833.33THz/RIU

Tr
an

sm
itt

an
ce

 (T
),(

dB
)

0

-5

-10

-15

-20

-25
1150 1200 1300 14001250 1350

Surface Plasmon Resonance Frequency (SPRF), (THz) Surface Plasmon Resonance Frequency (SPRF),(THz)

ΔSRF = 8.50THz

ΔnS = 0.0117RIU

S = 726.50THz/RIU

Tr
an

sm
itt

an
ce

 ,(
T)

,(d
B)

0

-5

-10

-15

-20

-25
1150 1200 1300 14001250 1350

ΔSRF = 14.40THz

ΔnS = 0.0228RIU

S = 500.00THz/RIU

Spike RBD-lgGH014 (0nM)

Spike RBD-lgGH014 (1.74nM)

Spike RBD-lgGH014 (3.47nM)

Spike RBD-lgGH014 (6.94nM)

Spike RBD-lgGH014 (13.9nM)

Spike RBD-lgGH014 (27.8nM)

IgG-Spike RBD (0nM)
IgG-Spike RBD (1.953125nM)
IgG-Spike RBD (3.90625nM)
IgG-Spike RBD (7.8125nM)
IgG-Spike RBD (15.625nM)
IgG-Spike RBD (31.25nM)
IgG-Spike RBD (62.5nM)

SPR angle without sh Oligo
sh Oligo (150nM)
sh+wt Oligo (165nM)
sh+mr Oligo (180nM)
sh+mr Oligo (210nM)
sh+mr Oligo (240nM)
sh+mr Oligo (270nM)
sh+mr Oligo (300nM)

Figure 3.7 a) FDTD simulation schematic for the proposed SPR sensor. b) SPRF 
characteristics of Bk7/Au(50 nm)/PtSe2(2 nm)/Graphene(1.7 nm) substrates with 
immobilized IgG (H014 or S309) as ligand and different concentration levels of SARS-
CoV-2 spike RBDs (concentration of 1.953125 nM to 62.5 nM) as the analyte. c) SPRF 
characteristics of Bk7/Au(50 nm)/PtSe2(2 nm)/Graphene (1.7 nm) substrates with 
immobilized SARS-CoV-2 spike RBDs as the ligand and different concentration levels 
of IgG-H014 (concentration of 1.74 nM to 27.8 nM) as the analyte. d) SPRF curve 
characteristics of Bk7/Au(50 nm)/PtSe2(2 nm)/Graphene (0.34 nm  L) substrates without 
probe (sh-Oligo), with sh-Oligo and different concentrated levels of oligonucleotide (wt 
or mr type) binding for recognition of SARS-Cov-2 virus RNA. SPR angle and SPRF shift 
right due to binding with oligonucleotides. Reproduced with permission from [88].
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3.1.3.2 Surface-Enhanced Infrared Absorption

SEIRA is an analytical technique that provides label-free detection by col-
lective excitation of surface plasmons by enhancing vibrational signals of 
molecular bonds and structures with incident radiation [91]. First, in 1980 
Hartstein et al. applied the particle plasmon polaritons to IR absorption 
(named SEIRA for the first time)  via randomly distributed silver nanopar-
ticles with resonance frequency ranging in the visible region. Their findings 
showed that the vibrational bands of the underlying film were enhanced by 
a factor of 20 due to silver nanoparticles [92]. Later, with this discovery, 
the SEIRA technique was frequently used to analyze chemical [93] and 
biological molecules [94]. Since then, the SEIRA method has been used to 
identify the molecular fingerprints of the many biomolecules and chemical 
compounds by sensing the vibrational modes in the chemical bonds of the 
associated molecules. In the chemical industry and biomolecule sensing, 
multispectral sensing is critical for identifying the many complex biolog-
ical and chemical compounds. SEIRA spectroscopy has recently become 
a very important tool for detecting molecular fingerprints as a sensitive, 
precise, robust, label-free, cost-effective, nonbulky, real-time, and nonin-
vasive method. 

The physical mechanism underlying the SEIRA mechanism is based on 
enhancing the absorbed molecules signal by the coupling of the incoming 
IR radiation with the sub-wavelength structures on the surface and the 
dipole interactions between adjacent structures, leading to the presence of 
Fano-resonance [91]. The sharp deeps in reflection spectra are attributed 
to the absorption of the incident electromagnetic radiation by the vibra-
tional bands of the corresponding molecules. By looking at the spectral 
position of these deeps, molecules can be identified. 

Table 3.1 FOM, QF, sensitivity, and refractive index values of biosensors 
proposed in recent years.

FOM 
[RIU−1] QF [deg/RIU] Sensitivity

Refractive index 
change Reference

480 1870 3.3×102 2×10−3 [86]

83 484 - - [83]

47.00 258.50 183.3 - [88]

61.55 - 800 0.01 [89]

44.5 123.455 - - [90]
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The resonance wavelength of the plasmonic antennas for SEIRA appli-
cations can be calculated from a half-wave dipole as follows:

 λ = +L
m

na a2
1 2  (1.13)

Here m is the mode number, L is the antenna length, and n is the refrac-
tive index of the surrounding environment. The a2 corresponds to the 
geometry of the structure and material parameters, while a1 is related to 
the reflection phase at the edges of the nanoantenna. The perfect absorber 
induced by incoming radiation is expressed by Lorentzian as follows:

 L a
a

( )
( )

ω
ω ω

=
− +0

2 2  (1.14)

where ω0 and a denote the resonance frequency and resonance line width, 
respectively. In contrast to Lorentzian, asymmetric Fano-resonances are 
expressed as:

 I
Fyα

ω ω
ω ω γ

( )
( )

+ −
− +

0
2

0
2 2  (1.15)

Here, ω0 and denotes the resonance position and width, respectively. 
The vibrational mode occurring in the MPA is an effect of Fano-resonance 
and is represented by Eq. 3.14.

A dual-band metamaterial perfect absorber (MPA) was employed by Li 
et al. to detect poly(ethyl cyanoacrylate) (PECA), a key polymer in the glue 
industry [95]. The proposed MPA platform consists of three layers: MgF2 
dielectric spacer sandwiched between a thick gold substrate and gold res-
onators, which provided more than 90% absorption in both resonances, as 
shown in Figure 3.8 (a). The PECA molecules are simultaneously detected 
by matching their vibrational bands to the resonance frequencies of the 
MPA based on the SEIRA method in Figure 3.8 (b). The sensitivity of the 
system (an ultra-high sensitivity of 0.76%/nm) is validated by different 
thicknesses of the PECA, and quantitative analyses are carried out for the 
amount of the PECA on this chip surface. 

Recent studies demonstrate that SEIRA is commonly used as a sensing tool 
with advantages. However, this method shows insufficient sensitivity to the 
molecules’ distributions and nonlinear response to their concentrations [96]. 
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Lin et al. proposed a metamaterial perfect absorber that is combined with a 
hybrid SEIRA and refractive index sensor to overcome this problem for highly 
sensitive and precise detection of analytes [97]. In this study, the detection of 
a widely used polyvinyl chloride (PVC) in the industry has been investigated 
with this hybrid MPA sensor platform for the accurate result since PVC is 
available in many products with less than 10% (since its use is restricted or 
prohibited in many countries). This level of concentration is not detectable 
with conventional methods with high accuracy. The hybrid sensor system 
consists of a golden split-ring resonator sitting on silica backed with a highly 
conductive gold plane, as demonstrated in Figure 3.9 (a). The resonator shape 
is designed to provide Fano resonance, and these resonances are matched 
with the vibrational modes of the PVC. In this study, the author chose the 
detect C-Cl bond at 616 to 690 cm−1 since it is more unique for identifying 
the PVC than the most common C-H bonds. Based on the SEIRA results, 
the reflection dip at 615 cm−1 is due to the C-Cl bonding under x-polarization 
and y-polarization, as demonstrated in Figure 3.9 (b). The sensing capacity of 
the sensor has also been studied with the index changing from n=1.1 to n=1.5 
for y-polarization, as presented in Figure 3.9 (c). The sensitivity of MPA is 
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Figure 3.8 Illustration of multifunctional chemical sensing platform for poly(ethyl 
cyanoacrylate) on-chip detection. a) 3D schematic view of the dual-resonant MPAs 
sensing platform. Individual resonance tuning in a dual-resonant array by adjusting 
the length of the corresponding antenna. b) Vibrational sensing of the PECA, in situ 
observation of ECA polymerization and precipitation, and thickness measurement of 
PECA by using a multifunctional MPA-based sensing platform. The simulated spectra of 
the dual-resonant MPA before and after were covered with 30 nm PECA film, showing 
the details of detecting the two vibrations of PECA simultaneously. Black curve: bare 
MPA, Red solid line: MPA with PECA, Blue dashed line: baseline. The PECA molecules 
are simultaneously detected by matching their vibrational bands (stretching band C=O at 
1747.5 cm−1 and C-O-C at 1252.8 cm−1) to the resonance frequencies of the MPA based on 
the SEIRA method. Reproduced with permission from [95].
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estimated based on the refractive index for the first and second reflectance 
peaks as 4045nm/RIU and 2361nm/RIU, respectively.

Although SEIRA spectroscopy is a powerful methodology for detecting 
molecular vibrations, its detection capacity is limited since a thick insulator 
layer is needed and in some cases creates a weak field on the surface. In their 
study, Hwang et al. proposed an MA with a vertical nanogap of 10 nm thick-
ness and were able to experimentally detect the single-layer 1-octadecanethiol 
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(ODT) target molecule with a 36% reflectance difference. The proposed MA 
structure consists of 3 layers with Gold-SiO2-Gold materials as shown in 
Figure 3.10 (a). Vertical surface nanogaps are modeled with temporal coupled- 
mode theory (TCMT) as paired cavities with a single junction. Figure 3.10 
(b) shows the ODT reflection spectra and reflectance difference obtained 
from the baseline of the MA structure with 30, 15, and 10 nm vertical nan-
ogaps, respectively. In the designed nanoantennas, the spectral response of the 
SEIRA signal was blueshifted as the depth of undercut etching increased [98].

In recent years, many studies have been carried out on molecular detection 
with the SEIRA method. Table 3.2 summarizes the results obtained in the 
studies performed. According to this table, the molecule, molecular struc-
ture, antenna structure, and spectral signatures to be determined are shown.
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Table 3.2 The molecule, molecular structure, antenna structure and vibration bands detected in recent studies.

Detected molecule Antenna structure Molecular structure Vibrational band Reference

PECA (Poly(ethyl 
cyanoacrylate))

Si/Au/MgF2/Au C=O
C-O-C

5724 nm
7987 nm

[95]

PVC (polyvinyl chloride) Au/Silica/Au C-Cl 16260 nm [97]

ODT (1-octadecanethiol) Au/SiO2/Au CH2 3427 nm
3509 nm

[98]

PMMA (Poly(methyl 
methacrylate))

Protein IgG Au /MgF2/Au

C = O

Amide-1
Amide-2
Amide-3

5900 nm

6025 nm
6562 nm
6905 nm

[93]

DNT (2,4-dinitrotoluene) Au/Dielectric  
Layer/Au

C7H6N2O4 7500 nm [99]
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3.2 Conclusion and Future Work

Since the discovery of metamaterials in 2008, MMPAs with subwavelength 
structures have gained great interest in many potential application areas 
over the decade. Here, we have reviewed the theory of MMPAs and one of 
its applications, biosensing based on perfect absorption. Based on recent 
studies of MMPAs in the literature, the use of refractive index sensing 
and SEIRA spectroscopy has become popular in bio- and chemical sens-
ing. The label-free, compact, low-cost, lightweight, real-time measure-
ment non-invasive, and so on properties of MMPA systems make them a 
unique tool for precise and highly sensitive bio- and chemical detections. 
The deep learning concept has been used in many studies to gain a com-
prehensive understanding of massive data and to simplify the design and 
outcomes. Recently, deep learning and artificial intelligence techniques 
have been applied in transforming the areas of optical design, integration, 
and measurements. Combining photonics research with these techniques 
allows researchers to simplify the design strategies with unique func-
tionalities and optical characterizations, such as real-time detection and 
transformation of the data, simultaneous measurements, high-speed ultra-
high-resolution imaging, high-efficiency energy conversion platforms, and 
quantum-related applications. The effort of implementing AI and machine 
learning strategies in all photonic applications ultimately provides efficient 
high-throughput devices, especially massively multiplex biosensing and 
super-resolution imaging applications.
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Metamaterials are artificially fabricated composite constructs with tailored fea-
tures having applications in optoelectronics, sensors, energy regulation and 
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many types, electromagnetic metamaterials are widely documented with special 
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4.1 Introduction

For more than 4000 years, researchers around the globe have been con-
tinuously expanding their knowledge of synthesis techniques intending 
to enhance materials properties for varied applications [1]. The material’s 
property in general is dependent on various parameters, such as the syn-
thesis route, operating temperature, crystal structure, size, shape, dopant 
concentration, chemical bonding, and so on [2–4]. The last few centuries 
have seen considerable progress in the fields of materials engineering and 
nanotechnology resulting in concerted efforts to understand, improve and 
manipulate materials properties at the nano and atomic scale that were 
beyond imagination concerning conventional materials [1]. Among the 
many such novel materials reported in recent years, metamaterials have 
gained considerable attention [5–7]. The first report was observed toward 
the end of the 1940s when Winston E. Kock affiliated with AT&T Bell 
Laboratories showcased structures having properties similar to the meta-
materials [8]. Thereafter, David Smith 2000 demonstrated the metamateri-
als principle through stacked split-ring resonators in a horizontal manner 
using thinly structured wires [9].

Briefly, metamaterials are artificially fabricated materials achieving 
extraordinary features from the formed shapes on the lines of subwave-
length scale instead of chemical concentration [10]. The metamaterials 
showcase optical properties that can be easily reproduced in dimensions 
lower than that of light wavelength [11]. The research on such materials 
requires knowledge from interdisciplinary fields involving physics, nan-
otechnology, composite technology, electrical and computer engineering, 
microwave engineering, optics and optoelectronics, and material sciences 
[12]. Metamaterials are widely documented as part of electromagnetism 
[13–16]. Metamaterials forayed electromagnetic science mainstream 
owing to applications in the field of optics, human health monitoring, 
outer space, sensors, detection units in buildings, regulation, and imple-
mentation of solar energy, during riots for controlling masses, war equip-
ment, antennas, super lenses, invisible technology, and so on [17–24]. Bulk 
properties depend on the change in permittivity and permeability, which 
in turn are affected by the generated electric and magnetic moments due 
to the interaction with small inhomogeneities in the medium [1]. The 
materials display rare properties arising because of customized design and 
shape. Such artificial fabrication provides immense flexibility in terms of 
morphological alterations and chemical properties of foreign entities to 
be included in the base matrix, resulting in novel design and development 
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of the metamaterials for cutting-edge performance [20–24]. The compos-
ite assemblies usually made up of metallics and polymers are arranged in 
recurring forms at a measurement lower than the wavelength of the influ-
encing phenomenon [16–20]. It is designed thus allowing the metamaterials 
to source their features from customized design and shape, rendering their 
ability to maneuver electromagnetic waves [5, 9, 14]. Engineered metama-
terials alter electromagnetic waves by blocking, bending, and absorbing 
them in a way that is never observed in conventional materials with natural 
occurrence. Interestingly, from the past few years, metamaterial science 
has largely been focused on fine-tuning, interconvertible, and intermittent, 
with excellent detection and monitoring performances [25, 26].

Metamaterials are categorized into different types, namely electro-
magnetic, frequency-selective surface, elastic, acoustic, structural, ther-
mal, and nonlinear [27]. They are also further classified based on the Hall 
Effect and frequency bands (such as terahertz, photonic, and plasmonic). 
Among the aforementioned types, electromagnetic metamaterials are 
widely documented for various applications and are further classed as 
single negative (SNG), hyperbolic metamaterials (HMMs), bandgap 
(BG), double negative (DNG), chiral, Mu-negative (MNG), bi-isotropic 
and bi-anisotropic, Epsilon negative (ENG), and lastly the double pos-
itive (DPS). Recently, Hassan et al. reported on a reflector made-up of 
DNG metamaterial having frequency aligned with 5G antenna technol-
ogy [28]. Hakim et al. studied metamaterial absorbers based on FR-4 
transducing platforms for Ku-band monitoring [29]. Moreover, Shahzad 
et al. reported on a DNG metamaterial and its application in estimating 
the dielectric properties of various coal powders [30].  Despite several 
such fascinating articles on DNG metamaterials, studies mentioning 
double-positive medium (DPS) metamaterials were rarely reported in 
the literature. This book chapter aims to present a deeper understand-
ing limited only to DPS—a subset of electromagnetic metamaterials and 
review the progress reported in the literature to date acting as a spring-
board to advance comprehension. 

4.2 Insights on the Electromagnetic Metamaterials 

Two basic parameters, first, permittivity (ε), and second, permeability (µ), 
define the overall electromagnetic (EM) medium [11]. In general, ε (µ) 
characterizes the intent up to which an electric (magnetic) field influences 
media that in turn is governed by the material’s capability to polarize in 
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the presence of a magnetic and an electric field [1]. Figure 4.1 showcases 
the categorization of the EM metamaterials based on the electric ε and μ 
for a defined material parameter space under observation. It is one of the 
ultimate abilities of the metamaterial to showcase a refractive index (RI) 
< 0, which remains absent in natural materials [31]. Nearly 99% of mate-
rials studied in optics and optoelectronics have a refractive index greater 
than zero. But many noble metals show ε < 0 in the 400 to 800 nm range. 
However, a material having either values of ε and µ less than zero is consid-
ered impervious (that is, opaque) by the EM waves. The non-metamaterial 
transparent material is defined by the parameters ε, µ, and refractive index 
(n) depicting ε and µ greater than zero. Nevertheless, selective materials 
have ε and µ lower than zero. Since the multiplication value of ε*µ is greater 
than zero, hence n is taken as a real number. 

Figure 4.1 illustrates the different types of metamaterials based on elec-
tromagnetic parameters, namely ε and μ. The first quadrant (Q-1) details 
where both the parameters, namely ε and μ, are greater than zero. Such 
materials are referred to as double positive (DPS), and the most common 
example is a dielectric material. Here, both the parameters are +ve with 
signals moving in a forward path and displaying a positive index of refrac-
tion metamaterials (PIMs) (Figure 4.2a). The materials are also referred 
to as “right-handed medium” or “forward-wave medium” or “positive 
refractive index materials.” The second quadrant (Q-2) displays electro-
magnetic properties, such as permittivity less than zero and permeability 
greater than zero, hence materials are known as Epsilon negative (ENG). 
Common examples include metals, ferroelectrics, and defect-induced 
semiconductors. The third quadrant (Q-3) informs about the material 

Q-2 Q-1

Q-3 Q-4

ε<0, μ>0

ε<0, μ<0

ε>0, μ>0

ε>0, μ<0

ε

μ

Figure 4.1 Categorization of the electromagnetic metamaterials based on ε and μ for a 
defined material parameter space under observation.
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with negative permeability and permittivity. Such artificially synthesized 
materials are known as double negative (DNG), which have an index of 
refraction lower than zero and hence referred to as the negative index of 
refraction metamaterials (NIMs) (Figure 4.2b). Lastly, the fourth quad-
rant (Q-4) covers the materials with permittivity more than zero and per-
meability less than zero. These kinds of materials in the literature review 
are referred to as Mu negative (MNG). Some known examples include 
gyrotropic and ferrite materials. As mentioned earlier that double nega-
tive media metamaterials showcase a negative refractive index, whereas 
DPS media metamaterials display a positive refractive index for EM waves 
going through the respective mediums. But in DPS, the wave vector (k) 
and Poynting vector (P) have the same directional path, while in the case 
of DNG, the directional path is opposite. Due to this, an incident beam at 
the DPS-DNG interface will refract to the same side it passed at the start 
(Figure 4.3).

4.3 Applications of DPS Metamaterials 

In 2007, Ishikawa et al. detailed the use of magnetic metamaterials with 
positive permeability reflecting s-polarized instead of p-polarized light 
by excluding the reflection centered on the Brewster phenomenon [32]. 
They were able to confirm the single direction of magnetic material with 
electromagnetism parameters directly proportional to the material’s 
direction using the p and s divergence of Brewster windows. The numer-
ical modeling established diffusion of light takes place without reflection 

(a) Double Positive Medium (DPS) (b) Double Negative Medium (DNG)

E

H

E

H

P P

k

k

Figure 4.2 Schematic illustration depicting the difference between double positive and 
double negative medium metamaterials. Here, the P—Poynting vector constitutes the 
energy motion path, the k—vector constitutes wave transmission, E—electric field, and 
H—perpendicular magnetic field. 
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right through the boundary sandwiched among the materials with the 
varied index of refraction. They also stated that the 3D metallic nano-
structured magnetic metamaterials preparation is cumbersome by the 
traditional lithography method and hence proposed a new methodology 
built on the two-photon absorption principle [33, 34]. In 2009, Aylo et al. 
examined the transmission features of electromagnetic waves through 
a consistent disseminative, periodic/quasiperiodic/randomly altering 
multi-layered lots of positive index metamaterials (PIMs) or DPS and 
negative-index metamaterials (NIMs) or DNG employing a transfer 
matrix method [35]. They observed the wave localization in the arbi-
trarily disconcerted assembly and concluded that though the length of 
localization is more than the length of decay in DNG/DPS and DPS/DPS 
interfaces for equally intermittent and arbitrary assemblies, still they 
were similar for DNG/DPS in comparison to the DPS/DPS, wherein the 
observed variance was huge. In 2009, Serebryannikov et al. investigated 
a circular dielectric cylinder showing invisibility at several frequencies 
upon coating with an isotropic metamaterial integrated ring shell dis-
playing simultaneous large values of positive, as well as negative ε and 
μ [36]. They deduced that the invisibility stems from using the resonant 
property in the radial direction. They also state that cylindrical objects 
can be employed for several variations in the values of diameter/wave-
length, in addition to the subwavelength values of the resonant-sized 
entities. Further, it was found that the existence of shell material fre-
quency scattering largely influences the probability of a multifrequency 
process. In 2010, Ghosh et al. reported on a ray optics methodology 
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Figure 4.3 Refraction in (a) DPS-DPS and (b) DPS-DNG interfaces. Here, the P—Poynting 
vector constitutes the energy motion path, and the k—vector constitutes wave transmission.
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situated alongside the central axis for a body transmitting a beam with 
monochromatic Gaussian nature through a mound of alternated sheets of 
metamaterials having a refractive index with positive and negative values 
[37]. The proposed techniques also have applications to achieve repre-
sentations by modifying the Gaussian beam size or fabricating detection 
units estimating the features affecting the refractive index or thickness of 
the altered metamaterials sheet. Additionally, during the same year, Shi 
et al. explored theoretical resonance properties in planar DPS and DNG 
metamaterials conked out regularity in a highly entrapped situation [38]. 
The UV-Vis spectroscopic data in the form of reflection and transmission 
mode for the metamaterial illustrated resonance to the incident EM sig-
nal just below the normal incidence value. In addition, the quality factor 
was observed to be completely reliant on the geometric features of the 
materials. 

In 2011, Cojocaru detailed the transverse electric and magnetic of 
the comparable plate waveguide packed with PIM/PIM or NIM/NIM 
and NIM/PIM sheets and offered straightforward normalized scatter-
ing equations for two different types of modes [39]. The mathematical 
models were proposed to display scattering curvatures, overall normal-
ized intensity borne by the respective modes during the transmission, 
and the fields within the comparable plate device guiding the waves. 
Similarly in 2012, Popov et al. discussed superior features of short-
pulse second harmonic generation for DPS/DNG materials, appear-
ing in complete contradiction with the equivalents in conventional 
materials [40]. They fabricated carbon nanotube-based metamaterials 
supplementing the concurrence of regular elementary and rearward 
second-harmonic EM signals. Lastly, predictions on unprecedented 
features of frequency replicating disordered ocular meta mirror were 
presented. Again in the year 2013, Korotkevich et al. reported on the 
disordered combination and resultant energy surge amid light pulses 
transmitting in positive and negative refractive index systems con-
tained by a metamaterial showing resonance as a result of doping at 
atomic level [41]. They revealed the formation of enmeshed, coprop-
agating, disordered pulses transmitting none of the cluster veloci-
ties during the mathematical modeling. In rare sequences, the pulse 
conducts itself in a seesaw manner and promulgates alongside except 
with slow velocity compared to the initial signal. The emission yielded 
by the set transmits in the orientation preferred by the linear cluster 
velocities of its particular colors. They further noticed a pulse show-
ing color matching to DPS converting to DNG region, where emission 
originated moving rearward with all intents. Concurrently, a hotbed 
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medium of everlasting agitation is created when the pulsation in the 
DPS zone declines and ultimately comes to an end. The electric field in 
the DNG zone starts transmitting emissions rearward exactly from the 
hotbed site. The power accumulated in the hotbed seems to stay still in 
space upon increasing the period. Simply they successfully envisioned 
a transparent kind of color switching with convenient experimentation 
[42, 43]. In 2014, Pearson et al. presented a new approach to develop-
ing metamaterials for antennas and additional microwave instruments 
[44]. Earlier reports showed that a decrease in the dimension of anten-
nas centered around innovation in the materials with a greater value of 
εr. Nonetheless, Pearson et al. pointed out that by fine-tuning the values 
of μ and ε, a major decrease in device dimension is achievable while 
simultaneously perfecting the impedance values for enhancement in 
the effectiveness and bandwidth when compared to prior modifica-
tions that were based only on the value of εr. Such reports can result in 
superior accomplishment for different types of antennas and additional 
microwave instruments assimilating insulated matter with an optimum 
value of impedance. The initial stage of the work focused on generating 
different forms of ferrites and analyzing the parameters of the formed 
composite. The investigation of parameters, namely μ and ε carried out 
for preliminary samples based on ferrite-metamaterials revealed that it 
is possible to optimize the values of wavelength as well as impedance. 
Following the success, many such ferritic samples were prepared in the 
form of solid pellets using a binder. The pellets displayed dielectric 
constant and effective permeability much higher than the free space 
establishing a novel method for the fabrication of DPS material, giving 
access to several advantages from the ease of fabrication, miniaturiza-
tion, and commercialization viewpoints.

Again in 2015, Pearson et al. reported on a new procedure to produce 
a DPS material made up of nickel-zinc ferrite composite [45]. The com-
posite was prepared at many reduced temperatures compared to sin-
tered products. Prior estimation illustrated that the composite owned ε 
and μ values greater than 4 and less than 6 for frequencies ranging from 
0.2 to 2 gigahertz (GHz). The report further elaborated on arithmetical 
data for dielectric strength further confirming the economic feasibility 
and efficiencies of the nickel-zinc ferrite composites. In the same year, 
O’Connor et al. reported on magnetodielectric feasibility for applica-
tion in antenna technology through simultaneous comparison between 
helical and conical shapes [46]. The conical pattern showed a frequency 
downshift inversely proportional to the √(κ.εr). Magnetodielectricity 
was a feasible solution upon increasing the value of (κ.εr) to 9 owing 
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to optimal frequency downshift in terms of adequate return loss as 
well as the bandwidth. Owing to signal transmission in materials and 
ambient air, it was also observed that the conical pattern showed higher 
variations in the operating bands compared to a helical antenna. The 
ability to control both features proved to be advantageous in employ-
ing metamaterials displaying strong magnetoelectricity. Furthermore, 
in the year 2016, Pearson et al. developed a novel DPS media by com-
bining different compositions of nickel-zinc ferrites in powdered form 
for applications in pulsed power systems, and similar devices [47]. The 
measurements showed μr and εr values greater than 3 and less than 6 for 
frequencies ranging from 0.02 to 2 gigahertz (GHz). In addition, Noel 
et al. reported on emerging dielectric metamaterial composites with a 
drastic decrease in device dimensions functioning on impedance val-
ues that of free space and sometimes even lower [48]. Before this, they 
developed a metamaterial synthesis methodology involving a core made 
up of ferromagnetic material encased by a BaTiO3 matrix that allowed 
flexibility in achieving a preferred permittivity value. Several compos-
ite samples were prepared by increasing the thickness of BaTiO3 sheets 
and analyzed to estimate electromagnetism parameters concerning fre-
quency. The surface area of the metamaterials was used to evaluate the 
elemental composition that was further taken as a reference altering the 
μ and ε values. It was also concluded that an increase in BaTiO3 con-
centration in contact with a ferromagnetic core even in small quantity 
enhanced the composite’s permittivity in many manifolds but with min-
imal change in permeability. 

Figure 4.4 details a report by Xia et al. demonstrating that at the 
boundary of dielectric and bianisotropic metamaterial with only positive 
permeability and permittivity, transverse electric magnetic modes can 
exist [49]. The such artificially designed metamaterial can be success-
fully used for applications in chemical sensing, super-resolution imag-
ing, and many similar devices. In 2020, Amanollahi et al. reported on the 
transverse magneto-optical Kerr effect (TMOKE) feature by analogizing 
s and p polarization signals in a bi-gyrotropic matter [50]. They further 
demonstrated that DPS and DNG are competent enough to accom-
plish the highest TMOKE however with contrasting signals (Figures 
4.5 and  4.6). It was further evinced from Figure  4.5, that for s and p- 
polarized waveforms, gyration coefficients (β and α) showed a direct cor-
relation with TMOKE. Subsequently, TMOKE is observed in DPS and 
DNG media irrespective of the parametric value. Lastly, the highest and 
lowest values supersede at 40° for in the p polarization signal (Figure 4.5 
f-h). Interestingly TMOKE is absent for zero gyration (Figure  4.6). By 
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switching from DPS to DNG, the highest and lowest values are replaced. 
A similar observation was found in SNG metamaterials giving lower 
TMOKE when μ′ and ε′ are swapped. Nevertheless, the report lays the 
foundation strongly confirming the TMOKE’s significance in data stor-
age and imaging techniques. 
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Figure 4.4 Schematic illustration of three types of interface with the corresponding 
surface wave and one realistic model of a bianisotropic metamaterial. (a) TE surface wave 
in a ferromagnet/dielectric interface. (b) TM surface wave at the metal/dielectric interface. 
(c) TE and TM surface waves coexist in a bianisotropic material/dielectric interface. (d) 
The unit cell of a bianisotropic metamaterial. The copper solid represents copper, and the 
light gray region is filled with dielectric material (F4BM) with relative permittivity ε = 2.2. 
The copper structure is identical to two split ring resonators, denoted by red and blue. The 
bianisotropic response can be understood from the field and current coupling between 
the two split-ring resonators. The periods in the x-, y-, and z-directions are Px = 4.67 mm, 
Py = 3 mm, and Pz = 3 mm. Reproduced with permission from Ref. [49]. Copyright 2019 
De Gruyter.
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Figure 4.5 Transverse magneto-optical Kerr effect for both s- and p-polarizations 
as a function of the angle of incidence and ε in double-positive and double-negative 
metamaterials with μ″ = 0.01, ε″ = 0.04 and different values of β and α. Reproduced with 
permission from Ref. [50]. Copyright 2020 Elsevier B.V.
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4.4 Conclusion

Double-positive medium metamaterials will continue to emerge as a rare 
yet interesting genre in the fields of materials science and nanotechnology. 
The extraordinary features shown by such metamaterials are anticipated to 
garner the extensive interest of physicists, engineers, and scientists from 
various backgrounds. This will act as a driving force to blend research 
knowledge around multidisciplinary fields leading to cutting-edge tech-
nology and advancements in the form of solutions for societal and environ-
mental concerns. The last few decades showed several notable innovations 
in the form of chemical sensing, energy harvesting, super-resolution imag-
ing, high-power antennas, optical information processing, integrated pho-
tonic devices, super lens, and even cloaking technology. However, man’s 
nature is curious and hopeful of a good future, which is expected to pave 
way for several other fascinating inventions and applications that are wait-
ing for us to discover. 
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Abstract
A meta material is a man-made material having special properties that are not 
present in naturally occurring materials. These properties can be altered by 
changing the composition of the materials. The composition of these materials 
consists of metals and plastic also. These are arranged in repeated patterns. This 
pattern results in properties that are quite different from base materials. A study 
of meta-materials goes back to 1898 till date discovery of chiral material. Negative 
Index Meta Material, terahertz metamaterial, and plasmonic metamaterial are 
nowadays popular and used in lots of applications. This chapter deals with the 
basic structure and application of meta-materials. Change in properties of materi-
als with change in composition is discussed. 

Keywords: Photonic-metamaterials, terahertz, plasmonics, index, structure

5.1 Introduction

A man-made material that has the property which is not present in natu-
rally befalling materials is known as metamaterial. These have been pre-
pared by using different elements shaped from compound materials like 
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metals and plastics. Metamaterials are generally organized in patterns 
that are repeated; at measures, those are lesser as compared to the wave-
lengths of the phenomena of their inspiration. Metamaterials develop their 
characteristics from the structural design of newly designed materials. 
Their specific  profile,  geometry,  dimension,  direction, and organization 
give these materials the properties by using which these can block, absorb, 
enhance, or manipulate electromagnetic waves. By having these specific 
properties, metamaterials can have advantages that are more than conven-
tional materials.

By suitably designing metamaterials these can be used to alter/change 
waves of  electromagnetic radiation or sound differently as compared to 
bulk materials. Some specific metamaterials having a negative  index of 
refraction  for particular wavelengths have generated a large amount of 
research interest nowadays [1]. So these materials are classified as  neg-
ative-index metamaterials. Because metamaterials could be created by 
implanting man-made additions in a specific base medium, it is possible 
to design a huge group of self-governing parameters, e.g., Host material 
properties, magnitude, profile, and composition of additions. For achiev-
ing the results, design parameters could prove an important factor. Thus, 
basically, the form of additions/insertion offers a new way of processing 
metamaterials

5.2 Types of Metamaterials

In general, whenever any system is observed for its response toward the 
presence of electromagnetic fields, that response depends on the properties 
of the materials that are part of that system. There are macroscopic param-
eters like permittivity ɛ and permeability μ which are used to define the 
properties of these materials. Based on permittivity ɛ and the permeability 
μ, the types of metamaterials can be graphically represented as presented 
in Figure 5.1.

Thus, metamaterials are defined as a constant medium having active 
parameters, known as effective dielectric constant and effective magnetic 
permeability. These parameters can be altered, i.e., can have large, small, 
and even negative values by the proper choice of material used and the 
geometric arrangement of cells. There exist subclasses of metamaterials 
based on the value of permittivity and permeability. A medium having 
permittivity and permeability both greater than zero (ε > 0, μ > 0) is 
known as a double positive medium (DPS). Large number of materials 
like dielectrics come under this category. An epsilon negative medium 
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(ENG) is a  medium with a permittivity that is less than zero and a perme-
ability greater than zero (ε < 0, μ > 0). For certain frequency ranges, there 
are many plasmas those are having these properties. Further, a medium 
with a permittivity larger than zero and permeability below zero (ε > 0, 
μ < 0) is called a Mu negative medium (MNG). Few gyro tropic materi-
als unveil this property in specific frequency ranges. A double negative 
medium (DNG) is having both permittivity and permeability below zero 
(ε < 0, µ < 0). This material class has so far only been proven in artificial 
constructions. Further, for other materials, the subclass of metamaterials 
that has effective parameters, i.e., permittivity and negative permeability, 
i.e., (µ < 0> 0) and permeability as negative, i.e., (µ < 0> 0) in a certain 
frequency range; they are called negative epsilon (ENG) materials. The 
design of metamaterials is based on the values of permittivity and per-
meability. As with changing these two effective parameters, the effective 
electromagnetic behavior and response of the metamaterial vary, result-
ing in the different categories of metamaterials, such as electromagnetic 
metamaterials, chiral metamaterials (arrays of gammadion dielectrics, or 
planar metal on a substrate. A planar metal will become elliptically polar-
ized by interaction with polarized light. There are also photonic metama-
terials (operating at optical frequencies), terahertz metamaterials (in the 
range of 0.110 THz), etc.

ENG(Epsilon negative) material are having
permittivity less than zero & permeability
greater than zero (ε < 0, μ > 0)

DPS(double positive) material are having
both permittivity & permeability greater
than zero (ε > 0, μ > 0)

DNG(double negative) material are 
having both permittivity & permeability 
less than zero (ε < 0, μ < 0)

MNG(Mu negative) material are material 
having both permittivity greater than 
zero & permeability less than zero (ε > 0,
μ < 0)

μ

ε

Figure 5.1 Types of metamaterials.
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5.3 Negative Index Metamaterial

Left-handed metamaterials (LHM) were first recognized historically as 
having a negative index value of their refractive index. When functions 
that respond towards electromagnetic fields, namely permittivity ɛ and 
permeability µ are preciously altered to have negative/less than zero val-
ues of their real part then the resultant material is left-handed metamate-
rials. To distinguish these from chiral materials, these are also known as 
negative refractive index materials (NRM), as chiral are also Kyrgyzstani 
monetary units sometimes referred to as “left-handed” [2–4]. Sometimes 
to distinguish two different structures made of the same material but dif-
ferent permeability or permittivity, few pieces of literature refer to another 
name which is double negative materials (DNG). DNG is different from 
single negative materials (SNG).

For the optical variety of frequencies, there has been no naturally existing 
negative index material discovered. Thus, it is essential to show that artifi-
cial materials are having a composition resulting in an averaged (effective) 
index of refraction less than zero, i.e., Neff ′ < 0. Once a cloth was designed, 
it will show such properties of photonic crystals (PC), but in that case, the 
internal arrangement of the fabric is not sub-wavelength. Thus, PCs failed 
to prove a complete range of attainable advantages of left-handed materi-
als. There are a few examples, such as super-resolution, that was foreseen 
by Pen dry, but it is not possible with photonic band gap materials for the 
reason that their cyclist that is within the range of λ. For optical wave-
lengths, it is required that metamaterials should so be nanocrafted. It is 
possible to attain a negative refractive index by designing a cloth such that 
wherever the (isotropic) permittivity ε = ε′ + iε″ and then the (isotropic) 
porousness μ = μ′ + iμ″ are having values that satisfy the equation as under 

 ε′µ + µ′ε < zero (5.1)

This results in a negative real that means a certain portion of the index 
of refraction.

n = εμ is having a negative value. Equation 5.1 is fulfilled, if ε′ < 0 and  
μ′ < 0 But still, there is a tendency to observe that it can be not an oblig-
atory condition. It is possible that there could be a magnetically active 
media having µ ≠ 1 with a positive real part µ′ such that Equation (5.1) is 
consummated, and this proves a negative value n′. Till now, there is con-
sideration of only isotropic media, wherein ε and μ are complicated scalar 
quantiles. The use of anisotropic media is a totally promising technique in 
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metamaterials; still, this part of metamaterial is neglected. This is especially 
due to the fact for optical frequencies, a poor index has been achieved to 
date by using the technique of magnetically active media [5–7]. Different 
Classes of Negative Index Metamaterials are shown in Figure 5.2.

5.4 Terahertz Metamaterials

By using conventional planar-patterning tactics, it is possible to design 
Terahertz (THz) and optical metamaterials, even though a large number of 
sensible programs need metamaterials having 3-D resonators. It is a prob-
lem to create arrays of unique 3-D microresonators and nanoresonators 
[8]. By using a special technique to design metamaterials having 3-D reso-
nators that are rolled up from stressed films, it is possible to have novel THz 
metamaterials/structures. These designs/structures show large polarization 
movements through numerous chiral metamaterials/structures. There is 
the presence of ultra-sharp quasi-periodic peaks in the polarization spec-
tra of chiral metamaterials when these are studied on semiconductor sub-
strates. With the help of 3-D printing, it is possible to allow the assembling 

Negative Index

Meta material

Double Negative Meta
materials

Single Negative Meta-
materials

unattached negative
(SNG) metamaterials

terrible index
metamaterials[NIM

permittivity or
permeability are
negative

permittivity or
permeability are
terrible- refraction

Figure 5.2 Different kinds of metamaterials.
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of extra complicated structures those consists of the bi anisotropic gadget 
with ultimate microhelices. This further confirmed a severe polarization 
azimuth rotation of around 85° with a drop through 150° while having a 
frequency shift of 0.4%. Quasi-periodic peaks are referred to inside of the 
polarization spectra of metamaterial structures for the interaction of vari-
ous echoes, consisting of strange chiral waveguide resonance. There is cur-
rently no other availability of technology to design. For destiny generations 
of industrial metamaterials, gadgets, and structures, rolled-up meta-atoms 
could be considered as the best constructing blocks [9].

By using the rolling up of 3-D resonators from the strained films and also 
due to a substantial increase in the field of designing metamaterials, the 
primary blessings of the rolling-up approach are invented. This approach 
results in precise precision and freedom in 3-D designing, the flexibility of 
substances, and also change in 3-d factors which have a significant decrease 
in micrometers to 3 nm. It is possible to manufacture THz metamaterials 
because this variety is actively evolved nowadays and lacks critical optical 
factors, e.g., wave plates. This is due to the absence of basic and artificial 
substances with practical THz houses. A comparison of metamaterials and 
metamaterials with THz frequency, i.e., terahertz metamaterials is given in 
Table 5.1. Nowadays, metamaterials with helical resonators are the center 
of study. In helical resonators, a helix reveals a green coupling each with 
magnetic and electric-powered fields alongside the axis. In this case, both 
the oscillations, i.e., along the magnetic dipole and the electric dipole are 
inseparable. This result in magnetoelectric polarizability.

It is possible to design a particular custom-made electric-powered, mag-
netic, and chiral responses to design a helix which is a unique hobby having 
few conventional 3-d designs of metamaterial factors.  There is demand for 
Helical resonators due to chiral, magnetic, negative-index, “chiral nihility” 
sixty-four, and different metamaterials. All this is favorable for transfor-
mation involving polarization, imaging beneath the diversion limit, invis-
ibility wrapping, non-reflectivity, and different programs. There are also 
rolled-up helices that additionally have the potential for sensible programs 
except for metamaterials. There is improvement in smoothness and preci-
sion by using the rolling-up approach for making helices. This results in 
different appraise of the manufacturing of helical structures and opinions 
on rolled-up systems, such as helical ones. Metal-semiconductor microhe-
lices show a large polarization azimuth rotation when the measurements in 
terahertz variety are done with a Fourier-rework spectrometer. When 3-D 
printing is applied to find metamaterial primarily based structures with 
similarly greater functionality, there is a change in the finished product due 
to the interaction of the half-wave resonance of helices, waveguide, and 
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Fabric-Perot resonances. In polarization rotation spectra, these interac-
tions lead to the development of ultra-sharp quasi-periodic peaks. This can 
be understood as a frequency shift of THz radiation of 0.4% consequences 
with inside the alternation of the azimuth of transmitted radiation through 
a 150 degree. There is a different setting up of the 3-D printing era and the 
rolling-up era but their incorporation creates a foundation that results in 
the introduction of novel structures for the handling of radiation, having 
possibilities for mass application.

5.5 Plasmonic Materials

There is engrossed interest in plasmonic materials due to their surfaces 
that have the property to localize incident light and also spread the optical 
path length. DSSC performance is reinforced by the optical path of plas-
mon materials [10]. Silica-coated Au nanotubes, Au and atomic number 47 
core/shells, Zn, and Cu are a few examples of plasmonic materials. When 
a material uses surface Plasmon to attain optical properties it is known 
as a plasmonic metamaterial. When sunshine interacts with metal-dielec-
tric materials at that time plasmons are formed. Subject to certain precise 
circumstances, the incident light combines with the surface plasmon’s to 
make self-sustaining, propagating magnetism waves acknowledged as SPP, 
i.e., surface plasmon polar tons. On the metal-dielectric interface, the flow 
of surface plasmon polar tons also begins along with SPP. The SPPs will 
have a largely shorter wavelength when these are compared with the inci-
dent light. The distinctive structure of the results of the metal-dielectric  
composite in properties stems from the options of having wavelengths 
that are smaller than the wavelength of sunlight [11]. Some metamaterials 
are reworked into surface plasmon polar tons, those having wavelengths 

Table 5.1 Metamaterials vs terahertz metamaterials.

Component Metamaterials Terahertz metamaterials

Losses Significant losses Not significant losses

Structure Need 3D structures Single layer can be used

Band Narrow band Broadband suitable for imaging

Working Require active control 
having negative index 
value in general

Have monolithic integration 
leading to unit cell control 
method 
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shorter than the incident light. Plasmons include the interface between light 
and free charges when in resonant modes. Examples of plasmas are iono-
sphere and metals. When a media contain freely mobile chargers, is known 
as plasma [12]. Longitudinal plasma oscillations are oscillations having a 
frequency that crates conditions for resonance, and these upsurges are due 
to the restoring force exerted on the mobile charges by altered charge dis-
tribution when there is a disturbance in equilibrium(may be due to passage 
of an electron nearby) can be sustained by the majority of plasmas (plas-
mons). The plasmon frequency, xp, for bulk plasma is given by

 
=
ε

x ne
mp

2
2

0
 (5.2)

where
n =Mobile charge carrier’s Density Number
e = Charge of mobile charge carrier
m = Mass of mobile charge carriers
ε0 = Relative permittivity of free space.

When electromagnetic radiation (light) at a frequency less than plasma 
frequency incident on the plasma, there will be motion in the charge carri-
ers. This motion results in screening out the incident field which causes the 
reflection of incident waves. At a frequency more than plasma frequency, 
waves are transmitted because now there is no swift response from charges 
to screen out the incident field [13]. Here, ionosphere will be working as 
a plasma, and with the use of equation (5.2), it has been found that the 
plasma frequency values lie in the MHz range. This shows the significance 
of the ionosphere working as a reflector for long-wavelength radio com-
munications. When the study is carried out for conduction electrons that 
cause the formation of a plasma in silver, it shows that it is a frequency 
lying range of UV. This is also the reason that metals reflect light in the 
visible spectra of light and one of the prominent reasons that these are used 
as mirrors in history. There are still a few types of carbon also those are 
having high charge carrier densities required to generate plasmons when 
using UV. 

During the movement of the charge carriers in the material, these expe-
rience dissipative processes. This motion is represented by an imaginary 
component of the relative permittivity, which is a complex quantity [14]. 
The dissipation is included in the concept of plasma by adding plasma fre-
quency having a damping term. This concept is recognized by accepting a 
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model known as the Drude model, in which the frequency is dependent 
on the relative permittivity of the metal. When this relative permittivity of 
metal is negative, an interesting phenomenon of resonance occurs and dif-
ferent values of resonance frequency are available. The plasma Frequency 
range for a few common metals is given in Table 5.2.

It is not possible to excite a large number of plasmons using light 
because the wavering charges present in the plasmon have longitudinal 
characteristics as well as oblique characteristics of the electric field of 
light. To overcome this, a different technique is used by bombarding the 
metal with electrons to excite plasmon. This already established method 
is a dominant way to examine the three-dimensional distribution of the 
electromagnetic fields related to plasmons. By rearranging the structure 
of metal, it is possible to change the plasmonic response. This will result 
in the coupling of light to the associated plasmon mode. In general, struc-
tured metals are the combination of two or a lot of element  materials. 
These materials possess properties/characteristics different from the basic 
properties of the element  materials  on their own. These characteristics 
count on  the pure mathematics of the selected structure. These materi-
als units are called metamaterials. A metamaterial is a model that is well 
matched with plasmonic. Nevertheless, a setup of metal-like wires could 
be used for manufacturing non-natural, synthetic materials with ample 
lower plasma frequencies as compared to metals. If the designed struc-
tures show a resonance at a few frequencies, then there is a possibility that 
negative  permeableness  exists with a condition that the  reflag is tough 
enough. When negative permeableness (l) is joined with a negative per-
mittivity, (e) then it is possible to attain a negative ratio. This will be in 
opposition to the standard of Snell’s law for refraction. Shelby  accom-
plished properties related to this set. There is the production of arrays 
of split-ring resonators by the United Nations agency. These arrays 
offer a magnetic resonance and  validated  the microwave regime with a 
negative ratio. To discuss the reliability of this approach, it needs to be 
assured that satisfactory results are obtained at microwave frequencies as 

Table 5.2 Plasma frequency of important metals.

Metal Plasma frequency

Aluminum 3570THz

Silver 2175THz

Gold 2175THz
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metals absorb very little at low frequencies. Further, when the frequency 
is increased, so absorption becomes  essential. Because of all these rea-
sons, it becomes difficult to have information about artificial resonances 
for structures like split-ring resonators. To find out other shapes having 
better results as compared to split-ring resonators, incontestable shaped 
resonators were anticipated by Zhou et al., these are also lying within 
the microwave regime. For other shapes even a combination of rods may 
provide a resonance, here the capacitance between the ends of the rods 
helps to complete conducting path of the rods. There is still a chiral struc-
tures area unit that is not tested. Recently, maltreatment gold double posts 
and cut-wire structures having magnetic resonances are found within the 
visible spectral vary. Further, when a weak field penetrates metal, there 
is poor captivity of the sphere along the rest face which is the mode that 
may not be a Plasmon but a grazing gauge boson. However, by punching 
the urban center face with a secondary group of other wavelength holes, 
it is promising to create a coat on the surface that would effectually allow 
the sphere to pierce, through temporary fields associated with lower cut-
off modes of the holes. Hibbin et al. confirmed this theoretical prediction 
through experimentation.

Moreover, semiconductors provide a novel and interesting opportunity 
for optical plasmon control which is excitation using the photons having 
electricity large than the semiconductor band gap that must regulate the 
conduction through orders of magnitude [15]. By using this method, it 
is possible to change the modes of houses of plasmon on a semiconduc-
tor floor and the same can be switched through a mild supply inclusive of 
a laser. By using laser pulse width to switch the instances, an interesting 
opportunity for speedy photo-switching can be provided by Ultra-short 
(sub-picoseconds) laser pulses. Furthermore, the lifestyles of excessive 
high-satisfactory substances and handling skills for semiconductors are 
already in existence; that is a place where this could be assumed to have 
captivating developments.

5.6 Applications

5.6.1 In Optical Field

Metamaterials are preciously conspired erections having negative refrac-
tive index as exclusive electromagnetic properties, that are imaginary 
in usual materials [16–25]. The properties of metamaterial  have been 
improved with the quiet measured ascents in sponginess to form advanced 
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lenses [26, 27]. One of the most important practical applications of meta-
material has been just taken out by using spectroscopic ellipsometry [28–
30] and hiddenness screens [31–35]. Based on nonlinear metamaterials 
[36-40] and the marvelous application, the maximum work done is in the 
microwave domain [41–44]. To design novel optical absorbers, photonic 
metamaterials can be used and this proves to be a major application of 
metamaterials. Electromagnetic metamaterials are used to create a high 
electromagnetic absorber [45]. The metamaterial can be used in anten-
nae to increase the performance of the antenna system. Zero refractive 
index material is mostly used for making high directivity antennas [46]. 
Star-shaped dielectric resonator antenna (SDRA) expansion, a project by 
Kumar et al. [47], is recently started under this application. Further, there 
are super lenses made up of used metamaterials to increase diffraction 
limit. Ramakrishna (2005) proved that superlenses made of metamaterials 
have more resolution capabilities than ordinary microscopes having con-
ventional optical materials as a super lens [48]. 

An ultrathin nonlinear chiral metamirror has been validated by Kang 
et al. [49]. An array of SRRs composed of amorphous silicon (α-Si) is used 
to design the proposed metamirror. It has been testified that the met mir-
ror shows reckless optical polarization switching. There are also hyperbolic 
metamaterials that could be incorporated into several applications, such as 
sub-diffraction imaging [50], sub-wavelength modes [51], thermal emis-
sion engineering (TEE), [52–54] high-sensitivity sensors, etc. Recently, 
microfluidic sensing techniques have been using designs inspired by elec-
tromagnetic metamaterials [55, 56]. High sensitivity and powerful interac-
tion between the electric field, and the analysts are key properties of this 
type of sensing. Ho et al. [57] deliberate applications of microwave meta-
materials for biomedical sensing.

5.6.2 In Medical Devices

Metamaterials are also used in medical devices as super lenses [58] and 
RF microelectromechanical systems (MEMS) strain sensors [59]. The 
monitoring of the whole recovery process of fractured bones is done by 
SRR-based wireless strain sensors. Metamaterial resonators and micro-
wave devices [60] can be used for  cancer  detection.  Additionally, they 
can assist in the protection of medical personnel from harmful X-ray 
radiation [61]. Metamaterial sensors are used in agriculture, biomedi-
cal, etc. Some sensors are based on resonant material. These use SRR to 
gain better sensitivity and are hence used in agriculture. Goren kit et al. 
[2012] showed in their research studies that metamaterial could be used 
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in wireless sensors to enhance the sensitivity. It is also used in design-
ing sensors for doors [62]. Photo sonic material, such as CNT is used in 
ultrafast sensors [63–65] along with microwave array applicators that are 
used for the effective treatment of large tumors utilizing a left-handed 
metamaterial lens [66].

5.6.3 In Aerospace

Photonic metamaterials are used to reduce jet noise, aircraft noise and 
diminish community noise (one of the major uses) [67]. It is counted as the 
most important application in noise and sound trapping [68] (Figure 5.3).

5.6.4 In Solar Power Management

Microporous photonic can be adopted in the metamaterial design method 
[69, 70]. Wang et al. reported in their studies about the absorption efficiency 
of the metamaterial through gradient index effects and also explained solar 
energy harvesting [71] (Figure 5.4). Elastic Met material (EMM) worked 
as band gaps, zero refractive indexes, as well as negative mass density. They 
act as elastic waves for leading co finishing and isolation [72].

Photonics in Civil Aeronautics

Enhanced Pilot
outside view

Optical Air Data
System

Enhanced Take off
& landing 
frequency

High speed
Fiber

Sensing Network

Optronic Radar
Photonics in Aerospace

Figure 5.3 Photonic metamaterial in aerospace.
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5.7 Conclusion 

During the last decade, a revolution has started in the field of industrial 
applications of photonic metamaterials. After the discovery of terahertz 
metamaterials, Negative index metamaterial, Now scientists are in search 
to obtain aerospace metamaterial. The healthcare industry needs skilled 
engineers and physicists for the development of suitable equipment. 
Researchers seem to be keenly interested in metamaterials in the past 
decade which carries a high scope of application in the field of healthcare. 
Thus, the use of metamaterials has extensively increased. The study of 
mechanical metamaterials and their respective applications in orthopedics 
would work for a great cause. As stated metamaterials concerning their 
biocompatibility, will open up doors for research and manufacturing of 
permanent prosthetics on practical grounds. 

Energy harvesting system
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Figure 5.4 Energy harvesting system.
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Abstract 
Metamaterials have growing attention for the past few decades in scientific societ-
ies. Although metamaterials can be acknowledged as left-handed substances oth-
erwise materials having a negative value of the refractive index. To get the required 
response to electromagnetic metamaterials by way of sub-wavelength resonant 
structures can be artificially engineered. On the other hand, features of natural 
materials remain inadequate as a result of their chemical configurations and con-
structions. Unit cells known as meta-atoms are used to control the optical activity 
of metamaterials. In metamaterials, many unusual advances have been proposed, 
including negative value, the refractive index, cloaking, perfect absorber, etc. To 
comprehend the fundamental physics of metamaterial (MTMs), several theoreti-
cal models or theories have been introduced. Each model is abstractly distinct and 
yields characteristic equations and assumptions. This chapter reviews the meta-
materials’ theoretical models, including lumped equivalent circuit model, theory 
of effective medium, transmission-line theory, coupled-mode concept, and inter-
ference model in addition Casimir-Lifshitz theory. The theoretical methods offer 
an understanding of MTMs from dissimilar points of opinion. Models have their 
separate benefits and drawbacks.
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6.1 Introduction

According to Wikipedia, “a substance which achieves its characteristics 
through its structure instead straight from its composition” is known as 
a metamaterial. The word metamaterial got familiarized in nineteen ninety- 
nine by scientist Rodger M. Walser. The metamaterials are macroscopic 
complexes containing an artificial, 3-D, interrupted cellular structure 
aimed to form an adjusted combination that is unavailable in the environ-
ment and shows multiple reactions to particular excitation. The mentioned 
characterizations reveal the definite natures of the metamaterial. Mainly, in 
actuality a MTMs stands for a macroscopic complex having the structure 
of periodic otherwise non-periodic nature, equally the engineering of cells, 
as well as the chemical alignment, plays a role in its functioning. If meta-
materials act as the effective medium the cellular size should be reduced or 
else equal to the sub-wavelength. The principal advantage of metamaterials 
is their great flexibility due to cellular design, with the help of metamaterial 
structure novel substances that are not available then be able to recognize 
in use in surroundings [1].

Permittivity and permeability of metamaterial composites can take not 
only much large or small values in clouding zero  but also can be negative 
in certain free quency band. The latter case makes it possible to imple-
ment a medium with a negative refractive index. Thus, we can directly 
affect the electrophysical properties of  the material by modifying mate-
rial constants. Permittivity and permeability of metamaterial composites 
can take not only many large or small values including zero but also can 
be negative in certain frequency bands. The latter case makes it possible 
to implement a medium with a negative refractive index.  Thus, we  can  
directly  affect the electrophysical  properties  of  the material by modifying 
material constants.

Metamaterials can form a variety of complex structures containing syn-
thetic inclusions known as unit cells; which have definite forms and are 
entrenched into the base medium, characteristically dielectric substrate. 
Exceptional properties of metamaterials are hard to realize technically and 
in natural materials cannot be detectable. Certain unit cell parameters and 
the base substrate help attain the properties. The unit cells have a large 
wavelength than their size. Thus, ε plus µ be there for the characterization 
of the particular material. The ε, as well as µ values of metamaterials, can 
be 0 and large or else small. It can be negative in a particular frequency 
band, which gives a negative refractive index to a medium. Hence, the 
alteration of material constants impacts the electrophysical characteristics 
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of the material [2]. Metamaterials have greatly more qualities further than 
these characteristics and are broader than left-handed materials (LHM). 
Subject to diverse necessities, metamaterials can be styled as inadequately 
and extremely anisotropic. The flexibility and optical transformation make 
metamaterial likely to regulate electromagnetic waves [1].

The materials have a negative refractive index, thus, when light enters 
metamaterials from a vacuum it bends in erroneous means. The light 
bends away from normal in metamaterials contrary to the normal bend-
ing of light. The alteration of a sign of permittivity and permeability in 
the four Maxwell’s equations immediately gives negative values of them in 
metamaterials that result in an LH triplet of E, electrical inductance also k 
(phase trajectory). Although it is an RH triplet for typical constituents, for 
metamaterials, this infers the phase vector in addition to the group veloc-
ity in the opposed path. So, the wave movement is in a backward manner 
(whereas the energy circulates beside the incident in a forward track). The 
k specifies the route of the phase rate, while the Poynting vector/group 
velocity designates the energy’s route. 

The metamaterial shows the reverse Doppler effect. It makes the pitch 
of sound high and low depending on the requirement. The phenomenon 
has applications in mobile wireless communication. Similarly, metamate-
rials have the reverse Cerenkov effect: that is emission of light from a cone 
behind the particle instead of from the front. Cerenkov radiation arises 
due to the faster speed of the charged particle in a material [3].

6.2 Background of Metamaterials  

Metamaterial was initially considered a Left-handed material. The idea was 
theoretically offered by the Russian physicist, Victor Veselago in nineteen 
sixty-eight, while the -ve refraction, as well as the backward-wave move-
ment was introduced greatly before metamaterials. He explored the prop-
agation of electromagnetic wave activities and their properties in materials 
with negative ε and µ [4]. Then, in 1996, revolt on Left Handed Material 
occurred. John B. Pendry proposed the artificially electric plasma of the 
copper wire having negative ε. After a few years, he with his co-worker 
introduced the artificial magnetic plasma via an interrupted array of split-
ring resonators (SRRs) whose µ has a negative value [5, 6]. The metama-
terials were created most simply by constructing an intermittent structure 
consisting of two elements; one of the element arrays produces negative 
permeability and the other element results in (-) µ. 



122 Electromagnetic Metamaterials

The first artificial metamaterial was constructed in April 2001, by David 
Smith et al. by combining copper lines and SRRs. During this experi-
mentation, researchers used a 2-D array of recurring copper unit-cells 
bands, as well as SRR, arranged at the intertwining bands of typical circuit 
panel constituents. The scattering angle made-up of these metamaterials 
showed a negative refraction phenomenon [7]. These metamaterials gain 
popularity in both theoretical and practical investigation, in addition to 
sensational innovation of super lens and perfect lens. After that in 2002, 
three groups proposed an alternative to Left-handed material using the 
transmission-line method [1]. Commonly known traditional TL contains 
dispersed series inductance and shunt capacitance, and can characterize 
1D right-handed materials while new transmission-line have series capac-
itance and shunt inductance that can characterize Left-handed materials. 
An overall model of a RLH TL was projected to signify Right-handed and 
left-handed material. Many microwave constituents and antennas have 
been introduced based on CRLH concept [8].

In 2005, second revolt on metamaterial originated, after the gradient 
refractive index medium showed bending of EM waves, in addition, the 
optical transformation was introduced in 2006. The optical transforma-
tion is used for the creation of imperceptible cloaks plus involves the con-
trolling of propagation of EM waves through the metamaterials [9–11]. 
After that, the metamaterial is considered a broader term, and does not 
need the negative values of ε and/or µ thus opening new areas of research.

6.3 Theoretical Models of Metamaterials

To design the tunable meta-devices or metamaterials to understand the 
foundation models of MTMs is necessary. Thus, the existing theoreti-
cal approaches are lumped element circuit idea, temporal coupled-mode 
concept, interference, transmission line theory, etc.  Every model has its 
compensations and shortcomings. All approaches are favored for diverse 
purposes. Let us say the lumped-element model permits  originally 
scheming the structure geometries, bandwidth, as well as elimination of 
the substances plus resonance frequency. On the other hand, the compu-
tation procedure of this model is tiresome and imprecise because of the 
unregular field charge in addition to the current supply in MTMs. The 
temporal coupled-mode model streamlines the difficulty into theory hav-
ing a small number of overall factors, such as coupling power and exte-
rior and interior damping degrees. This method is beneficial for joined 
systems using numerous resonators. However, the mentioned constraints 
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usually are difficult to calculate but need to be taken out from simula-
tions or experimentations. In addition, MTMs having planar structure 
is explainable over optics with the customary interference model in a 
condition once the near-field connection is insignificant in the system. 
Lastly, regardless of understanding as well as appreciated strategy direc-
tions accessible through theoretical models, the precise adding up stands 
quite greatly reliant on statistical tools sensitive to the FDTD scheme, 
finite-element technique, etc. [12]. Following are theoretical models of 
the metamaterials:

6.3.1 Lumped Equivalent Circuit Model  

There is wide use of lumped element models in integrated circuit tech-
nology, automated systems, high-temperature transmission, sound quality, 
etc. This model provides the abridged consideration of spatially dispersed 
systems. Particularly, lumped RLC circuits are used in microelectronic 
devices. The circuit has 3 essentials this includes the capacitor (C), induc-
tor (L), and resistor (R). 

• In MTMs, the movement of charges is due to the E-field fac-
tor of the incidence of ray, this forms an electret and is thus 
known as a micromeasure or nanomeasure device (C). 

• As we know that there is fluctuation in the outer field, and 
I use to pass through MTMs, inside the MTMs inductance 
must be measured. 

• Last of all, the incident energy dissipates due to loss of energy 
in materials, or else soakage in the adjacent channel. This is 
what the character of R is within the electrical track. 

Consequently, MTMs be able to certainly demonstrated using the model 
of RLC model [13]. Consider the simplest circuit in which there is the asso-
ciation of R, L, and C in series. The resonance f, bandwidth, and quality 
factor indicated as 
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The reflection can be determined via the traditional TL model under-
neath the illumination from free space:
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In this,
Z0 = 377 ohm is the free space’s Z 
Z = impedance of the equivalent circuit 

Generally, elements can be linked to difficulty. Hence, the effective 
impedance should be measured. For instance, Chen and co-workers 
described tunable THz MTMs using SRR [14]. They utilized the equivalent 
circuit. In that design, the adaptable R is presented in the circuit via moni-
toring the decrease in the flow of charges of substratum by outer preference. 
The added R impacts Zeff of the connection circuit. This primes a great vari-
ation of terahertz transmission through fifty percent. This lumped ECM 
is extensively functional to analyze the Microelectromechanical systems 
motivated MTMs, specifically the pre-stressed cantilever-based MTMs. 
This kind of MTM has the unit cell of a bimorph. Here, the unrestricted 
point curves up while the other end-point is attached to the substratum. 
According to equation (one), the f is controllable due to the effective L plus 
C. Bending down of the cantilever due to exterior stimulus causes variation 
of the effective C and L because of the alteration within the disconnected 
network in addition length of the projection of the biomorph, founding 
adjustable portions of the inductor-capacitor circuit. 

There are some drawbacks at this point, such that it is not easy to calcu-
late the values of these elements. Numerous properties must be completely 
monitored such as irregular q or I delivery also dissemination in metals. 
Subsequently, there is an unavailability of the correct closed-form formu-
las are to calculate the resistor, inductor, and capacitor. As an alternative, 
effective dimensions must be assessed, e.g., addition of an empirical com-
puting parameter. Lastly, communal joining among adjacent components 
must remain in consideration for similar results of simulated or measured 
ones [12]. 
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6.3.2 Effective Medium Theory 

It can be defined as modeling a natural or artificial material (one or the 
other) by way of an assembly of dipoles. This theory has had a long his-
tory from Clausius, Ottaviano-Fabrizio Mossotti, Lorentz, and Lorenz 
in the late 19th century. MTMs can be defined in EMT, as a collection 
of intensely sub-wavelength substances or else elements, which perform 
cooperatively as a homogeneous material in particular conditions. These 
elements can be periodic or non-periodic. The objects that have MTMs 
are expected to remain sufficiently small-headed for labeling using point 
electric dipoles [15]. Thus the effective homogeneous structure has an 
average cell size greatly lesser concerning the guided λ. Consequently, 
the average p ought to be lesser than a quarter of λ, i.e., p < λg /4. This 
condition can be known as the effective-homogeneity limit or condition. 
This certifies that refractive-index phenomena would be dominating 
over the scattering/diffraction process once a wave transmits through 
the metamaterial medium. Due to the satisfaction of the effective-homo-
geneity condition, the structure acts as the real material. It means that 
EW is biased toward the lattice and merely probes the effective, macro-
scopic, and well-distinct parameters. These parameters are determined 
by the behavior of the unit cell p, thus the configuration has even electro-
magnetic behavior alongside the path of transmission. The fundamental 
factors include the electric permittivity also the magnetic permeability, 
linked to the n as a result of

 n r r= ± ε µ  (6.5)

where 
εr = relative permittivity 
μr = relative permeability

(associated to the free area ε also the μ through εo = ε/εr = 8 points 854 
as well as μ0 = μ/μr = four π separately)

The mark ± is for the double-valued square root task and is known for 
generality [16].

Lorentz in 1878 presented for the first time in his thesis that point 
sources must be used to describe the continuous material’s body in a 
vacuity that contains the microscopic Maxwell’s or Lorentz calculations 
[15]. Conferring to Einstein, Lorentz therefore well discussed the separa-
tion of matter and ether. This provides the main context through which a 
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microscopic structure of point dipoles may result in the derivation of the 
effective substantial factors that are utilized in the macroscopic Maxwell’s 
equations [17, 18]. Planck, Madelung, Hoek, and De Groot upgraded 
Lorentz’s primary [18–21]. Clausius-Mossotti’s equation well described 
homogenization and proposed the formula for the ε or µ of a substance.  It 
is likewise worth stating that Lewin presented the scheming of the effec-
tive ε and µ of spherical elements loaded channel [22] then Holloway  
et al. utilize this approach in the metamaterial perspective [23]. Effective 
medium models of metamaterials are simple and effectual, however, the 
rationality, as well as accuracy, are inadequate by the long-wavelength 
approx., necessitating a smaller unit cell dimension than the λ in the EM 
[24].

EMT delivers a direct knowledge of metamaterial absorbers based on 
material. It features the disappearing reflection and transmission to imped-
ance similarity as well as greater loss attained instantaneously, which leads 
to impeccable absorption. This gives an instinctive tactic to obtain quality 
absorption [25]. The EMT theory of elastic metamaterials results in the 
accurate reproduction of the band structure, even at frequencies adjacent 
to the built-in resonances. Additionally, the theory shows the beneficial 
direction to searching MTMs with anticipated properties by changing the 
scattering features of the scatterers. In the study of super-lensing, quite 
suitable to define a piece of metamaterial concerning the effective medium 
and use its εeff and μeff in the Maxwell equations [26].

6.3.3 Transmission Line Theory

Metamaterials can be fundamentally demonstrated using 1D transmission 
lines because of having efficiently homogeneous structures. The 1D TL’s 
propagation direction signifies all (any) directions in the material [16]. 
Filling a host TL medium with sensitive elements is another technique to 
understand the LHMs. For instance, to synthesize an LHM in 2D, series 
C also shunts L and is loaded periodically within a moderator micro-strip 
line network. Here the basic concept is that the (-) ε and a shunt induc-
tor: (-) µ and a series capacitor are corresponding. Through this artificial 
MTMs with (-) ε and (-) µ, then henceforth a (-) refractive index. The array 
can be observed as a homogeneous, EM when the unit cell dimension is 
lesser than the impinging and guided λ. It can be described by effective 
constitutive factors ɛeff and μeff which are the results of a laborious periodic 
exploration [27].

Transmission line theory is functional for essential features concern-
ing transmission lines. The decodable case is considered. The complex 
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propagation constant (γ), propagation constant (β), specific impedance 
(Zc), phase velocity (vp), also the group velocity (vg) of the transmission 
line is represented as
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The last two equations of vp and vg in a transmission line are parallelly 
opposite, vp -|| vg. The vp related to the path of β has a –ve value, while the 
group velocity, linked to the way of the flow of power, has a positive value. 
Hence, the TL is LH. Studies shows that the left-handed transmission line 
medium would be fixed up structurally in the circumstance in which nor-
mal dimensions of the cell should be greatly lesser as compared to group 
velocity (vg). This helps to form a non-resonant type, perfectly realizable 
Left-handed medium. The microstrip is the first applied two-dimensional 
version of the LH transmission line.

Because of non-resonant quality, transmission line metamaterials can be 
proposed to have low-loss and broad bandwidth. The low loss will be due 
to the stable design of the structure and good similarity, while broad band-
width is controlled by LC parameters of the transmission line, this helps 
to find the corner frequency of the structure. Secondly, transmission-line 
metamaterials are advantageous structures because of engineering in 
planar configurations. It can be well matched with modern microwave- 
integrated circuits. The metamaterials became benefited from TL theory 
for the effective strategy of microwave applications. There are more than 25 
new devices that have unique properties and performance [16].
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6.3.4 Coupled-Mode Theory 

Concerning electromagnetics, coupled mode concept might be outlined 
back to the early 1950s, then by 1954, Pierce used the CMT to analyze 
the microwave TWT [28]. Miller presented the CMT to design microwave 
waveguides in addition to submissive tools. The development of CMT 
stood to couple the resonant circuit to 1 otherwise additional port, or else 
to further the resonant circuit [29]. Structures using lumped factors, for 
example, mode amplitudes, and degree of deterioration, in addition to 
constants of pairing, are described by this theory. All parameters link to 
a precise physical connotation concerning the entire arrangement as an 
alternative to separate deposits. Through brief substantial ideas besides 
the least necessities proceeding to algebra, CMT is extensively active to 
research waveguides [30], optical resonators [31], photonic crystals [32], 
MTMs [33, 34], among others.

MTMs TL assemblies have lead to innovative coupled-line couplers 
having unparalleled features which include arbitrary coupling level and 
the wide B of conservative coupled-line couplers. There are two categories 
of couplers taking on MTM TL recorded. The one includes the two alike 
CRLH TL functioned in their left-handed f series, and the second category 
comprises a conservative right-handed and the other one composite right-
left-handed. The thoroughly examined CRLH–CRLH couplers manufac-
tured via the even or odd mode decomposition method while RH–CRLH 
couplers have been considered from a speculative view [35].

The temporal coupled-mode theory is a significant technique broadly 
applied in MTMs. The temporal CMT makes simpler the systems into mul-
tiple resonant modes using mutual connections. Meanwhile, as a substi-
tute for elements, this theory uses mode. The method gives flawless and 
instinctive physical intuitions that are particularly valuable to explore the 
novel occurrences. Preliminary from the most naive one, the case has a 
single resonator having one port.

There are essential equations:
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where
a = amplitude 
ωo = angular fo
1/τo = decay rate (because of the fundamental substantial damage)
1/τe = power loss from the resonator, 
S+ = largeness of incident 
S− = reflected wave

Taking place the right hand of Eq. 6.10, there is an indication of E inter-
change in the resonator by former value, while second term presents energy 
expended inside the resonant device. The third value signifies absconding 
energy; the final term represents the energy of incidence joined to the res-
onant device. The total of these terms represents the variation of energy 
in the resonant device. The second equation is about the overall reflected 
wave and represents the summation of the reflected measure of the wave 
of incidence and the wave of radiation after the r. Thus, via uniting eq 6.11 
and 6.12, the reflection coefficient can be considered as
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According to the equation, a seamless absorber at the resonance f is 
attained by a precarious coupling state (one/τo = one/τe). Also, modulated 
phase φ = arg(r) can be obtained [36]. One port particular mode resona-
tor will be made by employing the MIM cavity although the MTM at the 
upper metal sheet is bimorph. This electrostatically activates biomorph, 
operates the waste of radiations energetically also inherent absorption 
damage remains secure. Due to adjusting association b/w 2 damages, an 
active phase alteration can be established [37]. Here to define the system, 
two parameters are represented. Precisely, this is the symbolize as Qa and 
absorptive quality factor (Qr), which can be well-defined by way of Qa = 
ω0τ0/2 and Qr = ω0τe/2. Qa or Qr is the proportion of energy deposited 
inside to the energy absconding from r. Absorption can be depicted as a 
purpose of Qa and Qr on the absorptive peak f demonstrating an impecca-
ble incorporation after the absorptive quality parameter is equal to radia-
tive quality parameter. 
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CMT designates MTMs absorber by three factors, i.e., ωo, Qa, and Qr 
commencing based on energy. The expression is sophisticated and simple. 
Furthermore, for MTM absorbers by powerfully coupled resonant modes, 
there is a need for additional factors to be deliberated, to embrace offerings 
of other resonant modes [25]. A disadvantage of the CMT includes the 
appropriate parameters comprising resonance frequency, and inner and 
outer damping rates, which should be taken out from the mathematical 
model or intended by the lumped-element concept. Yet, CMT is appre-
ciated for physical insight. It can escort the strategy procedure, which is 
particularly valuable in coupled systems, e.g., electromagnetically induced 
transparency is explained by the CMT. Additionally, Fano resonance and 
plasmonically enhanced molecule sensors are well explained by coupled 
mode theory [12].

6.3.5 Interference Theory

From an appropriate tool, light is distributed into two rays which are at 
that point superimposed. The strength within the area of superposition 
varies from point to point among maximum values (beyond the sum-
mation of the intensities) in the stream of light, and minimum values 
(possibly 0). This occurrence stands as interference. It can be due to more 
than two or multiple beams, known as multiple-beam interference [38]. 
Metamaterials most of the time involve various beams which may share 
a contact by the distant field intrusion as well as nearby field coupling. 
MTMs can be suitably demonstrated through the conventional inter-
ference theory during insignificant adjacent field coupling [39, 40]. The 
technique is particularly appropriate for constituents having multiple- 
layer constructions. 

Using the interference model’s primary phase, Fresnel equations or 
simulations extraction is used to determine the composite transference 
plus reflection constants of individual interaction. Then complete distant 
field reaction is present interference of total light fields subsequently see-
ing several inner reflections. Astonishingly, in MTM’s perfect absorber the 
magnetic mode in addition to near-field coupling plays a role. This mar-
vel can be explained by the interference model. The intricate transmission 
also reflection constants can be represented as rr12, rr21, tt21, and tt12. The 
complexity of the coefficients specifies a phase incoherence by the side of 
the crossing point; controlled by the resonant plasmons. The propagation 
phase remains indicated by β. Here the point to be noted is that the value 
of the r of the reflector put at the back of the cell presents as minus one. The 
reflection’s amplitude coefficient may be indicated as:
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The parameters take out after modeling by eliminating the reflector at 
the back of the cell. The accounts show a worthy equivalency b/w interfer-
ence concept and computer-generated consequences. The benefit of this 
method is to comprehend the reaction of MTMs in a customary context. 
Still, in the lack of adjacent-field coupling, the model is only effective. 
Interference theory helps to understand MTM absorbers after an optical 
basis by using modest calculations.

As well, the proper guiding principle for structure design or materi-
als assortment is not provided by this concept. Additionally, complexes 
of t, as well as r coefficients at the particular edge, are not able to cal-
culate forthrightly however there is a need for computer-based results. 
Consequently, though this model has inherent weaknesses although it 
gives a significant lookout at MTMs. It has difficulty in practical applica-
tions as well [12]. 

6.3.6 Casimir-Lifshitz Theory

Lifshitz and colleagues comprehensively described the theory of Casimir, 
for the real materials. The innovative origins of Lifshitz were mainly done 
for the structures having planar geometry; however, it can be used for 
a plate and a sphere. It has a geometry suitable and extensively used in 
the experimentations. Boyer proposed in 1974, that there is repulsion 
because of the quantum fluctuations between two parallel plates; one of 
the plates is effortlessly conducting, and the other has infinite magnetic 
permeability. According to the Lifshitz theory, the magnetic media dis-
plays that the repulsive forces can act for the materials having high µ. 
However, this result was not approved meanwhile natural materials mag-
netic permeability (ω) does not show satisfaction with the condition [41]. 
As the metamaterials are progressing, known as the artificial assemblies 
with intended EM properties. Metamaterials are composite materials with 
inclusions of small size. 

The complex on the other hand exceedingly effective Lifshitz model of 
Casimir forces undertakes isotopes in addition to non-magnetic media. 
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Based on the deviation of its generalization to magnetodielectric media 
Casimir forces that involve MTMs might have compelling things, e.g., 
LH MTMs can show repulsive Casimir forces. Based on supposition, 
the Lifshitz theory states that the media can be approached as continua 
labeled through ε and µ. Thus, there is a need that the field wavelengths 
taking part meaningfully in the direction of F should greater than dimen-
sion measures describing the MTMs assemblies in addition to partings. 
Characteristically, MTMs have narrow bands in magnetic field reactions 
and are inhomogeneous consequently, for magnetic anisotropic media, the 
generalized Lifshitz theory should be used.
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where,
R1,2 = 2*2 reflection matrices

k k|| ||  = transverse vector

Force’s plus(+) or minus(-) charge resembles attractive and repulsive 
forces. Based on renowned critical features concerning ε also µ, reflection 
matrice at this point, remain assessed depending on the imaginary fre-
quencies ω ιιξ= . To describe the overall anisotropic medium, the reflec-
tion matrices can be presented as:
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where
r rj

ab
j
ab  = ratio of a R field through b-polarization at odds by an 

inbound field using a-polarization 
s = perpendicular polarizations
p = parallel polarizations 

(concerning the incident point). 
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While, in isotropous media, the components that are not comparable 
disappear, Fresnel eq. are used to give diagonal elements representing per-
mittivity ( )ιιξ  in addition µ(iξ), due to which the equation one moves 
toward the typical Lifshitz formulation aimed at F [42].

There is another method to use MTMs to achieve repulsive forces is as 
transformation media between two interrelating matters. Deliberate a flaw-
less lens, a slab of MTMs with ε =µ = −1 of thickness b squeeze in b/w 2 con-
ducting metal plates, at a distance and in the middle of them. A theoretical 
method established in [43], the Casimir force formula rests the same as in 
the case of conducting plates, yet the space is altered by the MTMs:
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Equation three shows that the force which is attractive in the x-space 
(normal Casimir force in the middle of 2 plates without an MTM within 
them) is repulsive in x′-space (having the perfect lens).

6.4 Conclusion

Theoretical models offered overhead to clarify the procedure of the MTM 
having altered viewpoint using different sets of expression. To understand 
the same device, each theory delivers particular opinions. Based on mate-
rial, EMT abstracts, comparable ε as well as µ concerning MTM constructed 
by reflection plus transmission factors. Transmission line modeling deals 
with the MTMs from the circuit-centered perception. Coupled mode the-
ory describes the metamaterials energy viewpoint while the interference 
model deals with metamaterials based on the optical concept. It clarifies 
the reflection is the superimposition of multiple mirror images between 
the binary crossing points. A metamaterial is a diverse topic, researchers 
are working to design metamaterials to use for various purposes.
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Abstract
Unlike most traditional materials, metamaterials’ have effective qualities of elastic-
ity and are engineered by humans to be exceptional. In this context, “meta” refers 
to artificial materials possessing extraordinary characteristics. Due to its limitless 
potential in triggering a wide variety of applications, including but not limited to 
band gaps, cloaking devices, electromagnetic, and transformation elastodynamics, 
metamaterials have prompted an upsurge in interest. Due to its peculiar charac-
teristics, the term metamaterial was nearly always used interchangeably with left-
handed material (LHM) in the early years of the uptick in interest surrounding 
metamaterials. Research into metamaterials has advanced significantly beyond the 
study of materials with negative refraction in recent years. Considering the recent 
proliferation of metamaterials and the growing interest in the associated research, 
three important milestones need to be discussed in this chapter.
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7.1 Introduction 

Structures that have been artificially created and that display physical 
qualities that do not occur naturally are known as metamaterials [1]. The 
prefix “meta” imp“beyond” in this context. Metamaterials are made up 
of specially designed periodic patterns that exhibit tunable mechanical, 
acoustic, optical, or electromagnetic (EM) properties [2]. These properties 
are beneficial for a variety of functions, such as controlling noise, isolat-
ing vibrations, manipulating EM waves, cloaking, and energy harvesting, 
among other things [3–5]. For instance, EM metamaterials have created 
sub-wavelength components that enable them to manipulate EM waves. 
The performance of the metamaterial is determined by the dimensions, 
geometry, and arrangement of these sub-wavelength units. They have been 
shown to have higher gain and bandwidth when used as reflectors, filters, 
polarizers, or antennas [6, 7]. Traditional EM metamaterials, on the other 
hand, can only display set behaviors during operation since their geom-
etries and materials cannot be altered after fabrication [8]. Alternately, 
reconfigurable metamaterials, also known as active metamaterials, possess 
actively modifiable patterns and/or physical properties, which enable them 
to be used in a manner that is both more adaptable and programmable [9]. 

The reduction of low-frequency vibrations has been a significant obsta-
cle for a very long time. Architected materials, often known as acoustic 
or elastic metamaterials, are widely recognized as a potentially fruitful 
research topic. They may have a phononic band gap, which refers to a 
frequency range in which no vibration may be transmitted through the 
material [10]. Although several recent research sought to demonstrate 
low-frequency band gaps, there is no consensus on whether frequency 
ranges should be considered “low” or “ultra-low” [11]. Many recent stud-
ies attempted to demonstrate low-frequency band gaps. The precise defi-
nition of low frequency can range from a fraction of one Hz up to several 
thousand kHz. The definition of “low” is relative and is determined by the 
particular circumstances of each application [12].

7.2 Frequency Bands Metamaterials

The term “metamaterial” refers to man-made materials that have quali-
ties that cannot be found in naturally occurring substances [13]. Because 
of the physical field they exhibit, metamaterials can be divided into sev-
eral categories, including electromagnetic, optical, acoustic, and elastic 
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metamaterials [14]. Important subfields of metamaterials, such as acous-
tic metamaterials and elastic metamaterials, do not have distinct borders 
between them [15]. In recent years, penta mode metamaterials and band 
gaps have both become popular topics, and for good reason: both have a 
significant amount of untapped potential in a variety of applications [16].

7.2.1 EM Metamaterials 

EM metamaterials are engineered materials with structures whose EM 
properties are designed to provide a response spectrum that would be 
extremely challenging, to accomplish with the aid of natural materials or 
biocomposites [17, 18]. Negative index of refraction, precise lensing, and 
invisibility cloaks of EM are just a few of the mind-blowing uses for meta-
materials [19]. Magnetic permeability medium comprised of conducting 
non-magnetic components is a notable property of a certain class of meta-
materials. Because of this property, artificially magnetic materials can be 
manufactured at high frequencies, even though no such materials exist in 
nature [20]. In the Terahertz range, the resonant response of the medium, 
known as left-handed (LH) behavior, is established (far-infrared), shown 
below in Figure 7.1.

7.2.2 Metamaterial Response Tuning

The special electromagnetic properties of metamaterials are due to their 
resonant response but at the cost of built-in restrictions towards band-
width [21]. One effective strategy for dealing with bandwidth constraints 
is dynamic tuning, or the capacity to dynamically alter resonance charac-
teristics as shown in Figure 7.2. There are a few different ways to go about 
this, from incorporating metamaterials into FET electronic devices to cre-
ating hybrids and naturally occurring materials with desirable features. 
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The addition of a vanadium dioxide layer to a metamaterial makes it pos-
sible to fine-tune its properties by more than 20% using only temperature 
changes [22].

7.2.2.1 Persistent Tuning

While it has been shown in Figure 7.3, that metamaterials can be tuned to 
a variety of stimuli (including light, temperature, mechanical stress, and 
electricity), in almost all situations too far, the stimulus is required to keep 
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the material in tune [23]. If a large number of metamaterial unit cells are to 
be tuned to different levels, this can be a drawback. The use of VO2 proved 
an example of tuning with electrical persistence [24]. Here the metama-
terial tuning occurs as a response to the electrical voltage applied and is 
retained until the voltage is turned off. This configuration’s apparent mem-
ory can be explained by the phenomenon of memory capacitance, which is 
connected to memristance [25].

7.2.3 Spectroscopic Investigation

Metamaterial reactions can be spontaneously understood from their 
responses to magnetic permeability and electric permittivity. The problem 
is that it is difficult to explicitly test for these characteristics. Important for 
both design and comprehension, a description of the electric and mag-
netic response of a metamaterial can be derived from measurements of 
its reflection and transmission. A voltage pulse applied across the connec-
tions accomplishes this, leading to a long-lasting shift in the metamaterial’s 
optical characteristics thanks to the incorporation of VO2. Because current 
densities vary with distance from the contacts, the quantity of joule heating 
varies across the device, causing the observed gradient. Finer control over 
this gradient may be attainable through better design of contact geometry 
[26–28].

7.2.4 Optical Metamaterials 

The structural units of a metamaterial, are significantly lesser than the 
evaluated wavelength and the average distance between meta-atoms in the 
vicinity should be on a gauge that is sub-wavelength. Because the inhomo-
geneities in a metamaterial are on a sub-wavelength scale, the material is 
macroscopically uniform. Because of this property, a metamaterial is more 
accurately described as a “material” than a “device”  [29, 30]. Metamaterials 
can be differentiated from many other electromagnetic media due to the 
extent of the inhomogeneities that they include [31]. Both traditional mate-
rials and man-made metamaterials share the property that the wavelength 
of the relevant light wave is significantly shorter than the lattice constants 
of both of these types of materials [32]. These phenomena may be found 
almost everywhere across the EM spectrum. The reaction of structures is 
typically characterized by making use of geometric optics and ray tracing 
when larger scales of homogeneity are dealt with [33].

A forward step was taken in the transition from the theoretical pre-
diction to the experimental validation of the theory during The Veselago 
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media’s first experimentation. The work in which an attempt is made to 
close the gap between innovative metamaterials and intriguing applica-
tions on a flawless lens [34, 35]. There are a variety of intentionally created 
metamaterials that are currently displaying EM properties that have never 
before been seen in biomaterials and it is not possible to obtain it using 
approaches that are considered to be the industry standard for synthesis 
[36, 37]. To accomplish specific capabilities, manipulations can be carried 
out in the structure of the metamaterial specifically in their composition, 
and size. shape, and the inclusions which could be constructed by custom-
ization to produce the desired results [38, 39].

The field of optics has moved swiftly to embrace the concept of meta-
materials. The study of optical metamaterials, which refers to materials 
that display tailored EM responses at light frequencies, is by far the most 
exciting and difficult of all the subfields of metamaterial research that are 
being conducted. Light is the most efficient method for transmitting data 
from and to the materials’ internal structure because it encapsulates the 
information in a zero-mass signal which moves at an unrivaled speed. 
The proliferation of research efforts about optical metamaterials is a direct 
consequence of the combining of a plethora of nanofabrication techniques 
with developments in nano-scale imaging as well as computational EM 
design and simulations [40, 41].

The development of photonic metamaterials has radically shifted the 
manner that researchers and engineers conceive and create practical opti-
cal systems. Common optical design practices assume that the media to be 
utilized are homogeneous and isotropic, making device design primarily 
an interfacial engineering problem between the various media [42]. In the 
case of a  lens manufacturing sector, many forms of aberrations can be 
reduced by employing cascaded lenses made from different materials and 
with precisely controlled curvatures. The development of photonic meta-
materials has opened the door to the modification of optical space and 
the generation of novel responses that are impossible in the underlying 
materials. With metamaterials, designers must rethink how they approach 
the creation of optical devices, as the required functionality is delivered not 
just via the interfacial configuration but through the virtual control of each 
point in the optical space [4, 43, 44].

7.2.5 Optical Materials and Electronic Structures

By far the most common kind of materials found in optical parts and 
gadgets are dielectrics. Conventional optical systems typically employ 
crystalline and glassy materials for nearly all functioning elements [45]. 
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A medium must be at least somewhat dielectric to allow light to be con-
trolled efficiently across it. Maxwell’s equations and the two governing 
equations given below can be used to investigate the physical interaction of 
dielectric with light [46–49]:
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Relationships among electric displacement (D), electric field (E), polar-
ization density (P), electric susceptibility (e), vacuum permittivity (ɛ0), 
permeability (µ0), and their magnetic analogs are defined by the above 
equations. 

7.2.6 Optical Properties of Metals

Metals are traditionally used in mirror making and thin optical sheets for 
optically functional devices. However, most of the concepts now under 
investigation for optical metamaterials have metals embedded in the 
metamaterials’ atomic structure. Two of the most striking characteristics 
of metals at optical wavelengths are readily apparent to the naked eye. To 
start, metals are opaque, so you cannot see through them unless they are 
extremely thin (on the order of tens of nanometers or less). To add to this, 
metals have excellent reflectivity. When light hits a shiny metal surface, it 
is largely reflected into space. They are both rooted in the way electrons 
behave in metals [50–52].

In metals, the Fermi level has no separation between unoccupied and 
occupied levels of energy [53]. Therefore, an electron can be excited to a 
higher energy level by the photon energy of any EM radiation. Light of 
any frequency that manages to penetrate a metal (not an easy task) can 
be absorbed throughout its short propagation length (often less than 100 
nm) due to the constant availability of unoccupied electron states [54–56]. 
Metals, such as silver and aluminum, reflect a large portion of the sun’s rays 
and appear silvery when lit from above. This means that the light we detect 
from gold and copper, for example, is primarily composed of yellow to red 
wavelengths, which are reflected poorly [57, 58].

7.2.7 Metal-Dielectric Composites 

The meta-atoms of photonic metamaterials are often composed of compo-
sitional units that are fragile, sub-wavelength structures made up of both 
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dielectric and metallic components. Since the metamaterial response to 
the EM field is highly dependent on meta-atoms architecture, a simple 
approach for the property analysis of structural unit metamaterial becomes 
interesting [59]. However, there are broad mathematical methodologies 
that allow us to determine the typical EM response of the composites, even 
when constructing them from metamaterials that lack well-structured 
building blocks. Since the metal and dielectric components are randomly 
distributed in such media, the overall optical characteristics of the compos-
ite might vary greatly from those of the individual constituents. Multiple 
fields have found a use for random metal-dielectric metamaterials, from 
nonlinear optics to biological spectroscopy. In addition, random metal-di-
electric composites constitute the basis for the design and implementation 
of numerous metamaterial devices  [60, 61]. The boundary conditions of 
a composite, with its random distribution of metal and dielectric compo-
nents, make it extremely difficult, if not impossible, to calculate the com-
posite’s EM response by solving Maxwell’s equations. Fortunately, things 
can be made much easier under certain conditions [62, 63]. Transmission 
electron microscopy (TEM) images of two samples are shown in Figure 
7.4. 

The inclusions particles lodged in the host material (shown as white) 
in the first composite sample are quite small and have sharply delineated 
spherical forms. Maxwell-Garnett geometry is a common term for this. 
Figure 7.4(b) illustrates the difficulty in distinguishing between the host 
and the inclusion when the two constituent elements intermix and play 

(a) (b)

Figure 7.4 TEM images of various geometries (a) Maxwell–Garnett (b) Bruggeman.
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symmetric roles. A frequent name for this branch of topology is “Bruges 
geometry.”

7.2.8 Acoustic Metamaterials 

For the better part of two decades, researchers have been curious about 
how acoustic and elastic waves travel through heterogeneous material. 
Important characteristics of so-called phononic crystals include the pres-
ence of frequency band gaps [64–66], mass density, and regulated elastic 
moduli. They significantly attenuate the transmission spectra of sound and 
acoustic vibrations in the frequency band gap ranges, and this attenua-
tion occurs in both directions of propagation. Different material combina-
tions using solid and fluid phononic crystals were proposed to increase the 
width of these acoustic band gaps [67–69]. The propagation of waves could 
be controlled by phononic crystals by employing the band gap principle. In 
other words, they act as ideal reflectors of elastic or acoustic waves that fall 
within the band gap’s frequency range. It is so clear that phononic crystals 
are of fundamental interest for elastic energy regulation and that their pro-
spective applications are well established. Initial research into lamb, bulk, 
and surface waves has laid the groundwork for understanding the under-
lying physics behind capturing, directing, and de-multiplexing acoustic 
waves via single and linear defects [70, 71].

To put it simply, the periodicity of the structure can cause Bragg reflec-
tions to serve as the seed for band gaps [72, 73]. Early on, it became clear 
that this theory had limitations when applied to acoustic applications in low 
frequency [74, 75]. Earthquakes have been widely recognized as a harmful 
kind of pollution to the environment and a potentially catastrophic natu-
ral hazard [76]. Using an acoustic metamaterial is another way to realize 
acoustic band gaps, which are significantly smaller than the wavelength of 
acoustic bands. Generally speaking, these materials are characterized as 
an artificial structural arrangement with a scale of inhomogeneity smaller 
than the acoustic wavelength, which is intended to achieve favorable and 
uncommon acoustic qualities [77]. In terms of standard material proper-
ties, their acoustic response can be written.

Different synthetically manufactured metamaterials are currently dis-
playing acoustic properties that have never been seen before in nature. 
Some examples are acoustic cloaking, negative refraction, and super-prism 
resolution. Metamaterials’ structural units can be artificially modified in 
terms of shape, size, composition, and morphology; inclusions can be 
constructed and positioned in a controlled fashion, and a wide range of 
desired capabilities can be realized [78]. Various literature works reported 
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the construction of individual unit cells of sonic crystals with local reso-
nance along with acoustic resonators. A sonic band gap with lattice con-
stants in second order is lesser than the wavelength of an acoustic band 
and can adapt to a wide frequency range (10 Hz  to 10 kHz) [79, 80]. As an 
additional benefit, materials with a sound velocity in two folds higher than 
the actual matrix, like silicon rubber, can be used to fine-tune the local 
resonance. Band gaps in frequency were found for such composite [81, 82] 
with the polarization state of the wave affecting the width of the gap, and 
for lamb waves, with both partial and complete band gaps being reported. 

7.2.9 Elastic Metamaterials 

Reducing low-frequency tremors has been a difficult problem to solve 
for a long time. Architected materials, also known as acoustic or elastic 
metamaterials [83] are a promising area of study. There may be a sonic 
dead zone, or phononic band gap, in these materials [84, 85]. There is no 
agreement on which frequency ranges should be labeled low or ultra-low, 
even though numerous recent research sought to demonstrate such gaps. 
The precise definition of low frequency ranges from a few hertz to several 
kilohertz, and anywhere in between. The term “low” is contextual and can 
be interpreted in a variety of ways. Various strategies have been presented 
to produce acoustic and elastic LHM, demonstrating the recent applica-
tion of the metamaterial principle to acoustic and elastic media. In contrast 
to electromagnetic and acoustic media, an ordinary elastic medium can 
allow transverse and longitudinal wave patterns to travel through it. These 
waves are characterized by three different material parameters in an iso-
tropic solid: the bulk modulus, the shear modulus, and the mass density. 
Similar to EM metamaterials, an elastic metamaterial can achieve negative 
effective parameters by including resonant structures into its constituent 
parts [86, 87].

Thin membranes and rubber-coated-lead structures exhibited dipolar 
resonances that have been demonstrated to cause these devices to attain 
negative mass density [88]. The bulk modulus can be made negative due 
to the monopolar resonances of air bubbles present in water [83]. Also, 
quadrupolar resonance has been linked to a negative shear modulus. It 
is noted that any resonant structures have been reported to achieve the 
negative shear modulus over a significant frequency range [78]. There are 
exciting practical implications of discovering the negative effective shear 
modulus in addition to the scholarly interest in doing so. Negative refrac-
tion may arise, for instance, if the density and shear modulus of an elastic 
LHM are both negative in each frequency range. However, the elastic LHM 
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can function as a polarizer if the bulk modulus of the material is positive 
and the longitudinal wave disappears. Later it will be shown that the meta-
material that is in contact with an ordinary solid can likewise accomplish 
the entire mode conversion from shear waves to longitudinal waves. None 
of the natural solids can be joined in this way. Multiple scattering theory 
(MST) band structure studies indicate the presence of a sizable negative 
band. Using a wedge-shaped sample, MST simulations prove the negative 
refraction [89–91].

7.3 Penta Metamaterials

The composites are made up of periodic rather than random configura-
tions of several individual lattices fashioned from ordinary base materials 
like metals or polymers [92, 93]. So, the unique features of metamaterials 
come from their carefully crafted geometrical structures rather than their 
chemical makeup. Negative bulk modulus and/or mass density acoustic 
metamaterials, auxetics with negative Poisson’s ratio (NPR), negative per-
meability, negative thermal expansion coefficient, cosserat and micropo-
lar metamaterials, and the recently emerged penta metamaterials (PMMs) 
transforming thermodynamics are all commonplace in the metamaterials 
research domain [94–96].

After 17 years of the first appearance in design, PMMs were manufac-
tured in 2012 using the direct-laser writing (DLW) optical lithography 
technique. The penta mode properties were achieved through the highly 
localized deformation by the fused point-like tiny tips of the rigid-body 
double-cones as shown in Figure 7.5. PMMs are composites of microstruc-
tures containing a sufficiently rigid isotropic phase and a sufficiently com-
pliant isotropic phase, in which 5 out of 6 components (eigenvalues) of 
a diagonalized elasticity tensor are close to 0. In design, PMMs use one 

a
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Figure 7.5 Concept of conventional rigid-body double-cone penta mode materials.
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isotropic material with extremely large elastic moduli and another with 
extremely small elastic moduli, to build composites with effective elastic-
ity tensors, to implement 3D transformation elastodynamics analogous to 
transformation optics in EM metamaterials [97, 98]. 

Because of this, the shear modulus of a perfect isotropic penta-mode 
material is zero, and its Poisson ratio is consequently half. According to 
the research, the liquid behavior of penta-mode materials can also be 
approximated by rationally designed 3D solid microstructures, which 
will not ‘flow away’ like conceptually perfect homogeneous penta-mode 
materials [99, 100]. This is because the liquid behavior of penta-mode 
materials can be thought of as a mixture of a liquid and a solid. It is 
possible to design the microstructures so that they have a substantially 
higher bulk modulus (B) in comparison to their shear modulus (G). This 
unique characteristic opens new opportunities. For instance, the ideas 
that have been proposed for three-dimensional transformation acoustics 
[101], such as inaudibility cloaks, phononic band gaps, acoustic prisms, 
or novel concepts for loudspeakers, might one day become a reality. It 
also regulates local elastic wave propagation and controls transforma-
tion elastodynamics designs to create acoustic cloaks that are invisible to 
sound and do not have the sensation of being touched. Because Poisson’s 
ratio of naturally occurring elastic solids is typically somewhere around 
0.3, the value of B/G2 implies that the magnitudes of B and G are com-
parable to one another. 

Penta modes, on the other hand, are solids, but they differ from other 
solids in that their B dimension is significantly larger than their G dimen-
sion. The Poisson’s ratio of an isotropic penta mode material has the for-
mula v=(3B2G)/(6B+2G)0.5 when B is perfectly finite and G is equal to 0 
[97, 102]. As a result, the PMMs are also referred to as “meta-fluids.” In 
actuality, however, when solid microstructures are used to approximate the 
penta mode behavior of fluids, it is difficult to make the 3D solid micro-
structures have an infinitely large B while simultaneously having a nearly 
zero G. This is because the G is dependent on the orientation of the solid 
microstructure. Instead, it is feasible to get a B/G ratio of 100–1000 for 
solid microstructures, which is a high value. In this particular scenario, 
the transformation elastodynamics is not quite relevant but can still be 
used in a rough sense [101]. Traditionally, PMMs were developed empir-
ically by continually testing different dependences of B/G upon different 
sets of parameters (h, D, d) of the rigid-body double-cone lattice. This was 
done to determine the optimal values for these parameters (Figure 7.5). A 
smaller d will result in a greater ratio; however, d cannot be endlessly small 
because such a tiny rigid-body connection would make the manufacturing 
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process extremely tough and would readily fall apart upon the least possi-
ble mechanical distortion [103, 104].

 As a result, the majority of today’s ideas for PMMs may be only signif-
icant in theory, not in practice. To attain a high ratio of B/G, the use of the 
elastic deformation of the entire microstructures, as opposed to the highly 
concentrated deformation that results from double-cone tip connections 
occurring inside of a diamond structure (FCC lattice) (Figure 7.6). The 
numerical topology optimization method will be used to design the PMMs 
that will be used in this research, and additive manufacturing (AM) will be 
used to prototype them, when applicable [105]. The originality of PMMs is 
highly dependent on both their design and production. The use of topol-
ogy optimization as a potent computational design tool has been growing 
quickly in recent years. This has opened up boundless prospects for the 
development of novel materials and structures that are both more robust 
and lightweight. It is, in essence, a numerical process to redistribute mate-
rials within a fixed reference domain until the best material distribution 
and the corresponding topology are achieved, based on the optimization 
of a specific objective function subject to design constraints. This process 
continues until the best material distribution and the corresponding topol-
ogy are achieved. It is a computational method that has gained widespread 
recognition for its use in discovering novel geometries to enable design 
innovation in the areas of structures, materials, and processes. There have 
been many different approaches to topology optimization developed over 
the past three decades. Some of these approaches include the solid isotro-
pic material with penalization (SIMP), the evolutionary structural optimi-
zation (ESO), and the level set method (LSM) [106, 107].

For instance, one well-liked topology optimization method for a variety 
of structural and material designs is known as the SIMP model. The recent 
rapid development of technology for AM has made it possible to install 
structural and mechanical parts that have complicated geometries [108]. 
AM eliminates the constraints that traditional manufacturing processes 
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Figure 7.6 Concept of diamond-type of lattice (FCC) for penta-mode materials.
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impose on the removal of materials and significantly expands the freedom 
that can be exercised in topological design. This makes it possible to create 
shapes and geometries that are more intricate and complicated, which fre-
quently leads to the discovery of newly engineered artificial materials and 
composites with novel properties. Microstructures of bi-mode metama-
terials (2D) have been designed with the help of Topology Optimization, 
as have 2D and 3D elastic metamaterial micro-architectures with crystal 
symmetries [109, 110]. The purpose is to construct 3D solid elastic micro-
structures with the features of a penta mode, to obtain many of the effective 
B above G that is both realistically practicable and attainable. The micro-
structure is generated by using topology optimization with a single piece 
of isotropic material [111, 112]. This is done by the overall elastic deforma-
tion of the microstructure, and the numerical homogenization approach is 
used to determine the equivalent property of the microstructure. 

7.4 Reconfigurable Metamaterials for Different 
Geometrics 

A structural reconfiguration of the metamaterial has been simulated on a 
cylindrical-shaped substrate with a radius of 76 mm, as portrayed in Figure 
7.7(a) has been created to evaluate the conformability and adaptability of 
the metamaterial on various geometries. The dimensions of the metama-
terial were 90 mm x 90 mm x 2 mm. The results of the structural analysis 
show that the material adopts smoothly to the surface of the metamaterial 
in deployed states when subjected to gravity-assisted magnetic actuation 
[113]. The experimental verification is illustrated in Figure 7.7(b). The con-
formability of the metamaterial is preserved even after it transforms from 
its deployed state into its folded state on the cylindrical substrate when 
subjected to a magnetic field of 60 mT. For facilitating a rapid metamaterial 
deployment after it has been recovered, the magnetic field of 15 mT in the 
reverse direction is applied. The magnetic actuation makes it possible to 
achieve quick (in the subsecond range), reversible, and untethered local 
and global deformation. The structural analysis in Figure 7.7(c) demon-
strates that the metamaterials’ structure may also conform to spherical 
contours towards the application of magnetic actuation. The substrate has 
a radius of 75 mm. Figure 7.7(d) of the experimental verification shows 
reliable folding and deploying when subjected to a magnetic field of 60 
mT in one direction and a magnetic field of magnitude 15 mT in another 
direction. This demonstrates compatibility existing amongst the simulated 
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deformations. The metamaterial demonstrates the capacity to acclimatize 
to different geometries of varying sizes. Reconfigurability and conforma-
bility working together will make it possible for EM metamaterials to have 
a wide range of property tenability and programmability [114–116].

7.4.1 3D Freestanding Reconfigurable Metamaterial

As depicted in Figure 7.8, the metamaterial, in addition to being able to 
adapt to a variety of geometries, also possesses the ability to metamor-
phose into curved forms. This results in a reliable design that achieves 
reconfigurable metamaterials with an increased number of degrees of free-
dom by combining the capabilities of shape morphing both globally and 
locally. Under magnetic actuation, magnetic units are built in this instance 
[117, 118]. As can be seen in Figure 7.8(a), for the 7×7 array that was pre-
sented, each magnetic unit locally contains the alternating in-plane mag-
netization along both Y-directions. The out-of-plane magnetizations are 
programmed with 30º, 45º, and 60º angles towards left to the Z negative 
direction, whereas at right the angles of 60º, 45º, and 30º to the positive 
Z-direction were used for programming, as shown in Figure 7.8(b). The 
units that make up the center column only have magnetization in one 
plane. When a magnetic field is applied in the X-direction, the in-plane 

(a) (c)

(b) (d)
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(Structural FEA)
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(Experiment)

Conform to spherical substrate
(Experiment)

Deployed state Folded state Deployed state Folded state

B on B on

B on B on

Figure 7.7 Conformation to (a, b) cylindrical substrate, (c, d) spherical substrate.
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magnetization of the planar metamaterial causes the local folding of every 
magnetic cell, and the out-of-plane magnetization of the metamaterial 
causes them to flex upward, creating a freestanding curved structure [119–
121]. As can be seen in Figure 7.8(c), the structural finite element anal-
ysis (FEA) that has been applied to forecast the magnetic actuation has 
allowed for the metamaterial shape morphing, which has gone from the 
flat deployment to a freestanding curved deployment. In addition, exper-
imental validation is carried out in an increasingly homogenous magnetic 
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Figure 7.8 Reconfigurable metamaterial magnetization (a) In-plane; (b) out-of-plane; 
(c) structural FEA and (d) experimentation.
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field up to 110 mT along the X-direction for the metamaterials, as shown in 
Figure 7.8(d). This verification is carried out following the structural FEA 
prediction very well. To achieve the required curvature distribution of the 
metamaterial, the magnetization component in an out-of-plane direction 
can be tailored to a variety of alternative 3D form reconfigurations with the 
use of structural FEA [122].

7.4.2 Reconfigurable EM Metamaterials 

The metamaterial that is magnetically activated and has effective structural 
reconfigurability and conformability as a result of coupled shape morph-
ing. Local shape morphing lays the groundwork for the tuning of properties 
for reconfigurable metamaterials [123]. This allows for the metamaterials’ 
properties to be tuned in a wide range of ways.
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During the electromagnetic simulation, the metamaterial is in the space 
between two horn antennas (Figure 7.9a). The first antenna serves as the 
signal source by producing an incident wave, while the second antenna is 
responsible for receiving the wave as it travels through the metamaterial. 
As shown in Figure 7.9(b), the structure transforms from a band-stop to 
an all-pass filter when the flat metamaterial is folded [23, 24, 124]. This 
transformation can be seen in the structure. Within the frequency range of 
23 to 27 GHz, scattering parameter S21 is shown to be displayed in Figure 
7.9(c) using the metamaterial. According to the solid black curve that was 
acquired from EM simulation, the developed metamaterial demonstrates 
significant filtering during deployment at approximately 26 GHz. There is 
more than 6 dB of signal transmission through the band when the struc-
ture is in the folded condition. This is represented by the continuous curve 
(blue) in Figure 7.9(c). This is accomplished by structurally reconfigur-
ing the material via magnetic actuation [53, 54, 57]. Figure 7.9(d) shows 
the method of construction of shape memory polymer-based magnetic 
metamaterial with periodical “S”-shaped patterns and it is how the exper-
imental verification is carried out. It could be observed that the fabricated 
structure exhibits filtering at approximately 26 GHz during deployment 
(represented by the black dotted lines) and all-pass behavior when in the 
folded state (represented by the blue curve with dotted lines) as shown in 
Figure 7.9(c). It is important to point out that the magnetic shape memory 
polymer that was utilized in this instance is a composite whose stiffness 
may be adjusted to a certain degree depending on the temperature. 

At high temperatures, the material is malleable and pliable, but as it 
cools to normal temperature, it hardens to the point that it can no longer 
be deformed as shown in Figure 7.9d [114, 117, 125]. Because of its con-
formability, the metamaterial is particularly beneficial for usage in curved 
structural arrangements, such as in airplane wings. As can be seen in Figure 
7.9(e), the lattice-like metamaterial that has been presented can easily adapt 
to curved contours. Furthermore, the EM performance of the material in 
its curved condition has been examined using EM modeling. The curved 
13 arrays behave as an electromagnetic wave filter during deployment at 
28.5 GHz. However, when it is in the folded state, it loses its filtering capa-
bility, depicting the tunable EM behavior alike a flat metamaterial.

7.5 Conclusion

In the opinion of several of the most prominent authorities in the area, the 
definition of a metamaterial should include phrases such as “properties 
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unlike any naturally existing substance” or “not observed in nature.”  These 
definitions are helpful because they highlight the primary goal of meta-
material research, which is to achieve EM properties that are not seen in 
normal materials. Nevertheless, it might be too simplistic to rule out any 
naturally existing feature when discussing the subject of the metamaterial. 
It is humbling in the face of mother nature, and it would require an exces-
sive amount of effort and might not even be possible at all to investigate 
naturally occurring materials in sufficient detail and establish the non-ex-
istence of property in those materials. As an illustration, even though sub-
stances having a negative index of refraction are, unquestionably, negative 
refraction has been bafflingly seen. The situation is extremely compara-
ble to what occurred in the field of photonic crystals, which are periodic 
optical structures meant to influence the motion of photons. Even though 
photonic crystals represent an outstanding success for the efforts of a large 
number of researchers, it has been known for millions of years that opals 
and the wings of Morpho butterflies include structures and phenomena 
that are strikingly comparable.
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Abstract
Electromagnetic cloaking has gained the attention of scientists and researchers 
who are working on metamaterials. Exotic electromagnetic properties occur 
in artificial synthesis. The invisible cloak has attained huge attention due to its 
remarkable effects on the modern world. For flexible and malleability wave cloaks, 
a higher level of controlled features is provided by an active wave that is different 
from the standard structure. The cloaking structure contains polymethylioxane 
and piezoelectric patches and 16 different films, which are interlinked with the 
active control system. For the flexural wave cloak, the productive frequency range 
broadens from 900 Hz to 1200 Hz, attained by computational and experimental 
results of some elements. This type of cloaking is significantly used in shielding 
applications. In this chapter, we are going to discuss the basic working principles 
of metamaterials, especially those that explain the latest evolution in the electro-
magnetic cloaking domain and are used for cloaking applications. Due to its appli-
cation in the network of transmission lines, it gained so much attention. With 
negative permittivity (ε < 0) and permeability (μ < 0) long-distance transmission 
lines have special characteristics that do not arise in natural material. 

Keywords: Transformation coordinates, metamaterials, electromagnetic cloak, 
cylindrical shape, ductility, camouflage, cloaking

8.1 Introduction

Invisible cloaks have attracted the huge attention of scientists and engi-
neers. The construction process for the cloak mainly depends on the 
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transformation of coordinates. The invisibility gadgets must lead the light 
incoming from an object in such a way as nothing was there at that point 
from where the light is coming. Due to the dual nature of light, it is very 
difficult to make ideal invisibility devices. After a lot of research and exper-
imentation, scientists can create a highly workable invisible cloak with the 
precision of geometrical optics.  Artificially fabricated metamaterials have 
allowed us remarkable flexibility in handling electromagnetic radiation 
or wave and generating new functionalities, including the transformation 
of the coordination construction process [1]. All the cloaking processes 
have some limitations like these methods are not work perfectly on sub-
wavelength objects. But scientists make some designs that provide mac-
roscopic objects’ invisibility by using the transformation method. Besides, 
this design is not sensitive to objects that are being cloaked. Like a cloak, 
design metamaterial is being used in many fields of electromagnetic after 
its inventions. Some exotic properties are shown by metamaterial that do 
not occur in natural materials. One of the most popular applications of 
metamaterial is cloaking. Bypassing an electromagnetic field around the 
object electromagnetic cloak hide the objects. Cloaking devices are very 
famous in armies because they are used in hiding weapons, tanks, and mil-
itary aircraft. The transformation optics approach in cloaking is very useful 
even for hiding a large structure. On the other hand, this problem is solved 
by the scattering reduction technique for cloaking because it has better 
performance, flexibility, and simplicity reduction technique of cloaking 
creates opposite diploe moments. If the object does not have scattered 
waves, it can be hidden electromagnetically. In the scattering reduction 
technique for vanquishing the scattering, the metamaterial is used with 
negative permittivity. Almost all cloaks have a cylindrical shape [2].

By introducing a prescribed spatial variation in the constitutive param-
eter, a design was proposed in which EM wave is handled inside a material. 
At different frequency regions, this type of exciting application, metamate-
rial obtained huge attention from scientists and researchers [3].

8.2 What is Cloaking and Invisibility?

Scattering properties of vacuum are present in good invisibility cloaks 
made by metamaterials. For a certain frequency range, a device that makes 
the object invisible is called an electromagnetic cloak. Working on a cloak 
in the visible region of the spectrum is the most exciting thing about a 
cloaking device. If the wave does not scatter, or reflect by the object or if no 
shadow is formed, then an object is considered hidden or invisible. Hence, 
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any type of power should not be absorbed by the object. In other words, 
we can say that the electric field that is present outside the object does not 
affect the object [4].

The term cloaking is referred to the vanquishing of total scattering of an 
object. The ratio of diverged power to the incoming power is known as scat-
tered cross-section (SCS) of an object. But keep in mind that cloaking and 
stealth technology are not the same. In stealth technology, a small amount 
of power is reflected by the object and detected by radar. If observed from 
the left, right, and back side, the ideal stealth craft is also detectable [5]. 
Even a 50% scattering cross-section cannot be decreased by shaping the 
object and absorbing the covering [6].

8.3 Basic Concepts of Cloaking

The main purpose of cloaking is to hide the object from the detector. This 
can be obtained only when the electromagnetic wave does not reflect and is 
scattered by the object, and it means incident light should come out with-
out interacting with an object. Transformation optics is used in cloaking to 
gain a spatially scattered set of constitutive factors a conformal coordinate 
transformation is operated to the Maxwell equation that defines the cloak. 
The material becomes spatially invariant, inhomogeneous, and anisotro-
pic, we extract the permeability and permittivity in such a way that these 
properties are required to obtain cloaking [7].

Permittivity tensor:

 
ε ΛεΛ

Λ
′ =

det
S

T
 (Eq. 8.1)

Permeability tensor:

 μ′ = (ΛμΛT/det|Λ|) (Eq. 8.2)

Here, Λ is Jacobuan transformation ε is permittivity in free space and μ 
is permeability in free space. 

 Λ = dx
dxij

i

j
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Using a coordinate transformation, the volume of free space is con-
verted into a shell-type region that can protect the inside of the shell from 
electromagnetic radiation interaction of incident waves as shown in Figure 
8.1. The object to be cloaked is shown as a PEC cylinder, and the cloak is a 
multilayer structure of radius b [3, 8].

8.4 Design and Simulation of Metamaterial 
Invisibility Cloak

The analysis is very complex in the three-dimensional conformal multi-
layer structure and a systematical process is existing for the same. So for 
the construction and visualization of the invisible cloak, the numerical 
technique is compulsory. Inductor-capacitor representation of metamate-
rial, FDTD, FEM, LC-MTM, and FIT are four subsections of simulation 
categorized. FDTD and FIT are considered numerical techniques. On the 
other hand, LC MTM  is a circuit analysis method [8].

An estimation solution is given to the integral equation and partial dif-
ferential equation by numerical technique (finite-element method). With 
polynomial estimation operation, the finite element technique is an excep-
tional case of Galerkin’s method. For the design and visualization of the 
invisible cloak, this method is mostly used. Schurig et al. purposed the first 
2D practical metamaterial in 2006. The cloak consists of 10 parallel layers 
of cylinders made of copper and each has three unit cells set in horizontal 
lines 850 GHz is the frequency for the function of the cloak. Due to absorp-
tion and estimation, the invisibility was imperfect. Cylindrical  region 
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Figure 8.1 (a) Light ray trajectory within cloaking shell, (b) carpet cloaking [12].
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0 < r > b is compressed a < r < b by transformation coordinate, and this 
transformation helps to obtain the objective [9].

 
′ = − +r b a

b
r a  (Eq. 8.3)

 θ′ = θ (Eq. 8.4)

and

 z′ = z (Eq. 8.5)

For permittivity and permeability tensor 
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To decrease flaws in invisibility inside the precision of geometrical optics, 
Leonharaolt purposed a conformal mapping technique. The wave is not only 
refracted but also reflected, so perfect invisibility is very difficult to obtain 
proved by this technique, but reflection is decreased by anti-reflection 
coating. At optical frequency, for the design of a non-magnetic cylindrical 
cloak, Cai et al. used a method in mid of 2007 known as coordinate trans-
formation. By squeezing the cylindrical region into concentric cylinders, 
this cloak hides microscopic objects. For operation, the wavelength is 632.8 
nm and by using metal wires, sub-wavelength permittivity is obtained. 
COMSOL shows field distribution. In the absence of the cloak, the object 
emits shadow, and in the presence of the cloak, the wavefront moves around 
the cloaked region with little disorder as shown in Figure 8.1.

Two parameters are varied, and one parameter is kept constant, as a 
result, the constitutive parameter tensor of the cloak reduces. So permittiv-
ity and permeability are written as:
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 μz = 1 (Eq. 8.10)

The power of reflection is obtained as
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 (Eq. 8.11)

where =R b
aab . In infrared and microwave regions cloaking is obtained by 

this method [8].

8.5 Types of Cloaking

There are several types of cloaking optical cloaking, acoustic cloaking, and 
elastic cloaking.

8.5.1 Optical Cloaking

The aim of making the object invisible forced scientists in the optics field 
to explore and invent materials for cloaking technology [9, 10]. These arti-
ficial design metamaterials are made of a dielectric. Metamaterials play an 
important role in cloaking technology by moving incoming light on all 
side objects and making the object indistinguishable from the detector or 
observer as shown in Figure 8.2(a). To obtain permeability and permittiv-
ity and to create a space under coordinate transformation in-variance of 
the Maxwell equation is used in the first proposal to obtain cloaking for 
the metamaterial, that will guide incident light to move around the object 
or voids as shown in Figure 8.2(a). A spherical shell is the main part of 
the recommended invisible cloak that protects the object in such a way 
that no incident electromagnetic wave impinges on the object and makes 
the object hidden from the detector by maintaining the external field 
unchanged. Obtaining cloaking by resonance satisfied the requirement of 
permeability and permittivity by splitting the resonator the first cylindri-
cal metamaterial cloaking shell made after the theoretical work of semi-
nal after the center of the metamaterial shell copper cylinder of internal 
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radians copper cylinder of internal radius R1 and external radius radius R2 
and function in the microwave region 0 < r < R0 into angular region R1 < r < 
R2 the coordinate transformation to object is achieved here (r′, θ′, z′) are 
transformed coordinates and (r, θ, z) are original cylindrical coordinates 
such transformation is written as [9].

 
θ θ′ = − ′ + ′ = ′ =r R R

R
r R z z, ,2 1

2
1  (Eq. 8.12)

For the cloaking shell permittivity and permeability, the tensor com-
ponent is achieved by applied transformation. The tensor component of 
permeability and permittivity is given by polarization experimentally [11].

 
µ µθr z

r R
r

R
R R

=
−






 = =

−










1
2

2

2 1

2

1, ,   (Eq. 8.13)

(a)

(c)

(e)
(f)

(d)

(b)

Object and cloak

0 us

880 us

Object

Cloak

s

t

d

(a)

Figure 8.2 (a) Without an object the propagation of waves under stress and pressure. 
(b) By using the two-layered material, cylindrical shell is made. (c) Cylindrical shell for 
cloaking an object in a fluid by surface wave. (d) Cylindrical shell for cloaking an object 
in water by using ultrasound. (e) Acoustic wave for ground cloak. (f) For sound there is a 
three-dimensional cloak which is of acoustic ground [12].
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After an illustration of a cloaking device at microwave frequency, scientist 
moves their intention toward creating a cloaking device that functions in 
optical frequencies region. Metamaterial made of split resonator does not 
effective at higher frequencies because SRR decreased the resonance effi-
ciency on a small scale. So, a new theoretical design or cloaking purposed to 
overcome this limitation A random boy that is based on the planar reflecting 
surface is ids by using carpet cloaking. A carpet cloak is very easy to con-
struct and it works on optical frequencies. The copper-clad printed circuit 
is the main component of the carpet cloak and experimentally this cloak 
functions at 13 to 16 GHz microwaves. As we know carpet cloak functions at 
an optical frequency and operated at 1400 to 1800 nm wavelength. By using 
transformation optics carpet cloak makes the object invisible [12, 13].

8.5.2 Acoustic Cloaking

In the beginning, the ordinary electrodynamic wave equation is studied, 
and found that it is not constant with the transformation coordinate. By 
converting the acoustic equation to the Maxwell equation Cummer and 
Schurig proposed an acoustic cloaking in 2 dimensional in 2007. An 
acoustic cloak wraps an object in such a way that sound coming from all 
directions does interact with the object and is presented as an object that 
was not there [14]. For mapping a cloaked region using a change of vari-
able method and transformation, an acoustic theory is developed with 
scattering strength reduction. But, the parameter of the acoustical present 
in the cloak should be anisotropic. For single bulk modulus fluid if the 
rigidity is isotropic, at the inner surface the inertial density must be finite. 
But need a massive cloak. By using anisotropic rigidity with finite mass the 
perfect cloaking is achieved [15]. Pentamode material is the general class 
of anisotropic material. The parameters of penta mode are categorically 
certain or its characteristics depend on tensor (stress) if the transformation 
slope or gradient is harmonic which satisfied the equilibrium condition. 
In pseudo-acoustic waves the speed and phase of the cloak are unique but 
the composition is not distinctive for a given mapping transformation. A 
fluid having properties of scalar bulk modulus and anisotropic density is 
needed for an acoustic cloaking solution reported by Cummer and Shurig 
and these variables depend upon the axial distance to the hidden object. 
The required functional form is
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Outer radii for cloaking shell is R2 and inner radii for cloaking the shell 
is R1 the bulk modulus for the shell is B.Mass density tensor diagonals com-
ponents are ρθ and ρb. Like fluid and gas those quantities that surround 
the background are denoted by subscripted b. The acoustic parameter of 
acoustic metamaterial should change as a function of distance from layer 
to center of the shell and this metamaterial is used to make multilayered 
structures in acoustic cloaking Homogenized 2D sonic crystal consists of 
two fully elastic cylinders per unit cell by using this we can obtain radial 
dependence practically [12].

8.5.3 Elastic Cloaking

In solid obtaining the cloaking for elastic waves was the next logical step. 
Furthermore, elastic waves are more challenging to conceal than acous-
tic ones, as wave equations derived by strokes do not often preserve their 
shape through coordinate changes. It was necessary to find transformation- 
based solutions for simpler scenarios to enable the construction of cloaking 
devices for elastic waves, allowing them to catch up to the state-of-the-art 
in acoustic and electromagnetic cloaking. With a cylindrical cloak, the very 
first hypothetical study to accomplish elastic wave cloaking in a two - dimen-
sional solid at 40 Hz frequencies for in-plane fixed stress and tangential elastic 
waves was proposed [16]. The transformation coordinate t required that the 
cloaking shell have both a  mass density(a scalar quantity) and a completely 
non-symmetric stiffness tensor. Following this breakthrough, researchers 
started looking into cloaking in thin elastic plates to account for transverse 
waves, also known as bending or flexural waves. Bi-harmonic Coordinate 
transformations of the mathematical statement were used to derive the theo-
retical characteristics of a cylinder-shaped cloak with outward variable scalar 
mass isotropic density and radial variable and ductility stiffness [12].

Subsequently, a simple elastic ultrawide band cloaking was hypothet-
ically presented utilizing slender plates that govern flexible elastic waves, 
which helped to overcome the restrictions brought on by the complicated 
material requirements. The cloak, composed of isotropic elastic concentric 
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multilayers, preserved the phase of a 250 Hz incoming plane wave, demon-
strating quantitatively almost flawless elastic wave cloaking. Theoretical 
studies were followed by the first experimental illustration of an elastic wave 
cloak, which made use of twenty cylindrical concentric multilayers, sixteen 
of which had a different effective elastic modulus than the others [17].

Excellent elastic wave cloaking was attained from the left side by send-
ing a plane wave of the cloak at frequencies between 200 and 450Hz. These 
findings provide the first experimental evidence of a broadband elastic 
cloak, which might be used to shield infrastructure from destructive seis-
mic waves [18].

Pentamode elastic metamaterials are a new type of material structure that  
has been studied for their potential to allow the construction of structures with 
 tunable shear (G) and bulk modulus (B), allowing for the creation of 3D elas-
tic wave cloaks. This breakthrough motivated the development of the first 
practical elastic cloak made possible by pentamode metamaterials. For the 
inner-shell configuration to be contract- and shear-insensitive, a Penta-mode  
metamaterial was placed around an empty cylinder with high bulk moduli and  
shear moduli. After subjecting the system to compression and shear, side  
images were taken and the film was recorded. Electrostatic cloaking is achieved  
by exerting force on the structure from above using a stamp, demonstrating 
the potential of pentamode metamaterials for elastic cloaking [18]. Figure 
8.3 provides the configuration details of a pentamode based elastic cloaking  
device.

(a)

(c) (d)

(b)

Sample

Metasurface

Piezo patch

Back view

    S

200 Hz

Figure 8.3 (a) For elastic cloaking by using PVC and PDMS  concentric cylindrical 
layers like cloaking shell made. (b) For elastic wave pentamode carpet cloaking devices 
made by using hollow solid cylinder. (c) The point source is moved by δS = 25 mm at 
frequency 12 KHz experimentally measured using elastic wave. (d) Top view of polar 
mechanical cloak [12].
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Recently, metamaterial elastic cloaks have also been used to guide seis-
mic waves. At first, we presented a plate prototype for concealing flexible 
and elastic waves at the air-to-soil boundary, and we established experi-
mentally that these waves could be shielded at frequencies of about 50 Hz. 
To redirect surface elastic waves in soil with frequencies between 3 and 10 
Hz, Luneburg lenses were used, a technique borrowed from the field of 
transformation optics [18, 19].

8.5.4 Thermal Cloaking

An ultimate thermal hallucination process known as thermal cloaking is  
the result advance heat exploitation or handling with metamaterials.  
Without affecting the ambiance thermal environment heat is guided to 
move around the object smoothly. All preceding thermal metamaterials 
have defects like they were massive, lacking the flexibility of changing 
geometries and lacking the functionality of switching on/off. To pump 
heat from one side to another side of the invisible object thermoelectric 
components are used in thermal cloaking and all procedure is controlled 
by electric voltage. A real heat radiant is transformed into a pre-controlled- 
on in thermal camouflage cloaking. Due to distinctive scattering radiant  
in different fields like optics, thermotic, and acoustic, the object can be  
identified. A real opinion converts into pre-controlled perception in 
thermal camouflage like we dd analogous to ave dynamic hallucinations 
legitimize unparallel application in thermal cloaking. To obtain 2D and 
3D thermal cloaking using two layers of bulk isotropic material is used in  
thermal cloak fabrication depending on scattering cancellation [20]. A  
polystyrene cylindrical layer neighbored by nickel-based alloy is used to 
create a bilayer thermal cloak that is used 2D cloaking an object at the  
center of the bilayer cloak [21]. Maintaining the heat distribution outside  
and maintaining stable heat protection to objects inside the thermal 
cloak an excellent performance is observed by the bilayer thermal cloak. 
By cloaking the sphere from the outer thermal flux field and using 100μm  
thickness spherical copper layer the experimental exhibition is con-
ducted, in 3D. For making ultrathin spherical copper thermal cloaking 
3D is used [19, 22]. Figure 8.4 explains the configuration details of ther-
mal cylindrical cloak.
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Figure 8.4 (a) Thermal multilayer cylindrical cloak is manufactured by latex rubber and 
silicone elastomer. (b) For the transient regime, by using PDMS and copper thermal cloak 
is manufactured. (c) Nickel-based alloy layer neighboring by a polystyrene 2D bilayer 
thermal cloak is manufactured. (d) By shaping a thin copper sphere into the block of 
stainless steel thermal 3D cloak is manufactured. (e) Thermal cloak (with zero-index) 
work in the background of copper. (f) Four Layered thermal cloaks at the microscale [12].

8.5.5 Mass Diffusion Cloaking

Mass diffusion is an adjacent field discussion that contributes to resem-
bling heat conduction. Mass diffusion cloaking is known as metamaterial 
that leads a mass to move around the object while controlling the external 
mass concentration incline. Ions are prevented from approaching the block 
of metal inside and concrete and cloaking chloride ions, for an increased 
lifetime of tangible foundation mass diffusion cloaking is introduced 
experimentally [23]. Satisfying the required parameters for cloaking, by 
varying cement and glue amounts of six different types of concrete were 
made to design or fabricate a multilayered mass diffusion cloak. At the cen-
ter, steel bars are located and ions are redirected to move towards them and 
the concentration of chloride ions was measured. Where it is arduous to 
separate different species mass diffusion control plays a vital role here [12].

8.5.6 Light Diffusion Cloaking

We pay attention to cloaking light propagation in a diffuse regime in this 
comprehensive section where light shows great resemblance with mass dif-
fusion and heat. By collecting motivation from thermal cloak researchers 
experimentally reported cloaking of diffusive light. To serve as a reflector, 
a thin acrylic white-coated hollow stainless steel cylinder is used in the 
cloak as the core [24]. Tank having white wall pint and deionized water, 
the core-shell system is submerged into it and the shell was made by dop-
ing 10μm dielectric particles. A remarkable cloaking is noted when the 
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cylindrical diffuse cloak reveals white light. Inside the diffusive shell, the 
phase is terminated in diffuse light cloaking in contrast to the white light 
case. The flexibility of coordinate transformation clearly shows in diffuse 
light experimentally [12].

8.5.7 Multifunctional Cloaking

The quick success in cloaking extended the research to make cloaking 
devices that cloak more than physical phenomena at a time. To control heat 
and electricity theoretically first multifunctional metamaterial is purposed 
and similarly to control heat flux and electricity current first multifunc-
tional cloaking is purposed. The impinging electric and heat flux is redi-
rected to move around an air cavity force by a bilayer cloak made o silicon. 
While regaining the external flux bilayer cloak strongly scatters both elec-
tric and thermal fields [25]. When sited under thermal and electric fields 
bifunctional device shows excellent cloaking as shown in Figure 8.5(a). In 
the center of devices to concentrate on both thermal and electric fields, 
bifunctional devices show excellent cloaking. ABS thermoplastic eight dif-
ferent wedges and aluminum is used to design a fan-shaped structure [26].

Both conductions filed are presided over by the Laplace equation 
according to this situation electrical-thermal cloaking is made. However, 
the Helmholtz wave equation is also used to describe electromagnetic 
and acoustic water waves. Coupled thermal conduction and radiation 
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Figure 8.5 (a) Thermal and electric bifunctional silicon-based cloak promoting inner and 
outer radius of the shell. (b) Hydrodynamic cloaking demonstration showing fluid flow on 
all sides of cloak (around) of cloaking shell and dark object [12]. 
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bio-function form of cloaking is reported. For the Roseland diffusion equa-
tion for thermal radiation Stefan-Boltzmann’s approximation law is used. 
It is also used to control these thermal fields. By using these approxima-
tions, diffusion of the photon is considered thermal radiation which guides 
to conductivity-type multilayer structure for cloaking made of isotropic 
material. Recently theoretically by the transformation of the coordinate of 
the thermal conductivity a permeability cloaking device is become able to 
cloak heat conduction and fluid [12, 27].

8.6 Cloaking Techniques

Scientific researchers are becoming increasingly interested in electromag-
netic cloaking, particularly those who are working to create “metamateri-
als”—artificial composites with unusual electromagnetic properties. The 
concept of a tool that renders the body hidden from the naked eye has old 
the past, beginning with different nationalities of the folklore: we have all 
heard stories of several “invisibility hats” and  “invisibility cloaks,” like in 
Harry Potter the cloak worn by  J. K. Rowling’s [1].

A device that hides the object from electromagnetic radiation is known 
as an electromagnetic cloak. Of course, the most intriguing uses for cloaks 
that operate in the visible spectrum may be imagined. The object is con-
sidered invisible if it does not produce any shadow, does not scatter or 
diverged waves, and also does not reflect the light toward the source. These 
circumstances imply that any type of power present in the system is not 
absorbed by the system. To put it in another way, we say that any type 
of interference of an object with an electromagnetic field is not observed. 
Reducing the total cross-sectional to zero is cloaking o object, according to 
the physics of the diverging of electromagnetic waves, including light [2].

8.6.1 Scattering Cancelation Method

It has long been understood that scattering from an object can be reduced 
by including another object in the system whose scattering is complemen-
tary to the main scatterer [3–5]. By covering the primary scattering item 
with one or more layers of dielectric material, for instance, one can achieve 
this form of scattering minimization [6–8]. The idea of employing plas-
monic materials for transparency has recently sparked interest in this tech-
nique [9]. 

The scattering cancellation principle is seen in Figure 8.6. Here, a 
shell of dielectric material with a permittivity that is less than that of the 
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surrounding medium is placed over a sphere of dielectric material. Since 
the dipole moment can be induced in the shell having an opposite sign, 
shell width will be selected so that the core scattering and the shell scat-
tering are equal and can annul each other. Although higher modes may 
potentially exist adding in the modes dipolar, it is demonstrated that effec-
tive intangible will be attained even by scattering the dipolar being sup-
pressed alone. Higher modes can be suppressed, although doing so always 
complicates the design [10].

The advantages of this technique include easy construction also design 
(as long as the materials with the necessary qualities are available), as well 
as the ability to achieve covert with homogenous and isotropic substances. 
Taking into account the disadvantages, relying on whether penetrable 
or impenetrable things must be made impalpable, are the realization of 
metamaterials with the necessary properties in the absence of plasmonic 
materials, bandwidth restrictions present in different doable (resonant) 
metamaterials, and fundamental restriction on the velocity energy when 
cloaking impenetrable things having passive cloaks in the free space [11].

8.6.2 Coordinate Transformation Technique

Leonhardt [10] and Pendry et al. [28] described the use of metamaterials 
for cloaking, which enables the construction of electromagnetic field-free 
volumes in the inner side of a device made of these materials. These meth-
ods rely on coordinate transformations, such as in physical space when 
the point in EM space is converted into a sphere, creating a sphere-shaped 
volume in which EM fields do not exist but are rather directed around the 
volume. 

This technique necessitates the use of metamaterials which are lossless 
anisotropic with some part of the effective relative permittivity (εr) and/or 
permeability (μr), which are less in values than these values in free space to 
cape objects (or like medium having similarity to free space). The simple 
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P

Figure 8.6 Scattering cancellation technique.
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theoretical design and the verity that it is not dependent on the shape and/
or constituent stuff of the shrouded item are advantages of the coordinate 
transformation technique. Disadvantages include challenges in realizing 
materials with the necessary characteristics, particularly when large band-
widths and signal masking from energy pulses are needed [3].

8.6.3 Transmission 

Not long ago, we put forth a wrapping method that significantly varies from 
those covered in the earlier parts. This method is based on the utilization of 
variometer structures made up of transmission-line networks in two or three 
dimensions.  The electromagnetic fields in these structures spread inside the 
transmission lines, thereby obscuring the space between them [29].

A link layer is required to join the meadow (fields) between the local 
medium and the network because fields coming into the cloak from the 
surrounding medium must be “squeezed” into the coax lines. Although the 
primary idea of transmission-line networks for cloaking is quite straight-
forward, it cannot get around the following fundamental limitation. To 
completely conceal an item in outer space, the velocity of the wave in the 
transmission lines needs to be faster than light. Because a single coax line 
perceives all other coax lines as regular loads, the network itself “slows” the 
wave. By adding periodic reactive loads to such a network, optimal wave 
numbers can be attained even when hiding objects in space. The inherent 
problems of the complexity of design and substantial dispersion of fre-
quency are present in this type of system, though. Therefore, it has been 
determined that even when the velocity propagates in the cloak is not per-
fect, using straightforward unloaded transmission-line networks is supe-
rior for real applications that call for wide bandwidths and/or concealing 
from signals. The straightforward design, straightforward production, and 
assembly processes, as well as wide-band operating, are advantages of the 
coax-line technology. The restriction on the dimensions of the shrouded 
things in this approach’s biggest flaw, especially when collated with the 
methods earlier mentioned [30].

8.6.4 Other Cloaking Techniques

There are further cloaking methods as well. Kildal and his co-authors first 
proposed one such method more than 10 years ago. The principle behind 
this method was to cover a metal object with a purported “hard surface” 
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that had an extended design in the direction of the propagation of the 
wave. This has been demonstrated that this method can be used to suc-
cessfully lower the next scattering from these objects, which lowers the 
total scattering cross-section. The masking (cloaking) effect, which relies 
heavily on the angle at which the EM wave is impinging, is this technique’s 
obvious flaw. This follows naturally from the “cloaking” device’s elongated 
shape rather than its asymmetrical design. However, in common appli-
cations where the incidence angle is known, such as lowering dispersion 
from antenna support struts, this technique can be employed for cloak-
ing. Milton, Nicorovici, and their co-authors proposed another extremely 
unusual cloaking method that relies on the deployment of a purported 
“super lens” to conceal scattered objects that are positioned adjacent to this 
device. The basis for this cloaking phenomenon is the anomalous localized 
resonance which can be excited on the super lens surface This cloaking 
method’s ability to achieve cloaking for things placed outside the “cloaking 
device” is one of its unique features [31].

8.7 Conclusion

In this chapter, the complete process of cloaking is discussed from design 
to methods and analysis. Previous studies only covered only design or 
simulation but here other aspects are elaborated. Now, we can design a 
cloak that can hide other external objects as well, which mean it hides 
the material and surrounding by using the anti-object. Researchers gave 
theoretical designs for electromagnetic cloaks, by using metamaterial 
scientists made electromagnetic and carpet cloaks in the lab. Many fields 
of metamaterial are still undiscovered containing quantum systems so 
the future of cloaking is very bright. For various physical fields, mostly 
all work is concentrating on higher-level metamaterial cloaking devices. 
New fundamental physics evaluation is based on atomic length scale but 
in multifunctional integrated cloaking metamaterial work at nanometer 
length and millimeter length. Optical cloak design is based on transfor-
mation coordinates. In three-dimensional space, gradient magnetic meta-
material construction becomes so easy due to our design’s non-magnetic 
nature. In the proposed cloak due to impedance mismatch, the obtained 
invisibility is not perfect. We also note that the wavelength is six times 
less than the size of the cloak while the wavelength is 20 times less than 
the simulated area.
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Abstract 
Single negative metamaterials have been deliberated on in this chapter along with 
their properties and potential applications. Left-handed metamaterials, which 
have negative refractive indices and are used in microwave and optical range 
structures are rereviewed. This chapter demonstrates the presence of an acousti-
cal metamaterial with a negative effective density and bulk modulus, demonstrat-
ing that it is an effective medium in the most precise sense. For those unfamiliar, 
negative-index materials (NIMs) are a subset of metamaterials distinguished by 
an effective negative index, which results in peculiar wave phenomena, such as 
reverse negative refraction. We examined how metamaterials respond to electro-
magnetic behavior, these are manufactured media are manufactured materials 
that differ from those of their components. We also have discussed the history 
of negative index materials, the primary design approaches, and some potential 
applications, such as sub-wavelength resonant cavities. Several real-world applica-
tions of microwave technology are also analyzed. The most promising possibilities 
for future metamaterials study are highlighted.

Keywords: Left-handed metamaterials, negative refraction, EM response, antenna 
miniaturization, negative permittivity, permeability, electromagnetic metamaterials

9.1 Introduction

An artificial substance called a metamaterial is created to have properties 
that “may not be readily found in nature.” The properties in these materi-
als are typically derived from structure instead of composition, with the 
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incorporation of minute inhomogeneities enforcing significant macro-
scopic behavior. In recent years, metamaterials have emerged as a main-
stream tool in electromagnetics. This category of materials covers a wide 
range of artificial polymers with adjustable permittivity and permeability 
that are either unattainable or difficult to get from natural sources [1]. The 
metamaterials appear similar to natural crystals because they are con-
structed from the unit cell along a side length of an array in a periodic 
fashion [2]. Metamaterials are defined by their unique and desirable char-
acteristics that arise because of their certain  design and manufacturing. 
Electromagnetic waves specifically alter a composite media’s macroscopic 
effective permittivity and permeability because they affect the parts that 
make up the medium, producing electric and magnetic moments. Because 
created inclusions can be incorporated into a preset host media to create 
metamaterials. Because of this, the designer has access to a wide variety 
of controllable variables including host material characteristics, inclusion 
size, and morphology. All these design variables may significantly affect 
the final product. These offer a novel opportunity for metamaterial synthe-
sis due to the shape of their inclusions [1].

The electromagnetic characteristics of metamaterials are defined by 
the way light interacts with metals. It is mentioned that metamaterials are 
substances in which both the electric permittivity and the magnetic per-
meability are concurrently negative. The designing of these metamaterials 
and, consequently, their electromagnetic responses may now be done with 
a considerable amount of freedom because of advancements in modeling 
and fabrication technology. Since metamaterials could be used to modify 
the electromagnetic responses of materials, researchers have taken a keen 
interest in them for a wide range of p ractical purposes [3]. The effective εeff 
and μeff of these materials could be adjusted, allowing for a wide range of 
possible applications that would be impossible or difficult to achieve with 
naturally occurring substances. The effective permittivity and permeability 
are given by:

 εeff = εoεr (Eq. 9.1)

 μeff = μoμr (Eq. 9.2)

For such a formulation to be introduced, artificial resonators with a 
size significantly less than the wavelength are needed. If this condition 
holds, then the medium reaction is assumed to be local, meaning that the 
effective permittivity and permeability averaged over a given unit cell are 
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independent of the values at surrounding unit cells. Thus, in this type of 
medium, it is acceptable to disregard the consequences of spatial disper-
sion [4].

If we consider that the magneto-electric coupling is small, then the 
behavior of the material will be isotropic for a certain polarization of field 
and over a specified frequency range. In the lack of impressed sources, the 
time-harmonic form of Maxwell’s equations appears as:

 ∇ × E = −jωμH (Eq. 9.3)

 ∇ × H = −jωεE (Eq. 9.4)

where
ε = Electric permittivity
μ = Magnetic permeability

These quantities become extremely complicated if the losses are consid-
ered here. Mostly natural materials may be described in terms of these two 
parameters because of the way electromagnetic waves interact with them, 
resulting in numbers that fit within the constraints imposed by Re [ε] ≥ 
εo, Re [μ] ≥ μo, Im[ε] < 0 and Im[μ] < 0. This denotes that the substance is 
inert and has a refractive index larger than or equivalent to the value in a 
vacuum [5].

To be more precise, the real components of the ε and μ of an inactive 
material can, in essence, produce any real value at a given frequency, as 
long as the appropriate temporal dispersion respects constraints specified 
by causality [6].

9.2 Classification of Metamaterials

The schematic in Figure 9.1 [5] can be used to classify materials whose 
fundamental relations are represented by the simple equation in equations 
1.3 and 1.4. The vast majority of naturally occurring substances referred to 
as “double-positive (DPS) media” are those in which ε and μ each have pos-
itive real parts [8]. In contrast, materials that have both of these values in 
the negative range (shown by the third quadrant in Figure 9.2) are referred 
to as “double-negative” (DNG). Engineers and physicists have taken a keen 
interest in these materials because of their anomalous wave refraction. The 
second quadrant contains “ε-negative (ENG) media”, so called because the 
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real component of their permittivity is negative but their permeability is 
positive. Under their plasma frequencies, they are classified as plasmonic 
materials, which include noble metals as well as certain polar dielectrics. 
There has been extensive research into the potential uses of plasmas and 
other ε-negative materials for centuries. The μ-negative (MNG) materi-
als occupy the fourth quadrant. These can be achieved with ferromagnetic 
materials or created by incorporating appropriate inclusions into a host 
material. It is impossible to create double negative materials without the 
use of artificially realized, μ-negative materials. Single-negative (SNG) 
media can be thought of as an analog to double-negative (DNG) media, 
and comprise both ε-negative and, μ-negative media [8].

9.3 Types of Metamaterials

The term “metamaterial” encompasses a broad category of materials. 
Thus, there are different types of metamaterials discussed in this chap-
ter. Furthermore, there are several distinctive types of metamaterials, and 
these classes are described as follows:

9.3.1 Electromagnetic Metamaterials

Metamaterials, as their name implies, are created to outperform conven-
tional hybrids in ways that were previously considered impossible [9]. In 
recent years, research into electromagnetic (EM) materials that have been 
artificially constructed has exploded in popularity due to the promise of 
developing materials with unique EM responses that cannot be found in 
nature. These substances often referred to as metamaterials (MMs), exhibit 
electromagnetic activity because of the oscillation of electrons in highly 
conducting metals like Au or Cu, which produces a precisely regulated res-
onant output of the electrical permittivity or magnetic permeability. There 
is a long history of understanding in EM theory of continuous media with 
negative constants, namely negative εr or μr [10].

Metamaterials with distinct electromagnetic characteristics already 
contain a wide range of structural components. Some of the structural ele-
ments of metamaterials have a negative dielectric permittivity, while others 
have a negative magnetic permeability or very high magnetic permeabil-
ity within a given frequency range. Even though they are made of para-
magnetic materials, these constituents have these characteristics. There are 
underlying structures in metamaterials. For a metamaterial to affect elec-
tromagnetic waves, its structural characteristics must be smaller than the 
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wavelength of the electromagnetic radiation it meets. An electromagnetic 
metamaterial provides an electromagnetic response that is more precisely 
controlled than what is found in nature. It can have a periodic, quasi-pe-
riodic, non-periodic, or fractal structure, or it can have an irregular struc-
ture. Fabricated dielectrics were the earliest examples of electromagnetic 
metamaterials. Periodic electromagnetic metamaterials include photonic 
crystals, electromagnetic crystals, and left-handed metamaterials [11].

Optical metamaterials are electromagnetic metamaterials that are 
designed to transmit or reflect electromagnetic waves in the ultraviolet, 
visible, or infrared spectrum.

9.3.2 Negative Refractive Index

Left-handed metamaterials (LHMs) are substances with a negative effec-
tive refractive index value. It is said that they are composite sub-wavelength 
artificial structures whose εeff and μeff have been artificially manipulated to 
create negative values of their real component. To distinguish them from 
chiral metamaterials, which are also frequently referred to as “left-handed 
media,” these are also designated as negative refractive index materials 
(NRM) [12].

Generally, an object’s complex refractive index is defined as the veloc-
ity of an electromagnetic wave in the medium divided by the velocity of 
the same wave in a vacuum, hence it can be denoted as: n2 = με, here μ 
and ε are magnetic permeability and electric permittivity correspondingly. 
If permittivity and permeability together are negative over some range of 
wavelengths then we can write: μ = |μ|exp (iΠ), also in a similar manner: 
ε = |ε|exp (iΠ)
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In other words, if both ε and μ are negative in the same material, then 
that medium must also have a negative refractive index.

Since there is currently no such thing as a material with both negative 
permeability and permittivity, an NRM metamaterial is a combination of 
two materials, each of which exhibits ε < 0 and µ < 0 separately [13]. 
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The alteration of Snell’s law, known as negative refraction, is arguably the 
most consequential and well-studied effect of NRM. A plane electromag-
netic wave traveling through a vacuum (or air) is shown being refracted 
by a material with a greater electromagnetic thickness illustrated in Figure 
9.3 [13], when the real component of effective refractive index is positive 
(on top) or negative (below). When the refractive index is positive, the 
wave vector and the Poynting vector are tangential, but when the index is 
negative, they are antiparallel. So, light traveling in a beam is refracted back 
to the same side it arrived from when it encounters the boundary between 
the positive and negative index media. This might not make sense at first. 
Therefore, when d1 + d2 = d, a planar parallel slab of a negative refractive 

Natural

Artificial media

Wave vector

Pointing vector

Artificial

Wave vector

Pointing vector

Figure 9.3 Schematic compares the refraction that occurs in normal materials with that 
which occurs in negative refractive index media [13].
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material will concentrate rays coming from a distance d2 rather than scat-
tering them. 

As an alternative explanation, a convex lens will cause a planar wave to 
diverge, whereas a concave lens will cause the wave to converge. It is worth 
noting that the NRM has no effect on the beam’s angle after reflection [14].

The simplest schematic diagram of the refraction in a left-handed media 
and an ordinary media is depicted in Figure 9.4 [15]. Permittivity and per-
meability values are expected to be positive for all transparent non-meta-
material media. Conventionally, the refractive index is expressed as the 
square root of a positive number. Meanwhile, ε < 0 and µ < 0 can be found 
in certain artificial metamaterials. Given that the product of εµ is positive, 
we know that n is non-negative and therefore real. If this is the case, one 
must calculate the refractive index by using the square root of minus one 
as explained in equation 9.5 [15].

9.4 Different Classes of Electromagnetic 
Metamaterials

Electromagnetic metamaterials are classified into various types of meta-
materials that are described as follows:

9.4.1 Double Negative Metamaterials 

Due to the negative permittivity and permeability, double negative meta-
materials (DNG) have a negative index of refraction (NIM) [16]. Veselago 
developed the theory of negative refraction in an EM wave, and this idea has 

0 < Re (n) < 0

Re (n) < 0

Ordinary media

Left handed media (NMR)

Figure 9.4 The schematic diagram of refraction ordinary media versus NMR material [15].
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lately been demonstrated using the concept of metamaterials. Composites 
having intrinsic resonance structures are used to generate EM metamate-
rials, and these materials have an effective negative value of  μ and ε under 
specified frequency ranges. Due to their interesting properties, such as neg-
ative refraction and sub-wavelength imaging, these “double negative” media 
have attracted a lot of attention. It is important to keep in mind that negative 
refraction and “double negativity” are similar but distinct phenomena [17].

The negative refractive index of Veselago medium in electromagnetic 
metamaterials is the result of the material’s negative permittivity as well as its 
negative permeability. It is possible to express both continuity and Newton’s 
second law in terms of an acoustical wave, which can be written as:
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 (Eq. 9.6)

where 
ρ(v) = Pressure of the field

The refractive index n should be defined by taking into account a plane-
wave solution with wave vector ‘k’ within a homogeneous media of uni-
form density and bulk modulus and could be expressed as:

 ω=k n
c

 | |  (Eq. 9.7)

Consequently, we need either a positive density and bulk modulus or 
a negative ρ and bulk modulus for a plane wave to propagate within the 
media. Furthermore, the pointing vector is defined as:
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 (Eq. 9.8)

If an acoustic wave were to pass through the Veselago medium, we would 
expect S and k to be in opposing directions.  To put it in physical terms, 
at certain frequencies the medium responds anomalously by expanding 
when compressed (negative k) and shifting left when pushed right (nega-
tive density).
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9.4.2 Single Negative Metamaterials

In single negative (SNG) metamaterials, only one of the two properties— ε 
or — μ is a negative value. Here we will talk about 2 types of metamaterials, 
epsilon negative metamaterials, and μ negative metamaterials. Integrating 
two SNG sheets into a single metamaterial has led to some intriguing 
experiments. As so, they constitute yet another variety of DNG metama-
terial. Experiments on the reflection of waves have been performed using 
a connected slab of ENG and MNG materials. This allowed for the man-
ifestation of characteristics including resonances, anomalous tunneling, 
transparency, and zero reflection. Since SNGs are inherently dispersive, 
their — ε and μ, index of refraction all change with frequency, just as they 
do in Double negative metamaterials [15].

9.4.3 Chiral Metamaterials

Chiral metamaterials are those that do not exhibit any planes of mirror 
symmetrical. When the electric and magnetic fields are connected, the 
medium is said to be chiral in electromagnetic theory. When trying to 
characterize the optical response of a generic chiral media, the constitutive 
relations are then employed:
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Here,
є = permittivity 
μ = permeability 
χ = chirality tensor

In addition, the εO, μO are the permittivity and permeability in free space 
accordingly. Right (+) and left-handed (-) circular polarization have dis-
tinct values of refractive index and are expressed as:

 εµ χ= ±±n    (Eq. 9.11)
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Equation 9.11, shows that waves of opposite-handedness will accumu-
late phase differences in different ways as they pass through a chiral mate-
rial. Efficient material parameters, which may be obtained from scattering 
characteristics using the retriever method, are most frequently used to 
characterize the properties of metamaterials. Even so, this strategy may 
only be used if the complex constitutive parameters are already known and 
stored in a tensor form. The former quality greatly increases the difficulty 
of studying complicated optical effects including anisotropy, no locality, 
and spatial dispersion. The optical response provides a more accurate 
description of metamaterial characteristics [18].

9.4.4 Hyperbolic Metamaterials

Based on the shape of the iso-frequency plane, we refer to these metama-
terials as hyperbolic metamaterials (HMMs). The spherically surface of 
iso-frequency can be expressed by the following expression:
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where k is the propagation vector 
ω = frequency of the light wave
c = speed of light in free space

In case of a special wave (TM polarized) propagating over a uniaxial 
media, this iso-frequency relationship changes to: 
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It is important to note that uniaxial media is specified by a dielectric 
sensitivity represented via a tensor: 

 ε = {εxx, εyy, εzz}s (Eq. 9.14)

Due to this occurrence, the material must act like metal in one dimen-
sion and as an insulator in other. The latter is difficult to do in nature at 
optical frequencies, but it is possible to do so by using metamaterials, 
which are fabricated nanostructured electromagnetic media. The behavior 
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of waves with a large fraction of wave vectors is taken into consideration 
as the most important aspect of such media. However, at the ideal limit, 
waves with infinitely high wave vectors can propagate because of the iso 
frequency surface’s open shape in hyperbolic materials. This special char-
acteristic of high-k wave propagation offers a wealth of device possibilities 
for hyperbolic media [18].

a. Semiconductor Metamaterials
Negative-index materials (NIMs) as a concept have been around for a 
while, but it has only recently that genuine metamaterials with NIM fea-
tures have been created. A workable NIM was first proposed, and then it 
was implemented in the microwave area, using nanowires to create electric 
and magnetic resonance, yielding the values, ε < 0 and µ < 0. Recently, 
novel designs have been manufactured and characterized that show nega-
tive refraction. These materials still no longer employ the aforementioned 
architecture; rather rely on the overlapping resonance of ε and µ. The diffi-
cult design and production of this double-resonance technique make it dif-
ficult to produce a 3D metamaterial from pre-existing structures. Making a 
material with only one resonance can substantially simplify the structure, 
diminish the losses, and provide a large range of metamaterials. To distin-
guish these materials from naturally occurring resonant materials, nega-
tive refraction must be produced for these materials by using anisotropic, 
birefringent, or chiral materials. A semiconductor metamaterial that dis-
plays negative refraction for all incident angles in the long-wave infrared 
portion of the spectrum can be used to overcome the drawbacks of double- 
resonance metamaterials [19].

b. Quantum and Atomistic Metamaterials
The study of metamaterials is expanded to the quantum level by quan-
tum metamaterials (Atomistic metamaterials). They use the principles 
of quantum physics to manipulate electromagnetic radiation. In general, 
a quantum metamaterial is one whose behavior is determined by quan-
tum mechanical equations since its certain quantum characteristics must 
be taken into consideration. Its behavior confirms the presence of elec-
tromagnetic waves as well as matter waves. Depending on the frequency 
range, the components must either be at a tiny or nanoscopic scale (e.g., 
optical or microwave).

An atomistic metamaterial must exhibit quantum dynamics, put it more 
precisely. A device like this can regulate electromagnetic wave propagation 
in additional ways by acting as a geographically extended controlled quan-
tum object [20].
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A more specific definition of quantum metamaterials is an optical medium 
that: 

1. Is made up of artificial quantum coherent unit components. 
2. Display tunable quantum states. 
3. Maintain coherency for some time greater than the naviga-

tional time of a relevant EM signal.  

To regulate and alter electromagnetic radiation, quantum metamateri-
als, therefore, integrate quantum coherent states. These materials integrate 
the study of metamaterials with quantum information processing (peri-
odic artificial electromagnetic materials). The unit cells can be regarded 
as quantum bits that maintain quantum resonance “sufficiently for the EM 
pulse to go through. The material’s separate cells enable the quantum state. 
The entire system maintains quantum coherence when each cell interacts 
with the electromagnetic pulse that is spreading [20].

There are numerous kinds of metamaterials being researched. Quantum 
dots, placed in periodic nanostructures, can serve as the structure’s unit 
cells or fabricated atoms in nanowires. It is easy to construct and exhib-
its a negative refractive index and magnetic properties. The wavelength of 
interest that is radiated has a substantially bigger diameter than its con-
stituent. Another form makes use of ultra-cold gases to create cold atom 
cells that are spaced out frequently. As a quantum system, this structure 
demonstrates controllability and stability, as well as a photonic bandgap. 
Research is now being done on MM prototypes based on superconducting 
devices with and without Josephson junctions. 

c. Properties of Metamaterials
i. Central Equations Describing Electromagnetic Behavior
Let us review Maxwell’s equations to describe the fundamental character-
istics of metamaterials.
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Where, μr and εr are relative permeability and permittivity, respectively, 
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When the signs of εr and μr are simultaneously altered, the wave equa-
tion remains unchanged if losses are ignored and εr and μr are thought of 
as real values [21].

d. Development of Metamaterials
The study of the properties of novel materials has recently been replaced 
by the engineering of materials in the discipline of material science. 
Metamaterials (MMs) have made important advancements in the study of 
electromagnetism by connecting artificial media’s tiny structures to their 
ultimate properties. MMs have physical properties not seen in natural 
materials, such as a negative refractive index that permits the cloaking of 
materials, reflection cancellation from a particular surface, and the concen-
tration of electromagnetic energy in the tightest possible space. However, 
at this time, once an MM is made, its parameters cannot be changed pro-
grammatically. Therefore, with little to no reusability, each unique applica-
tion necessitates a particular MM design and manufacturing method.

e. Software Developed Metamaterials (SDM)
An SDM is a 2D surface that allows for the offset and programmed fabri-
cation of unique metamaterial (MM) building blocks. In particular, it is 
made up of active, ultra-low-power electronic components that serve as 
control mechanisms and passive components called substrates. Since nano 
networks offer the highest spatiotemporal control granularity, they are the 
optimal choice for the control agent. The control agents act on the SDM 
substrate after receiving programmed instructions and transmitting them 
over their network, producing unique patterns. The origin of the direc-
tives can be from within the SDM or from outside. In the former situation, 
a regular system can communicate with the SDM, however, in the latter 
scenario, the control agents are allowed to work. For instance, they could 
automatically assess their surroundings and respond cooperatively. The 
network control agent plus an external hardware interface makes up the 
control module [22].
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The SDM interface, for the instance, plays two unique roles:

1. Transmit the information from the outside world to the 
SDM control agents. These could be sensor readings or pro-
gramming directives.

2. Handles all deferrable, computationally demanding tasks 
centrally, unloading the network of control agents whenever 
it is practical.

A task that requires precise floating-point calculations and is computa-
tionally taxing is manipulating digital signal processing. Massively parallel 
computer architectures are excellent choices for implementing SDM inter-
faces because 

(a) There are likely to be many control agents.
(b) They all carry out a limited set of identical tasks 

A Software Developed Metamaterial (SDM) comprises the following 
components:

1. Communicating module
2. A Central Processing Unit (CPU)
3. Actuator

A bidirectional connection is unquestionably preferable since it increases 
the number of SDM applications available and enables node-collaborative 
sensing and actuation over substrates as well as network and SDM monitoring. 

f. Development of Graphite-based Metamaterial for X-band Applications
Modern electronic systems and wireless communication both require 
electromagnetic shielding that is easy to make, reliable, thin, and flexible, 
and exhibits adequate absorption. Metamaterials with designed sub-wave-
length structures have recently been the subject of in-depth research as 
electromagnetic absorbers. Metamaterial absorbers (MAs) are thinner, 
lighter, and, most critically, independent of the foundation material than 
conventional absorbers. Moreover, by simply altering the unit cell design, 
MAs’ absorption frequency can be changed. The majority of the docu-
mented research on MAs uses metallic conducting layers on rigid sub-
strates like FR4, silicon wafers, or thin films made of vanadium oxide, etc. 
(mainly copper). The MA cannot be used to cloak aircraft or electronic 
devices, isolate electromagnetic (EM) waves for body-worn applications, 
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or use non-planar surfaces like radomes, due to their rigid substrates. The 
copper-based ground planes and periodic unit cell architectures of MAs 
prevent them from being used in any practical context. Additionally, 
a ground plane with a metal backing is less flexible. The conformability 
problems might be resolved by using flexible polymer materials in place of 
stiff substrates. An excellent candidate for MA substrate materials is linear 
low-density polyethylene (LLDPE). Furthermore, carbon nanotubes and 
graphene, which have conductivities of almost the same order as metallic 
unit cells but are non-corrosive, can be used in place of metallic unit cells. 
However, the production of carbon nanotubes and graphene is a time- and 
money-consuming process. Instead, expanded graphite (EG), which can 
be produced easily and affordably, can be used. Its conductivity is 106 S/m, 
making it lighter and less corrosive than copper. An EG layer can even take 
the place of an MA’s metal ground plane [23].

g. Single Negative Metamaterials
Negative permittivity or negative permeability characterizes single-negative 
metamaterials (SNM). Wires and metallic split ring resonator (SRR) arrays 
are incorporated into a host material, to create single negative metamaterials 
[15].  

i. Negative Permittivity
It is generally known that metals exhibit an electric permittivity at optical 
frequencies that vary with the frequency following Drude relation
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The electronic density, charge, and mass are denoted by N, e, and m, 
respectively, and γ is the rate at which the amplitude of the plasma oscilla-
tion is decreasing [24].

ii. Negative Permeability
Magnetic permeability governs how materials react to an applied EM field. 
In ordinary materials, magnetic permeability is positive. Negative mag-
netic permeability values are not present, hence exploring negative-index 
materials has not been particularly motivated. Split-ring resonator (SRR) 
structures were proposed by Pendry et al. to achieve negative permeability 
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values. The capacitive components (gaps and splits) are the cause of the 
resonant behavior of SRRs, which in turn causes quite large positive and 
negative values of permeability close to the magnetic resonance frequency 
(ωm ) [25].

iii. Design of Single Negative Metamaterials
One unit cell of the metamaterial is put within a waveguide with sidewalls 
that have PEC and PMC boundary conditions set to support a transverse 
electromagnetic wave with a constant profile while the design is being 
made. At the waveguide’s entrance and exit are waveguide ports that act as 
the source and detector, respectively. The direction of the entering electro-
magnetic wave is x, while the magnetic and electric fields are maintained 
in y and z, respectively. When the magnetic and electric energy stored in 
the inductor and capacitor are equal, the resonance is seen in the SRR. The 
resonant frequency is given by:

 
=f

LC
  1

0  (Eq. 9.18)

The gap capacitance (Cg), coupling capacitance (Cc), created between 
the ring and its neighbors, and surface capacitance (Cs), formed between 
the ring and the substrate, make up the majority of the total capacitance. It 
is intended to link these three capacitors in parallel. 

A modified metamaterial made of aluminum is used to replicate the 
transmission spectrum for a variety of thin film thicknesses to study the 
characteristics of dielectric sensing. With a permittivity of εr = 1 1.9, the sil-
icon thin film thickness affects the spectrum. The resonance shifts down by 
increasing the thicknesses. The SRR resonates at 151 GHz for thicknesses 
of 2 m. It has been discovered that when thin film thickness increases, the 
peak location of the resonant mode switches from the frequency range of 
139 GHz to 165 GHz to a lower frequency range. Since the peak location 
shifts with the thickness of the thin film, it is important to notice that the 
cutoff mode depends on the resonance [26].

9.5 Applications

There is no question that the applications made possible by materials 
with unexpected characteristics will likewise be unusual. One particularly 
intriguing application is for stoplights. We would want to draw attention to 
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several important recent developments, such as the development of “per-
fect lenses” that surpass the diffraction law’s fundamental limit and the 
potential for developing an optical equivalent of a black hole. Some of the 
applications of metamaterials in various fields are stated below:

i. Super Lens
Metamaterials are employed by super lenses to achieve a resolution that 
exceeds the diffraction limit. The fineness of the resolution of traditional lenses 
and microscopes is constrained by the diffraction limit, which depends on the 
light wavelength and the objective lens’s numerical aperture (NA) [26].

ii. Cloaking Devices
The foundation for trying to create a workable cloaking device is metama-
terials. The cloaks refract the microwave beams so that they pass around 
a “hidden” object inside with minimum distortion, giving the impression 
that nothing is there at all. Such a gadget normally entails enclosing the 
target object in a shell that blocks light from getting close to it [26].

iii. Acoustic Metamaterials
Sonic, infrasonic, or ultrasonic waves may arise in gases, liquids, or solids. 
Acoustic metamaterials are materials that are intended to regulate, direct, 
or alter the sound in these different waveforms.

iv. Seismic Metamaterials
Seismic metamaterials are types of metamaterial that are intended to mit-
igate the negative impacts of seismic waves on built-up areas on or near 
the earth’s surface. This is a type of metamaterial created to mitigate the 
damaging effects of seismic waves on man-made structures found on or 
close to the earth’s surface 

v. Sub-Wavelength Apertures for Transmission Enhancement
To enhance the transmission rate within the diffractive region, ε-near-zero 
and μ-near-zero coverings are used. The power transmission efficiency of 
an isolated sub-wavelength aperture, which is proportional to the electrical 
size’s fourth power, is frequently subpar. The grounded values of ε-near-
zero and μ-near-zero layers allow an increase in transmitted power. The 
impinging power can be gathered at the screen’s entrance side, tunneled 
through the tiny aperture, helped to tunnel once more at the exit side, and 
then molded to increase the beam’s directivity in the desired direction. 
These combined impacts can greatly boost the transmitted power [15].
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9.6 Conclusion

We have discussed the single negative metamaterials in this chapter. 
Classification of metamaterials has been discussed which shows that these 
devices are studied and are used widely consequently. Different types of 
metamaterials such as electromagnetic, chiral, semiconductor, and atom-
istic metamaterials have been studied and distinguished in this chapter so 
that their uses and purposes must be found familiar. In this chapter, we 
offer a robust approach for systematically extracting the effective constants 
for practical single-negative media. Here, we report on the development 
of a metamaterial with a single layer of connected plasmonic coaxial light 
waves that effectively modifies the refractive index. Metamaterials can be 
used as cloaking devices, for transmission purposes and to enhance acous-
tical processes. Various types and applications of metamaterials listed in 
this chapter demonstrate that these materials have vast applications and 
can be considered promising materials for Nano-structural materials in 
the future. 
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Abstract
A negative-index metamaterial, also known as a negative-index material (NIM), 
is defined as an artificially engineered structure (metamaterial) with a negative 
refractive index for electromagnetic radiations across a certain frequency range. 
Early on, NIMs were a contentious topic, with academics disputing their existence. 
However, there has been strong evidence over the last two decades that some spe-
cific sporadic assemblies can have an effective negative refractive index across a 
restricted range of frequencies that is absent in naturally available materials. NIMs 
have recently attracted scientific importance, showcasing metamaterials’ extraor-
dinary perspective to enable new electromagnetic breakthroughs. In this chapter, 
we have reviewed different aspects of NIMs and explored their potential applica-
tions in different domains allowing access to new dimensions of material response. 

Keywords: Metamaterial, permittivity, electromagnetism, refraction, 
permeability

10.1 Introduction

The word “metamaterial” was coined for Negative-index metamaterials 
(NIMs) which are made of designed inclusions displaying outlandish and 
exceptional electromagnetic characteristics which are neither intrinsic in 
the discrete integral components nor encountered in nature [1, 2]. These 
materials are engineered to have negative permittivity as well as permeabil-
ity resulting in mysterious behavior ranging from negative refractive index 
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values to subwavelength focusing. Victor Veselago, an eminent researcher 
from the Institute of Physics and Technology, Moscow hypothesized in 
1968 that material with simultaneously negative permittivity (ε) and per-
meability (µ) might exist without violating any physics laws [3].

Veselago referred NIMs as “left-handed” or “double negative” because 
the cross product obtained by the two vectors namely electric and magnetic 
fields is antiparallel contrary to the conventional right-handed. He also spec-
ulated the optical properties of negative-index materials or these left-handed 
materials to be the polar opposite of the other media, namely air, glass, and 
other translucent media. These materials were supposed to have capricious 
and surprising characteristics, such as deflection or bending light in the neg-
ative direction, backward Cherenkov radiation, and Doppler shift reversal. 
However, it took 33 years for the first real metamaterial to be built, and it also 
yield the concepts of Russian researcher Veselago [1, 4, 5]. A decade later in 
1978, Professor Efimov of Bauman Moscow State Technical University dis-
covered an unanticipated phenomenon in wave refraction theory. His study 
includes the elementary properties of Maxwell’s equations. He discovered 
the parameter of an anisotropic media, which is a completely non-reflecting 
crystal, is crucial in the development of metamaterial ideas [6, 7].

NIMs are made up of unit cells, which are periodic basic parts that are 
typically much smaller compared to the externally supplied wavelength of 
electromagnetic radiation. The initial NIMs’ unit cells were made of cir-
cuit board material, dielectrics, and wires, and were experimentally tested. 
These synthetic cells either piled or planar are designed in a defined repet-
itive configuration to constitute a discrete NIM. The early NIMs’ unit cells, 
for example, were layered vertically and horizontally, resulting in a repeti-
tive and designed architecture.

In this article, we survey the basic concept and theory of metamaterials, 
some specific applications of metamaterials, and predict a feasible scien-
tific expansion of this field shortly.

10.2 The Journey from Microwave Frequency to 
Electromagnetic Radiation 

NIMs were initially validated for microwave frequencies but designing 
NIMs for the optical range has proven mammoth, limiting them to opti-
cally attenuated samples due to strong energy dissipation in metals as well 
as considerable manufacturing hurdles [6, 7]. These attenuated structures 
are similar to the self-assembly of atoms, thus, making it a herculean task 
to allocate them the bulk parameters like the index of refraction. After 
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demonstrating promising results at microwave frequencies, intensive 
efforts have been made to extend metamaterials to the infrared, terahertz, 
and visible bands. Many research initiatives have been dedicated to under-
standing and developing higher-frequency NIMs [8]. Although the field 
of NIMs as a whole is still new, artificial structure scaling is validated for 
a broad spectrum including millimeter-wave [9], radio frequencies [10], 
near-infrared [11], mid-infrared [12, 13], and far infrared [14] wave-
lengths, covering approximately seven orders of frequency scales.

These days, NIMs are technologically advanced to control electromag-
netic energy in a novel approach. For instance, electromagnetic and optical 
features of natural materials are usually modified using chemistry by altering 
the configuration of the unit cells. These constituents are arranged in such 
configurations so that their dimensions are fractions of the radiated electro-
magnetic wave’s wavelength. As a result of the combined effects, the electro-
magnetic wave yields, a broad range impact on the material. Consequently, 
transmission can also be manipulated by altering the size, shape, and align-
ments of the unit cells. As a result, material properties like magnetic per-
meability and permittivity can be controlled, which in turn regulates the 
proliferation of electromagnetic radiation in a matter. The manipulation of 
both permittivity and permeability values governs the value of the refractive 
index as negative, zero, or positive. Everything is dependent on the envi-
sioned applications or anticipated outcomes. Consequently, optical qualities 
can be enhanced afar what mirrors, lenses, and other traditional materials 
can do. The negative index of refraction is also one of the most studied effects.

As discussed above the two essential parameters in electromagnetism 
that determine a medium’s electromagnetic quality are electric permit-
tivity (ε) and magnetic permeability. Permittivity and permeability are 
significant physical properties that define how an electric and magnetic 
field, respectively are stimulated and exaggerated by a medium and are 
estimated by a material’s tendency to disperse electric and magnetic fields 
in reaction. In terms of electromagnetic characteristics, an illustration 
(Figure 10.1) has been used to represent different types of materials. Most 
dielectric materials fall within Region I in the upper-right quadrant, which 
includes constituents with positive values of both ε and µ. Ferroelectric 
materials, metals, and doped semiconductors having negative permittiv-
ity at specific frequencies fall within Quadrant II (lower than the plasma 
frequency). Region IV contains a few ferrite materials manifesting nega-
tive permeability; however, their magnetic responses diminish promptly 
beyond microwave frequencies. Quadrant III, when values of both per-
mittivity and permeability are negative, is the most fascinating region in 
the material parameter space. There is no such material in nature [15, 16].
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10.3 Experimentation to Justify Negative Refraction

The debate over negative refraction open the doorways for global study 
in this field, which came to an end with the findings of the experiments 
carried out by Houck et al. and Parazzoli et al. These experiments back 
up the original findings and advocate Veselago’s idea. Houck et al. [17, 18] 
at the MIT Media Laboratory, Massachusetts used wedge-shaped samples 
of both positive and negative-index materials using a planar waveguide 
arrangement and recorded the configuration of transmitted microwaves. 
They utilized a wedge of positive-index material Teflon (Figure 10.2a), as 
a control sample, which deflects the direction of a microwave beam and 
exits the sample by making a positive angle with an antiparallel surface, as 
per Snell’s law. On the other hand, a metamaterial wedge constructed of a 
network of rings and cables caused the emerged beam to exit at a negative 
angle for specific frequencies (Figure 10.2b). The researchers employed 
two distinct wedge samples with the incidence of wave on the metama-
terial at two unlike angles to establish that the emerged beam was trig-
gered by the intrinsic negative index of the wedge (Figure 10.2b) rather 
than a lossy or diffractive sample artifact. In both examples (Figure 10.2a 
and b), negative refraction was observed at angles that were compatible 
with samples with apparent negative index, thereby confirming Snell’s law. 
The researchers demonstrated that a rectangular-shaped metamaterial may 
divert photons from a proximate antenna, fulfilling one more of Veselago’s 
numerous speculations.

µ

ε

ε < 0, µ > 0
Metals, doped

semiconductors

ε > 0, µ < 0
Some ferrites

ε < 0, µ < 0
No natural
materials

ε > 0, µ > 0
Most dielectric
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Figure 10.1 Quadrants representing different types of materials.
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Parazzoli et al. at Boeing’s Phantom Works division fabricated a wedge 
sample suitable for free-space measurements by taking a different method-
ology (Figure 10.3). 

The Boeing sample, which is based on a ring and cable arrangement, 
visibly validates negative refraction [19]. The negatively refracted beam 
does not decline in any unusual way as a function of distance, even when 
measured to the extent of 28 wavelengths and nearly 66 cm away from the 
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Figure 10.2 Refraction in a conventional material with a positive refractive index (a) 
versus a negative-index metamaterial (b). The incident beam (θ) comes in through the air 
and deflects in a usual (θ’) or metamaterial (-θ’) refraction pattern.
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sample, as in the MIT experiment performed by Houck et al. [4]. Using 
electromagnetic simulations, the Boeing team calculated the metamateri-
al’s refractive index. The resulting value is in perfect corroboration with 
the refraction data and exhibits similar frequency-dependent fluctuation 
as the experimentally measured index.

10.3.1 Reverse Propagation

The transmission of an electromagnetic wave is reversed when the index 
of refraction is negative. It is now possible to achieve resolutions below the 
diffraction limit. Subwavelength imaging is the term for this type of imag-
ing. Another capability is the capacity to transmit a light beam through 
an electromagnetically flat surface. Conventional materials, on the other 
hand, are frequently curved and can’t resolve the diffraction boundary. 
Furthermore, changing the direction of electromagnetic waves in a material 
and combining it with some other common material (such as air), reduces 
the losses that would otherwise occur. The negative index of refraction is 
also shown by the reversal of the electromagnetic radiation, which has a 
perpendicular phase velocity [1, 3, 4].

10.3.2 Properties of NIMs

Designer materials with a variety of unique and switchable electromag-
netic properties at practically configurable wavelength bands are becoming 
a reality as NIMs design and fabrication methods become more common. 
Metamaterials investigations have exploded in today’s modern era because 

Figure 10.3 Ring and cable assembly depicting negative refraction.
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of the incredible capabilities they provide for manipulating light. Artificial 
chirality [20], negative refraction [21], optical magnetism [22], remark-
able optical transmission [23], and super absorption [24] are examples of 
exceptional properties. Out of the various published designs for achieving 
NIMs at optical frequencies the multilayer fishnet design (3D structures) 
emerges as the most propitious architecture in terms of the figure of merit, 
tuneability, and strong negative values [25]. 

Moreover, NIMs are specialized composites that are fabricated to achieve 
a specific goal and can be combined to provide optical qualities that are 
rarely found in nature. The composite material’s qualities are derived from 
its framework assembled from constituents that are smaller than the impos-
ing electromagnetic wavelength and also manage the distance smaller than 
the imposing electromagnetic wavelength. Strange and counterintuitive 
features are currently being used to manipulate electromagnetic radiation 
in wireless communication systems. The study still going on in different 
areas of the electromagnetic scale, such as visible light [1, 4].

10.4 Electromagnetic Response of Materials

To comprehend NIMs, one must first grasp the concept of electromagnetic 
wave sensitivity in general. Electromagnetic response in homogeneous 
materials is primarily ruled by two factors. The first characteristic, ε(ω), 
specifies a material’s response to the electric component of the beam of 
polarized light (or another electromagnetic wave), while the second fac-
tor, μ(ω), describes its response to the magnetic field component at a fre-
quency. ε(ω) and μ(ω) are frequency-reliant complicated values, therefore 
providing a total of four parameters that fully explain the response of an 
isotropic material to electromagnetic radiation at a particular frequency 
value as:

 ε(ω) = ε1(ω) + iε2(ω) (10.1a)

 μ(ω) = μ1(ω) + iμ2(ω) (10.1b)

The parameters ε and μ are the most significant and convoluted param-
eters for most of the materials, dictating the response between light and 
matter. Nevertheless, there are appreciable electromagnetic characteristics 
that explain wave propagation in other fields of study that are associated 
with the material parameters presented in Eqs 10.1a and 10.1b by simple 
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arithmetic relationships; for instance, absorption or refraction processes of 
a material characterized by ε and μ. The index of refraction is an often used 
EM parameter that measures the EM wave’s speed as it propagates through 
a material and is demarcated as:

 n(ω)2 = ε (ω)μ(ω) (10.2)

Furthermore, the refractive index is used to calculate the deflection of a 
light beam as it passes through an interface amid two materials with unlike 
refractive indices. Willebrord Snell [26] offered a quantitative measure of 
this bending in 1621, demonstrated that:

 n1sinθ1 = n2sinθ2 (10.3)

where n1 and n2 specify the first and second media’s index of refraction, 
respectively, θ1 and θ2 mentions the angles that the light waves make, with 
the normal surface of each medium. A basic ray tracing illustration (Figure 
10.4) depicts the emergence of waves from a point source in vacuity, inci-
dence on a slab of positive refraction index material.

RHM
n > 1

LHM
n < 1

Figure 10.4 A point source illuminates a conventional slab of glass (pink) on the left 
(brick red lines). Eq. 10.2 depicts Snell’s Law showing the divergence and refraction of rays 
at the interface. A flat slab of NIM is depicted on the right, with rays from a point source 
(brown lines) incident upon it. The rays refract at the interface in this example, according 
to Snell’s law, but with an index of n = -1.
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When the rays from the source reach the slab’s surface, they deflect at 
the contact between the glass and free space at an angle specified by eq 
10.2. The refractive index is always considered to be positive in almost all 
educational institution’s transcripts based on electricity, optics, and mag-
netism. Nature, on the other hand, has kept a colossal secret from us, which 
Russian physicist Victor Veselago uncovered first. He understood that if he 
identified a material with negative values for both the electric (ε(ω) < 0) 
and magnetic response functions (μ(ω) < 0), the value of n(ω) would also 
be negative. Even though Veselago speculated that naturally occurring neg-
ative refractive index materials would be discovered or produced, however, 
such materials have never  been observed. Artificially structured NIMs, 
on the other hand, can have systematized electric and magnetic responses 
over a broad spectrum of the frequency range, therefore, it is realistic to 
attain the conditions ε < 0 and µ < 0 in these aggregates thus validating the 
fabrication of Veselago’s proposed material.

10.5 Application of NIMs

NIMs are emerging materials and will linger to have control over the 
domains of engineering, materials science, nanotechnology, optics, phys-
ics, and many other divisions of study by allowing access to new worlds 
of material response. NIMs are being combined with traditional devices 
that transmit, broadcast, shape, or accept electromagnetic signals traveling 
across wires, cables, or air. The qualities of the materials, equipment and 
systems used in this project could be changed or enhanced. As a result, com-
mercially available metamaterial antennas and accompanying equipment 
are already doing this [27]. Furthermore, these metamaterial apparatuses 
are still being explored in the wireless sector. Other applications are being 
investigated as well. These include electrically small resonators, radar-mi-
crowave absorbers, waveguides that can work beyond the diffraction limit, 
enhanced electrically small antennas, phase compensators, and advances 
in microwave lenses [28–31]. The evolvement of superlens makes it possi-
ble to obtain imageries below the diffraction limit in the optical frequency 
regime. Optical nanolithography, nanotechnology circuits, subwavelength 
photolithography, and near-field superlens for biomedical imaging are all 
possible applications for negative-index metamaterials [32].

NIMs also find use in various optoelectronic devices like Electro-optical 
meta devices [33–35], Liquid-crystal meta devices [36, 37], Phase-change 
meta devices [38–40], Superconducting meta devices [41, 42], Ultrafast 
photonic meta devices [43, 44], Nonlinear meta devices with varactors [45, 



214 Electromagnetic Metamaterials

46], meta devices driven by electromagnetic forces [47, 48]. Researchers are 
continuously working on NIMs to explore their potential applications in 
different domains allowing access to new dimensions of material response.

10.6 Conclusions

Over the last two decades, there has been a surge in interest in metamateri-
als research. NIMs are rationally built composites made up of customized 
building blocks using one or more constituent bulk materials that have 
qualities that are superior to their constituents. NIMs are gaining traction 
in a variety of engineering fields, including mechanical, acoustic, transport 
characteristics, materials science, nanotechnology, optics, physics, and a 
variety of other fields. NIMS showing a negative refractive index have been 
designed in the broad wavelength range of 1500 nm - 200 THz - GHz to 
visible light, Infrared, and others. Because of their ease of production and 
reduced design complexity, 1D and 2D model architectures paved the way 
for 3D microstructures and nanostructures.
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Abstract
It is not unexpected given the recent quick advancements in the realm of metama-
terials that the concept of metamaterials was uncovered as quickly as the founda-
tions for macroscopic characterization were established and a strong similarity to 
optical crystals was made clear. There has been a significant amount of interest in 
and growth in electromagnetic materials. Using SPR sensors, metamaterials, a new 
family of artificial electromagnetic (EM) substances with subwavelength regularity 
that is strongly influenced by indices of refraction, are helpful. During the year 2000, 
production of them within the microwave range of frequencies started. Notable 
cases of unusual phenomena like immaculate focusing, negative index of refrac-
tion, and transparency cloaking have sparked a lot of interest in them. The emerging 
area of electromagnetic metamaterials has given rise to novel phenomena like the 
negative index of refraction and technological innovations like the electromagnetic 
cloak. Engineered electromagnetic materials have advanced significantly within a 
decade of studying metamaterials, from microwave to optical frequencies. The vari-
ous kinds of metamaterials were covered in this chapter, along with their character-
istics and uses. The theory, experimentation, and uses of metamaterials are briefly 
highlighted in this chapter. The primary emphasis is placed on the meta-atoms that 
make up matter, how light is transformed, how negative refraction works in practice, 
and other topics. The many different procedures used to create metamaterials with 
dynamic behavior are logically divided into different groups and are then graphically 
presented. Metamaterial technology has advanced for several applications in the last 
ten years. Countless innovative metamaterial types with unusual electromagnetic 
properties, such as negative index, optical magnetism, etc., have been discovered. 
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The field of electromagnetic metamaterials has experienced remarkable expansion 
and attention given the recent demonstration of unique phenomena.

Keywords: Metamaterials, single negative metamaterials, double positive media, 
permittivity and permeability

11.1 Introduction

The development of artificial dielectrics in microwave engineering 
immediately following World War II marks the beginning of the history 
of metamaterials. However, just before the climax of the 19th century, 
pioneering research into artificial materials for regulating electromag-
netic waves was conducted. Based on the qualities of concern, it can have 
a myriad of starting locations. Beginning in 1904, similar initial wave 
research continued for most of the first part of the 20th century. The phase 
velocity to group velocity link as well as the wave vector to pointing vec-
tor connection were both the subject of early investigation. Metamaterials 
have been described as artificial recurrent formations whose fretwork 
constants are smaller as compared to the wavelength of the radiation 
that enters. Consequently, a negative index of refraction features is deliv-
ered. Metamaterials are a mixture of meta and material. According to 
Sihovola, the Greek term “meta” signifies “beyond,” “altered,” “changed,” 
or “advanced.” The electromagnetic properties of metamaterials can be 
accurately altered to a non-natural status. They are typically composed of 
synthetic materials. Thus, a theoretical investigation is offered. To show 
the effectiveness of synthetic materials, a microwave test has been per-
formed on a perverted framework. Subsequently, theoretical research 
by physicists was reported and artificial electric plasma was created by 
Pendry et al. in [1] using a synthetic wiring medium with negative per-
meability. Following that, negative permeability magnetic plasma was 
created in 1999 using split-ring resonators (SRR). Smith and colleagues 
found a substance with a gradient refractive index in 2004 that possessed 
the capability of curving waves with electromagnetic status. Metamaterial 
opens up an entirely new, interesting realm favoring the scholarly com-
munity. Since most people are now familiar with the generalized idea 
of a negative refractive index, research is now focusing on applications 
in real-world situations. To produce an optimal combination of two or 
more reactions to a particular stimulation that is not possible naturally, 
metamaterials are categorized as tiny composites with anthropogenic, 
periodic cellular structures, and three dimensions. As a result, the devel-
opment of metamaterials can be boiled down to the development of a few 
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artificial materials that interact at radio, microwave, and eventually opti-
cal frequencies [2]. Conventional waves propagate energy but not matter 
through the medium (material). As an example, in a pond, waves don’t 
move the molecules of water around; instead, the wave’s energy is carried 
via water which helps to keep the molecules in position. 

Additionally, as electric charges like electrons and protons move, they 
generate electromagnetic fields that convey electromagnetic radiation, 
often known as light. An altered magnetic field will result in an altered 
electric field, and vice-versa. These varying fields produce electromagnetic 
waves. Electromagnetic waves, as opposed to mechanical waves, can move 
without the need for a medium. This suggests that all these waves can travel 
into void space in addition to solid materials like air and rock.

Figures 11.1 and 11.2 represent how metamaterials and functional sur-
faces work; negative-index metamaterials configuration, respectively.

After the successful creation of the very first negative index metama-
terial as seen in Figure 11.2, the subject of metamaterials has become 
an increasingly prevalent topic across several professions. Owing to a 
certain remarkable new use in industries, including solar cells, cloak-
ing gadgets, lightweight antennae, and field super lenses. Recently 
published multiple monographs offer details on the metamaterials’ com-
plete outline and many noteworthy references [2]. Considering recent 
developments and the fascinating prospective uses of electromagnetic 
metamaterials, precise mathematical evaluation and simulation of meta-
materials are necessary. In actuality, the creation of new metamaterials 
and the finding of novel metamaterial phenomena have both depended 
heavily on computer simulations of metamaterials. However, a lot of 

Figure 11.1 Functional surfaces of metamaterials.



222 Electromagnetic Metamaterials

simulations have been done up to this point utilizing at some point the 
traditional limited-difference time-domain (FDTD) technique or tools 
at the commercial level (i.e., COMSOL and HFSS). Although the FDTD 
method is popular among engineers, it produces the so-called staircase 
effect [3] when applied to a domain with complicated geometry. Even 
though the FDTD technique is well-liked amongst engineers, it results 
in the infamous staircase effect when employed on a domain with intri-
cate geometry. To adequately address Maxwell’s equations, the finite ele-
ment technique (FEM) is commonly utilized, especially in domains with 
complex geometry. It is worth noting that several kinds of literature on 
very smaller elemental techniques for Maxwell’s equations concentrate 
on medium with free space, with the possible exception of a handful of 
studies on dispersive media. The finite element approach and the applica-
bility of the equations formulated by Maxwell concerning metamaterials 
in the domains of time and frequency have been the subject of several 
investigations [4]. It would be better to find an appropriate technique to 
transform the time-to-domain metamaterial concerning Maxwell’s equa-
tions into a type of vector wave problem, with only one unknown, since 
it would enable a considerably faster approach. What follows is moti-
vated by the orbit of two artificial satellites A and A+ around planet P. We 
assume that they move in a synchronized manner and distribute a circu-
lar orbit on the horizontal plane for the arc length l of the orbit between 
them to remain constant at all times. Presume that l is smaller than the 

Figure 11.2 Configuration of negative index metamaterials.
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orbit’s | | half-length. After that, the triangle 1APA+ can be created. The 
three interior altitude lengths are important. Our calculations of these 
lengths will be important for constructing communications networks as 
well as other defensive tactics, among other things, because they rely on 
the orbit and can be calculated in a variety of ways. In the ideal scenario 
described earlier, it is not difficult to achieve the required approxima-
tions or bounding constants. However, in the grand scheme of things, we 
might be accounting for different orbital types, such as elliptical ones, or 
the fact that point P is not the middle of the earth, etc. The corresponding 
predictions are then hard to find.

ENG metamaterial

(a)

(c)

Split-ring
resonators Wire

dielectric

metallic
rods

Split-ring
resonators

Circuit
board

(b)

MNG metamaterial DNG metamaterial

Figure 11.3 (a) ENG metamaterial. (b) MNG metamaterial. (c) DNG metamaterial.

Metamaterials are unnatural materials that might not be easily 
encountered in “nature” in their original form. Usually, the features of 
these materials come from their architecture instead of their makeup, 
and they leverage tiny inhomogeneities to create effective macroscopic 
behaviors. Metamaterials are currently a component of the general 
field of electromagnetics. The unique and desirable characteristics that 
metamaterials display as a reflection of their distinctive structure and 
design are what define them. The macroscopic functional permittiv-
ity and permeability of a specific composite medium is affected by the 
interaction of electromagnetic waves with inclusion to produce electric 
and magnetic moment. Considering metamaterials can be produced 
using purposefully made inclusions that are inserted in specific host 
media. Inclusion mixtures, shape, size, and host material properties are 
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just a few of the independent factors the designer can access as a result  
(Figure 11.3). These design features could have a big influence on the 
result. Each of these designs has inclusions with a morphology that gives 
metamaterials more processing choices. Because of their unique acous-
tical, electromagnetic, optical, and mechanical properties, they have a 
great deal of ability for a variety of applications. The challenge of supply-
ing the innovative capabilities offered by metamaterials employing con-
ventional design is also another factor contributing to the rising interest 
in the advancement of metamaterials. Recent studies have shown that 
the metamaterial phenomenon can be used to build energy recovery 
technology, particularly in the area of lower-intensity energy scavenging. 
Using algorithms to order fundamental aspects at the Techniques are 
utilized to establish the correct sequence of response to incident energy 
at the sublevel of the micron scale. Additionally, there are many oppor-
tunities for harvesting energy due to the simplicity of customizing meta-
materials in harmony with sources of energy like acoustic, mechanical, 
optical, and microwave. A full understanding of their categorization, 
manufacture, and potential for customization characteristics, such as 
size, structure, and lattice planes, is required for the creation and choice 
of the right energy recovery metamaterial. This project seeks to give you 
that deeper comprehension. Together with numerous ideas and tests, 
the use of metamaterials to exhibit and evaluate energy from various 
sources  including sound waves, solar waves, and mechanical motions 
is also investigated. As the science of materials has advanced, photonic 
substances, that employ the photon of light as the principal additional 
source of information, have been developed. As a result, photonic crys-
tals were developed, and in the early years of the millennium, it was 
demonstrated that the refraction of metamaterials which is negative as 
regards index would likely function in the microwave (10.5 Gigahertz) 
and optical ranges. Six years later, yet again in the microwave realm, the 
first metamaterial cloaking proof of concept—which obscures an object 
from view—was shown. As the field of materials science developed, 
photonic materials, which use the photon of light as their main informa-
tion carrier, were developed. As a result, photonic crystals were devel-
oped, and concrete evidence experiments for functional metamaterials 
with negative indices of refraction in the optical and microwave (10.5 
Gigahertz) bands were conducted at the beginning of the millennium. 
The first metamaterial cloaking proof of concept, which hides an object 
from view, was shown about six years later. There are various types of 
electromagnetic metamaterials as indicated below. 
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a) Negative refractive index
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Figure 11.4 A left-handed comparison of metamaterial refraction in normal material.

b)  Those metamaterials that possess an index but are negative can be dis-
tinguished by said (negative index) refraction (NIM). NIMs are often 
referenced as media with something like a negative index considered 
refractive, media with a reverse wave, and that which is regarded as left-
handed. Double negative materials (DNG) are the other nomenclature 
for NIMs in which Negative permeability and unfavorable permittivity 
combine to produce negative indices of refraction [5].

c) Negative Single (NS)
Only negative relative permeability can be found in single negative meta-
materials (r). It is claimed that they serve as metamaterials when they are 
amalgamated with second, alternative single negative metamaterials and 
act as a double negative metamaterial as a whole. Rather than displaying a 
negative r, the negative to epsilon’s media exhibited a positive r. Many plas-
mas feature this character. Gold or silver are well-known metals. Metals are 
ENG for both the visible and ultraviolet spectral regions, including gold 
and silver. Positive εr and negative µr are seen in other media which have 
been explained [6]. Materials regarded as gyromagnetic have got this fea-
ture and the term gyrotropic describes a material that has undergone mod-
ifications as more than just a product of output in a stable equilibrium. In 
this type of substance, the rates of left and right-hand circulating elliptical 
polarisation propagation can vary. The Faraday impact occurs when light 
pierces a surface substance deemed magneto-optic. A Faraday rotator can 
then be made by rotating the polarisation plane (Figure 11.4). The rotation 
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orientations of these two primary polarizations are reversed in optical iso-
mers, which are two gyrotropic materials.

11.2 Hyperbolic Metamaterials

Due to the severe anisotropy caused by both the negative and positive per-
mittivity tensor components of hyperbolic metamaterials generate, they 
simultaneously serve as a defined path for light transfer and an insulator 
for the opposite. The metamaterial is considered to be hyperbolic if the 
transfer function in wavevector space has a hyperbolic form. Because of 
the high anisotropy of hyperbolic metamaterials light propagates both 
inside and outside in particular directions. In addition to improved reflec-
tion modulation,  plasmon resonance effects, optical signal steering,  and 
imaging, Hyperbolic metamaterials have shown a variety of other potential 
applications [7].

d) Bandgap
Metamaterials with electromagnetic bandgaps control how light travels 
(EBG or EBM). To do this, left-handed materials known as photonic crys-
tals (PC) are used (LHM). Computers can fully halt the spread of light. 
Both classes may make bandgaps at selected frequencies and enable light 
to travel in planned, desired paths. Electromagnetic bandgaps produce 
interruption that is simultaneously productive and detrimental since a 
sizeable chunk of their wavelength is taken up by their period. PC can be 
differentiated from subwavelength structures like in the case of tunable 
metamaterials because they get their attributes from the characteristics 
to obtain from bandgap. In contrast to other metamaterials that reveal 
wavelength at the substructural level, photonic crystals are proportioned 
to the light’s wavelength. PCs also use light scattering to power their 
operations. Nevertheless, metamaterial does not employ diffraction. 
Occasional inclusions in PCs generate harmful scattering interference 
that prevents waves from propagating. Thanks to their photonic bandgap 
property, computers are the electromagnetic counterpart of electronic 
semi-conductor crystals.

e) Medium that is Double-Positive
Nature has double positive media, just like natural sources of dielectrics. 
The dissemination of wave is pushed further ahead while permittivity and 
magnetic permeability are also both positive. Materials with intentionally 
blended DPS, ENG, and MNG features have already been created.
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f) Bi-isotropic and bianisotropic
Usually, it is believed that metamaterials have two distinct responses (i.e., 
magnetic and  electric)  magnetic responses and these responses can be 
classified as dual, single, or dual positive. When the electric field regularly 
leads to magnetic polarisation while the magnetic field frequently pro-
duces it, this is a phenomenon termed the coupling of magnetoelectric. 
Bi-isotropic media are those in question. Several metamaterial structures 
are anisotropic and exhibit magnetoelectric interaction in bi-anisotropic 
media [8, 9]. Four material properties control the intrinsic magnetoelec-
tric coupling of bi-isotropic media. The flux densities for electricity (E), 
magnetism (H), electricity (D), and magnetism (B) are exactly that. The 
letters, and, represents  permittivity, permeability, chirality strength, and 
the Tellegen parameter, respectively, are used to represent these variables. 
Modifications in a revolving coordinate system of measurements do not 
affect the material properties in this type of medium. In this sense, they are 
scalar or invariant.

g) Chiral
Since the phrase left- and right-hand are used, there is a contestation for 
this phrase in the literature on metamaterials, metamaterial handedness 
may be misunderstood. The first refers to either of the two circular polar-
ization oscillations that serve as the mechanisms of transmission in chiral 
media. The second discusses the trio of various phenomena (i.e., magnetic 
field, electric field, etc). that appears in media with negative refractive indi-
ces, which are often nonchiral. An electromagnetic response that is chiral 
and/or bianisotropic is typically caused by 3D geometrical chirality: 3D- 
metamaterials, which display a phenomenon of mirror images related to 
polarization impacts such as optical activity and dichroism that is rota-
tional, are synthesized in a host medium. According to the notion of 2D 
mirror images, a flat object is considered chiral if it is unable to be super-
posed onto its mirror counterpart without being elevated off the plane. 
Circular conversion dichroism causes anisotropic and this has been It has 
been shown that lossy 2D-chiral metamaterials transmit (reflect, absorb) 
circular polarization waves in a directionally asymmetric manner.

11.3 Properties of Metamaterials

The idea of metamaterials is without a doubt one of the most significant 
recent developments in the study of complicated media and unusual mate-
rials. Researchers that investigate difficult media have already coined the 
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word to describe a class of synthetic materials having peculiar electromag-
netic properties that are absent in natural materials [11]. This idea has led 
to the use of the Greek word “meta” to describe the “uprising” of unique 
features from a specific annexing of materials that exhibit traditional elec-
tromagnetic characteristics [12]. The definition of the prefix “meta” in the 
context of metamaterials that is currently most frequently used is “beyond” 
as in the phrase “metaphysics.”

Veselago has described the most intriguing features of DNG materials, 
which we shall briefly examine. Let’s pretend that an electromagnetic field 
is moving above an unconstrained DNG medium as plane waves. Because 
all of the domains (including the wave’s vector, magnetic fields, and electric 
fields) follow the left-hand principle, the wave’s vector displays the reverse 
of the Poynting vector. This allows any portion in a recurring series of 
changes to expand along a similar direction like in the case of the energy 
but with the inverse direction. As a result, the plane-wave transfers energy 
as it would in a conventional material, but phase-front propagation is in 
the opposite direction. This is a novel finding when comparing this result 
to those derived from the electrodynamics of common materials. However, 
we must point out that the electrodynamics of common materials also dis-
plays the property of having distinctive routes for the energy circulation 
and the velocity stage. Phase velocity and Poynting vector in anisotropic 
biaxial materials form an angle and are not comparable. This results in a 
180° angle amongst the Poynting and waves vectors for a plane vibrating 
system in DNG metamaterials, which is unusual for a macroscopically 
homogeneous and isotropic material. Veselago saw a fresh and unexpected 
result that has other fascinating unintended consequences. For example, 
the Doppler shift in a DNG medium that has no limits differs from that 
in ordinary materials in the reverse directions [13]. Whenever the person 
or place or thing moves a distance apart from the viewer while the viewer 
remains static, the frequency perceived increases, and it decreases when 
the source advances to the viewer. This attitude is rather strange and con-
tradicts logic. Taking into consideration the case that is a little more diffi-
cult of a consistent plane wave infringing at a certain angle on an unending 
planar interaction between two materials—a regular and DNG material—
to see how it might affect the results. We also should note that alternative 
techniques can also produce negative refraction, which does not necessar-
ily result in refraction with a negative index. Without being able to deter-
mine an index of refraction, some EBG materials, for instance, can allow 
negative refraction (or, better yet, a negative direction of the beam), to arise 
from these [14, 15]. The exposition of all the aforementioned traits first 
gave off the impression to be intellectually fascinating but without a direct 
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correlation to applicability. Also not known at the time were the practi-
cal applications for such unusual materials. Before talking about these two 
components, we’d want to examine some other aspects of metamaterials 
(real implementation and potential applications). First off, due to energy 
considerations, a material with constant and real values of negative of the 
property of dielectric medium and the permeability at any frequency can-
not produce a macroscopic reaction [16]. In essence, if it were possible, the 
energy content of the electromagnetic field would’ve been negative, which 
is clearly against the principles. This simple presumption forces extra pro-
hibitions on the frequency behavior of the permittivity and permeability 
functions and prohibits them from acting randomly. As a result, materials 
with negative constitutive characteristics must be dispersive. The inter-
ested party can learn more about this topic by doing further research [17]. 
Furthermore, causality prevents a material with frequency-dependent con-
stitutive properties from being completely lossless. Kramers-Kronig cor-
relations, which are originally derived by enforcing causation, relate the 
actual and fictitious components of a dispersion medium’s fundamental 
features [17]. These first considerations lead to the realization in the pro-
cess of modeling a metamaterial with negative values for its constitutive 
parameters, propagation and loses must be taken into consideration. From 
the standpoint of applicability, material losses and propagation also cause 
components based on metamaterials to operate narrowband and perform 
less efficiently. As a result, these two aspects in particular need contin-
ual attention. Materials that concurrently display negative real portions 
of permittivity and permeability are considered to be the first and most 
well-known category of metamaterials. These substances are also known 
as “left-handed substances,” “dual”-negative (DNG) substances, “negative 
index substances,” and “reverse (BW) media.” These materials (i.e., ENG, 
DPS, DNG, and MNG) each exhibit unique characteristics, as seen in 
(Figure 11.5). These names have their genesis here.
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Figure 11.5 Different terms in the study of metamaterials.
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11.4 Application of Metamaterials

Metamaterials provided alternate and untapped perspectives that provided 
exciting answers, quickly addressed challenging problems, and overcame 
the inherent constraints of both conventional and cutting-edge technologies 
because of their abnormal contact with the electromagnetic field. Since the 
first experimental confirmation of metamaterials [17], it is now common 
practice in electromagnetics to consider materials with extreme (i.e., very 
low and very high) permittivity and permeability, negative refractive index, 
negative permeability, and permittivity. Therefore, this became possible to 
revisit every notion from traditional electrodynamics and practical electro-
magnetics from a completely fresh perspective, leading to the discovery of 
novel electromagnetic material characteristics, the expansion and general-
ization of electromagnetic concepts, the circumvention of the inherent limits 
of traditional materials, and the enhancement of the effectiveness of existing 
devices through novel designs encompassing the new metamaterial proper-
ties. Following Martin’s [13] findings and Veselago’s presentation of them, 
Pendry [18] put out the idea for the ideal lens as the first and presumably eas-
iest use of a DNG metamaterial. A flawless lens is composed of an incredibly 
long flat surface of a DNG substance bathed in a vacuum. Essential features 
of the DNG, that have a constant thickness d, are in opposition to that of the 
vacuum (relative permittivity and permeability which are both equal to –1). 
The anomalous effects at the two interfaces between the slab and the vacuum 
allow the DNG planar slab to create a perfect image of a source placed at the 
interval of time d/2 before the lens as well as d/2 from the lens. To create a 
perfect image, the dissimilating and disappearing portions of the source spec-
trum must point to the image’s plane. Due to the interfacial events that occur 
at the contact points of the ideal lens, the subwavelength components of a pic-
ture can be precisely focused on the focal plane. Conventional lenses can only 
reconstruct the dissimilating portions of an image. Anyone with curiosity can 
obtain information regarding the potential uses of perfect lenses that operate 
at different frequencies [19–21]. Now, utilizing the ideal lens outcome, we will 
present a conventional, application-focused definition of metamaterials. The 
term “metamaterials” here refers to a brand-new functionalizing layer in the 
technology platform that lies between the concepts of “material” and “device.” 
Because they are materials that can carry out some tasks independently, meta-
materials are more than just the fundamental components for producing a 
device. Metamaterials are therefore located in the middle of the two basic 
conceptions of material and device and are consequently closer to the action 
of a device than either of the two. The DNG sheet of the perfect lens serves 
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as a buffer, an activator, and an enabler of lens action in this manner. We are 
going to briefly discuss a few ideas that serve as the foundation for several 
uses of metamaterials across microwave frequencies to learn more about the 
physics underlying the operation of the ideal lens. Both an insulating medi-
um’s feature and a quantitative measure of a material’s degree of magnetism 
exhibit a sign inversion while moving through two contact points between 
the DNG surface and vacuum. When the permittivity, as well as permeabil-
ity substances sign flips, the tangential magnetic field’s ratio of the interval 
and horizontal distances between the points changes across the interface. The 
slope of the tangential electric field also varies with the sign flip of the perme-
ability, and it also changes with the sign flip of the permittivity. 

Whereas, if multiple substances’ variables are specially selected, a rever-
berating method that is restricted to the interaction can be thrilled, as is 
the situation at specific wavelengths at the interaction among a plasmonic 
material (such as a noble metal) and a frequent dielectric or vacuum. The 
higher intensity of the subwavelength constituents and consequently the 
ideal lens efficiency is caused by these interfacial resonances. Only per-
meabilities that are transverse-electric (TE), are significant. However, 
only permeabilities matter when the source field is transversely magnetic. 
Therefore, depending on the polarity, the best lens can be made from either 
ENG substance or MNG substance. This is a crucial subject since a real 
DNG perfect lens is challenging to develop and manufacture. In actual-
ity, there exist similar difficulties as we moved beyond high-performing to 
real ones. The smallest characteristic that the lens can detect should ideally 
be contained by inclusion size and separations. Reductions are severe and 
could prevent perfect-lens functioning from occurring, logically speaking.

The fact that the interface resonance produced by the combination of a 
DPS and a DNG material is unaffected by the total thickness of the sets of two 
specimens is another noteworthy finding [37]. Because of this, it is feasible 
to drastically reduce the size of both samples of the two substances while still 
maintaining a pattern resonance in the interconnection. The 1D subwave-
length resonator that was suggested as the first instrument to harness these 
physical phenomena blends a substance with a standard dielectric DNG that 
contains the same real values of the variables thought to be constitutive.

The longitudinal dimension of the resonator is hypothetically unlimited 
in the second instance. Naturally, if the appropriate modifications are taken 
into account for its practical implementation. The actual dimension of the 
additions and relative interval, considering Li et al. [38] as well as the level 
of the innovation into account, determine the smallest diameter that can be 
achieved. The intriguing finding is that by employing metamaterials, it is 
possible to make the longitudinal diameter of the resonators independent 
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of wavelength and hence even lower than the conventional half-wavelength 
size. The breakthrough of phase compensation has the potential to minimize 
the size of any constituent and build innovative, more efficient technologies. 
It is impossible to generate this impact using standard substances. Unlike 
traditional equipment, whose least parameters are ascertained by the oper-
ating wavelength, the use of metamaterials has made it possible to create 
surface and metallic waveguides, dipoles, monopoles, microstrip antennas, 
absorbers, etc. with circumferential facets, lengths, and thicknesses that are 
considerably smaller than the correct wavelength [22–25].

Numerous guided-wave metamaterial techniques have been developed, 
such as strict coupled-line phase, coupling-level impedance defined by 
impulse, remarkable multiple surface compact formations, resonators with 
zeroth sequence having a  uniform field dispersion, and dual-band and 
augmented components. Figure 11.6’s illustration of the CRLH impedance 
coupler demonstrates how a new concept works.
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Figure 11.6 (a) Resistance combined coupler with variable coupling levels. (b) Microstrip-
enabled shunt stub inductors including an interdigital series capacitor.
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11.5 Single Negative Metamaterials

Noble metals and some dielectrics have been discovered to display a fas-
cinating and anomalous electromagnetic reaction in the visual spectrum. 
These materials contain electric resonances in the microscopic molecule 
domain that generally results in a negative electric property of a dielec-
tric medium for huge quantities medium at optical frequencies. Similar to 
something like this, further research logically suggested and constructed 
metamaterials by appropriately putting matched additions in a particular 
host material. These metamaterials had non-standard ratios of their inher-
ent features. These metamaterials operate at lower frequencies to mimic 
the chemical processes that give rise to these aberrant resonances. The 
construction of these metamaterials and, consequently, their electromag-
netic reactions, can be carried out with a rather broad degree of freedom 
in today’s world thanks to advancements in modeling and fabrication tech-
nology. Metamaterials have drawn a great deal of interest due to their abil-
ity to manipulate a material’s electromagnetic processes for a wide range of 
uses. It is interesting to note that recent advances in nanotechnology and 
molecular bioengineering have sparked debate among academics about 
the viability of attempting to bring back these metamaterial principles to 
the noticeable frequencies and about the ideal method for creating a syn-
thetic arrangement of the molecule to make unnatural optical metamate-
rials to regulate their electromagnetic attributes at both the level of visible 
and infrared frequencies. Maxwell’s equations, that is, the time-harmonic, 
with an e jɯt time dependence with non-existence, inspired sources are rep-
resented simply as:

  ∇ X E = jɯµ H; ∇ X H = jɯµ E

If we presume that the magnetoelectric coupling is minimal and that 
the substance reaction is at minimum isotropic for a specific band of fre-
quencies and polarities of the fluxes, where ɛ and µ denote the local mag-
netic permeability and permittivity, respectively, and are complex numbers 
when losses are being considered. The majority of materials in nature are 
described by these two quantities based on their electromagnetic wave 
interactions. These two quantities produce values that are following the 
constraints Re[ɛ]≥ ɛ0, Re [µ] ]≥ µ0, Im [ɛ]< 0, Im [µ]< 0, which imply that 
the material is passive and has a greater refraction index than or equiv-
alent to equal value of space that is free. However, assuming a preferred 
dispersion meets with the restrictions imposed by accident, the genuine 
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segments of a passive permeability and permittivity can potentially yield 
any real value at a given frequency [26]. The majority of naturally occur-
ring substances, sometimes known as “double-positive” (DPS) media, pos-
sess positive discrete components for both permittivity and permeability. 
When both of these properties are negative, however, the associated sub-
stances are referred to as “double-negative” media. These materials were 
experimentally realized by the UCSD group in 2000, but because of their 
anomalous wave refraction, the engineering and physics sectors have been 
very interested in them. There, media having a positive permeability but 
a real permittivity component with a negative value is distinguished and 
given the abbreviation “-negative (ENG).” They incorporate plasmonic and 
plasma materials, such as some polar dielectrics and noble metals, below 
their plasma frequencies.

The use of plasmas and other -negative materials has been investigated 
for a long time in a variety of fields. As a result of the advancement of 
nanotechnologies, there has been a rush in research into the plasmonic 
resonances related to subwavelength particles and surfaces. We have -neg-
ative (MNG) materials that can be synthesized from ferromagnetic mate-
rials or artificially synthesized by adding the proper inclusions to a host 
material. The synthetically produced, negative substances are the basic ele-
ments of double negative substances. The terms “negative” and “negative 
substances” can also be employed to describe single-negative media, much 
like double-negative substances.

11.6 Hyperbolic Metamaterials

Metamaterial advancements have occurred in the last 10 years for several 
applications, including faultless absorption, cloaking, and high-resolution 
imaging [27, 28]. Many new metamaterial classes with unusual electrical 
characteristics have been discovered, including those with negative index 
[29], optical magnetism [30], giant chirality [31], epsilon-near zero [32], 
and bianisotropy. The creation of a medium with a cell unit even signifi-
cantly less than the wavelength is the core concept behind all metamateri-
als. The unit cell’s unique resonances, which are governed by its structure, 
composition, and cell-to-cell interaction, produce a specified macroscopic 
electromagnetic reaction. Hyperbolic metamaterials are one type of syn-
thetic media that has drawn a lot of interest [33–45]. They are known 
by this term because of the isofrequency curve’s unusual shape, which is 
hyperbolic instead of circular like in regular dielectrics. They have received 
a lot of interest because of their merit figure, nonresonant reactivity that id 
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broad-band, tunability of wavelength, a huge response with three dimen-
sions, and excellent figure of merit despite their comparatively simple 
nanofabrication (Figure 11.7). 

Numerous uses, such as negative index waveguides, are possible for 
hyperbolic metamaterials, subdiffraction photonic funnels [36], nanoscale 
resonators, and more [37]. The most feasible synthetic media for relatively 
close and transparent wavelength applications are hyperbolic metamateri-
als. hyperbolic metamaterials can be likened to uniaxial metacrystals since 
they have an extreme anisotropic dielectric field. Specifically, ε = diag [εxx, 
εyy, εzz] such that εxx = εyy and εzz. εxx <0. The frequency surface of 
exceptional waves in this medium is best studied to better understand the 
characteristics of hyperbolic metamaterials:

 + ε + ε = ωk k k c/ / ( / ) .x y zz z xx
2 2 2 2

When εzz. εxx < 0, the aforementioned equation denotes a hyperbola, 
with a surface that is easily approachable as opposed to the confined spher-
ical distribution in an isotropic material. The occurrence of propagating 
waves with this dispersion relation’s immediate physical consequence is 
that they have.

(a) (b)

Figure 11.7 (a) Form of multi-layer hyperbolic metamaterials with subwavelength strata 
of metal and dielectric. (b) Nanorod of metal r in a dielectric medium as host.

High-k waves are large wavevectors but are impermanent in traditional 
media. Features of these high-k waves are related to many technologi-
cal applications and processes that are physical in metamaterials that are 
termed hyperbolic. Moreover, it has been suggested by Jacob et al. [38] 
and Smolyaninov & Narimanov [39] that these states result in a wide dis-
parity in the photonic density of states, the controlling physical principle 
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of many phenomena like spontaneity and thermal. This supposition led to 
multiple computational [40, 41] and pragmatic [38] attempts to validate 
the notion and look into the recommended layout of this phenomenon. 
The emphasis of this discussion is on terminology that categorizes the two 
kinds of hyperbolic metamaterials within categories based on how many 
of its constituents contain negative charges in the dielectric tensor [42]. 
Remember that the outcome is an efficient metal that stops waves from 
passing through it because all three of its constituents are negative. Type I: 
If the tensor contains only one negative constituent, or zz 0, we referred to 
that metamaterials as type I hyperbolic metamaterials. Despite being chal-
lenging to accomplish in actuality, they have a low loss because they are 
primarily dielectric. Type II: Type II HMMs are described as consisting of 
two negative components, or xx = yy < 0, in the dielectric tensor. Because 
they are primarily metallic, they exhibit significant loss and impedance 
mismatches with the vacuum.

Two widely utilized techniques for new standard hyperbolic media are 
identified. The first has alternating sections of metal and dielectric, and 
its layer thicknesses are noticeably thinner than wavelengths. The second 
method employs metal nanorods and is based on a permeable anodic alu-
mina dielectric host. These two methods provide the strongly anisotropic 
reaction that is predicted by Maxwell-effective Garnett’s medium model 
[43, 44]. It’s crucial to remember that the necessary reaction’s non-resonant 
makeup allows effective medium theory to forecast it in a wide spectral 
bandwidth. This is crucial due to absorption. The reply of the hyperbolic 
metamaterial can be altered by altering the metal’s component and dielec-
tric’s relative volume ratios.

1. Silver is the best metal because of its small UV and light 
supply loss. In the UV area, alumina (Al2O3) is an effective 
dielectric; yet, at higher wavelengths, the significant negative 
actual portion of the metallic dielectric constant necessitates 
the employment of high-index dielectrics. Titanium dioxide 
is a great choice because of its high pace since it just allows for 
the possibility of impedance that corresponds to a vacuum 
[45]. Near-IR: Conventional plasmonic metals like gold and 
silver do not make good choices for hyperbolic metamaterials 
at near-IR wavelengths. This is because metals exhibit strong 
reflection and increased mismatch with the media around 
them at frequencies reduced as compared to the plasma fre-
quency. Considering their plasma velocity can be changed 
to be situated close to the -IR, the most advanced preferred 
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plasmonic metals depending on oxides and nitrides are per-
fect for usage in hyperbolic metamaterials [46].

2. Doped semiconductors are a potential source of metallic 
basic components for hyperbolic metamaterials at mid- 
infrared wavelengths. Employing phonon-polaritonic mate-
rials, like silicon carbide, whose Reststrahlen group resides 
in the mid-IR range, provides an alternative [47].

11.7 Classes of Metamaterials

The characteristics of the components that comprise a system determine 
how that system reacts to the existence of an electromagnetic field. By 
characterizing the macroscopic characteristics of these substances, per-
meability and permeability are employed to describe these qualities. The 
division of metamaterials into several categories is as followed; Figure 11.8 
shows the division of the medium graphically.

Media that already have permittivity and permeability indices that are 
both above zero (e > 0, > 0) are referred to as double positive (DPS) media. 
The bulk of naturally produced media, including dielectrics, fits this defini-
tion. A medium is considered to be epsilon negative (ENG) if its permittivity 
is less than zero and its permeability is more than zero (e 0, > 0). Many plas-
mas have these characteristics in particular frequency ranges. Media that is 
Mu negative (MNG) are those that have permittivity values greater than 0 
and permeability values less than 0 (e > 0, 0). In specific frequency domains, 
this property is found in some gyrotropic materials. Double Negative media 
are defined as having an attribute of a dielectric medium and a lead to a 

ENG material
ε<0, µ>0
Plasmas

DPS material
ε>0, µ>0
Dielectrics

DPS material
ε<0, µ<0
Not found in nature
But physically
Realizable

MNG material
ε>0, µ<0
Gyrotropic
Magnetic Materials

µ

ε

Figure 11.8 Categorization of metamaterials.
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number of the intensity of magnetization both being less than zero (e 0, 0). 
This category of substances has been only illustrated by artificial constructs.

Various types of metamaterials exist, they are:
A. Electromagnetic metamaterials

 i. Double negative metamaterials
 ii. Single negative metamaterials
 iii. Electromagnetic bandgap metamaterials
 iv. Bi-isotropic and bianisotropic metamaterials
 v. Double positive medium
 vi. Terahertz metamaterials
 vii. Photonic metamaterials.
 viii. Tunable metamaterials

B. Nonlinear metamaterials.
C. Metamaterial absorber

11.8 Electromagnetic Metamaterials

The desire to build or produce something that is not present in the natural 
environment is one of the noteworthy elements of human civilizational 
development [48]. At first, people tried to reorganize their surroundings. As 
they continued to alter the form and composition of the things, separate and 
combine them, humanity eventually developed its first tools (Figure 11.9).  

Figure 11.9 Metamaterial concept.
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As beneficial compounds began to be recovered from natural resources, 
methods became more sophisticated to produce materials with specific 
qualities. As a result of the advancement of molecular and atomic-level 
manipulation techniques, the materials have since been synthesized. 
Moreover, altering specific structures can yield materials with amazing 
properties, giving rise to a variety of composites.

Each material is a composite in some way, even if its constituent atoms 
and molecules are. Thus, moving from materials to metamaterials requires 
little more than replacing the original concept’s atoms with larger-scale 
structures. Metamaterials are a combination of synthetic structural ele-
ments intended to produce beneficial and unique features. Shivola et al. 
[49] provide a thorough analysis of the terms. As illustrated in Figure 11.8, 
most metamaterials are periodic lattices of elements that are similar, which 
are analogous to crystals. The components that make up a metamaterial 
are termed metal molecules or meta-atoms. Recognition of wire meshes, 
splitter ring resonators, conical Swiss rolls, and Swiss rolls through the 
meta-atoms are presented in Figure 11.8, in-depth examined in the study 
and further research of this intriguing domain permitting new forms of 
constitutive elements. Amorphous substances are made up of random or 
crooked arrangements of synthetic structural components. 

 a ∗ wavelength (λ)

Here, λ represents the wavelength of the incident electromagnetic waves.
Efficient permittivity and permeability are concepts that apply in this range.
The field of metamaterials has recently emerged in physics and electro-

magnetic (especially optics and photonics). They are used in microwave 
and optical processes, such as (brand-new beam steerers, modulators, 
lenses, couplers of microwave, and antenna randoms). Forms are a com-
ponent of metamaterials. A metamaterial can affect electromagnetic waves 
by having elemental shapes that are smaller compared to the wavelength 
of electromagnetic waves it interfaces with. The greatest potential use of 
metamaterials is to build such a construct because no naturally produced 
material has a negative refractive index. Glass and water are just two 
examples of substances for use in optics that have good attributes for both 
permeability (µ) and permittivity (e). Nevertheless, a few metals exhibit 
negative (e) attributes at optical wavelengths, namely silver and gold. A 
substance with one (not both) negative e or ions cannot be penetrated by 
electromagnetic radiation. Refractive index (n) is commonly used, even 
though parameters e and µ adequately describe the optical properties of a 
transparent material.
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Figure 11.8 depicts the refraction in left-handed metamaterial and regu-
lar material. Positive e and are present in all known transparent media that 
are not metamaterials. To determine whether n is affirmative, often, the 
square root is employed. Certainly, manufactured metamaterials do, none-
theless, exhibit e < 0 and 0 µ < values. N is authentic because the outcome 
of eµ is favorable. It is critical to determine n’s negative square root in these 
circumstances. A physicist named Victor Veselago showed that some sub-
stances may transmit light. A reduced index of refraction results from the 
negative correlation between double negative metamaterial permeability 
and permittivity. Double negative metamaterials can also be called nega-
tive index metamaterials. The terms “left-handed media,” “reversed-wave 
media,” and “media having an index of refraction that is negative” are also 
used to describe double-negative metamaterials.

In single negative metamaterials, both permeability and permittivity are 
negatively associated. The ENG and MNG metamaterials indicated below 
are those specific ones. Several intriguing studies have integrated two SNG 
layers into a single metamaterial. This is effective in creating a different type 
of double negative metamaterial. To investigate wave reflection, a piece of 
ENG substance and a piece of MNG substance have also been connected. 
As a result, features like resonances, anomalous tunneling, opacity, and 
zero reflection were demonstrated. Akin to double negative metamaterials, 
single negative metamaterials are innately nonuniform, hence variations 
in frequency will affect their quantification and level of magnetization å, 
features of the dielectric medium µ, and refraction index n. Metamaterials 
with electromagnetic bandgaps control light transmission. This is accom-
plished by using either left-handed materials, a separate class, or photonic 
crystals (PC), a type of metamaterial (LHM) Both control and have an 
impact on the propagation of electromagnetic waves and are members of a 
new class of purposely constructed structures (light).

Double positive media (DPS), like naturally occurring dielectrics, are 
present in nature. Permittivity and permeability that is magnetic are both 
positive with the wave dispersion being put forward. Metamaterials are 
frequently categorized as double, single, or double positive substances 
based on the concept that they have distinct electrical and magnetic 
reactions, as represented by the variables. Nevertheless, magnetoelectric 
coupling happens frequently in electromagnetic metamaterials, where 
a magnetic field creates an electrical polarity and the electric field pro-
duces a magnetic polarity. These media are known as bi-isotropic media. 
Bi-anisotropic media are those that are anisotropic and also show magne-
toelectric coupling.
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11.9 Terahertz Metamaterials

Electromagnetic metamaterials have experienced unprecedented growth 
and attention as an outcome of the recent demonstration of unique phe-
nomena such as perfect concentrating, negative refractive index, and 
invisible cloaking [28, 50]. In actuality, metamaterials provide an electro-
magnetic which has been demonstrated and proven impractical in sub-
stances that are found in nature. Metamaterials are manufactured items 
designed to respond to electromagnetic energy in a specific way. These 
substances usually possess subwavelength metallic additions incorporated 
inside or atop a substrate material.

Microwave radiation has been employed extensively in metamaterials 
research, in part because it is simple to create frameworks of subwave-
length at these frequencies. Examples here include early microwave fre-
quency depictions of media possessing a refractive index that is negatively 
made of metamaterial constituents that are negative quantifiable measures 
of the extent of magnetization (µ) and negative properties of a dielectric 
medium (ε). As a result, significant attempts have been made to expand 
the responsiveness of metamaterials concerning terahertz (1 THz=1012 
Hz) [55], near-infrared, and visible frequencies [51–53]. Therefore, these 
designer materials have been proven to span a sizable percentage of the 
electromagnetic spectrum. They also expand and augment natural mate-
rial response. Despite optical wavelengths being the focus of most meta-
materials research, some work has focused on THz frequencies [54, 55]. 
Because of the relatively unusual reaction from naturally existing materials 
and the conspicuous lack of high-power areas, good detectors, as well as 
traditional device elements in this domain, there are numerous potential 
applications for metamaterials.

The frequency response range of metamaterials, which exhibit resonant 
electromagnetic activity, is rigidly constrained by their geometry and prop-
erty of a dielectric medium component. A wider bandwidth is needed to 
be used in other ways while a narrower bandwidth is preferred for others, 
which poses different difficulties. For several possible uses, it could also 
be advantageous to build metamaterials that exhibit external monitoring 
active, dynamic, and/or changeable responses. Thus, due to the scarcity of 
materials that occur naturally and the prospect of huge rewards, the fre-
quency regime of terahertz is a rich field for research into future metama-
terial-based devices. Additionally, subwavelength elements can be created 
using normal photolithography at terahertz wavelengths (1 THz 300 m).
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By using divided ring resonators, metamaterials can be made to pro-
vide an entirely electric resonant output, analogous to magnetic resonance 
[50, 56, 57]. Figure 11.10 illustrates a flat metamaterial unit cell comprised 
of electric divided ring resonators (a). Two separated ring resonators are 
placed face-to-face in a harmonious arrangement across the building. 
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Figure 11.10 Architectures of cell’s unit of the conventional (a) and (b); typical electric 
field of the conventional metamaterials, respectively (c) and (d) exhibits 11(a) and (b) show 
the cell unit designs of the basic and supplemental metamaterials, accordingly. Figures (c) 
and (d) show, correspondingly, the passage of electricity in the interface and electric field 
indicative of traditional and analogous metamaterials (d). A = 36 µm, G = 2 µm, D = 10 µm, 
W = 4 µm, and the lattice parameter L = 50 µm are the parameters of the structure.
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Figure 11.11 Illustration to establish a key unit of magnetic MM having a reflective index 
that is negative.
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The counter-circulating currents, which are fuelled by the electric field of 
the conveyed electromagnetic waves, cancel out the opposing magnetic 
dipoles. The exclusively electric resonant reaction is the result of a numer-
ical model employing finite elements, and it is shown in Figure 11.10(c). 
The observations of the architecture depicted in Figure 11.10 are chosen to 
result in a resonant response at THz frequencies. They are organized in an 
asymmetrical square pattern on a semi-insulating gallium arsenide.

11.10 Photonic Metamaterials

A purposefully manufactured subwavelength, periodic construction 
intended to mix with optical frequencies is known as a photonic metama-
terial. It can be distinguished from the difference in the energy between 
two allowed ranges in a solid configuration thanks to a metamaterial’s 
photonic subwavelength duration. A new class of unnatural electromag-
netic materials with subwavelength periodicity is known as metamaterials. 
Around 2000, research on metamaterials in the microwave frequency spec-
trum began. One characteristic of MMs is that they exhibit peculiar EM 
approaches, which are infrequently, if ever, observed in currently known 
hard substances. The main goal was to achieve a strong magnetic response 
at frequencies greater than microwave from the beginning.

The condensed explanation that explained an increase in the ampli-
tude of an oscillation in man-made metallic roll frameworks as a magnetic 
reaction was put forth in [58] which encouraged the creation of magnetic 
frameworks for microwaves. The manufactured roll architecture functions 
essentially as an inductance-capacitance circuit for electricity; the reso-
nance is understood to be a magnetic reaction and is characterized by rel-
ative permeability. The early metamaterials scheme was straightforward. 
In the event wherein an individual could manufacture isotropic unnatural 
constituents displaying both electric and magnetic reactions such as ε = 
−1 (ε: relative permittivity) and µ = −1, then the refractive index n would 
equal −1 because of the relation n = − √εµ. It is worth noting that, for ε < 
0 and µ < 0, the EM waves are left-handed as compared to the common 
right-handed EM waves. To simplify this, the equations formulated by 
Maxwell must be transformed. 

A pointed illustration of a metamaterial with a negative refractive index 
has been explained. Figure 11.11 shows the basic building block of a meta-
material with an actual negative refractive index (b). The negative char-
acteristic of a dielectric medium is represented by a copper (Cu) bar, and 
the negative quantitative assessment of the extent of magnetization in the 
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microwave medium is represented by a divided (split) ring resonator. The 
components were set up like an electric circuit. In the experiment, the two 
parts were divided by a glass board that was 250µm thick and formed a  
5 x 5 mm2 unit cell. In the strictest sense, for the incident polarisation 
equally distant to the metal bar in Figure 11.11(b), the real components of 
ε and µ, denoted as ε1 and µ1, accordingly, are negative. a regular arrange-
ment of meta-atoms operating at 10.5 GHz and made up of an MM with a 
negative refractive index (n1 < 0) (3 cm wavelength).

The finding of negative refraction sparked a thorough investigation 
into metamaterials. Increase frequency ranges, such as THz and optical 
frequencies, have now been added to the functional framework (PHz). 
Despite the reality that the transition in working frequencies forward into 
optical frequencies was preceded by a significant fall in|Re(µ)|, split ring 
resonators were examined in-depth as a constituent with a magnetic reac-
tion that permitted an efficient negative at about 0.1 PHz. Scaled-down 
split ring resonator’s ability to maintain the magnetic response at optical 
frequencies has been studied theoretically and numerically. The research 
all came to the same conclusion: at optical frequencies, the magnetic 
response associated with negativity decreases and vanishes within 0.3 
PHz (1µm wavelength).

11.11 Tunable Metamaterial

Since the initial work by Smith et al. [59], proving the existence of such media, 
metamaterials, particularly negative index metamaterials [60], has received a 
lot of interest. Most recently, studies have concentrated on a variety of design 
methodologies and cutting-edge electromagnetic characteristics [61, 62] 
and applications [63]. Nevertheless, owing to the inherent and constrained 
resonance frequency range of the preponderance of metamaterials, it 
is unsuitable for use in certain significant operational frequency areas. 
Metamaterials, particularly negative index metamaterials [59], have subse-
quently received a great deal of attention following the first Smith et al. paper 
[59], that depicted the presence of these media. In the most recent studies, 
the diverse design methodologies [59, 64]; the unique electromagnetic prop-
erties, and the applications have been the main topics of study. Nonetheless, 
some vast operating frequency areas cannot be exploited due to the intrinsic 
and restricted resonance frequency band of most metamaterials.



Properties and Applications of Electromagnetic Metamaterials 245

11.12 Types of Tunable Metamaterials

a) Liquid Crystals Based Tunable Metamaterials
b)  The adjustable metamaterials made up of liquid crystals have been the 

subject of much investigation. Liquid crystals, that have a high optical 
anisotropy and are incredibly susceptible to outside effects, have been 
employed to extensively tune the energy difference between two allow-
able ranges of electron energy of photonic crystals at optical frequencies 
[65]. Liquid crystals can therefore be utilized to regulate the reversed 
electromagnetic properties by dynamically controlling the permittiv-
ity of the metamaterials. A theoretical investigation of liquid crystals 
spread throughout nanospheres to create programmable metamaterial 
was published by [66]. This metamaterial allows tuning of the refractive 
indices from negative via zero to good values by tuning the permittiv-
ity of the liquid crystals. The relative permittivity of liquid crystals isn’t 
resonance dependent, therefore it relies completely on the director axis’s 
inclination angles concerning the optical wave vector. Tunability can 
therefore be obtained by adding various fields such as magnetic and ac 
electric, as w, well as additional polarized optical area, or just by chang-
ing the sample’s temperature. Then Zhao et al. theoretically examined 
the nematic liquid crystals’ negative group refraction [67].

c)  Its refraction can be altered by temperature or electrical current. The 
customizable negative turning of nematic liquid crystals was also 
demonstrated experimentally by measuring the refraction angle of the 
light beam through the prism-shaped apparatus and adjusting the mag-
netic field [68]. Conventional metamaterials can be given tunable prop-
erties by incorporating liquid crystals because their permittivity is fairly 
flexible. Werner et al. performed a quantitative analysis to assess the 
adjustable refraction of a near-infrared metamaterial with liquid crys-
tals as the superstrate and substrate [69]. Such metamaterial’s refraction 
was modified from negative to positive by adjusting the liquid crystals’ 
permittivity. A tunable negative permeability metamaterial made of a 
periodic arrangement of resonators with split rings infused with nem-
atic liquid crystals was also statistically investigated by Zhao et al. [70]. 
An applied electric field that affects the penetrated nematic liquid crys-
tals can ceaselessly and irreversibly change the resonance dip of a nega-
tive quantitative measure of the degree of magnetization metamaterial. 
Several newly invented tunable liquid crystal metamaterials, such as 
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divided ring, omega-type, and fishnet resonators, have also been math-
ematically and empirically proved by changing the various parameters 
(i.e., electric & magnetic fields, and temperature) [71, 72]. These tunable 
metamaterials are simple to realize. Merely adjusting the parameters will 
change the tunable qualities. Additionally, there are some drawbacks, 
such as the limited adjustable range.

a) Tunable Metamaterials that Ferrites related
b)  The tunable features are also attainable in ferrites and wire-based meta-

materials. This architectural idea was first presented by Dewar [73]. 
He showed a prototype design that put the wires covered in dielectric 
materials into the ferrite hosts while hypothetically investigating the 
functional permeability and permittivity of the composite media. He 
also discussed ways to reduce losses and improve negative refraction 
properties. The ferrites produced the negative effective quantified mea-
sure of the extent of magnetization when a magnetic bias was added. 
As a result, it stands to reason that altering the magnetic bias would 
allow for tuning of the negative permeability band. The improved model 
was provided by Cai et al., Rachford et al., and our study team, who 
also numerically illustrated the negative propagation and transmittance 
properties [74, 75].

c)  Using experiments, it was proven that the characteristics of negative 
transmittance, negative refractions, and transmittance exist  [76]. In a 
wide frequency range, we also looked into favorable refraction proper-
ties. One can also add the ferrites to the standard resonator metamaterials 
to achieve harmonious quality since the tunable properties of the ferrites 
are easily controlled by altering the applied magnetic bias. The adjustable 
properties of the ferrites-based negative permeability metamaterials and 
left-handed metamaterials, accordingly, were examined and empirically 
proven by [77]. Conversely, adjustable dual-band and multi-band 
metamaterials, which have been partially examined herein, can also be 
created with the addition of ferrites to ordinary resonator metamaterials. 
It is also easy to create these different tunable metamaterials. By adjusting 
the magnetic bias over a wide frequency range, the tunability was 
regulated. The large magnetic bias of several thousand is necessary for 
typical ferrites to have tunability, though. Future research should focus 
on identifying the unique ferrites that only require a very tiny magnetic 
bias to achieve tunable negative permeability properties in the GHz and 
THz ranges.
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d) Varactor-loaded Tunable Metamaterials
e)  Gil et al. and Vélez et al. [78] were the first to report adjustable meta-

materials packed with varactor. They suggested that microstrip lines 
connected to varactor-packed (loaded) split-ring resonators may pro-
duce metamaterial transmission lines with tuning capabilities, the tun-
ability of which could be managed by incorporating a variable voltage 
source. The architecture and practical demonstration of a sequence of 
left-handed metamaterials loaded with varactors and adjustable neg-
ative permeability metamaterials. Wang et al. proposed a microwave 
varactor-loaded paired single side with S-ring resonator-based adjust-
able metamaterial [79]. By analyzing the refractive angle of a prism-like 
sample with various voltage biases, the adjustable negative refractions 
were empirically shown. A split ring resonator metamaterial occupied 
with a capacitor was demonstrated by Aydin et al. [80]. The disparity 
zone between the overlapping circles, the outside fracture area, and the 
interior division section are all possible locations for the capacitor. By 
adjusting the capacitor’s values under the three situations, the resonant 
frequencies of the magnet can be adjusted. A split rang resonator meta-
material loaded with a thin film capacitor made of barium strontium 
titanate has also been demonstrated by Hand et al. [81]. By modifying 
the biases of the voltage supplied to the BST film capacitor, tunability 
can be achieved. Due to their ease of integration into microwave circuits 
to accomplish results like filters, antennas, and nonlinear features, these 
types of adjustable metamaterial have enormous microwave engineering 
applications [82].

f)  Many adjustable metamaterials that are realized by multiple elements 
have recently emerged. For instance, utilizing the constant temperature 
superconductor, Ricci et al. suggested and practically showed an adjust-
able superconducting metamaterial [83]. The tunability can be obtained 
by modifying the dc magnetic field and rf magnetic field. The components 
of the framework can also be controlled via MEMS technology [84]. By 
altering the orientations of the magnetic or electric resonators, Tao et al. 
illustrated the THz frequency adjustable metamaterial. The framework 
of the resonators-based adjustable negative permeability metamaterials 
is also actually unveiled at microwave and THz frequencies [85]. As the 
regular deflections of strata grew, the magnetic resonances either were 
blue-shifted or red-shifted, leading to the tunable attributes.
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11.13 Nonlinear Metamaterials

Since the study of metamaterials has advanced so rapidly in the past few 
years, it is not strange that the concept of nonlinear metamaterials was 
introduced as soon as the foundations for macroscopic specification were 
established and close comparison to optical crystals was discovered. The 
first publications [86], on the emerging field, provide two methods for 
dealing with nonlinear effects in metamaterials. The two strategies are 
similar in concept, as we shall see below, but various analytical method-
ologies were created, each of which proved useful based on the issue at 
hand. It is evident that nonlinear optics, on the one hand, and microwave 
engineering with nonlinear components, on the other, have both been suc-
cessful over more than 50 years. Metamaterials have since made it possible 
to effectively synthesize the knowledge developed in both research areas. 
The topic afterward caught the interest of various research groups [87, 88], 
and we will now go into depth about some of the unique research accom-
plishments in these and numerous more publications. The many different 
methodologies used to create metamaterials with nonlinear responses can 
be conceptually grouped into three different categories, which are sche-
matically presented in Figure 11.12.

The first one stems immediately from the comparison to optical crystals 
and is architecturally the simplest one. Numerous intrinsic nonlinearities 
in crystals—mostly at the atomic level—provide a nonlinear response by 

(a)  

(b)  (c)  

ε μ χ

Figure 11.12 Different microscopic metaconstituent perimeters, such as (a) implantation, 
(b) saturation, and (c) severe concentration, are described theoretically concerning 
metamacroscopic characteristics.
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default at modest levels. the structural aspects of metamaterials. When 
artificially assembling the modules, the reaction is virtually linear as much 
as the functional contour has linear parameters. Thus, adding a nonlinear 
element (such as a diode) to the linear contour, that is, inserting it into the 
structural element, is a very natural technique to generate nonlinearity, and 
this is what was proposed when the topic was first introduced. Currently, 
we refer to this as an insertion approach (Figure 11.12a).

Nevertheless, the fundamental reasoning behind the initial strategy was 
not particularly novel. Kalinin and Shtykov conceived [89], as an unstruc-
tured medium constructed of randomly distributed dipoles, each packed with 
a diode, long before met materials came into play. The primary goal was to use 
a wave-only approach for phase coupling at microwave frequencies. However, 
the scientists discovered that dissipation suppresses the rising third-order 
nonlinear susceptibility, leaving the effectiveness of that specific design in 
question at the time. The primary technique, which is rather natural as well, 
is to combine the host medium’s nonlinear qualities with the metamaterial 
components’ linear response. This causes the fields, which are resonantly 
amplified within the metamaterial elements, to become nonlinearly linked. 
Now, we refer to that as an immersion method (Figure 11.12b). This different 
suggestion soon after sparked the quick growth of this study direction.

Since individual elements can be deliberately made and it is feasi-
ble to accomplish extremely inhomogeneous electromagnetic field dis-
persion with the structural unit, it is particularly possible to accomplish 
this approach’s fundamental idea, which goes back to, which essentially 
implies utilizing favorable characteristics of metamaterials, so there can 
be a noticeable improvement in the fields. Whenever an outside nonlinear 
medium is injected into the areas of the augmented field, the outcome is an 
overarching nonlinear reaction. Despite how dissimilar the two strategies 
might seem; they have a lot in common. As was just indicated, the non-
linear response of the nonlinear host only happens in a few places where 
fields are amplified when a metamaterial element is immersed into it.

The nonlinearity in the instance of a ring resonator, for instance, is 
practically identical to if it were generated by nonlinear equipment placed 
there in the shape since the electric field can be several orders of magnitude 
stronger inside the disparity. This similarity continues as long as the wave-
length is much larger than the size of the element or as long as the meta-
material hypothesis is valid. Thus, the fundamental phenomenological 
descriptions for both approaches can be the same, but additional features 
must be considered for a more detailed study of particular implementations 
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for different nonlinear phenomena. Instead, the area of implementation is 
where the insertion and immersion roads diverge. 

With insertion, any available gadget can be fitted at any point in a very 
intricate design. The difficulty of this approach rises as the target frequency 
rises and the size of the pieces must decrease. Small elements are more 
useful for applications of any form of absorption, like producing nano-
structures on a nonlinear substrate. Absorption may be efficient for infra-
red and optical wavelengths, although insertion is often preferable for the 
microwave frequency range. We really should briefly discuss the third 
technique (Figure 11.12c), which is less theoretically advanced due to the 
numerous challenges posed by the diverse consequences of the different 
scales and sources at play. According to this reasoning, the inherent non-
linearity of the metal surface, border dispersion events, and even quantum 
effects may supplement the processes outlined above when the amplitudes 
and frequencies of the input waves are high enough. In the meantime, the 
importance of any detailed model in the sense defined above diminishes. 
In reality, this situation typically indicates that the element size is just mar-
ginally smaller than the wavelength. As a consequence, it is challenging 
to provide a clear theory, certainly not one that is widely appropriate, for 
such circumstances. Rather, study initiatives use an empirical approach 
that entails failing and trying again. This area of study has primarily been 
empirical up to this point, and its roots can be located in the metamaterial 
environment.

11.14 Absorber of Metamaterial

The emerging area of electromagnetic metamaterials has given rise to novel 
phenomena like the negative index of refraction, as well as technological 
innovations like an electromagnetic cloak [50]. The capacity of metamate-
rials to provide independent, customized electric, and magnetic reactions 
to incident radiation is key to the realization of such features. Additionally, 
geometrically scalable, electromagnetic metamaterials enable operation 
over a sizeable chunk of the electromagnetic spectrum. To date, metamate-
rials have been demonstrated in every spectral region that is significant to 
technology, including radio, microwave, near optical, etc. These designer 
electromagnetic materials offer considerable potential for use in the future 
and provide an excellent platform for the study of novel spontaneous phys-
ical processes. Metamaterials can be identified as an effective medium, by 
having a multiplicity of electric permittivity ω = +( ) 1 I2) and magnetic 
measurements of the degree of magnetization ( µ ω = µ + µ( ) 1 i 2). However, 
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the frequently disregarded loss elements of the optical constants (2 and 
µ2) also hold great promise for the development of novel and beneficial 
materials. They can be altered, for instance, to provide a high absorber. 
The incident electric and magnetic fields can be absorbed, and the electric 
and magnetic resonances can be controlled independently. Furthermore, 
impedance matching and µ can be used to reduce incidence by impedance 
matching a metamaterial to an unoccupied vacuum. 

The cell unit of the absorber consisted of two distinct metallic parts. The 
electric coupling was given by the electric ring resonator, which was made 
in a manner reminiscent of that proposed by Padilla et al. [56]. This com-
ponent was made up of two conventional split-ring resonators joined by an 
inductive ring that ran parallel to the split wire. The limitations of straight 
wire media [56], led us to employ this design rather than a traditional split-
wire design; To increase inductance, new wires can only be added to each 
unit cell in a split-wire system.

The flux generated by revolving charges had to be precisely vertical to 
the transmission vector to couple to the incident H-field since magnetic 
coupling necessitated a more complex configuration. This structure is 
analogous to the quote-on-quote “fishnet” and coupled nanorod arrange-
ments in that they generate two antiparallel currents in conducting por-
tions, which result in a magnetic response [86], We subsequently turned 
the magnetic response by tuning the geometry of the severed wire and the 
spacing between it and the electric resonator. We may independently tune 
each resonance by decoupling and by adjusting the magnetic coupling 
without modifying the electric resonator’s geometry.

11.15 Acoustic Metamaterials

The primary characteristic that distinguishes a metamaterial from other 
artificial materials is that it solves long-standing acoustical engineering 
problems by producing effects that are not present in nature. These are 
only a few illustrations of the issues that AMM research aims to solve. 
The seeming rejection of the intuitive laws of physics, which frequently 
demand bizarre ideas like negative density and negative compressibility, 
is a recurring motif in the various AMM devices. Acoustic lens designs 
that are beyond the diffraction limit are made possible by behavior, such 
as negative refraction, which is caused by negative effective characteristics. 
Study on acoustic MM was initially spurred by concurrent advancements 
in electromagnetics, like the case of negative refraction and cloaking. The 
early researchers who looked into these issues discovered right away that 
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the materials at their disposal lacked the characteristics required for cloak-
ing or negative refraction. The problem may have been solved by simply 
developing novel substances. Despite challenges, the development of novel 
materials has been and is the primary motivation for research into acoustic 
metamaterials. Due to this, innovations for overcoming acoustic metama-
terial difficulties that could not have been predicted by electromagnetics 
have emerged, such as Penta mode materials.

Constant technological advancements, particularly in the areas of 
computer simulation and additive manufacturing, have greatly eased the 
difficulty of creating novel materials. Thanks to these technologies and 
innovative suggestions from the acoustical research community, acoustic 
metamaterials have rapidly advanced over the last 10 years; a few of these 
breakthroughs are discussed herewith. Dynamic material characteristics 
are of interest and might lead to more unusual behavior for acoustical 
applications. An illustration of this is the concentrating and beam forma-
tion from the dolphin’s fatty lobe known as the “melon” [90]. The static 
qualities that we learn about in introductory mechanics classes are not the 
same as the dynamic properties. Numerous acoustic metamaterial equip-
ment is predicated on negative acoustic compactness and/or deformation. 
The audible pace, or more particularly the phase speed, is equivalent to 
the square root of the bulk modulus divided by density. If the other vari-
able is negative, the phase speed is arbitrary, the propagation is stopped, 
and exponential degradation takes place. When the two acoustic variables 
are negative, the phase speed, which is once again a real-valued number, 
denotes vibration. There is a catch, though: the phase and energy veloci-
ties are going in separate directions. Acoustic metamaterials can generate 
“bizarre” occurrences like the below-discussed negative refraction thanks 
to this reaction. What mechanisms result in undesirable characteristics? A 
tuned vibration absorber that oscillates in phase or out of phase with the 
force depending on whether the drive frequency is beneath or higher than 
the resonance frequency is an example of a device that exhibits negative 
impedance. Hence, negative inertia can be conceptualized as an out-of-
phase time the harmonic motion of a moving mass; for more information, 
visit http://bit.do/negm. 

The first and presumably most well-known acoustic metamaterials are a 
composite that contained microstructural elements made of heavy masses 
encircled by a soft rubber annulus and organized sporadically in a three-di-
mensional solid matrix. It was created to isolate low-frequency sound 
much more effectively than the classical mass law. Tensioned membranes 
have been employed as the moving mass in numerous later air-based tech-
nologies that utilize negative inertia. Although vibrations frequently have 
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negative inertia, it is less clear how to do so for compaction (inverse of 
the bulk modulus). Remember that positive pressure causes a reduction 
in the volume of materials that are present in nature. As a result, positive 
expansion from the building stress is required for negative compaction to 
exist. When the hollow volume acts as a vibrant volume source beyond 
its resonance frequency, this is achievable in immediate contact with the 
Helmholtz resonator, a well-known acoustical constituent. These resona-
tors can be combined to induce one or both of their undesirable character-
istics across a narrow frequency range. 

Examine the easiest illustration of an acoustic duct with overlapping 
spring masses and Helmholtz resonators, as shown in Figure 11.13, to 
comprehend how a double-negative AMM operates. According to PM = 
ZMUM and PH = ZHUH, the resonators are described by impedances that 
connect acoustic pressure (p) with volumetric flow velocity (U). By first 
taking into account the reflection and propagation of an isolated element at 
a specific frequency, the effective acoustic characteristics may be computed 
(Figure 11.13). The 2 × 2 matrix that defines how waves travel through a 
cycle of the line of propagation is then created by adding the reflection/
transmission coefficients.

The second principle that is driving the advancement of acoustic meta-
materials is transformation acoustics, which is the basis for systems that 
use acoustic cloaking and perhaps other sorts of wave bending. A transla-
tion, or alteration in dimensions, has an impact on the acoustic equations, 
and the variables of the new equations correlate to the physical character-
istics in the altered region. This is the essential principle of transformation 
acoustics. For example, a circular acoustic cloak increases the initial core 
volume by shrinking a large annular region of fluid. If the tighter annulus, 
designated as the “cloak,” accurately replicates the acoustic equations in the 
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Figure 11.13 An acoustic duct with spontaneous membrane masses and Helmholtz 
resonators.
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original annulus, then anything situated in the enormous center volume, 
along with the “cloak,” distributes sound waves like a much smaller item 
from the viewpoint of an outside observer.

The most important criterion is that the cloaking material propagates 
sound more rapidly in the azimuthal path than in the surrounding liquid, 
while at the same time delaying transmission in the radial direction com-
pared to the background value because of the reduced thickness. The “hid-
den” object must be surrounded by the acoustic energy, which the cloaking 
material must direct. As a result, the speed of the sound relies on the direc-
tion in which it is propagating at any given place within the cloak. This is 
not the case with typical fluids. However, systems that consist of layers of 
several fluids organized like a sandwich are capable of exhibiting acoustic 
anisotropy. If the fluid densities are very different and the layer thickness is 
subwavelength, significant inertial anisotropy can be generated. The spher-
ical cloak is an extreme case since it calls for degrees of acoustic anisot-
ropy that are not now feasible. The carpet cloak, also known as the acoustic 
ground cloak, can be produced with only a modest amount of anisotropy. 
To obtain the ideal characteristics, Zigoneanu et al. [91]. 

Even though cloaking is the most intriguing example of transformation 
acoustics, the fundamental concept of coordinate constant also enables us 
to see traditional effects like focussing in a new way. The short wavelength 
estimates of ray acoustics, for instance, are the foundation of the convex 
lens. If the lens itself modifies the wave equation following transforma-
tion acoustics so that frequency has no bearing on focusing, a better image 
is guaranteed. As a result, transformation acoustics creates new oppor-
tunities for passive acoustic devices to operate more effectively. Using a 
monopole cylindrical source, as an illustration, the circle-to-square lens 
transforms the source’s center radiation into a fourfold plane-wave radi-
ation pattern. A plane-wave incident from one of the four directions, on 
the other hand, will concentrate at the center. transformation acoustics 
accomplishes this by utilizing a conformal map to map a circular portion 
of the acoustic medium into a square. In addition to maintaining isotropy, 
conformal transformation acoustics is unique in that only the compress-
ibility is changed (one could assume via ray acoustics that the impedance 
is constant, but this is incorrect).

Even though most of the topics explored in acoustic metamaterials 
research appear strange, it’s important to keep in mind that acousticians 
have traditionally used subwavelength constructs to control acoustic waves. 
Examples include the development of bass traps to dampen low-frequency 
sound in concert halls, Helmholtz resonators to control the spread of acoustic 
waves in ducts, and contrast agents to enhance the capabilities of ultrasonic 
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imaging. The human cochlea, a subwavelength spatial filter, comes to mind 
as one of nature’s beautiful models. Even though these examples are rarely 
used in acoustic metamaterials, they easily qualify as acoustic metamaterials 
precursors since they use the same physical principles as individual acous-
tic metamaterials elements. It is safe to say that many acoustic metamaterial 
concepts have been waiting for us to come upon them by accident. We are 
lucky to have at last understood and realized the benefits that correctly con-
structed subwavelength structures may provide to the acoustics community.
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Abstract
Plasmonics combined with metamaterials have gained significant consideration 
during the last decade due to revolutionary influences that were brought both in 
practical applications as well as in various disciplines of fundamental physics. This 
analysis represents the new advances, preliminaries, and future perceptions in the 
evolving discipline of plasmonic metamaterials focusing to unplug novel stimulat-
ing openings in the field of nanotechnology, as well as nanoscience.

Keywords: Negative refractive index, plasmonics, surface plasmon polariton, 
biosensing, negative refraction, localized surfaced plasmon, planar ring resonator

12.1 Introduction

Plasmonics deals with the behavior of light with nanostructures. This inter-
action of light with nanoscale objects accesses the wide optical plasmonic 
existence due to the aptitude of sub-wavelength captivity and the improve-
ments of the optical field with nanostructures. Plasmonic optics gave birth 
to the field of metamaterials with the enhancement of meta-surfaces. Best 
tunable synthesized materials like low-level material variables and high-
level materials variables are distinguished by unusual volume and surface 
properties. This concept yields when combined electromagnetic conduct 
of numerous sub-wavelength insertions and constituents as “meta-atoms.” 
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Many applications of surface waves provide a path to the broad spectrum 
of concrete phenomena for the fertile ground [1]. Surface waves are being 
supported by the expansion of structures having tunable features (i.e., 
electric and magnetic) by the discovery of metamaterials [2]. Conductors 
and dielectric interfaces have electromagnetic agitation that is responsible 
for surface plasmons polaritons (SPPs). Then evaporation is limited in the 
direction that is perpendicular to them [3–5].

Spoof surface plasmons polaritons are the geometrical induced SPPs 
that emulate the properties of limited SPPs. The suggested phenomenon 
operates at fewer frequencies. Spoof surface plasmon is the result of sur-
face structure. The precursor obeys as an ideal prototype for structure 
surfaces. Meta-surfaces can shape light flow that belongs to a branch of 
planar metamaterials having exceptional functionality and have recently 
gained comprehensive attention. The expected phase profile is the major 
goal of meta-surfaces by scheming sub-wavelength formations at the two 
usual materials interfaces. A logically designed phase yields the effects of 
propagating waves that can build completely. It should also be concluded 
that unusual reflection, as well as refraction, have been proven [6]. Optical 
devices based on meta surface like “vortex plates, wave plates, and ultra-
thin focusing lens” yields different sorts of incident light, such as linearly 
contrasted light, as well as top beams. This gives rise to promising research 
for the first time in industry applications [7].

Optical wavefronts can be controlled to differ from the typical propaga-
tion techniques instead of imparting on its carefully built interior structure 
by the discovery of metamaterials. Pendry et al. first hypothesized these 
20 years ago. By careful formation of constituents in the metamaterials, 
untypical material properties like refractive index can be attained. By con-
trolling the apparent electromagnetic ε(permittivity) and µ(permeability), 
the n (refractive index) of a material is:

 = ±n eµ     (Eq. 12.1)

Because of the profound acknowledgment of metallic structures being 
used, high deprivation and deep dispersive outcome of bulk metamaterials 
are usually vulnerable. With the use of actual atomic and nanofabrication 
techniques, the complicated structure formed during 3D metamaterial is 
difficult. Thus, the evolution of 2D meta-surfaces or metamaterials has 
been focused on in current studies. These 2D materials tend to build elec-
tromagnetic outcomes with fewer fatalities in thin coating formations. 
The establishment of exteriors gives minimum propagation stage with 
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sub-wavelength thickness. This moves the focus from making materials 
having a negative (permittivity), as well as µ(permeability) to building 
exterior formations to modify plane reflection along with transmissions. 
Electronic band formation gives the difference between the two types of 
materials in solid-state physics. As metals have overlapping bands (valence 
and conduction) for the movement of free electrons while insulators have 
wide band gaps between two bands. Conductors and insulators both are 
until now able to interrelate with coming electromagnetic fields by various 
physical techniques. These two materials appeared to be used for the broad 
future of meta-surfaces [8].

12.2 Negative Refraction and Refractive Indexes

A frequently used electromagnetic magnetic parameter is the refractive 
index which can be expressed as n(ω)2 = ε(ω)μ(ω). This parameter gives 
the speed of an electromagnetic wave when it travels in the material. 
Additionally, it also measures the deviation of the beam of light when it 
passes through the interface of various materials having a different indexes 
of refraction. In 1621, Willebrand Snell measured this bending by showing 
that

 n1sinθ1=n2sinθ2 (Eq. 12.2)

where n1, n2 represents the index of refraction of the first plus second medi-
ums respectively [8]. Also, θ1 and θ2 represent angles by the light rays with 
normal to each other. A ray originating from a source in the medium like 
free space in action with another material like a slab with n(ω) > 0(refrac-
tive index is positive). The rays originating from the point source deviate 
at the interface between two media, i.e., free space and glass with an angle 
determined by eq 12.2. 

Russian physicist Veselago revealed that ε(ω) < 0 as well as μ(ω) < 0, (i.e., 
electric and magnetic parameters have negative values) and this leads to a 
negative index of refraction, n(ω) < 0. As Veselago assumed that this prop-
erty of materials having a negative index of refraction might be formed in 
intrinsic materials. As metamaterials (artificially structured) have managed 
electric and magnetic parameters over a wide range of frequencies. So, it is 
possible to attain conditions (i.e., ε < 0 and μ < 0) in artificially structured 
MMs. However, Veselago presumed metamaterial can be realized [8].

By Veselago’s method, a material having a refractive index (n < 0) can be 
formed by combining such recognized artificial structures that individually 
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give these parameters (ε1 < 0 and μ1 <0). Materials having a negative index 
of refraction following changes occur:

• For a wave, reverse phenomena happen for its phase velocity.
• Doppler shift is reversed for a source relative to the observer.
• When a charge is in motion, then it moves in a backward 

direction instead of a forward direction by Cerenkov 
radiations.

• Radiation tension yields by reversing radiation pressure.
• Diverging lens formation by the converging lens and vice 

versa.

By these changes in basic electromagnetic phenomena, we get a mate-
rial having a negative index of refraction. As Veselago’s projections were 
fascinating, at this time, naturally happening materials having negative 
refractive index were not discovered and his predictions were greatly 
overlooked [9].
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Figure 12.1 (a) A standard circuit board with NI metamaterials made by SRRs and wires. 
(b) The blue curve (a Teflon sample) and red curve (NI sample) show power measured 
in Snell’s law as a function of angle. (c) Geometry manifesting a schematic view of an 
experimentally verified negative index of refraction [8].
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Smith et al. 2000 fabricated negative refractive index material by the 
use of artificially made metamaterials. These manmade metamaterials with 
negative refractive index integrated a wire structure having ε1 < 0 and also 
an SRR formation having μ1 < 0 over the identical band of frequencies. 
That kind of material became a surprise for many scientists [10]. Negative 
refraction was first performed by Shelby et al. in 2004. The negative 
index of refraction was demonstrated by Snell’s law investigation using a 
metamaterials wedge in a prism-shaped as shown in Figure 12.1. Negative 
refraction yields by the incidence of microwave radiation on the prism to 
refract on the surface normal to the opposite side.

For comparison, a Teflon prism having a positive index of refraction is 
used by the deflection of the same beam. This deflection happens to the 
opposite side of the surface normally agreeing at an angle to the investi-
gated index of the material. A lot of experimental verification proves the 
validity of the metamaterials approaches through Veselago’s investigations 
of the negative index of refractions [11].

12.3 Fundamentals of Plasmonics

Plasmonics is an emerging field in the research of nanophotonics as well 
as nanooptics. Plasmonics deals with the considerations of electron vibra-
tion in NS (nanostructures) and NPs (nanoparticles). Surface plasmons 
possessed optical belongings and also at the nanoscale have the distinctive 
capacity to enclose light. Also, surface plasmons (SPs) are very liable to 
the properties possessed by the medium in which they travel and to the 
neighboring medium. Additionally, the SPs resonances can be managed by 
modifying the size, periodicity, shape, and materials’ nature [12]. By man-
aging these parameters as described above, technological advancement 
yields new plasmonic mediums through the theoretical, numerical, and 
computational analysis of the optical properties of plasmonic mediums. 
With the progress of these optical properties, many applications of plas-
monic systems like optical devices, biosensors, and photovoltaic devices 
are present [13].  

12.3.1 Surface Plasmon Polaritons

For each medium and the related BC (boundary condition), by solving 
Maxwell’s equation the electromagnetic field for SPPs on a dielectric metal 
intersection can be gained. The last shows the persistence of tangential 
components for both fields (electric as well as magnetic) over the boundary 
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and the finishing of both pitches endlessly beyond the interface. For the 
introduction of main parameters distinguishing SPPs, let us view a system 
having dielectric material distinguished by real, isotropic, and ε1 (dielec-
tric constant with positive value) in the partial space (X3>0) and a metal 
distinguished by ε(ω) = ε1(ω) + ¡ε2(ω) (complex dielectric function) in half 
space (X3<0). First, we examine a transverse magnetic (a p-polarized TM) 
wave that travels in this medium in x1 direction. The loss of generality in 
taking this way of travel is because of optical isotropy in the two media. As a 
result of this polarization, the wave generates have magnetic vector perpen-
dicular to the incidence plane (plane shown by the way of travel and per-
pendicular to the surface). By solving Maxwell’s equations in x1 direction, 
which are also wavelike, and there is a decrease in amplitude exponentially 
in every medium by the increase of distance. At the interface (X3 = 0) gives

 => − − ωH (x; t) (0, A, 0)eikx
1

k
3

(l)x
3

i t  (Eq. 12.3)

 = − ωε> − − ωE (x; t) A c / i (k , 0, ik)e1 3
(1) ikxl k

3
(1)x

3
i t  (Eq. 12.4)

in the region (x3 > 0),
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i t  (Eq. 12.5)

 E x t Bc/i k ik em ikxl k m x i t< − −= −( ; ) ( , , )( ) ( )ωε ω
1 3 3 30  (Eq. 12.6)

in the region (x3 < 0),
Here, k3

(1,m)  shows the decrease of the em field results by an increase in 
the distance taken from the surface.

 = − ε ωK (k ( / c) ) ,3
(1) 2

1
2 1/2  (Eq. 12.7)

 = − ε ω ωK (k ( )( / c) ) ,3
(m) 2 2 1/2  (Eq. 12.8)

where the K3
(1)  and K3

(m)  show the real parts necessary to be positive such 
that Eq 12.7 and Eq 12.8 reflects an em wave at x3=0 (i.e., localized to the 
dielectric metal interface). Applying boundary conditions at the interface 
x3=0 gives a couple of equations
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 = − ε = − ε ωA B, Ak / Bk / ( ).3
(1)

1 3
(m)  (Eq. 12.9)

By this, we get dispersion relation by applying the condition of equa-
tions having nontrivial solution by linking the ω (frequency) and its k 
(wavenumber) of the wave which is p-polarized,

 = −ε ω εk / k ( )/ 1.3
(m)

3
(1)  (Eq. 12.10)

Let us consider that the metal has a dielectric function that is real ε(ω), 
then equations (12.3–12.6) reflect a surface EM wave when k3

(1)  and k3
(m)  

are necessary to be real and positive. Surface em wave exists when ε(ω) is nec-
essary to be negative from Eq. (12.10) and this applies to the volume em wave 
to be pure imaginary for its k (wave vector) under this frequency range. From 
this, we conclude that when volume em wave cannot travel in metal in the 
frequency range then surface em wave exists. Equations (12.3 and 12.5) yields 
field vectors of surface em wave with A=B and their frequency yields from 
dispersion relation, then Eq (12.10) is known as surface plasmons polaritons 
(SPPs). It is also known that excitations of electrons are in the conduction 
band. On squaring both sides of equation (12.10) close to the metal surface 
there is a coupling of photons.SSPs yield as a function of frequency (ω).
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This relation is valid when ε(ω) shows even a complex function [14].

12.3.2 Localized Surface Plasmons

Along with SPPs and SPs (surface plasmons) at a planar interface of dielec-
tric metal surface, confined surface em excitations can hold with further 
configurations like metallic particles as well as abolish different geology. 
In defined configurations, that kind of surface excitation is known as LSPs 
(localized surface plasmons) [15]. Their frequency can be obtained in elec-
trostatic (progressive) calculation with adjustable boundary conditions by 
the solution of Laplace’s equation. When a (characteristic size) of a system 
is comparatively small then λ (wavelength) is comparable to localized sur-
face plasmons frequency, then electrostatic approximation is indifferent to 
the results of retardation. For instance, in the form of a metallic sphere 
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having radius R and inserted in a medium having dielectric constant ε0, 
then for electrostatic potential by solving Laplace equation is ф< (r, Ѳ, ф) at 
the origin within the sphere is finite [16]. 
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Ylm (Ѳ, ф) represents spherical harmonic. In the same way, the electro-
static potential ф> (r, Ѳ, ф) that vanishes by solving Laplace’s equation at 
the infinity outside the sphere can be in the form of
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(Eq. 12.13)

By application of boundary situations at the top of the sphere, such as 

the steadiness of ε φ∂
∂r

 plus ф, determines the frequency of localized sur-
face plasmons,
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Free electrons in a metal form the dielectric function, and the solution 
of Eq. (12.9) is given as
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where only l =1 (dipole active excitation) is the main for spheres whose 
sizes are small. The addition of higher multipoles becomes very important 
whenever the sphere size increases with the comparison of a big sphere 
having limit l → ∞. then, the frequency of LSPs reaches SPs of dielectric 
metal at the planar interface.
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Now, we have three groups of LSP frequencies for an ellipsoidal particle, 
and these frequencies are associated with the three axes for an ellipsoidal 
particle. For small ellipsoidal, these three axes-related frequencies formed 
dipole-active localized surface plasmons, which are calculated as
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 (Eq. 12.17)

Here, Li is the supposed depolarization factor that depends merely on 
the ellipsoidal shape, and also i = 1, 2, 3 shows the coordinate axes asso-
ciated with ellipsoidal axes. Metal has a negative dielectric function in the 
frequency range when LSP modes exhibit bulk plasma frequency above 
the metal is bounded. An SPP has a dispersion relation and is a circulating 
surface mode. Indifference, LSPs also known as electromagnetic exterior 
form resonances are restricted to curved metal objects. These are catego-
rized by distinct, complex frequencies that depend on the form and size of 
the object such that SPs are restricted and also its dielectric function. LSPs 
could be significantly agitated with the light of suitable frequency plus 
polarization regardless of k (wave vector) of stimulating light. That is why 
they also effectually decline with the production of light.

In a metal, the bulk has voids that are equivalent LSP frequencies that 
can be obtained by changing ε(ω) with 1/ε(ω) in the agreeing Dirichlet 
problem. A particle and a void of LSP having the same form are linked to 
each other by 

 ω ω ωparticle void p
2 2 2+ =  (Eq. 12.18)

Therefore, the resonances linked with SPs (surface plasmons) are con-
strained to voids determined from known localized surface plasmon fre-
quencies in metal particles [16].

12.3.3 Applications of Plasmonics

Scientists are more ambitious to utilize the advantages that are offered 
by plasmonic nanoparticles. Current research about plasmonic nanopar-
ticles has explained many potential and beneficial applications like can-
cer treatment as well as biomedical applications and plasmonic solar 
cells. Plasmonic nanoparticle research demonstrates the optical properties 
of metamaterials in range within the visible and near-infrared spectral 



270 Electromagnetic Metamaterials

bands. That band differs in size, structure, shape, and tunable plasmon 
resonance. Plasmonics (or nanoplasmonics) is a modern topic of research 
that consists of nanophotonics and nanooptics [17].

Plasmonics treats the exploration of oscillations of electrons in nanopar-
ticles (NPs) and metallic nanostructures. Surface plasmons possess unique 
optical properties. For example, surface plasmons possess the special 
capacity, which encloses light at the nanoscales [18]. Surface plasmons are 
very sensitive to the medium that they contain, as well as the properties of 
the substances in which they propagate. The surface plasmon resonances 
can be tuned and adjusted by their size and shape as well as periodicity and 
nature. However, the technological demonstration allows the researchers 
to create new plasmonic systems [7]. This can be done by controlling all 
the factors. Many tools, like theoretical, computational, and numerical, 
have been introduced which allow for the best understanding regarding 
the optical properties of plasmonic systems [19]. Thus, the optical prop-
erties of plasmonic systems permit a great number of applications like 
biosensors, optical devices, photovoltaic devices, cancer treatment, color 
engineering, biomedical, spectroscopy, and thin films.

12.4 Types of Plasmonics Metamaterials

Plasmonic materials have gained great importance because their surfaces 
can confine incident light, as well as extend the optical path lengths. These 
include the following types of plasmonic metamaterials.

1. Graphene-based plasmonic metamaterials
2. Nanorod plasmonic metamaterials
3. Plasmonic meta-surfaces
4. Self assembles plasmonic metamaterials
5. Non-linear plasmonic materials
6. 2D plasmonic metamaterials

12.4.1 Graphene-Base Plasmonic Metamaterials

Graphene-based metamaterials had been considered as an organizer for 
uses such as ideal absorbers. It is used as a light emitter, as well as a modu-
lator and photodetector. It is used in tunable spintronic devices. However, 
challenges are related to conventional film deposition techniques. These 
techniques are used to make the complicated metamaterial demanding 
to produce, which has drastic finite experimental authorization. These 
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metamaterials having optical properties are modulated statically by the 
manageable process, which is known as laser mediation conversion. The 
layers of graphene oxide were used as counterparts of graphene. These 
counterparts contain a lot of degrees of conversion, providing great dor-
mant for devices fabrication and devices. The productive graphene lay-
ers show optical conductivity comparable (approximately within 10%) in 
response to chemical vapors and deposited analogs [20].

Functional photonic devices are led by laser pattering like flat lenses 
of ultrathin submerged in a device lab-on-chip. It continues the stability 
and contains sub-wavelength, which focuses on resolution. It is applied 
within flowing environments without any humiliation, in contrast with 
the original lens. This type of graphene-based metamaterial introduces a 
new experimental plan for vast uses like in on-chip integrated photonic 
and microfluidic devices as well as biomedical. Metamaterial as well as 
meta-surfaces structures can enhance the presentation of electromagnetic 
waves, which is done beyond the boundary conditions. Metamaterials are 
considered unusual materials, made of special micro as well as nanoscale 
arrays [21]. These arrays permit them to come in contact with electromag-
netic waves and as well as other types of energies, which are not present 
in nature. For example, light contains a negative refractive index, which 
has the most important effect on metamaterials. Meta-surface is one type 
of metamaterial structure, made of different parts in order of 2D to over-
come the varieties of losses as well as challenges in the fabrication of nano-
materials. Newly generated types of meta-surfaces are taking advantage of 
graphene. They are introduced as well as used in antenna designing, sen-
sors, and absorbers in the THz band with a cheap cost accomplishment [4]. 

12.4.2 Nanorod Plasmonic Metamaterials

By the use of LSPPs in the field of biosensing, different nanoparticle for-
mations, such as ellipsoids, spheres, rods, and rings are approved. Among 
these applicants, nanorods are among those who hold a comparatively high 
understanding of the index of refraction variations and geometrical inte-
grating, which have been used extensively. On a glass substrate, there is a 
nanorod layer covered with self-built monolayers. The discrete nanorod is 
around 15 nm (diameter) and 50 nm (long). For sensing, imprisonment 
antibodies are pre-linked with the self-build monolayers and definite anti-
gens will fix to them in the analytic solution through measurement [22].

As an executant of detection, an arrangement of nanorods in the plas-
monics metamaterials has been presented with new means to overawed the 
understanding range of sensors with good flexibility based on LSPPs. The 
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additional fundamental advantage of nanorod metamaterials (NMs) based 
sensors is having porous consistency, which helps greatly to enhance the 
surface area for the response, as well as benefits to gain a great penetrating 
depth [23]. Nanorods are precursory restrained with streptavidin particles 
for operationalization. MMs for biosensing reflect the supremacy of guided 
means of these materials [24]. Markedly, nanorods or wire formations give 
rise to the latest technique of nanofabrication for a variety of applications 
and supplies which permits them to be unified into complex systems. By 
the lookout of metamaterials (MMs), some nanorod arrangements reflect 
as a bulk material with rare dispersion relations which are hyperbolic and 
their dielectric constant tensor have a negative factor laterally the long ver-
tical and positive factor the small vertical of nanorods [25]. Along with this 
exclusive feature, the complete structure holds a directed photonic mode at 
NI (near infrared) while the ascertainment of field distribution within the 
porous film is by the interaction of plasmon facilitation among nanorods. 
The excited state of this directed mode is the same as the exciting surface 
plasmon polaritons on a metallic film. For inaccessible nanorods having 
enough big distance of separation, the near field linking is insignificant and 
the reaction is dominant by localized surface plasmons [26].

12.4.3 Plasmonic Metal Surfaces

When the light comes in contact with metallic nanostructures via plasmons 
with resonant stimulating results in combined oscillation of conduction 
electrons within nanostructures. Nanostructure commonly exists in size in 
the range of 10 to 10,000 nm. This structure productively behaves like an 
antenna for light. The current introduction of metamaterials increased the 
control with help of engineered inner structures of those materials. Pendry 
et al. theorized it about 20 years ago [26]. After this, the progress in the area 
of artificially fabricated material carries on to stabilize.

Metamaterials possessed a large series of em (electromagnetic) processes 
which do not occur in nature. These invented materials are formed by the 
set of complex elements. These elements contain magnitudes that are larger 
than the of magnitude of molecular unit cells of real materials. Ideally, it 
permits the MMs to give images about the relation with em waves. This 
can be represented in terms of parameters which are actual material 
parameters. MMs depicts as materials that are standardized at the required 
wavelengths. At optical frequencies, these materials are considered to be 
a type of invented fabricated materials with unique characteristics [27]. 
The main property is that the similar permittivity in various directions is 
different from each other. Thus, it is considered a variant by designing its 
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structures through experimental work [28]. This property explains that 
metamaterials might act as surface plasmon polaritons (SPPs) in the way of 
propagation with a more malleable demonstration in contrast to ordinary 
materials. MMs allow a distinguished multitude of material characteris-
tics. These include artificial magnetism as well as controllable electric per-
mittivity and other many properties involving negative refractive indices. 
These materials possessed a high index of refraction and strong chirality. 
These properties remain circulating by the contact of light and artificial 
materials [12]. By the concept of these great characteristics, light can be 
operating uniquely. The metamaterials having negative refractive index use 
split ring resonators and an array of metallic wires to make their unit cells. 
These unit cells are demonstrated experimentally in the microwave domin-
ion. After that, at optical wavelengths, it was demonstrated as the elemental 
array is made to the least range to nanoscales [18].

In current years, meta-surface elements are organized periodically, 
having resonant subwavelength of thin planner arrays. They have gained 
huge attention and are considered a quickly growing field in research. The 
reason is that they have extraordinary access to electromagnetic fields. 
They are modified for impinging waves by using boundary conditions. 
Usually, meta-surfaces are used to consider remarkably beneficial due to 
their simplest fabrication procedures as compared to metamaterials having 
3D analogs. The modified metamaterials are usually composed of compli-
cated and artificial 3D nanostructures processing rather than em proper-
ties [29]. As meta-surfaces are considered a continuously growing field of 
research, several articles give complete detail about specific reviews [19]. 
Some present a complete review of the field. Some focus on a certain type 
of meta-surfaces or specific branches of applications. Some focus on the 
current progress of GSPMs during the past few years and claim to provide 
the main objectives for this specific branch of meta-surfaces [30].

12.4.4 Self-Assembled Plasmonic Metamaterials

The combination of nanochemistry and nanooptics has encouraged the 
exposure of continuous research in the science area which is known as 
self-assembled metamaterials. In this scientific area, chemical self-assembly 
techniques are mainly used to fabricate nanostructures needed for applica-
tions in optics and photonics. The main purpose of these bottom-up tech-
niques is to fabricate the unit cells to adjust at the nanoscales to demonstrate 
a desired optical effect range (visible and NI). The team works by Alivisatos 
and Brousse introduce the probability of arranging the two strong associ-
ated nanospheres (known as a dimer) with nanometer precision by using 
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DNA and as well as molecular linkers. These first arrangements of the pro-
duction of a unit cell started with self-assembly techniques. This arrange-
ment gave a huge idea to plot the most complex nanostructures by using 
bottom-up techniques.

MMs fabricated by using bottom-up methods contain many advantages 
over their top-down techniques. Their offering structures are beneficial 
like smaller sizes, as well as more ready response to three-dimensional 
metamaterials. These techniques are mainly quicker and cheaper [31]. Due 
to this reason, there is a huge importance of this technology for the long 
last application. Over the last decades, a remarkable number of research-
ers have gone into the demonstration of plasmonic nanoparticles by using 
nanochemistry as the main components of metamaterials unit cells. This 
field is continuously being upgraded and nanoparticles of a huge variety 
of shapes as well as compositions and sizes can now be produced. This 
large category of plasmonic materials is demonstrating localized surface 
plasmons (LSPRs) at optical frequencies.  This is becoming of continuous 
importance to the expanding field of optical metamaterials. These NPs are 
used to fabricate structures with beneficial optical properties. It is typically 
necessary to encourage their organization generally through the utilization 
of particle-substrate and inter-particle relations into specific architectures.

Convenient structures are identified by a high degree of nominal order 
just on short-range parameters. The précised spatial arrangement is impos-
sible across the larger dimensions in most cases, which leads significantly 
to amorphous structures. These self-assembled nanostructures need novel 
analytical means to report their properties, advanced design of functional 
elements which hold a desired near- and far-field effect, and requires gen-
uine characterization and nanofabrication techniques. Finally, novel appli-
cations are to be recognized which are modified to the specifics of the 
self-assembled nanostructures [32]. 

12.4.5 Nonlinear Plasmonic Materials

An artificially manufactured material has no properties that are present 
in nature. In contact with em (electromagnetic) radiation, they are identi-
fied by other parameters, such as permittivity, as well as permeability. The 
refractive index is a result of the product of permeability and permittivity. 
Metamaterials cannot occupy a positive refractive index like other materi-
als having properties that are found in nature. So, they contain a negative 
refractive index. Naturally occurring materials cannot show a prominent 
nonlinear response as compared to artificially manufactured materials [33]. 
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Nonlinear plasmonic material contains periodic as well as nonlinear 
and transmission mediums. Such materials are considered as a negative 
refractive index because there is a reason in response to the electromag-
netic source. The reason for nonlinearity is the result of electric fields that 
have large values. Infect in these materials the microscopic electric field is 
greater than that of the macroscopic electric field of em (electromagnetic) 
source. Due to this effect, we can enhance the non-linear response of the 
materials.

A prominent nonlinear behavior can be derived with the help of hysteresis- 
type dependence in response to light. The response is observed as the mag-
netic permeability of the incident light within the material. The chang-
ing in materials is due to the field intensity which permits them to change 
themselves from left to right-handed as well as back [34]. For nonlinear 
optics, there is a need for a nonlinear medium. Most optical materials show 
weak responses as they show weak responses in response to relatively high 
changes in the intensity of light. Nonlinear plasmonic materials show con-
trol on this limitation, as the average value of the field can be smaller than 
that of the local field. 

A physical process is created when the light is scattered by the materials 
and frequencies having different wavelengths try to change from its linear 
trajectory. When the light changes its medium (reflected), it is then scat-
tered. At resonance, metamaterials are made for scattering light by split 
ring resonators. A similar size of resonant scattering elements is designed 
within the material. When light propagates through the material the sim-
ilar size of the resonant element is smallest than that of the wavelength of 
the frequency of light [35].

12.4.6 2D-Plasmonic Metamaterials

In addition to modern concepts like negative Refractive Index (RI) and 
photonic crystals in metamaterials are becoming the most popular materi-
als due to their unusual optical properties and can be used in optical instru-
ments. Metals such as Ag, Al, and Au metals were used as metamaterials 
but their performance was not admirable due to radiative losses. The high 
amount of energy dissipation, as well as poor tuneability, was included as 
drawbacks. To solve these problems for systematic plasmonic uses, a group 
of 2D materials was introduced which presented an important phenome-
non of light-matter interaction. That resulted in efficient quantum confine-
ment effects. Many materials including semiconductors and dielectrics are 
considered plasmonic materials because they contain unusual plasmonic 
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properties. The advanced properties are connected with band gap contriv-
ances as well as the transfer of electrons [36].

Graphene was investigated as the first 2D material with zero band gaps. 
Graphene has extraordinary conductivity properties because of its higher 
electronic strength. At the industry level, the realization of graphene is con-
sidered for useful applications in the laboratory. Researchers have started 
investigating more and more 2D materials to artifice their performance for 
plasmonic applications. More than 140 members of the 2D materials fam-
ily are playing a pivotal role in advanced and as wells as primary technol-
ogies like light-emitting diodes (LEDs), physical catalysis, environmental 
applications, field-effect transistors (FETs), and sensing applications [37]. 
Some useful 2D materials are considered hexagonal boron nitride (HBN), 
black phosphorene, and non-metals having properties of probable plas-
monic materials. These 2D materials contain a vast electronic and plas-
monic spectrum that covers many properties like high surface area, surface 
state nature, spin-orbit coupling, and effects like quantum spin Hall effects 
[22].

12.5 Applications of Plasmonics Metamaterials

Surface plasmon polaritons show distinct characteristics of tight field con-
straint and strong field improvement. In the locality of metal structures, 
dielectric media have variations in refractive index that are very delicate. 
This purpose can be observed by obvious changes of equivalent quantities, 
like a balance in angle, a change in resonance, and a change in field inten-
sity probable. Thus, surface plasmons polaritons not merely yield label-
free, actual contact to investigate biological mechanisms at nanoscales but 
give rise to very high perseverance. Mutually circulating plus confined 
surface plasmons polaritons have been functional for biomedical and bio-
chemical applications [38].

12.5.1 Nanochemistry

Nanochemistry is linked with size, defects, form, self-assembly, and bion-
ano such that any new nanoconstruct is linked with all these ideas. In this 
way, nanoconstruct formations depend on the dependence of size, form, 
and the surface of self-assembly of constituents into the functional struc-
tures, such that they may have defects and also may be useful for bioana-
lytical, photonic, electronic, and medical issues. Nanochemical techniques 
can be helpful to form carbon nanomaterials like carbon nanotubes (CNT), 
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fullerenes, and graphene, which have achieved consideration in latest years 
due to their great electrical and mechanical properties.

Progress in chemistry, as well as nanofabrication, have been in search 
of the plasmonic nanostructures (PN) of various outlines. These plas-
monic nanostructure advances lead to managing the spectral limit of 
plasmonic resonances plus adjusting the pitch confinement and develop-
ment beneficial to enhance detection and hot carrier attraction presenta-
tion. Another way, plasmonic metamaterials adopt the same manner by 
exploiting large-scale plasmonic nanostructure arrangements based on 
gatherings of nanoholes, nanorods, split ring resonators, nanotubes, and 
further nanostructures. From all these, PNM (plasmonic nanorod meta-
materials) is made up of arrangements of plasmonic nanorods which are 
highly interacting and ranged and mainly beneficial for sensing along with 
nanochemistry applications. This enables nanochemical reactors in which 
hot electron effects are completely subjugated and become highly aniso-
tropic metamaterials used in nanophotonics submissions for wave-guiding 
and imaging proceeds the diffraction limit to improve fluorescence and 
optical effects in nonlinear forms. Hence, the use of plasmonic nanorods 
in metamaterials assumed from hot electron prompted followed by organic 
conversions in metamaterials, which are electrically operated [39].

12.5.2 Biosensing

Although fronting their particular problems, each of them has distinct 
advantages. A finding sensitivity beyond 10−5 refractive index units (RIU) 
for methods based on circulating surface plasmon polaritons has been 
attained. But this goal is still stimulating for analysis because of careful 
nanostyles and also with very minor size. By way of confined surface plas-
mon polaritons, a kind of device in which by changing chemical compo-
nents, size, and form of plasmonic structures have attained good tenability 
and malleability. But it suffers a sensitivity of lower magnitude at least at 
the range of one.

Biosensing holds a novel promise with unique sensitivity, as well as 
specificity in the field of plasmonics metamaterials. Firstly, it follows the 
characteristics of metamaterials such that operating frequency could be 
broadly adjusted to fix the individual excitations in biomolecules along 
with higher sensitivity can be formed a very sharp spectral line. Second, 
adaptability should be high to form the building blocks of plasmonics 
nanostructures confirming that this device follows the requirements for 
various applications. New advances in biosensing, which are based on plas-
monics metamaterials are as follows;
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• meta-surfaces,
• chiral fields,
• nanorod structure,
• fano resonance.

Due to limited space, we cannot discuss more sensing approaches [24].

12.5.3 Filters

Filters like band pass filers (BPFs) are the necessary first component for 
microwave/RF systems. Recent developments in current wireless, as well 
as radar communication utilization, demand great performance, and 
variably managed RF sub-systems. Therefore, automatically manageable 
microwave filters (MFs) is attaining additional consideration for explora-
tion along with progress. Convectional MF uses outdated microstrip tech-
niques which go through mutual coupling, radiation losses, and cross-talk 
issues. To overcome these problems, spoof surface plasmons polaritons 
(SPP)-based RF systems are used.

Natural surface plasmons polaritons are distinctive exterior waves that 
are exceedingly confined at the boundary of metal-dielectric and concerning 
optical and near-infrared (NIF) frequencies. It declines exponentially along 
the plumb track of the boundary and therefore displays sub-wavelength pitch 
limitations and improvements. Therefore, to perceive the surface plasmons 
polaritons like features of the locality in metal-dielectric boundary approaches 
to THz as well as MF (microwave frequencies), plasmonic metamaterial have 
regularly ridged metallic formations with two-dimensional hole and one- 
dimensional grooves have been projected and also known as designer or 
spoof surface plasmon polariton. The cutoff frequency and dispersion curve 
for that kind of system could be changed by its physical constraint. However, 
these formations can manipulate and control electromagnetic waves, which 
can be used to make transmission lines at the sub-wavelength scale for the 
stimulation of amplifiers, tunable filters, switches, and antennae. In-band 
stop, manageable behavior exhibits by varying the physical dimension. Now, 
capacitors with various values show that the low pass frequency has been 
tuned among the two-unit cell by the relation of dispersion and cutoff fre-
quency. For this, researchers show the pass-band tenability of spoof SPPs. 
The use of 24 varactor diodes and 25 lumped inductors in various positions 
to manage the higher and lesser cutoff frequency of the filter of surface plas-
mon polaritons created a transmission line, which makes these alignments 
very heavy and complicated for a practical prototype [25].
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12.5.4 Planner Ring Resonator

Metamaterials have achieved great attention for different microwave fre-
quencies having a lot of applications because of their extraordinary prop-
erties. Such applications highlight the area of filters [40], components 
having multiple bands, elements for enhancement of bandwidth, design 
for absorbers, and much more. Metamaterial (MTM) is not found in 
nature. They are made in artificial manners. Its properties may be manip-
ulated in different ways to distinguish values as required for the applica-
tion. A metamaterial on an anchor medium is formed by the use of regular 
arrangements of materials (dielectric plus metallic) [41]. These naturally 
occurring substances contain positive ε0 permittivity and µ0 permeability. 
These properties may be negative. There is the possibility that any one of 
them can have a negative value. The two metamaterial classes are double 
negative (DNG) and single negative (SNG).

Non-planar ring resonator (NRR) contains different beneficial sub-
missions like “ring laser gyroscopes” [42]. Siegman introduced the latest 
outlook of this NRR. Ring resonator is helpful for the designing of the 
cavity, improvement of the cavity, and lining of nonpolar resonators. A 
variety of research is available on the reflector “misalignment-induced 
optical-axis perturbation” of planar ring resonator (PRR), as well as NRR 
[43]. Non-planar ring resonator has adjusted disorder or “optical-axis 
stability.” Four equal-sided non-planar rings having optical-axis agitation 
involve the reactivity of optical-axis dissemination as well as an under-
standing of optical-axis gradient SG. Optical-axis disseminated over the 
center depicts the influence to permit the optical axis within the resona-
tor. Optical axis gradient gives the tendency to make the parallel by the 
optical axis to the lengthwise axis. The obtained results show clarity in 
response to the simulation. The properties like permeability as well as 
permittivity plus single cell index of refraction have been obtained by 
using “CST’s resampling module” based on the “Robust retrieval” tech-
nique. By the NRW method, the outcomes are tested by a “MATLAB” 
sequencer. These two methods contain similar belongings through ENG 
performance as well as near-zero indexes. The unit cell having the equiv-
alent circuit model is designed as well as validated. This is done by using 
ADS. The performance of the arrays is checked by measurement, which 
shows the characteristics of the triple band. They contain minor dimen-
sions plus better EMR have projected that ENG metamaterials may be 
good substrates for applications (S, X-band, and C). It is used in applica-
tions like wireless communication [43]. 
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12.5.5 Optical Computing

The word optical computing is derived from which means “electromagnetic 
radiation.” It is not assumed a proper definition. In the field of computer 
science, a hierarchy continues which explains accurately the “computational 
complexity.” This is consisting of the amount of state as well as how the state 
is examined. The research for optical computation is told about in 1858 as 
“Foucalt’s knife-edge” test. Over the 65 years of old research, new activities 
occurred in this field [44]. In 1940 and 1960 in the first decade, hologra-
phy and lasers respectively were dominated. This results in the form of syn-
thetic aperture radar (SAR) processing as a result of combining lenses as 
Fourier transforms [45]. In 1970 for the first time, liquid crystals at room 
temperature give researched with the use of “analog spatial light modula-
tors” (SLMs), which resulted in the form of coupling with a large number of 
LEDs. That decade gave the first survey of optical resistors and was the first 
entrance into optical instruments [46]. Micro-mirror technology was first 
introduced in about 1980. This technology gave a dense method of mod-
ulation of light rather than SLMs [47]. This technology also introduced a 
new platform that was based on an interferometer known as optical tran-
sistors [48]. In the 2000s, the research of ring resonators and many fields, 
such as complicated optics properties, became more popular like optical 
methods consisting of processing data networks [49]. Manual techniques 
are preferred in contrast to the optical transistor in most research. Now, the 
research on optical calculation was inadequate when the fabrication of the 
instrument would reach 100 nm. As a result, nanophotonic instruments are 
considered not to be experimental, and the instrument based on electronic 
devices are considered to have limitations based on scaling [50].

Guiding the significant characteristics of calculation, as well as their 
type of computation, this was the start of specific sessions of calculations 
as maintained. They included combinative judgment (CJ) having not any 
shape as well as limited shape androids (LSA) that have only one shape. 
It included the cast-down androids (CDA) having one shape. In pivoting 
machine (PM) has a no of shapes that are developed among somewhat 
arrangements. The calculation sessions have the boundary of specific cal-
culations. So, LSA does not involve because its static shape could not be 
enhanced by the use of a directional picture which gives evidence about 
the random numbers. The PM is the most complicated whose properties 
describe recognized restrictions of calculation. They gave them the idea of 
presenting whether it is a limited class of symbols (digitally), as numeric 
values as presentation of analog.
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The changes explain a new aspect of optical computing in the future 
including specialization of architecture as well as mechanisms and algo-
rithms. This convergence gives a chance to make a communal to find out 
high capability in the field of optics to enhance novel competencies and 
changes in the calculation [51].

12.5.6 Photovoltaics

A photovoltaic (PV) is a device that converts solar energy directly into 
electrical energy. This is done by an effect called the photovoltaic effect. 
PV cells contain the least efficiency and high cost of production which 
abstain it to be used on a large scale. A lot of methods and techniques 
have been adapted to maximize the efficiency of these PV cells. It is tried 
to apply to lower the price of electricity.  For this purpose, to increase the 
efficiency, various types of photovoltaics are made. In this regard, silicon 
(Si) based photovoltaic cells might be attached to lower the energy cri-
sis [43]. In the early days of PV cells, a common discernment was that 
first-generation silicon-based solar cells, in the end, would be altered by 
a second-generation of lower cost thin-film technology. It was done by 
involving different types of semiconductors. Thin film polycrystalline has 
elements containing cadmium sulfide, cadmium telluride, and now sili-
con as the key value.

The solar cell produces electricity based on the energy they receive from 
the sun than having the ability to process. Mostly photovoltaic cells just 
convert 10% to 20% of the energy as they absorb it into electricity. Under 
perfect conditions in the most efficient cells laboratory, PV cells reach an 
efficiency round around 45%. The reason is that solar cells can convert 
electricity which they only store photons from in a specific frequency 
band. Above this band, all the photons are considered wasted. In the fre-
quency band, some photons have less energy than the required energy to 
produce electrons. On the other hand, others have a lot of energy and thus 
the excess is wasted [52].

The efficiency of solar cells is calculated by an arrangement of charge 
carrier separation efficiency, as well as conductive efficiency. It can be 
determined by reflectance efficiency and thermodynamic efficiency. Solar 
cells cannot generate power in darkness. They store only some amount of 
energy. So, it can be used when the availability of light is not possible. This 
can be done by a process of charging electrochemical storage batteries, 
which follows the process of photosynthesis in plants. Photovoltaics are 
divided into three major types 
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1. Crystalline silicon cell
2. Thin film solar cell
3. Third-generation solar cells

On the smallest scale, photo voltaic allows us to power without batter-
ies in watches and calculators. Solar power is used in hospitals and health 
centers in some countries to power water pumps as well as telephone boxes 
and even refrigeration units. Current developments are working to make a 
self-cleaning coating for solar panels. It is done to increase their efficiency 
as well as projects to minimize the waste of materials during fabrication. 
Thus, solar power will find local uses on a smaller scale in most developing 
countries with a satisfactory environment. Photovoltaics are also ideal for 
domestic and as well as small-scale commercial use [53]. 

12.6 Conclusion

In the field of metamaterial, it is clear that there is a variety of plasmonic 
materials. These materials can be used as basic components for all applica-
tions. The work can be done at all frequencies. Recently, the uses of meta-
material-based devices have limitations to the low-loss areas of available 
metals. These limitations are far away from the special telecommunica-
tion wavelengths. Plasmonic metamaterials are vast and divided into many 
types based on semiconductors as graphene-based metamaterials, 2D 
metamaterials, meta-surfaces, and self-assembled metamaterials. Based 
on their types, they play an important role on domestic as well as eco-
nomic scales. These metamaterials are used in watches and calculators as 
low scale. To overcome the crisis of energy resources these metamateri-
als are used in photovoltaic which converts the sunlight into electricity.  
Such materials are used in the field of health and bio as used in cancer 
treatment. Transparent conducting oxides are playing an important role 
with the help of metamaterials in real life and unravel the interesting phys-
ical phenomena in a new generation of metamaterial and transformation- 
optics devices.
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Abstract
Nonlinear metamaterials are an exciting class of metamaterials. There have been 
various efforts to incorporate nonlinear optical effects in metamaterials through 
various manipulations. Nonlinear metamaterials can have a positive or negative 
and even a zero refractive index depending on different characteristics. Nonlinear 
metamaterials are essential in taking full advantage of electromagnetic radiation. 
Negative index metamaterials are of great significance. Nonlinear effects have a 
vast domain of applications, such as tunable acoustic metamaterials, reconfigu-
rable refractive index, SRR microwave nonlinear electric metamaterials. Various 
nonlinear metamaterials such as liquid crystal, varactor, and ferrite-based nonlin-
ear metamaterials are deliberated along with the general design of nonlinear meta-
materials and nonlinear effects in these materials. Electric, magnetic, plasmonic, 
and dielectric nonlinear metamaterials are also some astonishing results of artifi-
cially made nonlinear materials. Applications of various nonlinear metamaterials 
are also explored briefly. 

Keywords: Nonlinear metamaterials, negative refractive index, nonlinear effects, 
plasmonic metamaterials, split ring resonator, negative permittivity

13.1 Introduction

For a long period, physicists have been finding ways of fabricating materials 
whose nonlinear responses are speedy and broad. The frequency range of 
microwaves has displayed some advancement in this direction. Nonlinear 
optics can be utilized in ultra-soft, solid, low-power applications, i.e., at 
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higher frequencies, designing, and manufacturing of these materials would 
transform nonlinear optics. Advancements in different materials have been 
accelerated by the invention of metamaterials (MMs). Compound electro-
magnetic materials should be developed practically such that those mate-
rials have characteristics that make them significantly different from their 
parent components and are appropriate for the implementation of novel 
functionalism [1]. Over the last decade, many unusual linear optical char-
acteristics have been demonstrated by optical metamaterials. For instance, 
the refractive index may be engineered to be positive, negative, or even 
zero by altering the size, periodicity, and other attributes of unit cells of 
MMs termed meta-atoms at any specified frequency [2]. Similarly, it is rea-
sonable to infer that the same method may be used to change the nonlinear 
characteristics of MMs. Figure 13.1 provides the cylindrical and cubical 
view of a simple assembly configuration of nonlinear metamaterials.

InP SUBSTRATE

MQW
MQW

Pt

Au
Au

Au

Pt

InP SUBSTRATE

Figure 13.1 Simple basic structure of nonlinear Mms (cylindrical view of nonlinear MMs 
left, cubical view of MMs right).

The nonlinear optical effect is generated by the cumulative response of 
the fundamental constituents of MMs, which can be restricted by the char-
acteristics of ordinary atoms or molecules. Some restrictions can be kept 
in line to maximize specific interactions, while others are rudimentary, 
dependent on the peculiarities of energy levels or transition elements that 
create nonlinearity. For many years, scientists have been concerned with 
the issue of a material’s “biggest potential nonlinear optical response.” The 
intriguing functions and theory of nonlinear events play an important role 
in the study of nonlinear material characteristics. Material is characterized 
by four parameters for efficient optical interactions and applications. The 
parameters are nonlinearity, optical transparency, suitable phase-match-
ing conditions, and appropriate resistance to optical damage triggered 
by strong light radiations. Nonlinear terms are produced by methods for 
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example electronic, atomic (including molecular movements), electro-
statics, and thermal process to enable optical switching. When processing 
logic is required, the electronic method can assist in the quickest response 
using the Fs-Ps time scale. 

A new and rousing gateway to electromagnetic theory and practice has 
been opened by the discovery of Metamaterials. Meta comes from the 
Greek word that has meanings of “beyond” or “more than.” An artificially 
manufactured material that displays properties that do not exist in nature 
is called a nonlinear metamaterial. Its permittivity and material permeabil-
ity specify its response to electromagnetic radiation. The Refractive index 
is the result of the product of permittivity and material permeability.

In contrast to naturally occurring materials, nonlinear metamateri-
als yield a negative refractive index. Moreover, their nonlinear response 
is more evident and notable. Nonlinear metamaterials belong to the class 
of negative refractive index metamaterials as the nonlinear behavior is 
because the macroscopic electric field part of electromagnetic waves could 
be smaller in comparison to the microscopic electric field part of inclu-
sions. This turns out to be a great implement in intensifying the nonlinear 
behavior of metamaterials [3].

Metamaterials can be described by homogenous, constitutive parameters 
in exact analogy to natural materials. In contrast with their atomic counter-
parts, these patterns and particles show different behavior. These dissimi-
larities are beneficial as they can achieve properties that are either limited 
or unachievable by naturally occurring metamaterials. For an instance, a 
medium consisting of split ring resonators (SRR) can couple to incident 
magnetic fields to produce a section of negative magnetic permeability that 
can be produced by a medium composed of SSRs coupled to an incident 
magnetic field which cannot be achieved by naturally occurring materials.

For nonlinear optics nonlinear media is necessary. However, the non-
linear response is relatively weak for many optical materials such that a 
great change in electromagnetic field intensity leads to a small change in 
their properties. The discovery of Nonlinear MMs overcomes this con-
straint since their local fields are substantially greater than the average 
value of fields. Nonlinear metamaterials are being developed to better use 
electromagnetic radiation. Some characteristics of natural materials such 
as optical response and electromagnetic parameters can be tuned by spe-
cific engineering of the unit cell geometry of metamaterials. Here the unit 
cell indicates the fraction of wavelength of radiated electromagnetic waves 
that are geometrically and dimensionally arranged [4]. Moreover, permit-
tivity and permeability can be tuned by changing the size and the struc-
ture of the unit cell. These two elements can influence the transmission of 
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electromagnetic waves in a substance, hence extending the range of attain-
able optical and electromagnetic effects.

Optical qualities are not limited to mirrors, lenses, or other common 
materials. Victor Veselago introduced one of the greatest researched 
effects, which is the negative refractive index. As the name implies, these 
materials have the opposite optical characteristics of air, glass, and other 
common materials. Electromagnetic waves are refracted by negative index 
materials at high frequencies, in descriptive ways, to zero index materials. 
Furthermore, as energy transmits in a different direction, compensating 
mechanisms emerge [5].

A negative refractive index, an intentionally generated macroscopic 
feature, is of particular importance in nonlinear metamaterials devel-
oped via Negative Index metamaterials (NIMs). Nonlinear processes such 
as parametric amplification and second-harmonic production can cause 
anomalous behavior in NIMs. This happens due to the transmission of 
wave vector and Poynting vector of wave in NIM can transform the phase 
matching conditions for incident waves, which results in backward trans-
mitting waves and spatial distributions of the interacting field intensity [6].

13.2 Nonlinear Effects in Metamaterials

The physical phenomena inspired by nonlinear effects may be examined 
both theoretically and empirically in an acoustic metamaterial having dou-
ble negativity containing two kinds of scatterers, such that side holes and 
tissue positioned beside a pipe. This leads to the results that input acoustic 
intensities vary with the pass and forbidden bands associated with single 
and double negativity effects in metamaterials. The reason behind this vari-
ation is the nonlinear behavior of both kinds of scatterers [7]. The specific 
features linked with these characteristics of frequency bands of metamate-
rials can be interrupted by the nonlinearities; nevertheless, the nonlinear 
effects have the vast domain of applications, such as tunable acoustic meta-
materials, reconfigurable refractive index, SRR microwave nonlinear elec-
tric metamaterials, and so on. Sugimoto 1992, first studied the effects of 
HRs using nonlinear wave equations with losses represented by fractional 
derivates terms on nonlinear acoustic waves, for acoustic metamaterial of 
single negative modulus, propagating in a long tunnel. They discovered 
that the exposure of shockwaves in a tunnel can be effectively stopped by 
suitably designed resonators [8].

Nonlinear effects are thought to be crucial for the progress of meta-
materials, which is why the nonlinear behavior of electromagnetic 
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parameters and optical response characteristics of metamaterials have 
been extensively explored, leading to the controlled synthesis of second 
harmonic and actively tunable artificial materials. The development of 
the second harmonic wave in acoustic MMS was investigated by correla-
tions of optical and electromagnetic characteristics of metamaterials. As 
a result, nonlinearities in pipe-based metamaterials must be widely rec-
ognized, however, research on acoustics metamaterials nonlinearities lags 
far behind in the linear zone. Before the concept of metamaterials, the 
arrangement of Helmholtz resonators was employed to control shock-
waves in a pipe [9]. Excitations of harmonic waves were investigated by 
nonlinear Bloch theory in a waveguide with a kind of scatterer with a solo 
side branch. This theory was used to examine harmonic waves within a 
metamaterial having a negative modulus. Furthermore, the consequence 
of nonlinearity on a cutoff frequency parallel to local resonance is inves-
tigated. The nonlinear response in the negative index medium explains 
the first example of direct phase matching of second harmonic waves in 
opposite directions to the fundamental wave. These nonlinear metamate-
rials gain a broad spectrum of this combination by merely disrupting the 
existing patterns. Exotic features of resonant components can be found in 
a restricted frequency region. However, when dealing with terahertz and 
optical frequencies, it causes loss, spatial dispersions, and several manu-
facturing issues [10]. Many forbidden gaps may exist in double negative 
metamaterials such as low-frequency gaps started at 0 Hz, single negativ-
ity double negativity as well as positivity forbidden gaps caused by discrete 
processes. Nonlinear effects in double-negative metamaterials are more 
sophisticated in comparison with single-negativity metamaterials due 
to structural complications and their distinctive frequency bands. These 
nonlinear effects can alter the distinctive frequency bands, disrupting the 
unique properties resulting from single and double negative effects for 
example acoustic isolation and negative refractive index, although non-
linearities may give opportunities to broaden the application sectors of 
metamaterials [11].

For the evolution of new metamaterials, nonlinear effects play an import-
ant role. This effect mostly pays attention to electromagnetic and opti-
cal waves yielding the actively harmonious artificial materials with many 
conspiring nonlinear phenomena, like a parametric down conversation 
(PDC) [12]. Second or third harmonic generation, and parametric shield-
ing of electromagnetic fields. Metamaterials based on cylindrical pipes have 
sought more attention due to the high intensities of acoustic fields and reso-
nance as we cannot neglect the nonlinear properties of acoustic. This is why 
we should thoroughly investigate the nonlinear effect of various sorts of the 
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metamaterial. However, as previously noted, due to fewer data, nonlinear 
tubular metamaterials fell behind in the linear field [12].

13.3 Design of Nonlinear Metamaterials

The three primary classifications of left-hand materials are negative 
permittivity, permeability, and negative index materials, one of which 
belongs to the class of innovative materials structures. Because of their 
captivating applications in many areas of the field like waveguides and 
resonators, frequency modulators invisible cloaks, and so on, left-hand 
metamaterials have attained considerable attention in recent years. The 
trial and error approach is a standard process to make an optimum 
design for nonlinear optical that does not lead to a theoretical result 
and is incompetent but one can get enough knowledge about the non-
linear geometric and devices as this process can be automated by deep 
learning. To optimize the second-order nonlinear material, an ideal plas-
monic design needs to be created to form plasmonic configurations for 
a nonlinear metamaterial using a deep learning framework [5]. Smit et 
al. and Shelby et al. announced the first successful design, which is a 2-D 
periodic structural unit cell of SRRs along with copper bands. Following 
that, various novel designs and structures of left-hand materials, such 
as S-shaped resonators, were described. Because of their wire resonance 
behavior, the frequency bands in most SRR-based left-hand metamate-
rials are generally limited, although the permittivity bands are usually 
large, and the narrow DNG Frequency band is the major constraint that 
the researchers deal with. Designing new unit cells is still an import-
ant topic for researching innovative left-hand materials and expanding 
their uses. Various approaches for investigating and inquiring about the 
design or arrangement of left-hand materials and their possible uses have 
been proposed [13].

The form and geometry of the unit cell serve as interpretive factors for 
designing effective left hand metamaterials. Wires, spheres, and hollow 
slabs can also be used as unit cells. The geometry of the left-hand material 
should be simply permissible to acquire the appropriate characteristics of 
the negative index following possible use since it regulates the geometric 
parameters. For example, in a split ring resonator, the negative index of the 
resonator may be modified by altering the spacing between the inner rings 
and outer rings. This geometry of the resonators makes them more useful 
[14].
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Since the publication of Smith et al. first’s work demonstrating the occur-
rence of nonlinear metamaterials, these media have gained prominence. 
Researchers are currently experimenting with various design methodolo-
gies, electromagnetic characteristics, and applications. Metamaterials can-
not be utilized in broad frequency areas. The reason is their narrow and 
intrinsic resonance frequency bands; though with the help of additional 
materials the creation of tunable metamaterials is possible, for example, 
LCs, Superconductors, Ferrites, MEMS, varactors, and some capacitors. 
Several of these are described below.

13.3.1 Liquid Crystal-Based Nonlinear Metamaterials

The main purpose of using LCs is that at optical frequencies, LCs can be 
utilized to change the band gaps (Eg) of photonic crystals as they have high 
optical anisotropy exceedingly sensitive to the exterior field [15].

Thus, LCs are extremely useful for controlling the permittivity of meta-
materials and tuning reversed electromagnetic properties. Because LCs 
permittivity can be easily modified, they may be added to traditional 
metamaterials to create adjustable qualities [4]. For example, the refractive 
index of nanospheres distributed liquid crystals may be readily adjustable 
from a negative value to a positive value by adjusting the comparative per-
mittivity of LCs. The permittivity of LCs is affected by the angle of the 
director axis. Thus an applied magnetic field or electric field or a different 
polarized optical field or temperature variation can control These prop-
erties but it also has some drawbacks for an instance the finite range of 
tunable materials [16].

13.3.2 Ferrite-Based Tunable Metamaterials

The nonlinear and tunable properties can also be achieved by metama-
terials composed of ferrites and wires Dewar first reported this design 
method [17]. His model was made up of dielectric-clad wires inserted 
into ferrite hosts. He mathematically examined the permittivity, as well 
as the permeability of his module, and how to grasp negative index qual-
ities using magnetic bias. The negative permeability band may be eas-
ily modified as a result of this biassing. Ferrites can also be added to 
standard resonator metamaterials since their characteristics are easily 
adjusted by changing the magnetic bias. This ferrite addition may also 
result in tunable dual bands or multiband metamaterials. Their creation 
is extremely simple [18]. Their tunability could be regulated by regulating 
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the magnetic bias over a wide frequency range. Conventional ferrites, on 
the other hand, require a strong magnetic bias. However, there is a good 
likelihood that shortly, researchers may discover some specific ferrites 
that will function with extremely little magnetic bias to accomplish this 
adjustable negative magnetic permeability in the Giga Hz and Tera Hz 
zones. 

13.3.3 Varactor/Capacitor-Loaded Tunable Metamaterials

Gil and colleagues Velez et al. were the first to disclose tunable metama-
terials stacked with varactors, which are “diodes whose junction capaci-
tance may be changed by an applied electric field” [19]. They demonstrated 
that tuning capability in metamaterial transmission lines may be seen 
using varactor-stacked split ring-ring resonators connected to microstrip 
lines and that the addition of a variable voltage source can regulate the 
tunability [20]. Left-hand metamaterials and series adjustable negative 
permeability metamaterials layered with varactors have previously been 
created and tested. Experimentally, the refractive index of the prism-
like samples with different voltage biases illustrates the tunable negative 
refraction. The capacitor could be positioned in space among the inner 
and outer rings of the SRR. To tune the magnetic resonance frequency 
the capacitance of the capacitor is changed. These metamaterials have 
fascinating engineering applications such as filter antennas and nonlin-
ear components [21]. 

13.3.4 Other Tunable Metamaterials

Lately, many different metamaterials accomplished by several distinct 
constituents are proposed and fabricated, for an instance, a tunable 
superconducting metamaterial was designed and experimentally pro-
posed by using a fixed temperature superconductor it was reported and 
demonstrated by Ricci et al. Tunability may be accomplished by varying 
the direct current magnetic field and the Rf magnetic field. MEMS is 
a technique for controlling the composition and structure of unit cells 
[22]. THz frequency tunable metamaterials may be shown by altering the 
direction of a magnetic resonator or an electric resonator. Negative mag-
netic permeability µ metamaterials established on resonator structure 
shifting have recently been described at microwave and THz frequencies 
[23].
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13.4 Nonlinear Properties of Metamaterials

In the past, only linear properties of left-hand materials or negative index 
MMs were studied during wave propagation, which shows that mate-
rial permeability and permittivity are independent of the electromag-
netic field intensity. But on the other hand, tunable structure designing 
requires the know-how of nonlinear properties where both the permit-
tivity and permeability vary with the intensity of electromagnetic fields. 
The range of stop band spectra or transmission spectra is affected by this 
change, which results from the change in permeability by the intensity of 
the macroscopic magnetic field. By adjusting the field intensity swapping 
among positive and negative values is possible. As a consequence, left-
handed materials can be switched to right-handed ones and vice versa. 
Left-hand materials cannot be created if the magnetic response is not 
correct [24].

Typical metals can be utilized as electromagnetic shielding materials 
because they reflect electromagnetic fields at particular frequencies. Linear 
left-hand metamaterials cannot be employed for this purpose, but when 
the nonlinearity of magnetic response is considered, a controlled shielding 
effect with a parametric reflection is found [25].

For different arrangements of constituent atoms and molecules, some 
materials display phase transition in their optical properties. The incre-
ment of the effect of phase transition on total optical properties and 
confining external stimuli, such as heat or light within phase transition 
material can be done by the hybridization of such materials with meta-
materials [26].

For nonlinear materials, the linear proportionality with incident fields 
does not define the electromagnetic response, i.e., the materials’ polariza-
tion and magnetization in the existence of electric and magnetic fields. All 
materials have a fast nonlinear response, for enough strong incident fields 
such that they respond at frequencies of the same order as the applied 
light. This response is a unique property of nonlinear mechanism only 
and can help in ultrafast switching from right-handed material to left-
handed materials and can even induce changes in the incident wave fre-
quency [27].

In the early stages, the novel properties exhibited by metamaterials urge 
research into a wide range of newly attainable phenomena which attracted 
many researchers. Rather than application-oriented the results were quite 
fundamental. For materials that are linear in the limit of weak incident 
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fields, polarization and magnetization can be extended in power series, 
such that 

 P(t) = P(1)(t) + P(2)(t) + P(3)(t) + ...  (Eq. 13.1)

and

 M(t) = M(1)(t) + M(2)(t) + M(3)(t) + ...  (Eq. 13.2)

where the superscript denotes the linear, quadratic and cubic field 
dependence. Here we are dealing with two types of nonlinear responses, 
namely second-and-third order harmonics and their associated phe-
nomena. Second-order responses, i.e., P(2)(t) and M(2)(t) are related to 
non-centrosymmetric materials or materials which show no inversion 
symmetry Third-order responses i.e., P(3)(t) and M(3)(t) are associated 
with both centrosymmetric and non-centrosymmetric materials [28]. 
The properties of negative refraction can be demonstrated by the novel 
types of microstructure materials both theoretically and experimentally. 
The composite material in left-hand materials is generated using wire 
arrays and split ring resonators. For microwaves, left-hand materials 
made of wire arrays and split rings have a negative actual component 
of permeability and permittivity. Magnetic nonlinear behavior is dis-
covered to be substantially greater in comparison with dielectric non-
linearity because of field amplification in the SRRs. This reliance allows 
it to alternate between positive and negative values. Such events can be 
accounted as a second phase shift initiated by outward electromagnetic 
fields. Veselago analyzed their properties long before, but recently they 
are experimentally validated [29]. 

Veselago observed that these Left-handed materials had negative refrac-
tion for inverse light pressure, reverse Doppler effect, and interface scat-
tering. Left-hand metamaterials have been explored in the linear regime 
of wave transmission, where electromagnetic parameters are assumed to 
be independent of field strength. Nevertheless, understanding such mate-
rials’ nonlinear characteristics is essential to build adjustable metamate-
rials in which the field strength modifies the transmission properties of 
left-handed materials, which is highly unique. For example, the effective 
permeability of a unit cell comprising SRRs and wires having nonlinear 
dielectric relies on the intensity of the macroscopic magnetic field in a nil-
potent fashion that permits swapping among left- and right-hand materials 
by adjusting the field strength [30].
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Structural losses are indicated by the imaginary part of effective per-
meability and might be controlled efficiently by the particular choice 
of the strength of the external high-frequency magnetic field. These are 
very important for future projections. The magnetic nonlinear behavior 
of the said structure is considerably greater than the corresponding elec-
tric nonlinear behavior due to resonant interactions of the EM field with 
the lattice of SRRs and the high value of the electric field in the gap of 
SRR. As a result, in left-handed materials, magnetic nonlinearity should 
predominate. Furthermore, the SRR gap can only be filled by nonlinear 
components that can be easily tuned by applying an external field. As elec-
tromagnetic waves transmitting in these kinds of materials always have 
restricted amplitude, the prospect of greatly amplified nonlinear behav-
ior in left-hand metamaterials may need a fundamental rethink of linear 
theory-based notions. Creating such highly nonlinear compound materi-
als would enable a variety of novel microwave domains such as limiters, 
beam spatial spectrum transformers, frequency multipliers, switchers, 
and so on [2].

13.5 Types of Nonlinear Metamaterials

Nonlinear metamaterials are engineered in such a way that they exhibit 
properties not found in nature, they are artificial materials with many 
desired properties, nonlinear behavior of metamaterials can be achieved 
by changing the natural parameters of electromagnetic radiations such 
as permittivity and permeability. These parameters are made negative so 
that the index of refraction can be negative which is the ultimate require-
ment of nonlinear materials. The index of refraction is tuned on specific 
frequencies to categorize types of metamaterials. These materials can be 
categorized into several types, in this article few types have been discussed 
such as.

13.5.1 Nonlinear Electric Materials

Metamaterials with negative refractive index commonly consist of com-
pound structures, those structures show negative magnetic and electric 
responses on specific frequency bands simultaneously. Negative permittiv-
ity is usually created by arrangements of long metallic wires whereas neg-
ative permeability or negative magnetic responses are commonly achieved 
by split ring resonators. The long metallic wire approach has an advantage 
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over SRRs which is wires provide a broadband electric negative response 
that can overlap the narrow band negative response of split ring resonators 
easily [29]. But in many applications for example transform optics which 
necessitate unit cells having nonperiodic arrangements as well as local 
distinctions in parameters of unit cells, long metallic wires are not suit-
able. To overcome this problem, electric resonators can be used which are 
assembled by two resonant loops consisting of the fundamental mode. In 
this way, the total magnetic dipole moment will be canceled which leaves 
a nonvanished electric dipole moment. Microwave and Terahertz bands 
show such structures. A nonlinear magnetic response that is very strong is 
a result of nonlinear resonant shift for SRRs; a similar approach has been 
taken by David A. Powell et al. in their work to design nonlinear electric 
resonators for a purpose to attain strong nonlinear electric response [31].

Figure 13.2 shows, the isotropic response is created by the introduction 
of two sets of boards that are perpendicular. Inside each resonator, to place 
varactor diodes extra gaps are introduced. The resonant frequency is in 
tune with the addition of capacitance in series. The geometry of the setup 
is such that copper-clad FR4 having 8 mm of height and width is used to 
fabricate resonators and 11 mm is the lattice period, with outer gaps having 
0.4 mm separations, 1 mm track width, and 2.4 mm length [32].

The current is flowing in two rings of a resonator in opposite directions, 
which results in magnetic dipoles equal in magnitude and opposite in ori-
entation; this gives net zero magnetic moment and electric moment with 
a dominant effect. Impotently net current is passing significantly through 

Figure 13.2 Slab of nonlinear electric metamaterials [31].
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the chief conductor having a varactor diode. Hence resonant frequency is 
modified strongly via incident power [31]. Figure 13.3 provides the low 
frequency and high frequency measurement of non linear metamaterial 
slab explained in Figure 13.2.
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Figure 13.3 (a) Lower-frequency resonance. (b) Higher-frequency resonance [31].

13.5.2 Nonlinear Magnetic Metamaterials

Metamaterials are highly responsive to efficiently modifying magnetic fields. 
Magnetic metamaterials can be fabricated by changing the properties of SRRs 
(key building blocks for compound metamaterials more specifically with neg-
ative refractive index), and varactor diodes are introduced in each element of 
split Ring Resonators of compound structure, such that change in the ampli-
tude of transmitting electromagnetic waves makes the entire structure tunable 
dynamically [6]. Split Ring Resonators are fabricated by introducing the pho-
tosensitive semiconductor or a varactor diode inside the resonator gap. The 
elements in the SRR can be tuned by high-power signals or by applying direct 
current voltage. Magnetic metamaterials show the Power dependent transmis-
sion properties, such as with the change in the resonant frequency transparent 
structure can be made opaque for higher incident powers. The reverse of the 
phenomenon can be observed by the nonlinearity of the structure [33].

Metamaterials are capable to manipulate magnetic fields which makes 
them a strong candidate for enhancement of the M-O effect, Magnetic field 
confinement, High-quality sensing, Wireless power transfer, Plasmonic 
perfect absorption, and MRI [34].

Several articles have been published following the tunability of magnetic 
metamaterials such that ferroelectric films are induced to SRRs substrate, 
with changing temperature electric permittivity is controlled and magnetic 
tenability is achieved. 

Magnetic responses are tuned with photodoping of low-doped semi-
conductors inside split ring resonators by changing the semiconductor’s 
conductivity with the help of an external light source [35].
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Ferrite rods are added to the still unit cell of SRR and with external mag-
netic field inductance of ferrite rods is tuned magnetically which modulated 
the magnetic resonance. In a comparison of these methods, varactors are 
more practicable in the application of microwaves [35]. Figure 13.4 explains 
schematic representation of SRRs with their components  inner radius (r), 
spacing (d), ring width (c), a typical SRR and its probing method.

c d

r

Source

Image

Probe
capacitor

inductor

Figure 13.4 SSRs for nonlinear magnetic metamaterials [36].

Rogers R4003 having a thickness of 0.5 mm printed circuit board hav-
ing 3.4 nominal dielectric constants is used to fabricate the metamaterial 
sample. Dielectric boards are made by allocation of an appropriate slot 
having copper nonlinear SRRs with the tin coat. Variable capacitor diode 
(Skyworks SMV-1405) is contained by each SRR, through which nonlinear 
current-voltage dependence is introduced, this gives each SRR a nonlinear 
magnetic dipole moment. SRR is arranged by a 2-D square lattice having 
29 × 4 × 1 unit-cell of 10.5 mm in size [33].
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13.5.3 Plasmonic Nonlinear Metamaterials

A promising platform is provided by plasmonic metamaterials to explore 
new applications and complex optical effects, such as Weak processes that 
can be utilized and enhanced effectively by strong light-matter interaction 
which is the result of the enhancement of large local field. Miniaturized 
devices are constructed by ultra-soft optical processes and tight field con-
finements, which is working as bridges for all-optical photonic circuits. 
Plasmonic metamaterials spectra can be tuned by shifting the response of 
every single component and their couplings. It is expected that non-linear 
metamaterials have a much broader horizon, Such as non-linear optics 
in PMM. The large local fields are responsible for the strong enhance-
ment of non-linear processes if non-linear materials are embedded into 
plasmonic nanostructures [37]. Optical properties of metamaterials can 
be obtained by plasmonic resonances of elements for example nanorods 
or SRR along with their electromagnetic couplings. Enhancement in the 
non-linear response is the result of the modification in the plasmonic 
resonance and their interactions, which is a consequence of refractive 
index modification of a substrate or inserted dielectric. In comparison 
with plasmonic crystals, the size and separation among the elements in 
metamaterials are much lesser than the incident wavelength [38].

13.5.4 Dielectric Nonlinear Metamaterials

For the characterization studies of materials having different shapes and 
sizes, the dielectric constant of materials needs to be determined precisely, 
as well as for scientific, industrial, and medical applications relating to the 
microwave locality. Dielectric parameter gives us information about elec-
tromagnetic wave interactions with matter and helps us to identify these 
interactions, this is very important for the development of various sen-
sor and instrumentation studies in the food and biochemical field. Several 
methods have been suggested for the determination of dielectric constant 
in microwave regions, such as the transmission-reflection method, near 
field sensor method, free space method, and resonant method [39].

The resonant method is commonly preferred for the measurement of 
permittivity in comparison to other methods because of its sensitivity and 
high precision. Two resonant methods have been suggested the resonant 
perturbation method and the other is resonator method. Chakyar et al. 
have aided the resonant perturbation method for complex permittivity 
dimensions by using metamaterial SRRs for low dielectric values and small 
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loss. SRRs are the structures of metamaterials that give negative permeabil-
ity and permittivity, many methods have been reported regarding this shift 
in SRRs. SRRs are very efficient for the study of electrometric of liquids 
and solids because of their tunable resonant frequency with variations in 
environmental parameters. SRRs have very vast applications in magneto- 
inductive devices, sensors, and material characterizations [40]. Figure 13.5 
provides setup of a sample probe for the detection of  dielectric constant of 
different materials using resonant perturbation methods for low frequency 
split ring resonators (SRRs).

Dielectric sample

Substrate

Figure 13.5 Dielectric constant and SRRs test prob [41].

The above picture is the sample prob for the determination of dielectric 
constant for different materials using resonant perturbation methods for 
low-frequency SRRs [41].

13.6 Applications

Researchers and material scientists have been working on metamaterials 
for the past few days as they have shown exotic properties, such properties 
are not found in nature. Non-linear metamaterials more specifically facil-
itate us to tune desired properties by tuning the negative index on partic-
ular frequencies, which allows non-linear metamaterials to be utilized in 
many applications such as.

13.6.1 Tunable Split-Ring Resonators for Nonlinear  
Negative-Index Metamaterials

In recent years, the study of microstructure materials that are engineered 
carefully has gathered the huge interest of scientists in these materials or 
metamaterials. These materials have shown great fascinating properties for 
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transmitting electromagnetic waves more specifically negative refractive 
index [42].

Electromagnetic properties of metamaterials are highly dependent 
on the macroscopic and homogenous parameters, which are permittiv-
ity and permeability. Split ring resonators and short wires are structures 
used to make these parameters negative by careful engineering. To make 
the index of refraction negative in the narrow band frequency, negative 
magnetic permeability µ is given by an array of SRRs in the range of 
narrow frequency band just above resonance frequency, whereas neg-
ative permittivity is given by an array of short metallic wires in a wide 
range of frequency below effective plasma frequency. Linear metamate-
rials have been studied extensively where electromagnetic responses are 
not affected by an external field, efforts toward non-linear metamaterials 
have been made more specifically non-linear tuneability of split ring res-
onators [43]. Split ring resonators are LC resonators and the geometry of 
the ring is important to determine the resonant frequency. The single ring 
has a diameter of 7, 6 mm is the inner diameter and 0.7 mm is the width 
of the slit, and fabrication made on the 0.8-mm-thick PC board substrate 
is the SRR’s geometry. The resonance frequency is 4 GHz. The resonance 
frequency can be taken down to 0.9 GHz when a high Q-capacitor having 
2 pF capacitance is attached to the slit. The turns ratio between the SRR 
size and wavelength large to 50 is beneficial in miniaturizing the micro-
wave device size [44].

Extra materials or extra components have to be introduced in SRRs to 
tune magnetic responses. Variable capacitance diodes are merged into the 
SRRs to produce a dynamic tunable system.

13.6.2 SRR Microwave Nonlinear Tunable Metamaterials

Microwave metamaterials are non-natural materials having a negative 
refractive index, such materials have a waste range of applications, i,e., 
super lenses and cloaking. Usually, SRRs use array units that provide 
strong magnetic coupling for tunable metamaterials. Recently, SRR-based 
nonlinear metamaterials have gathered huge interest; the reason is an 
enhancement in the strong local electromagnetic field in the unit cell of 
sub-wavelength [45].

It has already been discussed that the size and structures of metamateri-
als are much smaller than the incident wavelengths, hence electromagnetic 
properties of such material can be described by macroscopic and homoge-
neous parameters such as magnetic permeability and electric permittivity. 
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Both parameters can be made negative by careful engineering of the pho-
tonic atoms to attain the negative refractive index from metamaterials. The 
composite of SRRs and short metallic wires are the most extensively used 
structures for this type of engineering [44].

Nonlinear SRRs can be fabricated by inserting the varactor diode in the 
resonator’s gap. This diode permits the elements in the SRR to be tuned by 
high input power or by DC-applied voltage. Properties of nonlinear meta-
materials can be extensively tuned and desired properties can be obtained 
by changing the applied high input power [46].

13.7 Overview of Nonlinear Metamaterials

Nonlinear metamaterials are specially engineered metamaterials, which 
are developed in such a way that electromagnetic radiations can be manip-
ulated in novel ways. Electromagnetic and optical properties of regular 
materials are commonly manipulated by using chemistry, but in metama-
terials, these properties (electromagnetic and optical) are engineered with 
the unit cell geometry of materials. Unit cell materials are those in which 
the geometry is arranged with dimensions that are fractions of the wave-
length of the incident wave [47].

By having control over the adjustment of size and configuration of unit 
cell many effects can be tuned which gives us control over permeability and 
permittivity. These are the parameters of determination of propagation of 
electromagnetic radiations through matter. Hence, the possible optical and 
electromagnetic effects can prolong [48].

Optical properties of materials are not limited to mirrors, lenses, and 
conventional materials, but can be prolonged beyond these capabilities. 
The negative index of refraction is the most studied effect, Victor Veselago 
proposed this in 1967. Optical properties exhibited by the negative index 
materials are opposite to air, glass, and other predictable materials. 
Electromagnetic waves are refracted by negative index materials at appro-
priate frequencies to negative or zero index materials. Moreover, energy 
propagation can take place in the opposite direction which may outcome 
in a compensation mechanism along with many other possibilities [49].

13.8 Conclusion

Nonlinear metamaterials also known as left-handed metamaterials are 
artificially manufactured and have properties opposite to those of linear or 
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natural materials. Nonlinear properties depend on the intensity of electro-
magnetic fields. These materials are capable of working at high frequencies 
on which natural materials failed to respond. The intensity of electromag-
netic radiation alters the permeability and permittivity of these materials. 
Metamaterials cannot be operated in some wide frequency areas due to 
their intrinsic nature and their narrow resonance frequency bands, but 
some tunable or nonlinear metamaterials have been created using different 
materials, such as varactors, capacitors, liquid crystals, superconductors, 
etc to operate in such wide frequency bands. Nonlinear metamaterials are 
capable of supporting combinations of both linear and nonlinear proper-
ties that are weak or unavailable in conventional nonlinear metamaterials.

The first illustration of direct phase matching of second harmonic waves 
in opposite directions to fundamental wave is explained by the nonlinear 
response in negative index medium A large spectrum of these combina-
tions is obtained by these nonlinear metamaterials by simply disturbing 
the established patterns. Such exotic properties can be found in the narrow 
frequency band of resonant elements but when dealing with terahertz and 
optical frequency, it results in loss, spatial dispersions, and many fabrica-
tion problems. Metamaterial engineering of nonlinear optics allows us to 
make more modest adjustments to the existing nonlinear materials. This 
adjustment enhances the linear and nonlinear properties of metamaterials. 
Metamaterials have been utilized in many applications due to their fasci-
nating properties, electric and magnetic non-linear metamaterials adopt 
a similar approach to solve different problems. These materials work on 
different frequency ranges, and their geometry is quite different from each 
other. Indeed, nonlinear metamaterials will be the most fascinating and 
attractive field for future researchers. With the help of these materials, 
many barriers in nonlinear optics can be overcome and a new gateway to 
research will be open.
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Abstract
There are certain non-natural electromagnetic properties of materials like nega-
tive index of refraction exhibited by a new class of materials, known as metama-
terials. The electromagnetic waves interact with the inclusions, inducing electric 
and magnetic moments, which in turn affect the macroscopic effective permittiv-
ity and permeability of the bulk composite “medium.” Effective permittivity and 
effective permeability are basic engineering parameters of metamaterials. During 
the past decade, there had been substantial development in their fabrication and 
design. This has led to a new excitement in the scholarly ranks. Metamaterials are 
expected to have an impact across the entire range of technologies where electro-
magnetic radiation are used and will provide a flexible platform for technological 
advancement. Nowadays, a large number of products are produced and com-
mercialized. Starting from longer wavelengths in the microwave spectral domain, 
the commercialization efforts are moving to higher frequencies. It is expected 
that further developments will lead to the applications of tunable metamateri-
als at higher frequency ranges, including terahertz (THz), infrared and visible. 
The future belongs to the metamaterials and the incredible revolution because 
of them.
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14.1 Introduction

A metamaterial is made up of an assembly of unit cells known as meta- 
atoms. Each meta-atom has a size much smaller than its interacting wave-
length. These are made microscopically from dielectrics and metals—the 
conventional materials. But, the shape, size, and geometry of meta-materials 
can disturb light macroscopically (Figure 14.1). This may result in reso-
nances and uncommon values for permittivity and permeability (ε & μ).

Metamaterial can be characterized by using Maxwell equations. 
Transformation of Maxwell equations have a prominent role in describing 
metamaterial, which is given below:
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For the plane waves, these equations can be reduced to
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system. When ε and µ are negative the above equation changes to
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Figure 14.1 Light incident from air to metamaterial.
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The above case shows left-handed materials and their opposite direction 
and left-hand triplet of 



E , 


H , 


k .
It is well known that the response of a system to the presence of an 

electromagnetic field is determined to a large extent by the properties of 
the materials involved. We describe these properties by defining the mac-
roscopic parameters permittivity ε and permeability µ of these materials. 
The electric permittivity and permeability can be used for classifying the 
meta-materials and grouped into four combinations as given below (Figure 
14.2):

a) ε > 0 and μ > 0
c) ε > 0 and μ < 0
d) ε < 0 and μ > 0
e) ε < 0 and μ < 0

A group of metamaterials known as left-handed metamaterials, exhibit 
both negative ε and μ [1]. The term originated since the wave vector is 
anti-parallel as compared with the cross product of electric and magnetic 
fields in right-handed metamaterials. These negative values result in nega-
tive index of refraction. This offers a boundless opportunity in this class of 
materials and in turn has garnered attention among research community.

14.1.1 Examples of Metamaterials

Meta-materials have subwavelength nature. Due to this, the metamaterials 
operating at microwave frequency have a unit cell of the size in millimeters. 

Noble Metals Dielectrics

Artificial Composite
Structures

Gyrotropic Magnetic
Materials

є < 0, u > 0

є < 0, u < 0

є > 0, u > 0

є > 0, u < 0

Figure 14.2 Classification based on ε and μ.
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The unit cell of metamaterial bears a size of nanometers in case of visible 
spectrum. Another important property of metamaterials is that they can 
absorb light in a fine frequency range and in turn absorb/block a specific 
color. The electromagnetic properties of metamaterials are understood 
from the composition of nanoscale objects, in contrary, to the conven-
tional materials. The electromagnetic properties in case of conventional 
materials are understood at atomic/molecular level. This difference leads 
to the study of permittivity and permeability as easily tuned.

14.1.1.1 Electromagnetic Metamaterials

A metamaterial affects lesser on electromagnetic waves as compared to 
wavelength of electromagnetic radiation.

 i. Single negative metamaterials (SNG): Single negative meta-
materials have either negative permittivity or negative 
permeability. 

 ii. Double negative metamaterials (DNG): Double negative 
metamaterials are the metamaterials that have both per-
mittivity and permeability as negative with negative index 
of refraction. 

 iii. Electromagnetic band gap metamaterials (EBG): Electro-
magnetic band gap metamaterials control the propagation 
of light. 

 iv. Bi-isotropic and bianisotropic metamaterials: In many exam-
ples of electromagnetic metamaterials, the electric field 
causes magnetic polarization, and the magnetic field induces 
an electrical polarization, i.e., magneto electric coupling. 

14.1.1.2 Chiral Metamaterials

Chiral metamaterials consist of arrays of dielectric gammadions or planar 
metallic on a substrate. When a linearly polarized light is incident on the 
array, it becomes elliptically polarized upon interaction with the gammad-
ions with the same handedness as the gammadion itself.

14.1.1.3 Terahertz Metamaterials

Terahertz metamaterials are the combination of artificial materials that 
interact at terahertz (THz) frequencies. Terahertz waves lie just before the 
start of the microwave band to far end of the infrared band.
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14.1.1.4 Photonic Metamaterials

Photonic metamaterials are the type of electromagnetic metamaterials that 
are designed to interact with optical frequencies. Photonic metamaterials 
radiate the source at optical wavelengths.

14.1.1.5 Tunable Metamaterials

These are the metamaterials that have the ability to randomly change the 
frequency of a refractive index. An incident electromagnetic wave gives 
variable response with these metamaterials. This includes how an incident 
electromagnetic wave interacts with a metamaterial in remote controlling.

14.1.1.6 Frequency Selective Surface Based-Metamaterials (FSS)

FSS-based metamaterials are the substitute to the fixed frequency metama-
terials with static geometry and spacing in the unit cells used to find out 
the frequency response of a given metamaterials.

14.1.1.7 Nonlinear Metamaterials

Nonlinear metamaterials are artificial materials in which the nonlinearity 
exists. This is due to less macroscopic electric field of the electromagnetic 
source than the microscopic electric field of the inclusions.

14.2 Tuning Methods

Since the existence of the negative index type of media [1–3], researchers 
across the globe have shown a special interest in the study of metamateri-
als. Few studies are mentioned below:

a) The studies by Parimi et al. [2] and Smith et al. [4] have 
explained the methods of design.

b)  Aydin, K. et al. [5] Qiang, D et al. [6] have focused on the 
electromagnetic properties.

c) The applications of metamaterials have been demonstrated 
in the studies of Tao, H. [7] Pendry, J. B et al. [8].

As discussed, the metamaterials can absorb light in a fine frequency 
range, thereby, cannot be used in a wide range of frequencies. The tunable 
metamaterials have been proposed are given as:
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14.2.1 Tuning by Additional Materials

Tuning by additional material includes the following:

a) Liquid crystals [9–21]- A thermodynamic stable phase char-
acterized by anisotropy of properties without the existence 
of a three-dimensional crystal lattice, generally lying in the 
temperature range between the solid and isotropic liquid 
phase, hence the term mesophase.

b) Ferrites [22–34]- Ferrites are explained as any of a group 
of nonmetallic, ceramic-like, usually ferromagnetic com-
pounds of ferric oxide with other oxides, especially a com-
pound characterized by extremely high electrical resistivity.

c) Varactors [35–37]- A varactor (or a tuning diode) is a diode 
designed to be used as a voltage-controlled capacitor.

d) Capacitors [38, 39]- The capacitor is a component which has 
the ability or “capacity” to store energy in the form of an elec-
trical charge producing a potential difference (Static Voltage) 
across its plates, much like a small rechargeable battery.

e) Superconductors [40]- A superconductor is a material that 
can conduct electricity or transport electrons from one atom 
to another with no resistance.

f) MEMS [41]- MEMS is an acronym that stands for micro-
electromechanical systems. It describes a manufacturing 
technology used to create microscale integrated devices or 
systems that combine mechanical and electrical compo-
nents. These devices and systems have the ability to sense, 
control and actuate on the micro scale, and generate effects 
on the macro scale.

g) Tunable structures [42–44] and applications [45–50]- Active 
materials are capable of converting free energy into direc-
tional motion, giving rise to notable dynamical phenom-
ena. Developing a general understanding of their structure 
in relation to the underlying nonequilibrium physics would 
provide a route toward control of their dynamic behavior 
and pave the way for potential applications. 

14.2.2 Tuning by Changing the Structural Geometry

This is achieved by mechanically deforming the shape of the constituent 
elements or their mutual arrangement in the metamaterial, which affects 
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the overall properties due to mutual coupling between these elements, e.g., 
elastic deformation of the structure. 

14.2.3 Tuning by Changing the Constituent Materials

This is achieved by changing the properties of the materials composing the 
individual metaatoms, e.g., actively changing the conductivity of semicon-
ductors by injecting free electrons into them. 

14.2.4 Tuning by Changing of the Surrounding Environment

Achieved by immersing the metamaterial in an environment, which prop-
erties can change, e.g., by a liquid crystal (LC).

14.3 Types of Tunable Metamaterials

14.3.1 Thermally Tunable Metamaterials

There are certain properties that vary with the changing temperatures. 
The common materials for thermally tunable metamaterials are Vanadium 
Dioxide and Germanium Antimony Telluride. At a transition temperature 
of 68°C [51], the vanadium dioxide changes from metal to dielectric or 
vice versa. The surface Plasmon resonance in Au-VO2 [52–55] has been 
attained thermally. Similarly, Germanium Antimony Telluride experiences 
a phase transition from amorphous to crystalline [56]. The thermal tuning 
of metamaterials provides compatibility and enough tuning range in inte-
grated circuits [57]. The shortcoming of thermal tuning of metamaterials 
is slow modulation speed. This is primarily because of required time in 
heating/cooling. Further, the thermal tuning scope is outside the visible 
spectrum.

14.3.1.1 Optically Driven Tunable Metamaterials

The disadvantages found in thermally tunable metamaterials can be eradi-
cated by changing the optical sources. Thus, optically driven tunable meta-
materials have fast modulation speed and also tuning scope is within visible 
spectrum. However, these tunable metamaterials have a narrow range and 
cannot be accustomed to each cell. The application includes high-capacity 
communications and real time holograms. The quick response makes them 
in adaptive optics.
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14.3.2 Structurally Deformable Metamaterials

The structurally deformable metamaterials are having effective exceptional 
properties as a result of arrangement of structures. These properties can 
be tuned by external excitations. These external excitations can distort the 
shape and structure.

14.3.3 Electrically Tunable Metamaterials

The electromagnetic properties of metamaterials are changed by electro-
magnetic tuning. This is achieved by controlling the number of electri-
cal carriers and adjusting the band gap. Another method of obtaining the 
tunability is by designing two dimensional structures and liquid crystals. 
The electrical carriers are increased by applying the voltage, which in turn 
increases carrier density; thereby changing its optical properties. Indium 
Tin Oxide is an example of electrically tunable metamaterial.

14.4 Significant Developments

The solutions provided by metamaterials offer a considerable opportunity 
in the area of science and engineering (Figure 14.3).

Few technologies are listed below:

Metamaterial
antennas

Cloaking
devices

Invisible
submarines

Perfect
Absorber of

light

Ultra high
capacity
storage
devices

Create the
oft-discussed,
Invisible Man

Photonics

Applications Superlens

Figure 14.3 Applications of metamaterials.



Promising Future of Tunable Metamaterials 317

14.4.1 Vehicles with Mobile Broadband

The vehicles are built with flat panels, which provide them mobile broad-
band. These vehicles are light and slim.

14.4.2 Transportation Security Administration

Evolv Edge has developed a visitor screening machine with great auto-
mation. The solution is handling approximately 900 walkthroughs per 
hour. It also provides explosion detection, firearm and face recognition 
solutions.

14.4.3 Tracking Planes, Trains, and Automobiles

An Echodyne’s system claims to track a plane, phantom drone and a palm 
sized drone at 3 Km, 750 m and 200 m, respectively. The system also tracks 
down ground objects with vehicles as well as pedestrians at two miles and 
one mile, respectively.

14.4.4 Holographic Something

The technology uses holographic beamforming by wireless service provid-
ers. The advantage of this technology is its capacity to increase speed and 
reuse same band of spectrum. It aims to provide fifty times cheap solutions 
as of available today.

14.4.5 Wireless Charging with Metamaterials

Metaboards technology aims at developing wireless charging. This pro-
vides us charging various devices without plugging.

14.4.6 Seeing Around Corners with Radar

A radar system in amalgamation with artificial intelligence and metamate-
rials is capable of seeing around the corners.

14.4.7 Manipulating Light

Metamaterial Technologies Inc has come up with a variety of products like:

a) Invisible meta-mesh for touch screen equipments



318 Electromagnetic Metamaterials

b) Method for making light emitting diodes effective
c) Solar film
d) Laser-glare protection solutions.

14.4.8 Sound-Proof ‘Invisible Window’ 

This is a type of invisible window that blocks sound and easily lets air in. 
The technology can be used to reduce noise pollution in buildings, pub 
gardens and traffic

14.4.9 Terahertz Instruments

In order to characterize materials, tetra hertz instruments offer a solution. 
The technology aims to work in defect and fault detection areas in semi-
conductor industry.

14.5 Future

Much work is being undertaken (Table 14.1) in the recent present and sig-
nificant progress is being made to create the protective shields for radiation 
and protective shields against seismic activity. The walls built from meta-
materials are supposed to rebound seismic waves. It is very much possible 
that metamaterials be used in construction industry in the near future in 
order to provide defense against natural disasters. These could also tap off 
some energy and recycle for some other uses.

Metamaterials focus on greener technology. The advancement in solar 
batteries and radio noise harvesting has garnered interest in researchers to 
design metamaterials that could tap off the energy.

The magneto inductive waves can lead the power and data transfer fields 
to an unimaginable level. The wirelesss charging for devices without any 
alignment shall pay a way for modern data connectivity.

Metamaterials provide solutions for technologies related to hous-
ing and transportation. The issues of safety and security, as well as the 
environmental impacts could be addressed. The high-quality imaging 
in health technologies would pay a way for improved personal data 
security.
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Table 14.1 Recent research in the field of metamaterials.

S. no. Recent research in metamaterials

1 Semiconductor nanowire metamaterial for broadband near-unity 
absorption [58]

2 Terahertz thermal curve analysis for label-free identification of 
pathogens [59]

3 Integrated photonic metasystem for image classifications at 
telecommunication wavelength [60]

4 Reaching the highest efficiency of spin Hall effect of light in the 
near-infrared using all-dielectric metasurfaces [61]

5 The visual appearances of disordered optical metasurfaces [62]

6 Pixel-level Bayer-type color router based on metasurfaces [63]

7 All-optical switching based on plasmon-induced Enhancement of 
Index of Refraction [64]

8 Light absorption enhancement in thin film GaAs solar cells using 
dielectric nanoparticles [65]

9 High-efficiency broadband achromatic metalens for near-IR 
biological imaging window [66]

10 Ultra-compact snapshot spectral light-field imaging [67]

11 High-precision digital terahertz phase manipulation within a 
multichannel field perturbation coding chip [68]

12 Full-color enhanced second harmonic generation using rainbow 
trapping in ultrathin hyperbolic metamaterials [69]

13 Cavity-enhanced linear dichroism in a van der Waals 
antiferromagnet [70]

14 Perovskite metasurfaces with large superstructural chirality [71]

15 On-chip zero-index metamaterials [72]

16 Near-infrared to ultra-violet frequency conversion in chalcogenide 
metasurfaces [73]

17 Dynamic recognition and mirage using neuro-metamaterials [74]

(Continued)
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14.6 Conclusion

The metamaterial market was valued at USD 305 million in 2021 and 
is projected to reach USD 1457 million by 2026. The use of metamate-
rials in solar power systems, metamaterial-based radar for drones, and 
advancements in 5G are the key factors driving the growth of metama-
terial market.

Increasing demand for metamaterials for solar power systems and meta-
material-based radar for drones, as well as advancements in telecommuni-
cation technologies, is creating opportunities for the market. The factors 
driving the growth of the meta material market are the variety in design 
functionalities, anti-laser coating application, and development in radar 
and LiDAR for autonomous vehicles. The metamaterial market in North 
America is projected to reach 834.8 million by 2026; it is expected to grow 
at a CAGR of 32%. The metamaterial market growth for North America 
can be attributed to the increasing demand from the aerospace and defense 
vertical, Government agencies, such as US DOD, DARPA, and NASA, and 

Table 14.1 Recent research in the field of metamaterials. (Continued)

S. no. Recent research in metamaterials

18 High-capacity topological coding based on nested vortex knots and 
links [75]

19 Electromagnetic wave-based extreme deep learning with nonlinear 
time-Floquet entanglement [76]

20 Heat transfer control using a thermal analogue of coherent perfect 
absorption [77]

21 Inverse design enables large-scale high-performance meta-optics 
reshaping virtual reality [78]

22 On-chip nanophotonic topological rainbow [79]

23 An ultrastrongly coupled single terahertz meta-atom [80]

24 An Archimedes’ screw for light [81]

25 A broadband achromatic metalens in the visible [82]

26 Nonlinear metamaterials for holography [83]

27 Digital metamaterials [84]
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extensively funded research universities and industry players for the devel-
opment of metamaterial-based antennas.

Metamaterial-based products are still in the R&D phase. Hence, for 
designing techniques, industry players rely on research centers or univer-
sities. As a result, metamaterials are synthesized in very small quantities. 
Sometimes, these techniques are not suitable for the mass production of 
metamaterials. Due to the unavailability of a suitable technology for mass 
production, the cost of metamaterials is high. Finding low-cost manufac-
turing techniques for the mass production of metamaterials is the biggest 
challenge for the market.

To sum up, metamaterials will represent a multi-billion market in the 
coming decade with vast improvements in radar technology and LiDAR for 
vehicles, antennas for telecommunication, 5G networks, wireless charging, 
damping, noise reduction and more. This is a whole new area of science 
and engineering, which is advancing at such an amazing speed that we 
cannot imagine what greater changes it will bring about in the near future.
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Abstract
For decades, metamaterials are used for various applications like antennae, 
absorbers, cloaking devices, insulation material, etc due to their exquisite physi-
cal, topological, and geometrical features. Several types of metamaterials are spe-
cific in their function based on their fabrication and assembly viz., piezoelectric, 
photonic, chiral, electromagnetic, etc among which Acoustic metamaterial and 
Phononic crystals are regarded as important for sound filtering applications. There 
are various sources of noise type of sound that specifically needs attention for it 
to reduce/absorb/insulate/attenuate the background sound which will help reduce 
the public hazard caused by noise from various sources like industries, underwa-
ter, construction site, etc. This chapter highlights the introduction to metamate-
rials and types of metamaterials. Further, summarizes the metamaterials used in 
sound filtering specifically Acoustic MetaMaterial (AMM) and Phononic Crystals 
(PC) with their types, methods of fabrication, and assembly.

Keywords: Metamaterials, acoustic metamaterials, phononic crystals, fabrication, 
assembly, sound, noise filter

15.1 Introduction

Since the dawn of the 21st century, metamaterials have attracted a lot of 
attention as it is a convergent research field involving researchers from 
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nanotechnology, acoustics, solid-state physics, microwave and optical sci-
ences, materials science, mechanics, and high-performance computing in 
the various fields due to its properties like increase in the bandwidth, direc-
tivity, radiated power and control over the electromagnetic radiation, etc. In 
Greek, “meta” means beyond or superior. Being said superior materials, they 
have been used for controlling wave propagation for decades. The definitions 
of metamaterials have progressively broadened “metamaterials can achieve 
unusual and advantageous properties of electromagnetic properties” [1]. 

Vibrations and noise can be the potential source to convert these sources 
into electrical power. As batteries have a delimited life span, the energy 
conversion can indeed be used in sensors, homes, devices, workshops, etc 
instead of batteries. The efficient means of harvesting the energy is by using 
the transduction mechanism in the device. Piezoelectric devices use this 
mechanism of energy harvesting that converts mechanical energy into elec-
trical energy. Recently there have been various noise sources like industries 
with heavy machinery, road traffic, etc. Acoustic barriers have emerged to 
alleviate the noise. The efficiency of these noise barriers is around 50% only. 
To overcome this, acoustic metamaterials are widely used as the noise bar-
rier whose efficiency is 1.5 times more than traditional noise barriers used 
in industries made of vinyl, wood, etc. [2].

15.1.1 Types of Metamaterials 

Various types of metamaterials having wide range of applications are classi-
fied as shown in Figure 15.1.

Metamaterial
Chiral Photonic

Nonlinear

Electromagnetic
Piezoelectric 

Acoustic

Terahertz

Figure 15.1 Types of metamaterials.
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15.1.1.1 Piezoelectric Metamaterial

For metamaterials to develop the desired characteristics, piezoelectric struc-
tures are essential. They are extensively applied in Micro-ElectroMechanical 
Systems (MEMS) and sensors. It exhibits archaic mechanical properties and 
exceptional flexibility. The energy is converted between the energy domains 
of electrical and mechanical because of the piezoelectric property it also 
allows for harnessing the energy flow(input) and optimizes the bandgap 
(both size and location). They are used in sensors, actuators, hydrophones, 
echocardiograms, and ultrasound imaging [3].

15.1.1.2 Electromagnetic Metamaterial

There are several ways to alter the material properties as the field of mag-
nets along with electricity have obtained significant attention. These meta-
materials utilize electrical and magnetic energy to manipulate the material 
properties periodically. They offer advantages such as a wide range of 
bandwidth and tunable bandgap. The disadvantage of using this metama-
terial is that it requires an ample amount of energy. These are widely used 
in smart materials, MEMS, and sound filtering [3].

15.1.1.3 Chiral Metamaterial

A “chiral” is a fragment of material that, after being transmitted or rotated, 
cannot match its mirror counterpart. Chiral metamaterials behave unusu-
ally from their mirror image analog. Due to the unique properties of 
lightweight mechanical chiral metamaterials, they are used for energy har-
vesting and vibration attenuation. The unique structure of chiral metama-
terial provides flexible topology and lightweight construction making it 
suitable for biosensors specifically ultra-sensitive. It provides an important 
attribute that is essential in nanophotonics viz., for controlling the field of 
light through an external device [3].

15.1.1.4 Nonlinear Metamaterial

It is a metamaterial, artificially constructed with the nonlinear geometric 
properties of a cell. They can be used in high-resolution and intense local 
field enhancement. There is no need for stimulation from external sources 
for this type of metamaterial, disadvantages associated with this are narrow 
bandgap and power dependency [3].
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15.1.1.5 Terahertz Metamaterial

These metamaterials work in the range of 0.1 to 10 THz frequency. It is 
one of the novel metamaterials which has several advantages in controlling 
radiations in the terahertz range and also has applications in the field of 
spectroscopy and remote sensing. The disadvantage associated with this 
type of metamaterial is that there is a limit to propagating terahertz bands 
through the atmosphere and using them in heavy equipment [3].

15.1.1.6 Acoustic Metamaterial

These materials have received a lot of attention due to their periodic nature 
which controls, directs, and manipulates sound wave propagation and 
acoustic cloaks, noise reduction, Non-Destructive Testing (NDT) test, 
etc. It steers, directs, and manipulates acoustoelastic waves with excellent 
properties that are very rare or rather unavailable. The advantages and dis-
advantages of these metamaterials are low-frequency elastic wave propaga-
tion, sandwich panels, cost-effectiveness and they lack flexibility, tenability 
also undesirable loss respectively [3].

15.1.1.7 Photonic Metamaterial

These substances’ refractive indices are high, low, or even negative, which 
allows them to influence optical waves in sub-wavelength dimensions. Its 
periodic structure is built to control, direct and manipulate the optical 
wave propagation. It is used in super lens and optical wave manipulation 
also it is economical and has sandwich panels. It lacks flexibility and tun-
ability adding to undesirable loss [3].

General applications of metamaterials: There are various applications of 
metamaterials in Table 15.1.

15.2 Acoustic Metamaterials

These materials can control and alter the sound waves which cannot be 
accomplished by traditional materials. The propagation of waves in peri-
odic structures is traced to the span of the decennary [8]. The latest usage 
attributed to engineered structures has begun with photonic and phononic 
crystals [9, 10]. A rubber-like material was used to cover an opaque core 
during attaining a local unit of resonance [11]. Additionally, they proposed 
speculation of a local-resonance phononic crystal, that gave rise to an era 
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of acoustic metamaterials. Also, the mass density of a phononic crystal for 
the local resonance shall be negative near the local resonance frequency 
[12]. Recently, a periodic composite structure that was solid-liquid in form 
(with silicon rubber) was embedded in water [13]. This structure has a neg-
ative equivalent mass density and elastic modulus with a frequency range. 
The introduction of acoustic metamaterials was due to the inspiration taken 

Table 15.1 Applications of metamaterials.

Metamaterials 
applications Description

Antenna A metamaterial is utilized to create materials with 
zero refractive indexes that have strong directivity 
and negative permeability, better optional 
frequency, power enhancement, and regulated 
electromagnetic radiation [4].

Absorber A metamaterial is utilized to create absorbers 
that are more effective than typical ones. high 
electromagnetic radiation is absorbed [4].

Superlens Metamaterials-based superlens achieves resolution 
beyond the diffraction limit.

Cloaking device Metamaterial cloak is based upon coordinate 
transformation concepts, deflecting microwave 
beams in a process object appears as if almost 
nothing was there [5].

Seismic Metamaterials are used in sensor detection, aerospace, 
and public safety [6].

Weapons of Mass 
Destruction 
Detectors (WMD)

Metamaterials are used in the defense field by the air 
force and army for exploring biological agents and 
chemical explosives.

Invisible subs Submarines are concealed from sonar by the use of 
metamaterials, which manipulate sound waves by 
bending them in their direction.

Revolutionary 
electronics

Electronic applications can be made smaller and faster 
using photonic equipment based on metamaterials.

Biosensor Metamaterials are used for label-free biomolecules, 
and environmental monitoring purposes [7].
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from electromagnetic metamaterials, for an instance, Helmholtz resonators 
were designed or arranged periodically with a negative equivalent coeffi-
cient of elasticity in the frequency band of resonance [14]. The construc-
tion of acoustics with negative equivalent moduli and the mass density was 
done using the theory of ordinary phononic crystals [15]. Later, a group 
of researchers designed a 1-dimensional porous silicon-carbide crystal 
inserted between rubber layers [16]. In essence, the acoustic metamaterials’ 
ability to manipulate sound waves is due to their negative elastic modulus, 
zero refractive index, and negative effective dynamic mass density.

The acoustics concept has advanced because of several modifications in 
the materials via experimentation to achieve required acoustic parameters 
and is referred to as “acoustic metamaterials” [17]. Using experiments to 
determine the defining characteristics of acoustic metamaterials, a group 
of scientists were able to obtain a broad-band negative refractive index for 
spatial structure overlapped with double negative parameters by limiting 
the use of a local resonance mechanism, that is a substitute for the struc-
ture’s limited bandwidth [18]. 3 Dimensional double-negative acoustic 
metamaterials, which have a spatial folding in 3 dimensions, were the sub-
ject of later experimentation [19].

A spatial curl structure was also experimented on to reduce the low- 
frequency noise of aircraft engines [20]. Along with this, hyperbolic aniso-
tropic acoustic metamaterials have double negative equivalent parameters. 
This also achieves negative refraction from almost all angles as it is the 
hyperbolic isofrequency curve. There are metamaterials whose structures 
are designed to be like perforated plates which produce negative refraction, 
and sub-wavelength resolution profiles at longer stretches [21].

Besides research on the characteristics of acoustic manipulation, there 
is research on the topological properties too [16, 22]. Programmable meta-
materials [23, 24] were developed and the nonlinear programmable acous-
tic metamaterial structure enabled real-time harmonic and switchable 
bandgaps [25]. “Metamaterial bricks” that are programmable were utilized 
to produce diffraction-limited sound fields [26]. This made the creation of 
sound modulators and the design of acoustic devices simpler. In addition, 
a programmable metamaterial was based on the gigahertz band that was a 
triple-origami [27]. Ternary foldable origami program was written in the 
form of “0,” “1,” and “2” enabling a huge degree of controlling the elastic 
and the sound waves. To convert incident surface sound waves into volume 
shear waves, programmable acoustic metamaterials and piezoelectric reg-
ulation were also integrated. This method resulted in the development of 
practical surface acoustic wave devices [28].
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There are several developments, modifications, and manipulations in 
the acoustics and topological properties of each type of acoustic metama-
terial to date. Few historical developments are provided in this section. 
Further, highlights the types of acoustic metamaterials.

15.2.1 Types and Applications of Acoustic Metamaterials

There are prominent types of acoustic metamaterials are shown in Figure 
15.2. The prominent ones involved in acoustic filtering are programma-
ble acoustic metamaterials. There are various others involved in differ-
ent applications like acoustic barriers, noise control, noise reduction, 
etc. The types of acoustic materials are listed based on their capacity for 
sound insulation, and absorption, which here is categorized as Passive and 
Active acoustic metamaterials further categorization is shown in Figure 
15.2. Passive sound insulation and absorption, active sound insulation and 
absorption are the methods in which acoustics metamaterials work. The 
applications of acoustic metamaterials are listed in Table 15.2.

15.3 Phononic Crystals

Phonon is a quantum of the acoustic field [29]. The word was originated 
from Greek (meaning voice). The range of frequencies spans broadly from 
a few millihertz up to dozens of terahertz. The fundamental features of 

Acoustic
metamaterial 

Absorption

Metastructure

Topological

Underwater

Programmable

Insulation

Figure 15.2 General types of acoustic metamaterial.
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phonon include dispersion elation viz., spectral, spatial, and mean free 
path viz., lifetime, and attenuation [30, 31]. There has been a lot of prog-
ress in the structural designs of phononic crystals of the phononic spec-
trum. The structural design modifications of phononic crystals based on 
the phononic spectrum are (1) sub-Gigahertz phononic crystals are from 
infrasonic to ultrasonic designs and tunable and active phononic struc-
tures; (2) hypersonic phononic crystals include hypersonic crystals in vari-
ous dimensions and structures built with low-dimensional nanostructures; 
(3) optomechanical crystals, which are specifically used in telecommuni-
cations are based on the wavelength of GHz photons and electromagnetic 
radiation; (4) thermal transport phononic crystal helps in thermoelectrics 
and in devices where controlled heat transport is essential [29]. The pic-
torial representation of the classification of phononic crystal based on the 
spectrum is depicted in Figure 15.3.

15.4 Metamaterials for Sound Filtering

Noise is a public hazard caused due to industries, traffic, etc. there is a 
need to control unwanted sound broadly called “noise.” This noise can be 
controlled by controlling the source, controlling the propagation pathway 
via isolation, absorption, and attenuation, and protecting the receiver. 
Acoustic metamaterials and phononic crystals are the materials that play a 
major role in sound filtering. Acoustic metamaterials and phononic crystals 

Table 15.2 Applications of general acoustic metamaterials.

Sr. no. Types Applications

1 Metamaterial absorption Space acoustic absorber, noise control

2 Metamaterial metastructure Acoustic barrier, industrial noise 
reduction

3 Metamaterial topological Acoustic functional design, 
directional transmission

4 Metamaterial underwater Underwater noise reduction, 
acoustic stealth

5 Metamaterial programmable Acoustic filter, Acoustic Levitation

6 Metamaterial insulation Acoustic barrier, Industrial noise 
reduction
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provide improved manipulation of sound waves via refraction, reflection, 
transmission, diffraction or attenuation, and absorption. These metamate-
rials are used for underwater detection, noise cancellation, energy harvest-
ing, and medical imaging [32–34]. These applications will be beneficial in 
the sectors like environmental sustainability, health care, and well-being. 
They can be used in the technologies that are next-generation for immer-
sive multisensory experiences [34–37].

15.4.1 Fabrication and Assembly of Metamaterials for Sound 
Filtering and Attenuation

Constructing an acoustic metamaterial (AMM) or phononic crystals (PC) 
involves technology and process to manufacture and various strategies for 
the amalgamation of construction materials. AMMs and PCs shall be fabri-
cated monolithically; however, extensive requirements of design can make 
it challenging for making prototypes. The properties that AMMs and PCs 
have, and are governed by their geometric, mechanical, and material char-
acteristics. Therefore, any imperfections in the fabrication can negatively 
impact their acoustic performance. Incorporating the stimuli-responsive 
structures and actuation mechanisms in AMM and PC will make them 
dynamic and increase the building’s complexity. Before the fabrication 
and assembly of AMM and PC, it is essential to know and understand the 
link between the physical characteristics of the design and its operation.  

Phononic Crystal based on phononic spectrum 

Sub-Gigahertz Optomechanical Thermal transport
Topological

Phononic crystal

Infrasonic to
ultrasound designs

of phononic  

Tunable and active
phononic crystals

Hypersonic
phononic crystals 

Low dimensional 
nanostructures

Coherent and
incoherent effects of

phononic crystal

Macroscopic
topological

phononics in
various

dimensions

Figure 15.3 Phononic crystal classification based on phononic spectrum.
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Once the building methods for the structures are assessed and finalized, 
then we define their suitability and usability. For an instance, a material 
bearing high acoustic impedance is preferred to facilitate acoustic trans-
mission or reflection [34].

15.4.2 Fabrication of AMM and PC

The manufacturing methods for AMMs and PCs can be categorized into 
single and multi-step. The one-step fabrication will reproduce the materials 
with large accuracy and precision which can be suitable with the structure 
materials comprising of repeating, ordered elements. The multi-phase pro-
duction method is utilized for highly heterogeneous, complex structures 
or that consist of small features at the microscale or nanoscale structural 
levels [34]. The types of fabrication are shown in Figure 15.4. 

One-step fabrication involves a single process excluding the post- 
processing to produce full AMM/PC or bits of them to further assemble 
them. Techniques like 3D printing and machining are used for this intent 
which is perfect for Helmholtz resonators [38, 39], and periodic lattices 
[40, 41]. These methods are economic, easy to use, and accessible. Hybrid 
manufacturing uses integrated approaches of various single-step processes 
for fabrication. This kind of additive or subtractive process will help in 
reducing the time, and cost, improving and increasing the tolerances and 
surface quality, respectively. In a study, a robotic arm was utilized with 
printing and machining heads which are changeable including the heated 
print bed. This allowed minimal material wastage [42].

Multistep fabrication is essential as the single-step fabrication meth-
ods which are not sufficient to manufacture all types of AMM and PCs. 
Microfabrication can deposit micro-nanometer scale structures that are 

• Printing technologies
• Machining
• Hybrid Manufacturing

Type 1: Single-Step

• Micro-fabrication
• Molding, Casting
• Microfluidics, Wet-
  Chemical Techniques

Type 2: Multi-Step

Figure 15.4 Types of AMM and PC fabrication.
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easily not possible by even super-resolution 3D printers such as poly jet 
printers. In microfabrication, the dry plasma etching process can be used 
for AMM and PC fabrication [43, 44]. Molding and casting is another way 
of fabrication in a multi-step manner specifically used for soft, deformable 
structures of AMM and PC. It is a two-step procedure; initially, the mold is 
manufactured before casting and curing the material [45]. 3-Dimensional 
molds that are printed using 3D technology can cast elastomeric struc-
tures, where mechanical buckling could change the hardness of materials 
to open/close the bandgaps [46]. Microfluidics and wet-chemical tech-
niques are also methods of fabrication for AMM and PC [34].

15.4.3 Assembly of AMM and PC

Assembly of AMM and PC can be done using adhesives like epoxies and 
glues to fabricate heterogeneous or homogenous structures [34]. Adhesives 
can bind two different types of materials. Specifically for the structures that 
are developed using 3D - technology, the adhesives will assist in decreas-
ing the pressure of post-processing. Bonding is an important step used to 
reduce the use of support structures. Acoustic levitation is a strategy used 
to assemble microspheres. The technique of Langmuir-Blodgett involves 
fabricating molecular layers (mono) which are used for the deposition of 
spheres. Also, press fitting or interference fitting is used in fastening objects 
together by using friction. A method of being self-assembled gives the tri-
angular-shaped cell convective technique for AMM [47]. Additionally, 
smart theoretical designs and strategies involved in assemblies have paved 
a way for acoustic wave manipulation [34].

15.5 Conclusion

Metamaterials for sound filtering and/or noise filtering are essential as they 
prevent the public from the hazards to which they get exposed. There are 
several types of metamaterials whose purpose also varies based on their 
utility in different industries, among which AMM and PC are essential 
for sound filtering and/or attenuation. Fabrication and assembly of these 
metamaterials are important aspects to consider as acoustic wave manip-
ulation which can be possible based on the geometry and topology of 
the metamaterials. Recapitulating, the invention, design, fabrication, and 
assembly of AMMs and PCs have led to solving the problems related to 
wave manipulation in-turn sound filtering.
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Abstract
The revolution and development of systems and/or gadgets that utilize radio detec-
tion and ranging (RADAR) in their operation set the ball rolling for the inven-
tion of metamaterials that are capable of reducing and/or blocking the reflected 
electromagnetic waves (a technology used to detect, locate, and recognize certain 
structures, people, or equipment) such that radar systems cannot detect, locate, 
recognize or even track some sensitive/confidential human beings or equipment. 
In more recent years, the development of metamaterials for the reduction of radar 
cross-section (which is a critical parameter in microwave applications) for special 
equipment/targets has been of great interest. In this chapter, concepts of metama-
terial, radar technology, radar cross-section reduction, and different techniques of 
RCS reduction have been discussed. Finally, the chapter concludes and sights out 
some future outlooks based on the current progress and advancements in meta-
materials for radar cross-section reduction.

Keywords: Metamaterials, radar cross-section (RCS), RCS reduction

16.1 Introduction

Metamaterials can be defined as synthetic composite materials which 
exhibit supernormal physical properties nonexistent in other natural mate-
rials; those possessing a negative refractive index in particular have had a 
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major focus including other unique properties of very low density, negative 
Poisson’s ratio, tunable dynamic properties, and high damage resistance [1, 
2]. A negative Poisson’s ratio is one of the most special/unique properties 
of metamaterials; if loaded in compression, the strain is perpendicular to 
the compression direction which is not the case with other natural mate-
rials whereby a compression loading causes either lateral strains or none 
(this signifies a Poisson’s ratio very close to zero) [3–5]. Metamaterials are 
generally artificially engineered but there exist also some natural materials 
that exhibit negative Poisson’s ratios for instance α-cristobalite structure of 
Silicon dioxide and Citrus maxima (pomelo) peels.  These types of mate-
rials tend to scatter electromagnetic waves more than natural materials. 
Metamaterials exhibit unconventional characteristics that primarily rely 
on micro-architectural structure designs [6]. Metamaterials are generally 
made from a combination of various composites for instance metals and 
plastics. The evolution of metamaterials has led to an interest in the elec-
tromagnetic wave theory and this has made it easy to control and manip-
ulate electromagnetic waves more effectively and efficiently by blocking, 
absorbing, enhancing, and/or bending waves [7, 8]. 

Control and manipulation of electromagnetic waves have captured 
interest in various fields, especially in the medical and military, this is 
achieved through designing and developing several functional materials 
such as liquid crystals, photoactive materials, ferroelectric materials, and 
phase-shifting materials [9]. Metamaterials can have found applications in 
healthcare devices, engineering products such as airplanes and satellites, 
optical filters, sensor detection, radomes, and shielding structures from 
earthquakes [10]. However, for each field application, the metamaterials 
have to meet the minimum requirements for the designed function for 
example for use in the medical field, the metamaterial has to be compatible 
with the body cells, have remarkable mechanical properties, and not inter-
fere with proper body growth [11].

The reduction of radar cross-section for targets for example naval ves-
sels, military aircraft, spacecraft, ships, and other equipment is one of the 
leading applications of metamaterials [12]. The concept is that metamateri-
als tend to reduce or completely block the reflected electromagnetic waves 
from the target or equipment under consideration from reaching the radar 
system rendering the system unable to locate, recognize, track or detect 
the target. The use of radar systems is a complete imitation of the nature 
of a bat. 
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16.1.1 The Electromagnetic Radiation and Spectrum

An electromagnetic (EM) spectrum represents the full spreading out of 
all the electromagnetic radiations following the order of decreasing wave-
length and increasing frequency (Figure 16.1). Gamma rays are the stron-
gest EM radiations since they have the highest frequency and the smallest 
wavelength. The reverse is true for Radio waves since they have the lowest 
frequency [13, 14]. 

EM waves are transverse waves because they are composed of both elec-
tric and magnetic fields. EM radiations do travel in space and they do not 
need a medium for transmission. 

All EM radiations travel at the speed of light (3x108 m/s). For any 
radiation, the frequency and energy are determined by the following 
formulas; 

 Frequency, f = c/λ

 Energy, E = hxf = hc/λ

Where; c is the speed of light in a vacuum
 λ is the wavelength of the radiation and 
 h is the Plank’s constant
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Figure 16.1 An electromagnetic spectrum.
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Different waves or radiations are used for different applications for 
example Infrared waves are used for locating objects in the darkness, 
ultraviolet light for sterilization, and radiowaves in satellite transmis-
sions, RADAR, and cooking food. More specifically microwaves (fre-
quency range between 1 and 1000 GHz with the respective wavelength 
of 30 to 0.03 cm) that lie in the radio waves region are used in RADAR 
applications [15]. 

16.2 Radiodetection and Ranging

The concept of RADAR mimics nature, for instance, a bat can sense and 
detect the size of an object or obstacle by sending a sound signal which 
quickly propagates through the air and when it hits the object, an echo 
is sent back which is processed by the bat and it can tell the distance and 
size of the object that sent an echo. Similarly, radar is an electromagnetic 
sensor that locates, detects, recognizes, and/or tracks objects by trans-
mitting an electromagnetic wave towards an object commonly known 
as the target and uses the returned echo to perform the above functions 
(Figure 16.2) [16, 17]. Furthermore, radar can determine the angular 
position, size, shape, direction, and velocity of the target apart from its 
location or distance. It normally operates in the microwave part of the 
electromagnetic spectrum commonly measured in Hertz (Hz). 

Distance

Reflected wave

Emitted wave

Target

Transmitter/
Receiver

Figure 16.2 The working principle of radar.
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16.3 RADAR Cross-Section

RADAR cross-section (RCS) also known as radar signature measures the 
targets to reflect radar signals to the receiver or the ratio of power den-
sity backscattered to the radar receiver to the incident power density on 
the target (Figure 16.3) [18, 19]. Radar cross-section is one of the most 
important aspects applied in stealth technology. Target RCS in other words 
is a comparison between the reflected radar signal strength from the tar-
get to the reflected signal strength from a perfectly smooth sphere of 1 m2 
cross-sectional area as illustrated in Figure 16.4 below [20];

Target Range r
Transmitter

Figure 16.3 The concept of RADAR cross-section.

Figure 16.4 The effect of target shape on radar.
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RCS is denoted by sigma (σ) and it is measured in m2 or dBm2, mathe-
matically it is defined as;

 RCS (σ) = 4πR2(Pr/Pi) (16.1)

Pi = power intensity of a plane wave striking the target 
Pr = power per unit solid angle reflected by the target
R = distance between target and receiver

However, from the conceptual diagram above, it is clear that not all the 
radiations fall on the target, hence, RCS of the target is viewed as a function 
of three factors:

σ = Projected cross-section X Reflectivity X Directivity 

Reflectivity is the percentage of the intercepted power scattered by the 
target.

Directivity is the degree to which the emitted radiation concentrates in 
a single direction.

The range between the target and the radar system can be calculated 
from; R = c∆T/2 where c is the speed of light and ∆T is the time elapsed 
between the electromagnetic wave generation to the return of the reflected 
waves after hitting the target.

RCS can be either a monostatic RCS (Figure 16.5a) where the trans-
mitter and the receiver antenna are located in the same place or a bistatic 
RCS (Figure 16.5b) where the transmitter and the receiver antenna are not 
located in the same place [21].

R

Transmitter / Receiver

(a)

Transmitter

No leakage

Receiver

(b)

RT RR
β

Figure 16.5 Radar types.
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A target’s Radar cross-section depends on the surface’s reflectivity, the 
target’s size, and the directivity of the radar reflection caused by the target’s 
geometric shape [18]. Some factors do influence/affect radar cross-section 
as discussed below:

Target’s Size
The size of the object affects the response; a larger object causes a stronger 
reflection which eventually gives a bigger RCS. In addition, radars are tailor- 
made to detect specific bands; for instance, S-band radar cannot detect 
very small droplets like drizzles but it can detect rain droplets.

Material type or nature
Metals (even a very thin layer of metal) are known for producing very 
strong reflective radar signals while materials like wood, plastics, fiber-
glass, and clothes/less shiny textiles are less reflective or even transparent 
to radar (close to randoms). Meanwhile, some materials are fabricated 
radar active in nature like radar antennas which automatically increase the 
radar cross-section.

Radar absorbent paint
Aircraft like the SR-71 Blackbird is painted with a paint containing tiny 
metallic coated balls called iron ball paint which tends to convert illumi-
nating radar energy into heat other than reflecting it.

Object Shape and Orientation
Aircraft surfaces for instance the sea shadow US Navy and F-117A are 
designed to be flat (purpose shaping) so that the radar illuminating falls 
on the target’s surface at a very large angle of incidence which eventually 
causes the reflected radar to be at respectively a large angle, sufficient scat-
tering of the reflected radar signal happens in other terms. Round shapes 
produce strong reflection so that’s why the edges of stealth aircraft are 
made sharp to reduce signal reflection. Lastly, orientation plays a critical 
role in the detection of the target relative to the radar station. 

Smooth surfaces
The strength of the emitter and the range between the transmitter and the 
target do not affect the calculation of RCS but only the reflectivity of the 
target matters [20, 22]. From equation 16.1 above, a large value of RCS (σ) 
for a given target implies that the target can easily be located, detected, 
tracked, or recognized. For purposes of security and confidentiality (more 
especially developers of weapon systems) of some special equipment such 
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as military aircraft, ships, vehicles, etc., [19]. There’s a need to reduce the 
RCS for such targets or equipment such that they cannot easily be detected 
or located. Recently, various attempts have been made to reduce radar 
cross-section (RCS) for targets by numerous researchers using generally 
four major [23] different methods/techniques as discussed below:

16.3.1 Use of Radar-Absorbing Materials

Radar-absorbing materials are either used in the original fabrication of the 
target or incorporated to cover very reflective materials and/or surfaces 
(Figure 16.6) [24].

Generally, three types of radar-absorbing materials are employed, 
namely; resonant, non-resonant large volume, and non-resonant magnetic 
RAMs. Below is the current research progress in line with RAMs:

Liang & Haochuan (2021) showed that Salisbury Screen filled with 
plasma could change the absorbing resonance frequency by changing the 
resonance frequency of the plasma, as well as the frequency at which the 
electrons collide. Additionally, the absorbing frequency of the Salisbury 
screen was widened compared to the conventional Salisbury screen [25].

Duan et al. (2021) 3D printed a metamaterials structure of about 10mm 
which could achieve a -10dB RL absorption over a frequency range of 
5.1-40 GHz plus an absorbing bandwidth of -15dB in 7.7-36.3 GHz [26]. 
The meta-structure could still possess strong microwave absorption for 
transverse electric polarization with the striking angle between 0°–55° 
and 0°–70° for transverse magnetic polarization. This is a very promising 
strong microwave absorption metastructure for the future.

coated
uncoated

z

y

x

Figure 16.6 The effect of RAM on radar signal.
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Kim & Kim (2021) fabricated composites reinforced by Aramid fiber (AF) 
and coated intrinsically with conducting polymers namely poly(3,4-eth-
ylenedioxythiophene) polystyrene sulfonate (PEDOT-PSS) and protonated 
polyaniline with camphor sulfonic acid (PANI-CSA) which were tested on a 
bandwidth of 8-12 GHz plus for mechanical properties. It was observed that 
the PANI-CSA-coated aramid fiber radar absorbing structures (RAS) did not 
absorb radar signals owing to the poor integration of PANI-CSA to the com-
posite while PEDOT-PSS coated AF realized high reflection loss in the test 
bandwidth [27]. Optimum radar absorption for PEDOT-PSS coated AFRP 
was achieved at a weight ratio of PEDOT equaling to ¼ with a 99% absorption 
at 10.4 GHz plus a -10dB between 9.1-11.9 GHz. Furthermore, the PEDOT-
PSS coating showed future application since it also enhanced the mechanical 
properties of the composite by 124% for tensile strength and 55% for stiffness.

Most existing multi-tube structures suffer initial peak load stacking and 
fluctuations. Feng et al. (2022) configured and attempted to reduce the initial 
peak load and the load fluctuations of signal in most combined multi-tube 
structures by developing a differentiated combined design considering dis-
location superposition of peak load in terms of height and diaphragm con-
figuration for individual tubes [28]. Results showed that for a 6-4GT-∆J-∆H 
2-Adj tube constructed basing on differentiated configuration design idea 
with optimal set heights and spaced diaphragm of the tube; both the initial 
peak load and the load fluctuations were reduced 45% and 77% respectively 
whilst embracing a high energy absorption capability. This was attributed to 
the ability of separating fully the multi-tube structures peak loads.

Li et al. (2019) fabricated a lightweight broad bandwidth combinatorial 
foam metamaterial as shown in Figure 16.7 composed of a carbon foam 
material, metal pattern, and an FR4 dielectric material which exhibited a 
radiation loss of -10dB over a bandwidth of 14GHz between 4-18GHz [29].

FR4

FR4

Second foam layer

m
etal pattern

First foam layer

Figure 16.7 A radar-absorbing combinatorial foam metamaterial.
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However, the main challenge with lightweight and thin composite 
structures is the difficulty to achieve high radiation absorption over a wide 
bandwidth hence this area still requires more research.

Such a high radiation loss is attributed to the adjustment of the metal pat-
tern geometrical function as well as the introduction of a dielectric material.

Li et al. (2019) also simulated and experimented on a metamaterial based 
on silicon carbide foam material where the electromagnetic wave absorp-
tion was studied using different methods like power loss density distribu-
tion, electromagnetic field distribution, etc., and the reflection loss below 
−10 dB was over 4 to 18 GHz. This is mainly due to the inherent absorption 
capability of silicon carbide or carbon foam and the design of the metama-
terial plus the significant metamaterial’s thickness of 10 mm. Furthermore, 
the presence of silicon coupled with a big thickness enhanced the thermal 
stability to up to 400°C [30].

Shen et al. (2018) developed a broad bandwidth radar absorbing sand-
wich structure using two microwave resistive films primarily for wave 
absorption which gave a wave reflection of less than −10 dB over a frequency 
bandwidth of 2.6 to 21 GHz (18.4 GHz) which is remarkably incorporated 
with arrays of fiber columns which contributed to a lesser extent to micro-
wave absorption but significantly designed for enhancing mechanical 
properties of the sandwich. Microwave absorption was studied using the 
Equivalent circuit model while the mechanical properties focused on flex-
ural/bending strength [31].

Li et al. (2019a) integrated a scattering metasurface with a magnetic 
absorbing material for broad bandwidth RCS reduction with a thickness 
of 2mm only which eventually gave a reduction in RCS of 6dB over a fre-
quency bandwidth of 5-34 GHz [32]. Such a good reduction is attributed to 
the collective destruction/scattering of the reflected echo together with the 
absorption of the reflected echo. This work greatly tackled and solved the 
issues associated with thin lightweight radar absorption materials.

Similarly to a lesser extent to Li et al. (2019), Zhou et al. (2022) intro-
duced cylindrical water resonators and the optimized metamaterial 
absorber was prepared using 3D printing with help of injected water and a 
TPU container, 90% radar absorption was realized over a frequency band-
width of 5.74 to 19.7 GHz and 25.2 to 40 GHz, insensitivity to polarization 
and produced good performance over a wide range of incidence angles 
[33]. Additionally, the absorber is flexible which makes it suitable even for 
curved surfaces (Figure 16.8).
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Such good properties are attributed to the improved matching of imped-
ance together with sandwiched cylindrical water resonators plus the reso-
nance effect of electromagnetic energy which enhances electromagnetic 
wave dissipation.

Tau et al. (2020) used Mn1-xZnxFe2O4  nanoparticles obtained from natu-
ral iron sand to formulate a ferrofluid for both radar absorption and mag-
netic sensing. From Figure 16.9, it is evident that at maximum Mn, the 
best reflection loss of -15dB was observed at around 10.9 GHz. It can be 
concluded that good radar absorption is attained with an increase in Mn 
ions and a decrease in Zn ions [34].

Figure 16.8 Sandwiched cylindrical water-based metamaterial.
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16.3.2 Polarization of the Impinging/Illuminating Wave

Wave polarization simply expresses how an electric field line in an elec-
tromagnetic field is oriented (Figure 16.10). Polarization can either be 
in one particular orientation throughout or rotate with each wave cycle. 
It involves placing a substrate/polarizer perpendicular to the direction 
of waveform propagation such that scattered waves/wave planes can be 
viewed in a single plane [35]. An electromagnetic (EM) wave is simply 
an interaction or a combination of an electric field (EF) and a magnetic 
field (MF) traveling in space. The two fields move in planes or vibrate in 
directions that are at right angles (perpendicular to one another). When 
a waveform is vibrating in more than one plane, it’s known as an unpo-
larized waveform, and such examples are microwaves (radio) waves since 
they are transverse [36].
where E = Electric field (in x-y plane)

B = Magnetic field (in x-z plane), propagation is in the x-direction

Polarization of waves is applied in RCS reduction since it helps to 
enhance the cut-off wavelength of metasurfaces as well as preventing 
undesired backscattering or back reflections [37]. Three types of polariza-
tion exist, namely (1) Linear polarization where the waveform is limited 
to one plane toward the propagation direction. (2) Circular polarization 
comprises two linear components in the wave with equal amplitudes but 
π/2 out of phase. (3) Elliptical polarization is one where the wave follows 
the propagation in an elliptical manner and the amplitude plus phase dif-
ference of the two components are not equal.

Sharma et al. (2018) designed a novel circular polarized antenna com-
bined with a metasurface where the metasurface was for the reduction 
of RCS coupled with circular polarization of radar [38]. It is concluded 
that great performance is achieved by the metasurface but of course, the 
introduction of the dual SRR helped in matching impedance. A -10dB RCS 

Wave Polarization

E

B
z

λ

Figure 16.10 A wave polarization pattern.
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reduction is achieved over a bandwidth of 41.3% of the bandwidth. Wei 
et al. (2022) designed and fabricated with the major aim of manipulat-
ing (polarizing) terahertz waves [39]. The metasurface was able to polar-
ize waves up to 89% over the bandwidth of 2.28-6.75 THz and achieved 
an RCS reduction of -20dB between 2.1-6.9 THz. This RCS reduction is 
remarkable and very promising as compared to most RAMs performance. 
Yang et al. (2021) studied the relationship between the phase modulation 
of metasurfaces and the reduction of RCS and it was found that for the split 
square-ring module, effective RCS reduction happens at 180º phase gradi-
ent reflected horizontal and vertical polarized waves whereas, for the split 
circular-ring module, effective RCS reduction depended on the difference 
of phase between u and v as well as amplitudes of x and y polarized waves 
[40]. J. J. Yang et al. (2018) used a matrix-type coding method to code the 
metasurfaces meant for reducing RCS utilizing a split ring resonator (SRR) 
structure through microwave polarization [41]. Results show that the 
polarization conversion rate went up to 90% in a range of 6–15 GHz and 
the successive RCS reduction was more than 10 dB over a frequency band-
width of 5.5–15 GHz. J. J. Yang et al. (2018) Designed a wave polarization 
metasurface incorporated with a patch antenna. Both the simulation and 
experimental results revealed that great RCS reduction of up to -41.5dB 
over a wide frequency range between 9 and 24 GHz could be achieved 
[41]. This is attributed to the improvement of the initial peak gain of 1.25 
dB, and wide bandwidth of impedance of 13.8–15.2 GHz due to the patch 
antenna which also improved the radiation characteristics like amplitude, 
phase angle, etc. Fang et al. (2021) integrated a wave phase canceller with 
RAM characterized by lightweight with a backbone of stereo meta-atoms. 
The metamaterial can give an RCS reduction of -10dB over 7.65-25 GHz 
and over -15dB for 8.7-22.8 GHz for both polarized transverse electric and 
magnetic fields at normal incidence.

It can be observed from the graph above (Figure 16.11) that most of the 
radiations are absorbed by the metamaterial implying that there is greater 
RCS reduction since the reflected signal is very small [42]. Ramachandran 
et al. (2022) used passive polarization to develop a metasurface (MS) for 
RCS reduction at several band resonance frequencies. The MS had a thick-
ness of 1.524 mm composed of Rogers RT6002 substrate with five circu-
lar-shaped metamaterials. The MS captured three resonance frequencies 
of 3.924, 7.254, and 14.832 GHz [8]. The MS exhibited an RCS reduc-
tion of −60.218 and −38.875 dBm2 for the last two above frequencies. It is 
also evident W. Li, Zhang, et al. (2019b) that the integration of a scatter-
ing metasurface and a magnetic absorbing metamaterial (MAM) in the 
same plane could yield great radar cross-section reduction of up to 6 dB 
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over a bandwidth of 5 to 34 GHz (Figure 16.12) [43]. This integration of 
a metasurface and a MAM (hybrid formation) has the added advantage 
of reducing RCS by a bigger margin because they complement each other 
coupled with having a very small thickness, lightweight, good mechanical 
properties, and enhanced radar absorption. The figure below shows (a) the 
electromagnetic and magnetic absorbing metamaterial hybrid, and (b) the 
RCS reduction magnitude over a wide bandwidth. From graph (b), an RCS 
reduction of up to 22 dBm2 at about 13.5 GHz was attained.

Guthi & Damera, (2022) polarized an antenna in a circular form with 
only one layer substrate and then added stubs in the L-shaped slot on the 
circular patch antenna. Due to the above-stated integration of equipment, 
a remarkable bandwidth impedance increase of 20% and a peak gain of 
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10.43dB were achieved. An increase in the bandwidth impedance of a 
given system implies a proportional reduction in the radar cross-section of 
the system [44]. A multi-dollar observation here is that just a single layer 
of metasurface was able to produce remarkable and significant results of 
polarization, implying that the addition of more substrate layers could 
realize better results. 

16.3.3 Active Cancellation of the Scattered Field/Backscatter

Cancellation of backscatter can either be passive or active cancellation, the 
latter being the most commonly applied class. Passive signal cancellation 
simply involves an obstacle capable of blocking the backscatter signal from 
being received by the receiver of the radar (Figure 16.13). Following the 
concept of noise cancellation by earphones, active backscatter signal cancel-
lation involves the generation of a radar signal but completely out of phase 
to the anticipated reflection of the incident radar signal by a target hence 
creating a destructive interference between the generated and the reflected 
radar signals, eventually reducing the backscatter power [45]. Since the 
radar cross-section depends on the backscatter power, a reduction in RCS 
can be achieved. Application of the active cancellation technique requires 
knowing the incident angle and the waveform characteristics for example 
amplitude, frequency, wavelength, etc. This technique is somewhat difficult 
because it is not very easy to establish the nature of the reflected signal 
relating to the whole aspect of the target [46]. This technique is easy in 
terms of simulation but a bit difficult in practical engineering applications.

Sengupta et al. (2020) proposed an active radar canceller (Microstrip) 
composed of an amplifier, isolator, and a phase shift connected through 
a transmission line basically for low frequencies. Results show that RCS 

Active
cancellation

avionics

Transmitted wave
matches and cancels

reflected wave

Reflected
wave

Incoming
wave

Figure 16.13 An example of active signal cancellation by a military aircraft.
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reduction of the system increases with an increase in the bandwidth of the 
patch antenna as well as reducing the delays in the transmission line which 
could be attributed to many components in the line (in other words due 
to long signal processing). Also, the angular region of scattering cancella-
tion achieved kept on reducing with the increase in target/object size while 
curved surfaces showed promising results in the angular region [47].

Xu & Xu, (2014) studied how the error in frequency, phase, and ampli-
tude affect the active radar cancellation stealth system. Below is an opti-
mized graph for the relationship.

It can be observed that amplitude error has a very small impact on RCS, 
followed by phase error. Additionally, frequency error has a very mini-
mal tolerance implying that frequency is so critical in active cancelation 
systems (Figure 16.14). So to ensure frequency consistency, the use of the 
transmission system could be opted for. Lastly, a combination of all three 
errors could cause a huge negative effect on the RCS of the target [48, 49]. 
Similarly, Huang & Xu, (2015) did similar work.

Yi et al. (2017) developed a model/algorithm based on Nth-order 
Spectrum Spread and Compression (SSC) specifically for nonlinear fre-
quency modulated signal (NLFM) in trying to solve the problems associ-
ated with active cancellation [50]. It was found that the active cancellation 
technique/technology is best suited for low-frequency stealth difficulties.

16.3.4 Target/Purpose Shaping

This RCS reduction technique is the oldest of all. The primary purpose of 
target shaping is to orient surfaces or bodies by creating surfaces (using 
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the idea of the angle of incidence about the angle of reflection) that can 
scatter the illuminating signals or waves at directions very far away from 
the detectable radar angles of a given radar antenna [17], this RCS reduc-
tion method requires that it be considered right from the design of each 
component of the entire target object/equipment otherwise considering it 
after the manufacture of a component would compromise with other com-
ponent design features to meet its primary functions. Literature shows that 
oval or cylindrical shapes could give a better reduction of RCS by reflecting 
wave signals far away from the radar antenna receiver as compared to flat 
surfaces. Such aircraft include the F-117A (Figure 16.15), sea shadow US 
Navy (Figure 16.16), and B-2-type stealth aircraft. Its major limitation is 
that a passive radar (multi static radar) can defeat it [45]. This shortfall 
can be corrected by using a metasurface (MS) capable of redirecting the 
scattered waves from the radar receiver minus adjusting the target’s geom-
etry. Or else, some new advances in technologies have seen the emergence 

Figure 16.15 The complicated shaping of F-117A- for purposes of RCS reduction.

Figure 16.16 The sea shadow US Navy.
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of morphing techniques where adaptive blades can constantly modify/
change their shapes to perform optimally over the entire application. Many 
metamaterials have been developed based on the folding mechanism that 
can change their shapes like the self-folding origami lattices that transform 
from planar to large 3D shapes and they are widely applied in space struc-
tures [1, 17].

16.4 Conclusion and Outlook

The progress and advancements in metamaterials for radar cross-section 
reduction have been discussed. In the previous sections, we discussed the 
progress of Radar cross-section reduction through the use of metamateri-
als. Several researchers have attempted to reduce radar cross-section for 
targets using different methods/techniques whereby a few have been pre-
sented in this paper with their respective results (applicability), which are 
to a high level remarkable and significant. However, there still exist many 
obstacles in the way to fully controlling and manipulating radar waves that 
present future challenges in this particular field. A few realized gaps pre-
sented per RCS reduction include the following;

a) Most RAMs have been found able to achieve a -10dB reflec-
tion loss between a frequency bandwidth of 2GHz to about 
40GHz only. This leaves a very wide radar frequency band-
width from about 40 GHz upwards uncontrolled or not 
catered for implying that radar waves having frequencies 
above 40 GHz may not be absorbed by the current RAMs 
available. Also, there is a need to improve the available 
RAMs to achieve reflection losses above 10 dB.

b) RCS reduction by the polarization of radar waves by use 
of metasurfaces (polarizer) produces remarkable of up to 
-20dB but still over a considerably small frequency band-
width of 5 to 35 GHz. Researchers should consider inte-
grating the RAM and polarization techniques as a way of 
achieving larger values of reflection loss over wider fre-
quency bandwidths.

c) The gap existing in the cancellation technique is that it is still 
only suitable for reducing RCS at very low frequencies plus 
it is difficult to practically be applied in engineering. Most 
research about cancellation is still in the simulation stage. 
Second, it is hard to predict the illuminating waveform 
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characteristics like amplitude, frequency, etc., which have to 
be the base to design the canceling signal hence the need for 
the development of models for this cause.

d) The major setback with target/purpose shaping RCS reduc-
tion technique is that it cannot be applied on already made 
components and/or equipment and still even if it is consid-
ered during the design and development of components/
surfaces, it would interfere with the components’ primary 
design functionality. So there is a need to research more in 
the direction of self-folding mechanisms such that equip-
ment components can adapt to different shapes for opti-
mized RCS reduction during the equipment application. 
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