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Preface

Metamaterials are a novel family of materials that has been attracting increased interest
from researchers during the last decades. Metamaterials are engineered in such a
way that they possess various properties of interest not found in naturally occurring
materials [1]. The name “metamaterials” originates from two words: the Greek word
petd (meta), meaning “beyond” or “after,” and the Latin word materia, meaning
“matter” or “material” [1]. These materials are built of specially designed assemblies
of multiple elements made from various composites, which can contain metals and
plastics. These assemblies, in turn, are arranged in repeating patterns designed in
such a way that they have size scales smaller than the wavelengths of the phenomena
they should influence. Thus, metamaterials have their novel and unusual properties
derived not from their base materials’ properties or combinations of those but rather
from their newly designed structures.

The shapes, geometries, sizes, orientations, and arrangements of metamaterials give
rise to their “smart” properties, making the devices built of metamaterials capable of
selective and careful manipulation of electromagnetic waves of various wavelengths.
This can be achieved by absorbing, enhancing, blocking, or bending waves, resulting
in metamaterials having benefits well beyond the characteristics of conventional
materials.

Applications of metamaterials are ever growing and diverse. They can be used in
optical filters, medical devices, remote aerospace engineering applications, security
areas such as sensor detection, infrastructure monitoring, and crowd control, smart
solar power management, lasers [2], radomes (structural weatherproof enclosures
protecting radar antennae), high-frequency battlefield communication, lenses for
high-gain antennas, to improve characteristics of ultrasonic sensors, and even in
creating shielding structures for protection from earthquakes [3-6]. Furthermore,
super-lenses, which can allow obtaining images below the diffraction limit that can
be achieved by conventional lenses, can be manufactured from metamaterials [7].
Also, sub-wavelength optical metamaterials integrated with optical recording media
can allow achieving optical data density higher than that limited by diffraction [8].
Moreover, metamaterials can render humans or objects a form of “invisibility” and
can be applied to acoustic and seismicity devices [3, 9].

Thus, metamaterials research is an extremely interesting and promising interdisci-
plinary area of science and technology that involves various fields of knowledge such
as electrical engineering, electromagnetics, classical optics, solid-state physics, micro-
wave and antenna engineering, optoelectronics, material sciences, nanoscience, and
semiconductor engineering [10]. This book contributes to broadening and enriching
our knowledge and understanding of these materials, some specific aspects of their
state of the art, and further perspectives.



Chapter 1, “Applications of Metamaterials and Metasurfaces” by Babar Kamal et al.,
presents a brief overview of the known types and applications of metamaterials/
metasurfaces followed by a comprehensive analysis of these surfaces for antenna
performance enhancement, polarization conversion, radar cross-section reduction,
and wave absorption.

Chapter 2, “Study on Miniaturization of Antenna Using Metamaterials” by Andrews
Christina Josephine Malathi, discusses applications of metamaterials, focusing primarily
on their antenna application.

Chapter 3, “Manipulating Light with Tunable Nanoantennas and Metasurfaces” by
Costantino De Angelis et al., reviews recent achievements in the field of tunable
metasurfaces and presents a platform based on an AlGaAs metasurface that allows
the modulation of the generated second harmonic signal.

Chapter 4 “Metamaterial Applications in Modern Antennas” by Mohamed Lashab
et al., presents different types of metamaterials, their historical evolution, physical
properties, and applications in antenna design.

Chapter 5 “An Application-Based Study on Electromagnetic Absorber Using
Metamaterial” by Alkesh Agrawal, focuses on the classification of materials on the
basis of permittivity and permeability and on the specific study of the electromag-
netic absorber.

Finally, Chapter 6 “Amplitude-Dependent Acoustic Absorber” by Jiangyi Zhang,
considers the design of a 1D amplitude-dependent acoustic absorber.

Aleksey Kuznetsov

Department of Chemistry,

Universidad Técnica Federico Santa Maria,
Santiago, Chile
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Chapter 1

Applications of Metamaterials and
Metasurfaces

Babar Kamal, Usman Ali, Jingdong Chen and Sadiq Ullah

Abstract

Metamaterials are efficiently homogenizable arrangements of artificial structural
components engineered to achieve beneficial and exotic electromagnetic (EM) prop-
erties not found in natural materials. Metasurfaces are the two-dimensional analogue
of metamaterials consisting of single-layer or multi-layer stacks of planar structures.
Both metamaterials and metasurfaces have great potential to be used in a wide range
of applications, e.g., antennas, polarization converters, radar cross section (RCS)
reduction, and absorbers, to control the amplitude, phase and polarization of the
reflected and transmitted EM waves. This chapter presents a brief overview of the
known types and applications of metamaterials/metasurface followed by comprehen-
sive analysis of these surfaces for antennas performance enhancement, polarization
conversion, RCS reduction, and wave absorption.

Keywords: metasurface, electromagnetic waves, antennas, polarization, absorption

1. Introduction

Metamaterials are artificial three dimensional (3D) structures composed of peri-
odic subwavelength metal/dielectric arrangement of unit cells with exact dimensions
[1]. A metamaterial is volumetric and is intended to provide artificial permeability (u)
and permittivity (e) with extremely powerful electromagnetic (EM) wave control
capabilities [2], leading to exceptional EM properties, which are often provided via
resonant effects managed by the geometry of the unit cells [3]. Metamaterials have
been used in such applications as magnetic resonance imaging [4], sensors [5], and
antenna systems (for gain enhancement and beam steering) [6]. For EM integration,
bulky sizes, low efficiencies, complex fabrication process are some of the disadvan-
tages of metamaterials. To overcome these disadvantages, the two-dimensional (2D)
metamaterials, which are known as metasurfaces, have been developed. They have
attracted increasing research and development over recent years due to their small
size, larger bandwidth, high efficiency, ease of fabrication, and less lossy characteris-
tics [7-9]. A metasurface (MS) is intended to manipulate the amplitude, phase, and
polarization of incident EM waves. Traditional techniques achieve polarization control
of EM waves through using the crystal optical activity and Faraday effect. The draw-
back associated with these techniques are narrow bandwidth and incident angle
response, and the resulting devices are large in size [10]. Similarly, the conventional
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Metamaterials — History, Current State, Applications, and Perspectives

absorbers, which are used to achieve absorption of EM waves, are bulky, fragile and
challenging to manufacture. Metasurfaces can be utilized to control the EM waves
within one thin layer, leading to substantial advantages, such as low cost, and high
degree of integration. They can be used in a wide spectrum of applications such as
perfect lens [11], perfect absorbing [12], invisibility [13], light bending [14], and
polarization conversion [15], to name but a few.

In this chapter, various metamaterials are discussed for antenna systems to achieve
high gain as well as wide bandwidth, size reduction and reduced Specific Absorption
Rate (SAR). Also discussed are metasurfaces with unique geometrical arrangements to
achieve polarization conversion, RCS reduction, and absorption of EM waves. The
basic design requirements, fundamental principle, working mechanism, parametric
extraction and unit cell configurations are discussed in detail to explain the core
concept of metamaterials/metasurfaces.

2. Applications of metamaterials
2.1 Metamaterials in the design of antenna

The metamaterials have unique physical characteristics that are not found in
nature but are highly desirable for use in many applications including but not limited
to invisible submarines, microwave invisibility cloaks, compact effective antennas,
and negative refractive-index lenses [16]. One of the most important applications of
metamaterials is in antenna design [17]. Due to the distinctive characteristics of
metamaterials, novel antennas can be designed that are not possible with the materials
found in nature. The metamaterial integrated in antennas, which consist of a single
layer or double layers, can either serve as substrates or be added to the geometry of the
antenna to improve the overall performance of the antenna [18, 19]. Scientific inves-
tigations showed that introducing metamaterials into the antenna design can improve
several important parameters and decrease the overall volume of the antenna while
increasing the radiated power and improving gain and directivity [20, 21]. Moreover,
these materials can be integrated into antennas to reduce the side and back lobe
radiation as well as to restrict the specific absorption rate (SAR) in scenarios where
they are worn on the body [22, 23]. Depending on how the antenna is designed,
different construction and applications of these materials can be used.

2.1.1 Metamaterial unit cell

The metamaterials used in antennas can be of a single unit cell or an array of unit cells.
Therefore, the most crucial step in creating the metamaterials is the design of the unit cell.
Its key features that affect the permittivity (¢), permeability (¢) and resonance frequency
(f,) must be considered and analyzed [24], based on which as well as the requirements at
the desired frequencies, various parameters, e.g., the size and shape of the unit cell, its ¢, u,
and resonant frequencies are obtained. To satisfy the given requirements at the resonant
frequency, the dimensions and type of unit cell are optimized [25]. The unit cell size may
vary greatly depending on the geometry of the metamaterials, but it is generally less than
one-tenth of the working wavelength [26], as depicted in Figure 1.

For instance, several metamaterial unit cells at the 2.4 GHz Industrial Scientific
and Medicinal (ISM) frequency band are designed and simulated using the procedures
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Figure 2.

Geometry of: (a) the mushvoom-like structure, (b) the Slotted structure, (c) the Spiral structure. (d) The LC-
resonant circuit of the unit cell [23].

listed below. To meet the homogeneous requirements by metamaterials, it is critical
that the size of the unit cell needs to be smaller than the guided wavelength

(Figure 2).
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Figure 2 illustrates the geometry of the different unit cells. These structures func-
tion as an LC parallel resonant circuit. The capacitance C and inductance L, whose
value depends on the unit cell’s geometry and size [27], determine the in-phase
bandwidth and resonant frequency.

The capacitance is due to the fringing between adjacent unit cells. It can be
calculated as:

c = Woate) Coshflw 1)
T
where w, g and gy represent the width of the unit cell, the gap between the
neighboring unit cells, and the dielectric constant of free space, respectively. The

following relationship can be used to calculate the inductance L, which is directly
related to the substrate’s thickness or the length of the metal via.

L = pouyt )

The optimized unit cells dimensions at the desired 2.4 GHz frequency is shown in
Figure 2. The dimensions are: w = 0.3232 4 Gz, £ = 0.01842.4 guz, Where A5 4 guy is
the free space wavelength at 2.4 GHz, via (radius) = 0.0041; 4 guz. The mentioned
surfaces are categorized for surface wave suppression and in-phase reflection charac-
teristics. The unit cell’s resonance frequency is then given as:

1

Ji=gnic ¥

2.1.2 In-phase reflection

The simulation setup and boundary conditions for in-phase reflection analysis of
the three metamaterial structures are shown in Figure 3. Linearly polarized (TE10)
plane waves are used to excite these surfaces. The in-phase reflection (0°) at the
resonant frequency of 2.4 GHz is determined by the three unit cells (Figure 4). The

TS

3
Boundary Conditions L=

Boundaries | Phase Shift/Scan Angles | Unit Cell |

] Apply in all directions

2

Xmin:  unit cell v  Xmax: unit cell v’
Ymin:  unit cel w» Ymax: unitcel -
% Plane waves
¥ Zmin:  electric (B = 0) ~ Zmax: open (add space) -

|

Cond.: [1000 | sém Open Boundary...

Substrate

(o [ ok ][ cancal J[ Heb ]

Plane

(a) (b)

Figure 3.
Simulation setup of the unit cell for the in-phase reflection analysis [23].
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Figure 4.
Reflection phase characteristics of three structures: (a) Mushroom-like, (b) Slotted, and (c) Spiral [23].
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surface acts like a perfect magnetic conductor (PMC) at this frequency [23]. At a
lower frequency of 1.4 GHz and a higher frequency of 3.4 GHz, the reflection phase is
+180° and —180°. At these two frequencies, the surface acts like a perfect electric
conductor (PEC). The reflection phase changes from +90° to —90° at points “a” and
“b”, respectively, crossing 0 at the central frequency of 2.4 GHz. In the given reflec-
tion bandwidth, the metamaterial acts like an artificial magnetic conductor (AMC).
The reflection phase bandwidth, denoted as BWy,, can be calculated as follows:

rpfbff x 100, (4)

wheref,f,, andf . denote, respectively, the higher, lower, and centeral frequencies.

BW

2.1.3 Surface wave bandgap

To analyze the surface wave bandgap characteristics, a 50-Q suspended microstrip
line at a distance of 1.5 millimeters above the array of unit cells is used (Figure 5). To
examine the transmission coefficient of the metasurface, the microstrip line is
powered using a waveguide port at both ends. Note that the dispersion diagram
method can also be used to study the bandgap characteristics.

The S1; and Sy; of the aforementioned three metasurface structures are plotted in
Figure 6. It is found that the magnitude of the S, directly influences the surface wave
suppression. If setting the required wave suppression threshold of Sy, to —20 dB, the
mushroom-like structure efficiently suppresses the surface waves in the frequency
band from 2.34 to 2.57 GHz according to Figure 6. Consequently, this type of struc-
ture provides both in-phase reflection and surface wave suppression characteristics at
the resonant frequency. This surface functions as a standard PEC ground plane out-
side of the 2.34-2.57 GHz frequency band. According to the pre-defined criteria in this
band, the remaining two metamaterial structures, i.e., the spiral and the slotted,
exhibit in-phase reflection characteristics only at 2.4 GHz but without sufficient
surface wave suppression. The surface wave bandgap of the spiral metasurface shifts
slightly to the left of the 2.4 GHz point as a result of the inductive loading of this
surface. CST Microwave Studio software [23] is used to study and calculate the unit
cell’s properties, which show that the unit cell clearly serves as an AMC.

Similarly, a dual band metasurface unit cell is considered and examined using the
following steps. The layered structure is shown in Figure 7. The dual-band unit cell
consists of three layers. A square dielectric block has been placed between the first and

Unit- Cell ~

atched LJTr ~

Suspended Microstrip Line

Figure 5.
Simulation setup for the surface wave bandgap characterization [23].
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Figure 7.
(a) Layout of the Unit Cell from ports 1 to 2. (b) Hierarchical diagram of EM incidence waves [28].
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Figure 8.
Simulated results for a unit cell: (a) phase of the rveflection coefficient, and (b) amplitude of the reflection

coefficient [28].

second layers, which are made up of circular metal patches with diameters of 2 and b,
respectively. The third layer consists of a square metal patch with a central circular
slot. Between the second and third layers, a square dielectric block is inserted [28].
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The magnetic and electric wall boundary conditions were forced along the +x and +y
directions to produce a waveguide. Then, the circular metal patch’s surface received
port 1 of the waveguide and its reference plane, and the square metal patch’s surface
received port 2 of the waveguide with the circular slot. Due to the linear polarization
along the y-direction, excitation of port 1is comparable to a plane wave incident along
the z-direction. Figure 8(a) shows the unit cell during its reflection phase. Phase is
zero at 3.89 and 5.66 GHz. At these two frequencies, the unit cell is equivalent to mu-
negative metamaterials (MNMs). Figure 8(b) shows that at these two operating
frequencies, the reflection coefficient is approximately 0.94, which demonstrates the
partial reflection property of the unit cell.

3. Metamaterials in antennas engineering

In this section, the application of metamaterials for enhancing antenna parameters
is presented and explained. Antennas play an important role on wireless communica-
tion while materials play a crucial role on the antenna performance. The widely used
microwave and radio frequency substrate materials in antenna applications include
artificial magnetic conductors (AMCs) and high-impedance surfaces (HISs). HISs or
AMC:s are used to build small, low-profile antenna systems by placing them close to or
all around the antenna radiating elements. Metamaterials can also be used to build the
antenna or as part of the feeding mechanism for the antenna system.

What discussed in this section includes gain and directivity enhancement, band-
width enhancement, surface wave suppression and SAR reduction of the antenna
when placed in close proximity to the human body, and miniaturization of microstrip
antennas by loading the materials as a patch, mounting them as a superstrate above
the main radiator, placed them at the ground plane, or embedding them in the
substrate. These surfaces are used in antennas to solve a variety of problems, thereby
circumventing the limits of the antennas designed with the conventional approaches.
For example, placing the material above the reflector can help enhance the radiation
properties of the antenna, reduce the backward radiation and redirect the radiation in
the forward direction [29]. The electromagnetic band gap (EBG) structure, first
proposed by Sievenpiper in 1999 [30], was a mushroom-shaped structure with a
ground plane loaded with a grid of square patches attached to the ground plane by a
metallic through (Figure 9).

3.1 Incorporating metamaterial into antenna design

By incorporating metamaterial structures into the design of antennas, it is possible
to decrease the antenna size, increase its gain and directivity, expand the bandwidth,
and reduce side and back radiation. Metamaterial structures can also be used to create
multiband applications. This section focuses on explaining the benefits of incorporat-
ing metamaterial structures into the antenna design.

3.1.1 Gain enhancement

The performance degradation in gain, directivity, and efficiency is the fundamen-
tal disadvantage of small planar antennas. In the case of multiband applications, this
issue becomes more severe, particularly in the lower frequency bands. To meet the
requirements for the total link budget of the transceiver systems, antennas must
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(a) (b)

Figure 9.
(a) Layout of the mushroom electromagnetic band gap (EBG) unit cell, (b) equivalent circuit model of the unit

cell [31].

overcome the problem of low gain and efficiency. Besides using array antennas,
metasurface antennas were recently introduced as an alternative candidate for
various communication bands to improve the overall performance of the

antenna by incorporating metamaterial structures (either AMM or AMC) into antenna
designs.

Metamaterial are integrated into the antenna by either arranging their unit cells in
such a way that they surround the antenna radiating element [23, 32], or using them as
a ground plane loading or etching of the antenna, in which AMC functions as a zero-
degree reflection for the incident waves at the antenna working frequency [33-36].
There are different ways to use metamaterial structures for enhancing the antenna
gain, as illustrated in Figure 10. However, regardless of what method is used, the unit
cell type, the number of superstrates used, and the distance between the primary
radiating elements and the superstrate all play an important role on the gain improve-
ment. The unit cells can be arranged in different ways, e.g., surrounded by the
radiating elements of the antenna or loaded on both or one side of the substrate. In
order for the metamaterial to have unique physical properties that fit the resonance
frequency of the antenna, the size of the unit cells needs to be properly designed. Due
to their negative permeability characteristics, the unit cells can be simply integrated
with radiating components and used as insulators to reflect surface waves. The tradi-
tional antenna’s gain can be improved by adding metamaterial unit cells around it [37].
The two key determinants that affect the gain attained are the resonant frequency of
the desired antenna and the number of unit cells used. The array of unit cells with
various relative permittivity is loaded away from the primary radiating element in the
case of metamaterial superstrates. These unit cells can be loaded on either side of the
superstrate. The number of superstrates, the number of unit cells, and the distance
between the radiating element and the superstrate all play a key role on the gain
performance and directivity of the conventional antenna [38] (Figure 11). The direc-
tivity and gain of the traditional antenna can be significantly increases by integrating
metamaterial into the antenna design. However, the overall size and thickness of the
antenna are also increased.
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Figure 10.
Application of metamaterials to improve the antenna gain, including: (a) radiating element surrounded by unit
cells, (b) antenna loading with metamaterials, and (c) metamaterial as a superstrate [23, 33, 34].

3.1.2 Metamaterials for bandwidth enhancement

In addition to improving the gain and directivity of conventional antennas,
metamaterials can also be used to increase the impedance bandwidth of the antennas.
To increase the bandwidth, the metasurfaces can be utilized as part of the antenna or
can be used as a superstrate placing over the main radiating element, as was discussed
for increasing the gain of the antenna (Figure 11). The superstrate can be placed above
or below the metamaterial unit cells. The number of unit cells used and the distance
between the radiating element and the superstrate have a great impact on the antenna
impedance bandwidth. The configuration of the antenna with superstrate material and
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Figure 11.
Patch antenna with a double layer metamaterial superstrate: (a) front and top view of the antenna, (b) unit cell
of SRR, and (c) directivity with/without superstrate [38].

the simulation of the reflection coefficient with and without the metamaterial are
shown in (Figure 12). The bandwidth for the higher frequency band is significantly
increased by the antenna integrated with metamaterial, from only 9.35-28%. Moreover,
the third band has increased to 27.81% and moved slightly higher in frequency.
Incorporating the metamaterial unit cells also matches the lower band [39].

3.1.3 Metamaterials for antenna sizge reduction

To reduce the antenna size, numerous design strategies are proposed, including
shorting pins, generating disturbances, employing high dielectric substrate materials,
fracturing the shape, etc. Many antenna designers have recently utilized metamaterial
structures as defective ground structures (DGS) for small antennas. Using these
structures as a DGS can produce unusual characteristics at the resonance frequency of
the antenna. In this instance, the unit cell size is the same as the size of the DGS’s
removed portion [40, 41]. Figure 13 depicts the geometry of the antenna and the
metamaterial loaded with the bottom layer. The simulated Sy; of the antenna with and
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Figure 12.

Layout of the antenna (a) front view, (b) 3D view, (c) back view, (d) a suspended separator MMT layer, (e) S;,
with and without metamaterial [39].
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without metamaterial is presented in Figure 14. The S;; shows that the proposed
antenna operates at 7 GHz (Figure 14). But when a metamaterial layer of multi

parallel rings are added, the resonance frequency is shifted from 7 GHz to 4 GHz and

the size of the antenna is considerably reduced.

3.1.4 Metamaterials for the veduction of specific absorption rate

Wireless body area networks (WBAN) are widely employed in many different

applications, including mobile communication, military applications, medical diagno-
sis, and rescue services. In these kinds of applications, the antennas must be operated

in close contact to the human body. The backward radiation is absorbed into human

body tissues as a result of its near vicinity to the human body and may seriously harm
these tissues. The absorption of energy by human body tissue is defined by the specific
absorption rate (SAR) [42]. The SAR is defined as the rate of electromagnetic energy
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absorbed by the human body tissue per unit mass. The safe limit of the SAR for mobile
phones and similar electronic gadgets has been defined by international standards.
The US standard defines the safe limit for SAR as 1.6 W/kg average over 1 g of tissue,
while the EU defined it as 2.0 W/kg average over 10 g of tissue [27, 43]. The SAR must
comply with the safe limits established by international bodies in order to protect the
human body from harmful radiation.

Several techniques, including the use of reflectors [44], RF shielding with ferrite
and conductive materials [45], and the use of highly directional antennas [46], have
been utilized to reduce SAR. Recently, metamaterials like AMC, SRR, and EBG are
investigated to block electromagnetic waves towards the human body and to reduce
SAR [47-49]. Figure 15 shows the design and simulation setup of the proposed
antennas with polarization dependent metamaterial and a high effective medium ratio
[50]. The SAR of the mobile phone without metamaterial structure is calculated and
analyzed using L, S, and C-band frequencies, considering both 1 and 10 g of tissues. In
this case, the metamaterial structure acts as a shielding material and protects the
human head from harmful radiation. It is evident that the unique metamaterial struc-
ture lowers the SAR value emitted from a mobile phone by 98%. Likewise, a
metamaterial based fabric antenna at ISM band is shown in Figure 16, where the
metamaterial structure behaves as EBG/AMC [51]. The proposed antenna is analyzed
for SAR with and without metamaterial structures.

The SAR analysis of the traditional and the antenna integrated with metamaterial
at the ISM band considering the Federal Communications Commission (FCC) stan-
dard of 1 g of human body tissue is presented in Figure 17. It is observed that the
traditional antenna, when placed in the vicinity of human body, gives a SAR of
7.78 W/kg, exceeding the safe limit. However, the antenna integrated with
metamaterial when placed in close contact with the human body gives an SAR value of
0.028 W/kg, which is within the safer limit of the FCC standard of 1.6 W/kg averaged

Multi-layered

Unit cell

(©)

Figure 15.
Layout and simulation setup: (a) metamaterial structuve, (b) Voxel model (human head and hand),
(c) Fabricated metamaterial structure, (d) Agilent N5227A VNA [50].
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Figure 16.
Design layout for: (a) U-shaped fabric antenna, and (b) Metamaterial on fabric material [51].
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Figure 17.
Simulated SAR of the proposed U-shaped antenna (a) without metamaterial, and (b) with metamaterial [51].
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over 1 g of tissue. Hence, the metamaterial integrated antenna play a vital role to
reduce the SAR significantly compared to its conventional counterpart.

4. Applications of metasurfaces
4.1 Metasurfaces for polarization conversion

Polarization is the characteristic of a wave’s oscillation, i.e., having a particular
direction relative to the wave’s propagation. The polarization of an EM wave is defined
as the direction of the electric field oscillation in a plane transverse to the propagation.
The process of altering the polarization state of a wave after reflecting, transmitting
from a medium is known as polarization conversion. Wave plates, also known as
retarders, modify the polarization state by retarding (or delaying) one component of
polarization with respect to its orthogonal component. Wave plates alter the polariza-
tion state of EM waves. The most common types of wave plates include the half-wave
plates and quarter-wave plates. The former changes the path of linearly polarized EM
waves, while the latter transforms linearly polarized EM waves to circular polarized
one, and vice versa. Every polarization state can be decomposed into orthogonal com-
ponents, and the phase difference between them must be regulated in order to convert
one polarization to another. Metasurface structures with asymmetric resonators having
low co-polarization reflection and high cross-polarization reflection are usually used for
polarization conversion. In the following subsections, the mathematical background
and designs examples of the polarization converting metasurfaces will be discussed.

4.1.1 Polarization converting metasurface

Polarization converting metasurface (PCMS) is a device that transforms the polar-
ization state of an incident EM wave with no significant loss. When an incident EM
wave is transformed from y-polarized to x-polarized wave upon reflection from the
metasurface, the corresponding conversion is called cross polarization conversion.

Generally, the reflection coefficient is defined as a ratio of reflected field E**f and
incident field E™, (i.e., » = E*f /E™). The electric field is a plane wave propagating
along the z-direction and is given as:

E = ﬁpolEoefj(szwt) (5)

where 4P, E,, k, and o, represents, respectively, the polarization direction,
amplitude of electric field, wave number, and the angular frequency. The correlation
among the incident and reflected electric fields of LP incidence wave oriented along
(x—y)-direction is given by the Jones matrix [52]:

E;‘Cef |: Rxx ny :| EinC

x

: 6)
f in

EF Rx Ry ||E™

where R, and R, represents co-polarized reflection and are defined as
Ry = EXf/E™ R, = E;ef /E}“C, similarly R, and Ry, represents cross-polarized
reflection and are defined as Ry, = E;ef JE™, Ry, = E/ EJ. E, E™ is the incident
and reflected x-polarized electric field and vice versa, respectively.

18



Applications of Metamaterials and Metasurfaces
DOI: http://dx.doi.org/10.5772 /intechopen.108145

For efficient cross polarization transformation, the level of the cross-polarized
reflection coefficients should be larger than —3 dB, i.e., |[Ryx|,|Ry)| >-3 dB while the
level of co-polarized reflection coefficient should be smaller than —10 dB, i.e., |[Ryl,
IR,y| < —10 dB [52]. To illustrate how polarization transformation is achieved, a
metasurface composed of an arrow shaped resonator is designed as shown in
Figure 18(a). It is seen from the results shown in Figure 19(a) that the proposed
PCMS fulfilled the aforementioned criteria and performs cross polarization conver-
sion (CPC) in an ultra-wideband (10.1-26.0 GHz). Polarization conversion ratio
(PCR) is usually expressed as the ratio of the power reflected in the cross-polarized
component to the total reflected power, i.e., [53]:

_ IR
- 2 2
IR%,| + IR?

xI

PCR 7

The PCR results presented in Figure 19(b) show that the PCR value is greater than
90% from 10.1 to 26 GHz, indicating that most of the energy is converted to its
orthogonal counter part in this band. The R, attains three minimum values at: —49.6,
—54.5, —45.3 dB, and the corresponding frequencies are 11.1, 17.5, and 25.1 GHz,
respectively with a PCR of 100% at 11.1, 17.5, and 25.1 GHz frequencies.

The incident wave with polarization direction along the y-axis is decomposed into
u- and v-components to explain the cross polarization conversion mechanism, as
illustrated in Figure 18(b). The - and » components are mutually orthogonal and

Resonator

(a)

Figure 18.
The designed PCMS: (a) unit cell, and (b) u — v decomposition.
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Figure 19.
Simulated reflection coefficients of LP waves: (a) x, and (b) PCR of the proposed metasurface.
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Simulated reflection coefficients: (a) u and v, and (b) Phase difference.

form a +45° angle with the y-axis. The y-polarized incident electric field E;, along the
u- and v-axis is expressed as:

E; = aEyé? + 0E;, e (8)

where % and 9 are the unit vectors, and ¢ is the phase of the components. The

. . . . (7
x-polarized reflected electric field, i.e., E;, can be expressed as:

—

E; = 0Epe? + DE,,é P10, 9)

where ¢ = ¢, and ¢ + 180° = ¢,,. The co-polarized reflection coefficients along
the u- and v-axes are r,, = E{ff /E;nC and r,, = Ef,ef /E;“C. The reflection amplitudes are
(*uu = 7y = 1) and the phase difference is (4¢ = ¢,,, — ¢,, = £180°) for CPC through
reflected wave in the u- and v-direction [54].

The unit cell was simulated to polarized incidences in the - and v directions to test
the CPC. The results are shown in Figure 20. Figure 20(a) shows that the amplitudes
of the co-polarized coefficients 7, and r,, are close to unity. Figure 20(b) shows that
in the frequency range (10.1-26 GHz), the phase difference between the #- and v-axis
components does not vary much over 180°, validating the effectiveness of cross
polarization conversion.

For reflection type of PCMS, the surface currents on both top and bottom surfaces
are found to be diagonal. As a result, the field components along the original incident
direction are canceled whereas the other one is enhanced in the mutual orthogonal
direction. Because the induced field is oriented in an orthogonal direction, it can
produce a perpendicularly oriented electric field to the incident one, resulting in
polarization conversion of EM waves [55].

The principle of CPC is further explained by the surface current distributions
shown in Figure 21. At resonance frequecies of 11.1 and 17.6 GHz, the surface currents
on the patch and ground are anti parallel resulting in magnetic resonance. At reso-
nance frequency if 25.1 GHz, the surface currents on the patch and ground are parallel
resulting in electric resonance. The occurrence of electric and magnetic resonances
results in wideband polarization conversion with a high PCR.

4.2 Metasurfaces for radar cross section reduction

Radar cross section (RCS), an essential property of a radar, is a measure of how
detectable an object is by radar. The larger the RCS, the easier it is for the object to be
detected. A unit cell and its mirror are required for the RCS reduction using polariza-
tion converting technique. The unit cell and its mirror unit cell has a cross polarization
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Figure 21.
Surface current distribution of the top metal and ground metal at vesonant eigen-modes: (a) 11.1 GHz, (b)
17.6 GHz, and (c) 25.1 GHz.

phase difference of 180°, which fully satisfies the requirement for RCS reduction. For
RCS reduction, chessboard structures are utilized that usually use single PCMS unit
and its mirror unit (rotating the same structure by 90°). As per the polarization
conversion concept, the phase difference between the PCMS and its mirror should
always be 180°. As a result, the PCR is the only component that influences RCS
reduction performance. So, when an x-polarized incident waves is reflected, it totally
changes to an orthogonal counterpart. The PCMS units reflections, as well as their
mirror reflections, are canceled out. As a result, by arranging PCMS units and their
mirrors in chessboard structures, the RCS can be minimized.

Figure 22(a) shows the reflection coefficients of the mirror PCMS, which are the
same as the reflection coefficients of PCMS. Figure 22(b) plots the phase difference
between the reflection phases of PCMS and its mirror PCMS unit cells. In the whole
PCR bandwidth, there is a 180 reflection phase difference between PCMS and its
mirrored PCMS unit cell, indicating that the proposed PCMS satisfies the reflection
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Figure 22.
Simulated results of: (a) reflection coefficients of mirror PCM, and (b) reflection phase of PCM and. its mirror.
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Figure 23.
Top view of the designed square chessboard array with PCMS and its mirror.

phase cancelation requirements for RCS reduction. The RCS reduction from the sur-
face compared to the PEC can be expressed as [56]

RCS reduction (dB) = 10log ,,

lim, . 47r2|1)? (10)

= Ry, (dB) = 10log ,(1 — PCR),

where |E,| and |Ej,| are the reflected and incident fields in the far zone of » — oo,
respectively, 7 is the detecting distance, and Ry, represents the co-polarized reflection
coefficients [56]. According to the above equation, RCS reduction is related to PCR.
The bandwidth of RCS reduction is predicted from bandwidth of PCR. If PCR is
greater than 90%, a 10-dB RCS reduction is achieved.

Based on the designed PCMS unit, an array with 8 x 8 units and a total dimension
of 56 x 56 was designed in square chessboard configuration as shown in Figure 23.
The designed PCMS is rotated at an angle of 90, 180, and 270° to make a square
chessboard configuration, which reflects the wave in-phase and out-phase to create
destructive interference, resulting in RCS reduction. The comparison of the proposed
square chessboard array monostatic RCS performance with a PEC of the same dimen-
sion is shown in Figure 24. The designed square chessboard array achieved ultra-
wideband RCS reduction in a frequency band from 9.6 to 27.5 GHz. The RCS reduc-
tion is maximum at the resonance frequencies of 10.3, 11.8, 19.8, and 20.3 GHz, with
the maximum RCS reduction of 27.8 dB observed at 10.3 GHz.

4.3 Metasurfaces for absorption

Metasurfaces can also be utilized for designing perfect absorbers, which absorb
most energy of the incident EM wave within the desired frequency band. Metasurface
structures with symmetric resonators have been used as effective absorbers with low
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Figure 24.
Mono-static RCS reduction: (a) PCMS and PEC, and (b) normalized RCS.

co- and cross polarization reflection [57]. Metasurface absorbers (MSAs) usually con-
sists of subwavelength resonant metal insulator metal (MIM) structures. Mathemati-
cally, the absorption can be expressed by the following equation

A(w) =1-R(@) - T(0), (1)
where
R(w) = g :? , (12)
Z(w) = \/;((ww)) (13)
Zo = ﬁéZ)) , (14)

with Z, being the characteristic impedance of the free space, which is equal to 377
Q. The free space permeability and permittivity are denoted by y,, and ¢,, and y,, &,
represents the relative permeability and permittivity in the material. To design an
MSA, the unit cell’s parameters should be precisely adjusted such that the absorbers
impedance matches the free space impedance so the reflection is minimized, resulting
in perfect absorption of the incident waves. The effective impedance of the MSA
matches the free space impedance by altering the electric and magnetic resonance
simultaneously. Metasurface absorbers are characterized by unit cells having single
and multi resonant designs, transforming into narrowband and broadband absorp-
tion, respectively [58]. In general, the resonance frequency of the MSA is determined
by the geometric configuration and geometric characteristics of a unit cell.
Metasurface based absorbers are low profile, light weight, with simple metallic struc-
tures. They have limitations in terms of absorption bandwidth, absorption rate and air
breakdown at high power [59]. The bottom side of the metasurface absorber is a
metallic sheet. It acts as a ground, which causes no transmission and consequently
T(w) is equal to zero. Absorption can also be defined as:

Alw)=1- |Rxx‘2 - |Ryx|2 =T, (15)

where |Ry,|* and IRy |* represents the co- and cross-polarized reflected powers, the
transmitted power, i.e., T, is zero because of the metallic ground plane. For absorption
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both components of the reflected wave, i.e., co and cross should be zero. A
metasurface absorber is designed using square ring resonator made of copper placed at
the top of dielectric substrate FR-4 having metallic ground plane on the back side as
shown in Figure 25. The plots of reflection coefficients and absorption are shown in
Figure 26. For perfect absorption, the levels of both the co- and cross components of
the reflection coefficients should be smaller than —10 dB, i.e., |[Ryx|, |Ryx| < — 10 dB.
The results shown in Figure 26(a) indicates that both the co- and cross components of
the reflection coefficients are below —10 dB, which indicates that all of the incident
wave is absorbed. The results in Figure 26 (b) show that absorption remains above
90%, which is requirement for perfect absorption.

The intrinsic parameters of the metasurface, i.e., effective permittivity (ees),
effective permeability (u.¢), and effective impedance (z), are obtained by S-
parameter-retrieval method [60, 61]. These parameters are extracted as:

(14 S1)* — 82,

Zg=dy—F5—= (16)
(14 81)* — 82,
e]'nKOH _ 821 (17)
)
n
Eoff = —» (18)
zZ
Hetf =71 X 2, (19)

Figure 25.
Proposed metasurface absorber.
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(a) Reflection coefficients, and (b) absorption.
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Extracted effective parameters: (a) veal, and (b) imaginary parts.

where z stands for impedance, S1; and S»; for reflection and transmission amplitudes,
n for refractive index, K, for wave number, and H for substrate thickness [62]. The
values of the extracted parameters are shown in Figure 27. At peak frequencies of 7.8 and
16.7 GHz, the real and imaginary components of the extracted permittivity, and perme-
ability obtained are almost equal, resulting in impedance matching of the MS with free
space, which minimizes the co-polarization reflection and maximizes the absorption [63].

5. Conclusions

This chapter described the applications of metamaterials and metasurfaces. The
underlying principles and design considerations of metamterials in antenna design
were explained in detail. The state-of-the-art works related to the application of
metamaterials in antenna designs were reviewed. Also it is discussed that how
metamaterials are used to improve and enhance the antenna parameters such as gain,
directivity, bandwidth, size, and SAR. Moreover, the theoretical concepts and mathe-
matical analysis of metasurfaces for polarization conversion, RCS reduction, and
absorption were also discussed. Some metasurfaces were designed to show how to
achieve different desired functionalities.
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Chapter 2

Study on Miniaturization of
Antenna Using Metamaterials

Andrews Christina Josephine Malathi

Abstract

Metamaterials (MTMs) are artificially built materials intended to give its properties
from the internal structure, rather than the chemical composition found in natural
materials. Electric permittivity (¢) and magnetic permeability (p) are the two basic
parameters which describe the electromagnetic property of a material or medium.
Permittivity describes how a material is affected when it is placed in electric field. And
permeability describes how a material is affected in presence of magnetic field.
Metamaterials may have either negative permittivity or permeability or both may be
negative simultaneously. The concept of metamaterials has additionally been utilized to
design different kinds of patches with upgraded performance, such as improved gain
and enhanced efficiency. Also, it has been utilized for the scaling down of patches. Two
parameters are utilized in the collected works for antennas using metamaterials. We can
adjust the refractive index of the metamaterial to positive, near-zero or negative values.
Utilization of epsilon negative, MNG (p - Mu negative) or DNG (double negative) are
called metamaterial- based antennas and the use of metamaterial unit cell for example
complementary split ring resonator, split ring resonator and so on are alluded as
metamaterial inspired antennas. The design of complementary split ring resonator and
its equivalent circuit will be discussed in this work. CSRR (complementary split ring
resonator) provides both isolation enhancement and miniaturization for MIMO
antenna.

Keywords: MTM (metamaterials), CSRR (complementary split ring resonator), left
handed materials, NRW (Nicolson Ross weir), MNG (Mu negative), DNG (Double
negative)

1. Introduction

Jagadish in 1898 developed the first metamaterial out of artificial chiral compo-
nents [1]. Lindman, in 1914 made artificial chiral media by installing numerous
randomly arranged little wire helices in the host medium [2]. Kock made microwave
lenses by inserting metallic strips, wires and disks occasionally so as to tailor the
artificial media refractive index [3]. The historical backdrop of left- handed materials
can be explained by Veselago’s hypothetical speculation in 1968 [4], in which he
showed that the LHMs could give rise to a surprising optical phenomenon as light
passes through them. The UCSD (University of California, San Diego) group in 2000,
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which followed the work by Pendry et al. [5-7] synthesized the principal left-handed
material [8, 9]. As manufacture strategies enhance, the incorporations (artificial
structures) inserted in the host medium decrease in size [9].

Electromagnetic waves interact with metamaterials in the host medium, induce
electric and magnetic moments, which thus influence the material’s transmission
abilities and material parameters, for example, permeability and permittivity. While
portraying the permittivity (¢) and permeability (p) of a metamaterial, one must
describe the structure as homogeneous. If one considers a solitary incorporation as a
major aspect of a unit cell periodically installed inside the host medium, its size p must
be not exactly a fourth of the incident radiation wavelength: p < A/4 [9]. This
homogeneity relation is a standard guideline condition. The relation is normally uti-
lized in recognizing lumped parts from quasi-lumped components, (A/4 < p < A/2)
and distributed components: p > A/4 [9]. This condition guarantees that refractive
phenomena inborn in homogeneous materials command over scattering and diffusion
effects. The electromagnetic radiation is basically uninformed of the lattice structure
in the host medium and keeps up field uniformity in the direction of propagation
inside the structure.

Metamaterials are designed to make materials with almost zero estimations of
permittivity; negative permeability or permittivity. A material with just negative
(e) is called ENG and only negative (p) is assigned to MNG material. Permittivity
describes how a material is affected when it is placed in electric field. And perme-
ability describes how a material is affected in presence of magnetic field. Material
with both negative permeability and permittivity is called double negative (DNG).
Over the previous decade, various arrangements of metamaterials have been
approved which when organized intermittently, showed metamaterial properties for
a specific range of frequencies [9]. This left handed material made utilization of an
array of conducting, nonmagnetic components, continuous wires like circular
shapes etc. to accomplish a negative effective permittivity and negative effective
permeability.

Despite the fact that optical characteristics are completely determined by relative
parameters e and y, the refractive index (n) is frequently utilized. n might be found
from Eq. (1) [10],

n==+\/en (1)

Practically all see-through materials, for example, water or glass, has positive values
for both & and p [10]. Numerous metals, (for example, gold and silver) has negative ¢ at
observable wavelength [10]. Materials having one or the other € or p negative is imper-
vious to EM emission. For the above - mentioned materials, a positive square root is
utilized for n by tradition. In any case, some materials having € < 0 and p < 0; since
their product is positive, n is additionally real. In such conditions, negative square root
of n is taken. The prior considerations are simple for materials, having complex values
of € and p. The real parts of both do not need to be negative [10].

Electromagnetics scientists regularly utilize the term LHM, barely, for the mate-
rials having negative refractive index. A contrast of refraction in a LHM to a typical
material is explained in Figure 1 [11]. The Quadrant 1, of Figure 2 the Electric,
magnetic (H) field and the wave ‘k’structure a right handed system, as given by
Maxwell’s equations. The second quadrant of Figure 2 (¢ < 0 and p > 0) shows
electric plasmas which bolster evanescent waves. The fourth quadrant (¢ > 0 and p
< 0) additionally bolsters evanescent waves. These are both single negative (SNG)
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Conventional
Material

Left-handed
metamaterial

Figure 1.
Refraction in a left-handed metamaterial.

right-handed / forward-
wave propagtion

£>0, >0
k™ >0, n=++jEu e N, n>0
isotropic dielectrics

£

Figure 2.
Comparison of material with different permittivity and permeability, courtesy—http://www.ihf.uni-stuttgart.de.

quadrants, implying that just a single parameter is negative. The third quadrant (e < 0
and p < 0 or double negative (DNG)) contains the left handed materials, which were
proposed in 1967 [11]. In LHM, the E, H field and the wave vector k structure a left
handed system and these help “in reverse” proliferating waves i.e. negative refraction
occurs such that light and other radiation gets bent backwards as it enters the struc-
ture [11]. The term reverse refers to the opposite sign of group and phase velocity. The
index of refraction n = £, /&4, is negative. A comparison of the materials is shown in
Figure 2.

The light beams would be refracted on a similar side perpendicular when coming
inside the material, since n, is negative. A light source advancing on the way to an
eyewitness seems to reduce its frequency, as the doppler shift is reversed. Cherenkov
focuses in another way about the radiation delivered by a quick moving molecule as it
goes through a media [11]. Phase velocity is antiparallel to the time averaged poynting
vector of wave ‘K’. This implies that unlike RHM, the wave fronts are heading back-
wards to the movement of energy [12]. Plane wave propagation spreading in MTMs,
the E, H field and wave propagation abide by a left hand rule, and hence named as
left-handed metamaterials [13]. The impact of negative refraction is undifferentiated
from wave transmission in a left-handed transmitting line.
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2. Applications of metamaterials

MTMs are of main importance in electromagnetics [14]. All together for its physical
shape to influence EM waves, a MTM should have physical features small than A of the
EM radiation it connects with. For example, if a MTM is to carry on as a homogenized
material precisely depicted by refraction index, the element dimensions need to be a lot
littler than the A. For the visible light having wavelengths of less than one pm commonly,
the structures are usually half or not larger than 280 nm in dimensions [14]. The
structures need to be of one decimeter [14] for microwave radiation. They are quite often
artificial, developed as periodic arrangement of current conducting components, (for
example, circles of wire) which have appropriate inductive and capacitive attributes [15].

2.1 Superlens

The materials having negative refractive index, enables to focus near field light
(the near-field (or evanescent) light consists of a non-propagating field that exists
near the surface of an object at distances less than a single wavelength of light)
therefore making an ideal super lens. The first super lens gave resolution three times
better than the diffraction limit which was shown at microwave frequencies
(1-1000 GHz) at University of Toronto [16].

2.2 Cloaking devices

MTMs are used for constructing cloaking devices as well. These components usually
include surrounding the item to be cloaked with a casing which influences the entry of
light close to it [17]. A US-British group of researchers made a MTM that made an
article undetectable to microwave emission in october 2006 [17]. Since light is simply
one more type of EM radiation, this was viewed as the initial move to a cloaking gadget
for visible light, however further developed nano systems will be required because of
noticeable light small wavelengths. Two engineers from Purdue university declared a
hypothetical plan for an optical cloaking gadget dependent on the British idea on April
2, 2007 as explained below. The plan sends a periodic arrangement of minor needles
sticking out by a centre rod which will create an object inside the cloak undetectable in a
M\ of 632.8 nm [18]. Duke University and Imperial College London are as of now looking
into this utilization of MTMs and has figured out how to cloak an item in microwave
range utilizing exceptional concentrical rings [18]. The microwave frequencies were
hardly influenced by the nearness of the cloaked object.

2.3 Agile antennas

Metamaterials are additionally designed for structuring agile antennas [19]. Investi-
gation at National Institute of Standards and Technology in US has shown that slender
films created of MTMs can enormously diminish dimensions of resonant circuits which
create microwaves, possibly empowering much small mobile phones and other micro-
wave gadgets [19].

3. Design of metamaterials (complementary split—ring resonator)

By the parametric investigations and examination of the patch, a design method-
ology for miniaturizing antenna for variable frequency range utilizing the CSRR
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technique was created [20-24]. A CSRR is counter duplicate of split ring resonator,
which is made by eliminating the conductor from the outline of SRR within the
ground structure. It is a resonant structure utilized broadly in the investigation of
MTMs [20]. With recurrent placement of the CSRR, negative & permittivity can be
obtained near its resonant frequency. Its frequency is equivalent to SRR of a similar
size and it is demonstrated as a LC circuit [25]. The equivalent LC circuit analysis is
discussed in Section 3.5. Distinctive forms of SRR and CSRR are shown to exist in
different works, however the dual slit rounded and rectangular split ring resonator are
usually considered and utilized due to the ease of creating their structures [25]. The
CSRR consist of two concentrical or rectangular rings with an opening in each ring.
The procedure is described below in Figure 3.

1. Design the patch antenna utilizing the transmission line model for a frequency
double as that of the needed (5 GHz). 2. The patch antenna is simulated using high
frequency structure simulator software (HFSS). 3. A CSRR is engraved beneath the
patch in such a way that the outward radius of the CSRR is encasing the boundaries of
the antenna. 4. Simulate and locate the frequency of the patch. 5. If it is smaller than
anticipated, adjust by decreasing the radius ‘r’ or by changing spacing ‘k’ and/or width
‘w’. 6. During fine tuning, if the frequency is beyond as expected, move the feed
alongside the antenna element till the resonant frequency is achieved. 7. Amid this
procedure, ensure the patch to remain as primary radiating element.

3.1 Design of antenna and its geometry

A circular patch antenna with dimensions 25 x 25 mm” was at first intended to
resonate at 5 GHz utilizing FR4 substrate with a dielectric constant of 4.4 and

Design a patch antenna with
resonant frequency twice

that of the desired f

Etch out a CSRR underneath
the patch

Simulate and note the
resonant frequency

Resonant
Frequency >
Desired
frequency

Increase ‘R1, R2),
Decrease ‘w’, 'k’ of the
CSRR

Decrease‘R1, RZ,
Increase ‘w), 'k’ of the
CSRR

Finish

Figure 3.
A flow chart representation for the design of antenna miniaturization using CSRR.
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thickness 1.6 mm [26]. The patch antenna was excited utilizing 50 Q microstrip line.
The geometry of the antenna is shown in Figure 4.

3.2 Parametric analysis of the antenna design

Initially the antenna was designed at a frequency (5 GHz) higher than the desired
resonant frequency (2.34 GHz). The radius obtained was 8.39 mm with feed length of
8.25 mm and feed width was 3.05 mm. A parametric analysis was carried out for
various radius of the circular patch starting from 7 mm and the optimal radius of
8.39 mm is chosen as shown in Figure 5. It was observed that when the patch radius
increases the resonant frequency decreases.

Similarly the analyses were carried out for different length of the feed with fixed
radius of 8.39 mm and it was seen that as the feed length increases the return loss

increases providing better impedance matching as seen in Figure 6. A feed length of %g
was chosen with 8.25 mm.

3.3 Antenna geometry with CSRR

Methodology given in the flow chart, Figure 3, was followed. Parametric analysis
is performed using HFSS to determine the dimension of CSRR given in Figure 7. After
simulation, if the obtained frequency is greater than the resonant frequency, the CSRR
dimensions were altered by expanding the radius of CSRR and diminishing the width
of the ring and spacing between the rings. If the frequency is smaller than the resonant
frequency, at that point the CSRR is altered by diminishing the radius of CSRR and
expanding the width and spacing between the rings. The dimensions of the CSRR
were changed to adjust at 2.34 GHz. When the radius of the ring decreased with
increase in the width and spacing between the rings, the frequency increased.

The geometry of the antenna with CSRR at the ground plane is shown in Figure 8
and its dimensions are given in Figure 9. The radius of the inner ring of the CSRR is
Ry, radius of the outer ring of the CSRR is R,, the width of each ring is ‘w’, the spacing
between the rings is ‘g’ and the width of slit in the rings is ‘k’. After including the

25 mm

N
A 4

uni ¢z

-

(825 mm

Figure 4.
Single patch antenna structure.

38



Study on Miniaturization of Antenna Using Metamaterials
DOT: http://dx.doi.org/10.5772/intechopen.106222

0
2 -
8 41
= !
g 1
g |
E 84 =—radius 7 mm
2 radius 7.2 mm
QG 104 —— radius 7.6 mm
= 42 _' radius 7.8 mm
= ] ——radius 8 mm
& -144 —radius 8.2 mm
& L radius 8.3 mm
<16 4 —— radius 8.3956 mm
18 h radius 8.4 mm
-20 T T T T T T T T T
2 3 4 1 6 T
Frequency (GHz)
Figure 5.
Reflection co-efficient of the antenna vs. frequency for different patch radius.
0 - feed length = B.25 mm
] ——feed length = 7.5 mm
2 - feed length = B mm
] feed length = 8.125 mm
T
g "]
g 5
3 4
E 1
% L
x -104
42 4
4
14 -
-16 . ———— ———————
2 3 4 5 6 T

Frequency (GHz)

Figure 6.
Reflection co-efficient of the for various feed length CSRR.

CSRR, the radius of the patch was optimized to 7.65 mm providing 2.34 GHz resonant
frequency.

3.4 Parametric analysis for the position of CSRR

To study the effect of CSRR loading on the patch, parametric study is performed by
varying the position of the CSRR. As noted in Figure 10 when the CSRR is shifted away
from the feed the resonating frequency is increasing and when it is near to the feed i.e.
(c = 0 mm), it provided an impedance matching at 2.34 GHz with return loss of —17 dB.

3.5 Analysis of permittivity for complementary split - ring resonator (CSRR)

Metamaterials (MTM) are utilized for isolation improvement between nearby
components because of the presence of a band gap in their frequency response [27].
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Figure 9.
Dimensions of CSRR.
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Figure 10.
CSRR position variation.

A significant decrease in patch antenna size was additionally seen by CSRR stacking
on a patch antenna [28]. The two most generally utilized metamaterial structures for
isolation enhancement between neighboring components are the utilization of split
ring resonators (SRR) and complementary split ring resonator (CSRR) [27].

The resonant frequency of a SRR is equivalent to that of a CSRR of a similar
measurement. CSRRs are the opposite image of SRRs (Babinet’s standard), and an
axial time changing E field is important to energize the rings that make a feasible
negative € medium and hinder signal transmission at resonance. CSRRs are used as a
negative permittivity bandstop filter. Band stop filter blocks and rejects frequencies
that lie between its two cut-off frequency point’s passes all those frequencies either
side of this range. CSRR is a resonant structure which acts as an LC circuit [29]. It
interacts with the axial E field and displays negative permittivity close to the resonant
frequency. The unit cell of CSRR is shown in Figure 11. Antenna miniaturization by
loading CSRR is studied through unit cell analysis and equivalent circuit analysis. Unit
cell CSRR was simulated with HFSS.

Relative permittivity is to comprehend the behavioral attributes of CSRR. The
equations given by Nicolson, Ross and Weir (NRW) empower the calculation of the
complex permittivity and permeability of a material from the measured S-parameters.
S-parameters describe the input-output relationship between ports (or terminals) in
an electrical system. NRW had shown the extraction of relative permittivity utilizing S
parameters [25, 30-32] and is given by,

mm

Figure 11.
Unit cell complementary Split - ving vesonator.

41



Metamaterials — History, Curvent State, Applications, and Perspectives

Vi=81+Sn 2)
V,=81-51 (3)

2wy
= i1 V) “@
o 26‘(1 — Vz) (5)

e = odi(1 1+ V)

Where o is the frequency in radian, c is the velocity of light in m/s, d is the
thickness of the substrate, i correspond to imaginary part and V; is the voltage
maxima in volts and V, is the voltage minima in volts. From the S parameters, relative
permittivity was plotted with Egs. (2)-(5). The negative estimation of relative per-
mittivity was acquired at the ideal resonant frequency of 2.34 GHz plainly displaying
that CSRR goes about as a band stop filter as in Figure 12.

3.6 Equivalent circuit analysis for CSRR

The equivalent circuit analysis for the unit cell CSRR for the proposed work is
discussed. The lumped element equivalent model of the unit cell CSRR is modeled in
AWR microwave office software as shown in Figure 13 [32] and the simulation results
of unit cell in HFSS mentioned in Figure 11 are compared and its results are given in
Figure 14. Both the results are in good agreement. The transmission line is
represented by the MLIN in AWR software, parallel LC circuit (C,, L3) represents the
resonant circuit, the current flowing through the rings representing the inductance
(L;, Ly) and capacitor (C,) indicates the electric coupling between the transmission
line and CSRR (Figure 13).

The unit cell CSRR was analyzed using NRW method to check for the negative
permittivity of CSRR. Its lumped element equivalent circuit model of the CSRR was
analyzed in AWR and verified with the HFSS results.

10000 ~
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-30000 -

Relative Permittivity

-40000
-50000 =

-60000

v T T T T T T T
2.30 2.32 2.34 2.36 2.38 2.40
Frequency (GHz2)

Figure 12.
Relative permittivity vs. frequency for a unit cell CSRR for LTE band 40.
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Figure 13.
Equivalent civcuit for a unit cell CSRR for band 4o0.
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Frequency (GHz)

Figure 14.
S parameter for the equivalent unit cell CSRR circuit for band 4o0.

4. Antenna miniaturization

To minimize the dimensions of the antenna, a CSRR was etched out beneath the
patch in the ground plane. The antenna with CSRR resonates at 2.34 GHz and without
CSRR resonates at 4.8 GHz as shown in Figure 15 covering a band of 2.3 to 2.374 GHz
occupying the LTE band long term evolution (2.3-2.4) GHz. If the antenna is designed
for 2.34 GHz, the radius of the patch would be 17 mm. But by introducing CSRR, the
antenna designed for 5 GHz has radius 7.621 mm with a shift in the resonant fre-
quency to 2.34 GHz providing a size reduction of 55.17%.

4.1 MIMO antenna geometry

The simulation was extended for MIMO configuration by designing two circular
patch antennae with dimensions (50 x 25 x 1.6 mm®) shown in Figure 16.

The front and back view of the photograph of the fabricated antenna is shown in
Figure 17a and b, respectively.

A stub was introduced between the two patches. The parametric analysis for the
width and length of the stub was carried out using HFSS as shown in Table 1. Without
stub the S;; parameter is 2.30 to 2.37 and S,; is 2.33 to 2.40 GHz and with the stub the
Sq1 parameter is 2.30 to 2.37 and S,; is 2.31 to 2.38 GHz.
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Figure 15.
Comparison of reflection co-efficient with and without CSRR for single patch antenna.

50 mm

Figure 16.
2 X 1 MIMO antenna structure.

(a) (b)

Figure 17.
Fabricated antenna (a) front view (b) back view.

With the introduction of the stub, there is a shift in frequency for S,,. When the
length of the stub is decreased, keeping width constant S,; is shifted towards left
(lower frequency range - i.e. frequency reduced with increased physical length of the
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S.  Stub length

no (k) (mm)

Slub width
(w,) (mm)

Su Sx
(Imp BW) (Imp BW)

Inference

2.36-2.43  2.38-2.45

Both Sy; and S5, are shifted beyond 2.3 to
2.4 GHz range

2.3-2.38 2.34-2.47

S11 shifted from 2.30 to 2.31 GHz and S,,
shifted from 2.33 to 2.34 GHz

2.40-2.48 2.40-2.48

Both S;; and S, are shifted to high
frequency range beyond 2.40 GHz

228-235 2.34-241

S11 shifted from 2.30 to 2.28 GHz and S5,
shifted from 2.33 to 2.34 GHz

2.30-2.371 2.31-2.388

S, shifted from 2.33 to 2.31 GHz low
frequency range

1 17

2 17

3 15

4 12

5 9.8
Table 1.

Parametric analysis of stub length and width.

stub). When the width of the stub is decreased, S;; is shifted towards left (lower

frequency range

).

4.2 Return loss, bandwidth, and isolation characteristics

The simulation result for the return loss and isolation were observed to be —30 dB
and — 35.51 dB at the resonant frequency of 2.34 GHz and the measured results for the

return loss and isolation were — 27 dB and — 33.5 dB, respectively, at the resonant

frequency of 2.3 GHz as shown in Figures 18 and 19. The designed antenna covered a

bandwidth of 2.3-2.372 GHz using simulation whereas 2.26-2.34 GHz for the

measurement.

It was observed that there was a shift in resonating frequency of second patch and
hence a stub was inserted between two patches. The purpose of stub between the two

Figure 18.

Reflection Co-Efficient (dB)

S Parameter
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-30

— 8§ Simulated
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Comparison of measured and simulated veflection co-efficient characteristics for MIMO antenna.
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Figure 19.
Comparison of measuved and simulated isolation characteristics for MIMO antenna.

antenna elements is in increasing the electrical length between the two elements
thereby there is a shift in the resonant frequency of second patch in the lower side i.e.
(2.354 GHz). Sy; occurs at 2.34 GHz and S,; occurs at 2.367 GHz. By introducing the
stub between the patches, there is an increase in the current path which shifts the
frequency for S,, from 2.367 to 2.354 GHz. Also, the isolation between the two
elements is increased from —33 dB to —35 dB with the introduction of the stub as
shown in Figure 20.

The simulated results for the return loss without stub was observed to be —27.35 dB
and with stub is —30 dB at the resonant frequency of 2.34 GHz with an isolation of
—33.3 dB without stub covering a bandwidth of 2.3-2.373 GHz and the comparative
plot for both with and without stub is shown in Figure 20.

0 e ——
B ———
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8 25 ] =8, with stub
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o -40 =
[ 8, with stub
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-60
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Figure 20.
Comparison of reflection co-efficient and isolation for MIMO antenna with stub and without stub.
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5. Conclusions

Using CSRR, a size reduction of 55.17% was achieved. The antenna designed
covered a bandwidth of 2.3-2.374 GHz with a maximum return loss of —27 dB at
2.34 GHz and isolation of —33.5 dB amid the ports. The antenna performance is
suitable for LTE band 40 operation. Here the analysis of CSRR with respect to the
permittivity was discussed and its equivalent circuit was analyzed. Also the antenna
miniaturization was discussed by incorporating the CSRR. The antenna resonated at a
frequency of 4.8 GHz. With the introduction of CSRR beneath the patch in the ground
plane the antenna resonated at a frequency of 2.34 GHz providing a size reduction of
55.17%. If the antenna was designed for 2.34 GHz, the dimension of the patch would
be 17 mm but by introducing CSRR, the antenna designed for 5 GHz of dimension
7.621 mm there is a shift in the resonant frequency to 2.34 GHz providing a size
reduction of 55.17%.
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Abstract

The extensive progress in nanofabrication techniques enabled innovative methods
for molding light at the nanoscale. Subwavelength structured optical elements and,
in general, metasurfaces and metamaterials achieved promising results in several
research areas, such as holography, microscopy, sensing and nonlinear optics. Still, a
demanding challenge is represented by the development of innovative devices with
reconfigurable optical properties. Here, we review recent achievements in the field of
tunable metasurface. After a brief general introduction about metasurfaces, we will
discuss two different mechanisms to implement tunable properties of optical elements
at the nanoscale. In particular, we will first focus on phase-transition materials, such
as vanadium dioxide, to tune and control the resonances of dipole nanoantennas
in the near-infrared region. Finally, we will present a platform based on an AlGaAs
metasurface embedded in a liquid crystal matrix that allows the modulation of the
generated second harmonic signal.

Keywords: tunability, metasurface, sensor, nonlinearity, dielectric

1. Introduction

Ultra-flat optical devices allow to manipulate and control propagating light by
governing its phase, amplitude, and polarization states [1, 2]. Such properties, when
optimized, can be employed to perform optical operations, such as beam steering and
wavefront shaping.

This can find application in several fields such as microscopy, holography, imag-
ing, communication, and sensing [3-6]. In traditional bulk optics, the signal modifi-
cations are obtained through refraction, reflection, absorption or diffraction of light
[7-9]. The working principle is based on the wave propagation through various media
with different refractive indices, which are optimized to obtain a well-defined optical
path for specific operating wavelengths.

This mechanism was already known to ancient populations who used, for example,
primitive lenses to focus the sunlight in tiny spots in order to ignite a fire. From then
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on, several studies have led to an efficient optical control in several devices based on
reflection and refraction, such as lenses, waveplates, and optical modulators [10-12].
Although a lot of them are still present in many commercial and technical products,
their bulk nature is the main limiting factor for their integration and miniaturization
in modern optical systems. In this context, a solution is offered by metasurfaces, which
are artificial media composed by ensembles of subwavelength resonators (typically
referred to as meta-atoms) that gained increasing attention in the last years [13-19].
Depending on the material composition, one can distinguish between metallic (or
plasmonic) and dielectric metasurfaces. Both plasmonic and dielectric metasurfaces
are based on the coupling between the meta-atoms to the incident electromagnetic
wave. By properly designing the meta-atom shape, dimension and distribution, it is
possible to implement functionalities that, in a much smaller volume, equal and even
outmatch those offered by traditional bulky components, thus leading to a dramatic
reduction of the footprint of the final photonic devices [20].

More specifically, devices such as metalenses, gradient phase shifters, vortex gen-
eration and hologram devices have been proposed and realized [21-26]. More recently,
the focus shifted to the realization of dynamically reconfigurable metasurface [27, 28].
Differently from static metasurfaces, whose performances are defined and fixed by
geometric constrains, in tunable metasurfaces the electromagnetic behavior can be
modulated in response to an external stimulus, such as an electrical or optical signal.
Several implementations have been proposed including ones exploiting thermal diffu-
sion processes, optical tuning via nonlinear effects, and electron-induced phenomena
[29-34]. A complete survey of these recent results is reported in [35].

Here, we review recent progresses for obtaining tunable functionalities in
metasurfaces by concentrating on the material chosen as the constituent of the
nanoresonators or surrounding them. The chapter is organized as follows: in Section
2 we introduce the concept of Phase-Change Materials (PCM). The PCM tuning
mechanism relies on the modification of the refractive index across the phase transi-
tion. In particular, we will focus on vanadium dioxide, VO,, and its transition from a
dielectric to a metallic phase. We will demonstrate the tuning of the optical response
of a plasmonic nano-resonator in the linear regime. Further, Section 3 is devoted
to the reconfigurable mechanism in the nonlinear regime. More specifically, we
report the tunable control of the Second Harmonic (SH) generated by an Aluminum
Gallium Arsenide (AlGaAs) metasurface embedded in a liquid crystal matrix. Finally,
in Section 4, we provide final remarks and an outlook on possible research directions.

2. Phase change material coupled with a plasmonic nanoantenna

In this section we report recent results concerning the use of the insulator-to-
metal transition in a PCM to dynamically control the optical behavior of a nano-
resonator [36, 37]. Let us underline that, in this paragraph, we will concentrate on a
single nano-antennas. However, the reported results are fundamental for approaching
the metasurface devices. In particular, we focus on VO, which is an extremely promis-
ing PCM for applications, since its insulator-metal phase transition occurs slightly
above room temperature (at about 67°C) and can be induced thermally, electrically or
optically [38, 39]. In [40] the authors perform electrical tuning of a plasmonic meta-
surface based on bow-tie antennas having the gap filled with VO, showing remarkable
performances, however they do not provide general guidelines for the design of PCMs
based resonators. To do so, in the following, we consider a plasmonic configuration: a
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(. a% Sketch of the designed structure made by two gold arms with a gap filled with VO, (b) Extinction efficiency
as a function of wavelength for different arm lengths. The continuous lines ave associated with the PCM insulating
phase; the dashed lines with the PCM metallic phase while the dotted lines correspond to the case where the gap

is filled with air. The gap is fixed to 50 nm while the length L of the gold antenna is equal to 100 nm (ved curves)
and 200 nm (black curves), respectively.

single gold structure made of two arms with a square 50 x 50 nm? transverse section
separated by a gap filled with VO,, as shown in Figure 1(a) [41]. Let us highlight that
the analysis with numerical simulations performed in ComsoL Multiphysics v5.5—
https://www.comsol.com— is useful to highlight some general considerations for the
usage of PCMs in tunable optical systems which can be easily extended to other PCMs
such as GeSbTe [42]. The proposed structure is placed in a homogenous surrounding
material with refractive index equal to 1 (air). In the simulations, the gold nanoan-
tenna is excited by a linearly polarized plane wave with electric field oriented along
the long axis of the device, see Figure 1. We report — Figure 1(b) — the extinction
efficiency for diverse arm length values above (dashed curves) and below (continuous
curves) the critical transition temperature. For completeness, the case of air-filled
gap is plotted in the figure with dotted curves. In the numerical investigation, we

use the equilibrium optical constant at T = 30°C and T = 85°C for the insulating and
metallic states, respectively. Few main aspects can be underlined by carefully observ-
ing the reported results.

Indeed, the optical properties are governed by the geometry of the structure.
Firstly, when the arms lengths are increased, the resonances red-shift due to retarda-
tion effects, and broaden due to the increasing absorption of gold for wavelengths
longer than 700 nm. Secondly, there is an evident arm length dependence of the shift
between the resonances observed when the VO, inclusion is in either the metallic
or the insulating phase. Therefore, the arm length represents a crucial parameter in
these reconfigurable nanodevices. More specifically, the shift is smaller for shorter
arm lengths. Moreover, the gap size can also affect the optical behavior. To investigate
this dependence, in Figure 2(a, b) we report the extinction efficiency as a function of
wavelength and gap size for the insulating and metallic phase, respectively. In these
simulations the arms lengths are fixed to 200 nm. Regarding the insulating phase, we
can notice a blue-shift of the resonant peak when the gap size is increased. This can be
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Extinction efficiency o, as afunction of wavelength and gap size for the (a) insulating and (b) metallic phase
of the VO, gap inclusion. The antenna arm length is 200 nm. (c) Switching pavameter oy — oy as a function

ext ext

of wavelength and gap size. (d) Electric field enhancement (Je|/E,) distribution at resonance for a structure with
gap equal to 20 (top panel) and 50 nm (bottom panel).

understood by considering that, when the gap size is large enough, the two arms act
as independent antennas. On the contrary, in the metallic state, a red shift of the less
intense resonant peak as a function of the gap size can be seen. Intuitively, this can
be explained by the fact that, when VO, is in the metallic phase, the entire device can
be seen as a single antenna with increased length. To summarize all these results, we
define the Switching Parameters, SP, as:

SP=c —on 1)
where ¢ and ¢ represent the extinction efficiency for the VO, insulating or
metallic phase, respectively. A plot of SP as a function of gap size and wavelength is
reported in Figure 2(c). The highest SP value is reached for small gaps, which better
confine the electromagnetic field. Figure 2(d) elucidates the electric field distribu-
tion in the insulating phase for two different gap size values: 20 and 50 nm. One can
clearly see that the electric field inside the gap is more uniform for the smaller value.
The SP can be evaluated also in the case of an asymmetric gap position. Figure 3
shows the results obtained for this situation. The numerical predictions reveal that
the maximum SP is achieved in the symmetric configuration, i.e., when the two
arms are equal. Notably, the SP is not dramatically affected by small variations of
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Switching parameter as a function of the wavelength for diffevent positions of the gap. The sketch represents the
two conditions referrved to in the legend as o nm (top) and 150 nm (bottom). In the legend, the number indicates
the shift of the gap from the origin (center of the structure). The total length of the arms is 400 nm.

the gap position with respect to the perfectly symmetric condition. This means that
the proposed device is robust with respect to fabrication defects that can alter the
optimal geometrical design condition. Another important result is that the SP is not
proportional to the volume of VO,. This is of paramount importance since it allows to
reduce the size of the device without reducing its functionality. Indeed, some recent
works on PCM metasurfaces proved experimentally that a thin VO, film underneath
dielectric resonators is sufficient to tune the behavior of a metasurface [43] and a
metasurface of VO, nanocylinders can be employed to perform optical limiting [44].
To conclude, we have reported recent a recent example of a nanoresonator
designed to maximize the metal-VO, near-field coupling to obtain tunable optical
devices. The presented achievements may open new strategies for the implementa-
tion of optical structures whose behavior can be modulated by tuning external
parameters, such as temperature, bias voltage and optical pump intensity [45, 46].
A metasurface composed by a repetition of the reported structure may benefit for
even higher optical efficiency due to the resonance narrowing. Moreover, in the near
future, this preliminary study related to the linear integration between nano-resona-
tors and PCMs will also represent a guideline for nonlinear applications. For instance,
in [47] the authors use the concept of PCM in the nonlinear regime and they numeri-
cally prove the tuning of second- harmonic generation (SHG) by gold metasurface
made of split- ring resonators with a gap filled with GeSbTe alloy.

3. Liquid crystal-embedded nonlinear dielectric metasurface

In this section, we present recent results concerning the modulation of the
nonlinear optical emission from dielectric metasurfaces excited in the infrared
spectral region. As already mentioned before, despite the rapid advancements of
nano-photonics and nanofabrication techniques, most of the up to now designed
meta-structures exhibit a static behavior which is dictated by the fabrication process
and cannot be changed [48-55]. However, the strong light-matter interaction in
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dielectric materials can pave the way for a dynamic control of the optical response
via the modification of their electromagnetic properties [56]. So far, different tuning
mechanisms have been proposed, ranging from electrical to mechanical and thermal
control [29, 32, 57] and as well PCM [58, 59]. In this context, the first demonstra-
tions were carried out by considering the metasurface as a passive object where the
output light wavelength is the same as the incoming one [60, 61]. However, dielectric
materials such as GaAs and AlGaAs have also a strong nonlinear response of the
second order with higher efficiency with respect to plasmonic nano-antenna [62]. In
such high-refractive index materials it is thus possible to efficiently generate a signal
at a different frequency (i.e. the double) than the input laser excitation [63, 64]. In
this way, the metasurface acts already as an active device.

Recently, liquid crystals (LCs) emerged as excellent candidates for achieving
dynamic light manipulation at the nanoscale mainly thanks to their high birefringence
that can be governed by temperature or by an external electric field. Linear dielectric
metasurfaces embedded in a LC matrix have been successfully implemented [65-67]
where the molding of the light scattered from the structure depends on the orienta-
tion of the LC axis. However, the reconfigurable control of the nonlinear harmonic
light emitted by metasurfaces embedded in LCs is still preliminary [68].

In the following, we review one possible implementation to obtain a SHG modula-
tor by using a commercial LC as the immersion material of a metasurface made of
AlGaAs nanodiscs placed over a low-refractive index substrate.

Let us consider the metasurface depicted in Figure 4(a) [69]. The structure is a
periodic array of nanodiscs of height equal to 200 nm. The AlGaAs crystal axes are
oriented as sketched in the inset of Figure 4(b). The dielectric structure is covered
by a LC whose director is kept in the plane of the metasurface. The employed LC is E7
which is quite popular in the display industry [70-72].

To demonstrate the modulation capability of the proposed device, nonlinear
numerical simulations have been carried out. More specifically, the nonlinear SH
signal coming from the metasurface has been calculated as a function of the lat-
tice period p, the radius 7 of the nanocylinder and the polarization of the incident
pump beam. The calculations have been performed using ComsoL Multiphysics. The
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XXEXXXXXK
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Figure 4.

(a) Sketch of the designed metasurface excited by the fundamental beam at w. the unitary cell is constituted
by a AlGaAs nanodisc that is placed on an Al,O;-GaAs substrate. An ITO superstrate is placed in view of
future voltage-controlled implementations. The light blue arrow indicates the LC director parallel to the x axis.
The harmonic generated at 2w is measured as a function of the incident polarization. (b) Scanning electron
microscopy image of the fabricated metasurface, with period p equal to 910 nm. Inset: The orientation of the
AlGaAs crystalline axes.
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AlGaAs nanodiscs are layered over an AL, O; substrate. The refractive indices of the
materijals are the same as in Ref. [68]. For the modeling of the E7 LC we consider a
homogeneous anisotropic dielectric material with ordinary (#,) and extraordinary
refractive index (%), respectively equal to 1.5 and 1.6 at the considered wavelength.
Please note that this values slightly differ from the typically reported ones to account
for imperfections in the device fabrication that lead to a lower anisotropy. In this way,
the numerical results can mimic the realistic experimental conditions. The imping-
ing beam is assumed to be a plane wave at normal incidence with a wavelength of
1551 nm. The SH emission is simulated in two steps. First, the field at the fundamen-
tal incident wavelength is evaluated. Then, the SH sources are computed in terms of
current densities. More specifically, for the zincblende crystalline structure of AlGaAs
the current density J; can be computed as:

()

]i(2a)):j DorrE0 X ijkEj(w)Ek (o)withi= j#k, 2)

where i,j,k indicate the Cartesian axes, &, the vacuum permittivity, Ej(w) the ;™
component of the electric field at the fundamental frequency w, ;((z)ijk the second-
order susceptibility that we fix to 200 pm/V [64]. Please note that the nonlinear
current densities are defined only in the dielectric medium because both the AL,O;

substrate and the LC have negligible 5.
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Figure 5.

Simulated SH emitted power as a function of metasurface period and nanodisc radius for linear pump
polarigation (ved arrows) (a) parallel or (b) orthogonal to the LC divector (blue arrows). Electric field
distribution at (c) the electric (ED) and (d) magnetic dipolar (MD) resonance inside the nanodisc, x-z plane.
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The obtained results are reported in Figure 5, where the predicted SH power
maps computed in the backward direction are reported for the two considered inci-
dent beam polarizations, indicated as red arrows. In the simulations, the metasurface
period p varies from 895 nm to 960 nm and the radius of the pillar » from 260 nm to
315 nm. Figure 5(a) and (b) highlight a strong dependence of the SH on the incident
polarization. In particular, the numerical predictions reveal that the SH stem from an
electric dipolar (ED) or magnetic dipolar resonance (MD) at the pump wavelength.
The ED resonance is broader than the MD one, but it displays a more pronounced
dependence on the relative orientation between the incident polarization and the LC
director.

For instance, one can notice that, for p = 910 nm, (black dotted line in Figure 5), the
ED resonances for the two incident light polarizations are observed at radii that differ by
roughly 20 nm. Hence, the ED resonance is strongly modulated by the relative orientation
between the incident light and the LC director. The latter is a crucial aspect for obtain-
ing a metasurface that acts as a SH modulator. This promising consideration motivated
the fabrication of such a device, as described in [69]. Briefly, the structure is fabricated
by molecular-beam epitaxy on a non-intentionally doped GaAs wafer, with 200 nm
layer of Aly15Gag g,As on the top of an aluminum-rich substrate, which is later oxidized.
Metasurfaces with varying cylinder radius in the range 260-315 nm and with period fixed
at 910 nm have been obtained, as already reported in Figure 4. The metasurfaces are then
embedded in a 12 pm-thick matrix of E7 LC following the procedure reported in [69].

The structures are then experimentally tested with the set-up already described in
[64]. The source is an ultrafast laser with wavelength centered at 1551 nm which pro-
vides 160 fs pulses at 80 MHz repetition rate. The average excitation power is 10 mW
that is associated with an average intensity on the sample of roughly 2 KW/cm” (peak
intensity equal to 160 MW/cm®) given a beam diameter of 25 pm. Please note that
the metasurface acts as a diffraction grating for the SH signal. In particular, the first
diffraction orders are supposed to be emitted with an angle of about 58° (accordingly
to the Bragg’s diffraction law).

The numerical aperture (NA) of the collection objective is equal to 0.85, hence
only the first diffraction orders are detected by our set-up. The experimental Back-
Focal Plane (BFP) images of the measured SH signal are reported in Figure 6 as a
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Figure 6.

Experimental BEP SHG maps of the proposed metasurfaces for the pump beam polarized (a) parallel or (b)
orthogonal to the LC divector. The red arrows represent the pump polarization while the blue arrow indicates the
LC orientation.
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Comparison between (a) experimental SH and (b) theovetical predictions as a function of the nanodisc radius
for pump polarized parallel (blue line) or orthogonal (ved line) to the LC director (light blue arrow). The vertical
dashed black line marks the value of the nanodisc radius of the metasurface from which the BFP images reported
in the previous figure were obtained.

function of the incident light polarization. Let us stress that the SH emission related
to the first diffraction orders is at the edge of the NA and hence is partially cut off.
However, it is clearly visible that the SH power is higher when the pump polarization
is parallel to the LC director, see Figure 6(a).

To validate and confirm this behavior, we acquired different BEFP images by vary-
ing the nanodisc radius and the polarization of the incident light. Figure 7 reports
the obtained results compared to the numerical predictions. A shift in the SH peak is
clearly visible when the incident polarization is switched from parallel (blue curve)
to perpendicular (red curve) to the LC director. The experimental results and the
theoretical predictions are in good agreement. We attributed the SH power trend to
the shift of the ED resonance at the fundamental wavelength for the two considered
excitations, see Figure 5. Importantly, for a metasurface with radius » = 285 nm the
modulation of the SH power reaches the high value of about one order of magnitude,
as highlighted by the dashed black line in Figure 7. In [69] the authors reported
another structure where the LC director is always parallel to the (110) crystal-
lographic axis. However, for the latter metasurface no significant SH modulation is
expected and we will not further discuss this case here.

To summarize, for the first time to our knowledge, we have experimentally proven
the modulation of the SH signal coming from an optimized dielectric metasurface
covered by a liquid crystal matrix as a function of the incident pump beam polar-
ization. Our experimental validation is achieved considering a fixed liquid crystal
orientation (i.e. planar alignment). By switching the pump polarization, the refrac-
tive index felt by the meta-atoms as the upper medium modifies due to the anisotropic
LC permittivity matrix. This variation shifts the wavelength position of the excited
Mie resonances inside the dielectric and consequently the SH signal.

Importantly, for fixed incident wavelength and geometrical parameters of the
metasurface, we obtain an order of magnitude enhancement in the emitted SH power
when the incident pump polarization is switched from perpendicular to parallel to
the LC director. Our experimental measurements, which are well reproduced by the
numerical predictions, pave the way for the realization of nonlinear modulators in a
scenario where the pump polarization is kept fixed and the liquid crystal anisotropy is
controlled electrically or optically.
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4, Conclusions

To conclude, in this chapter we have briefly discussed some of the recent prog-
ress in the field tunable nanophotonics. In particular, we focused on two recent
approaches to attain efficient tuning of the meta-devices. We first discuss theoretical
predictions about a specific phase-change material, VO,, and how it can be used asa
building block for reconfigurable meta-atoms. We have then reviewed the possibility
of embedding dielectric metasurfaces in a liquid crystal matrix to achieve modula-
tion of the nonlinear emitted light signal. These results clearly demonstrate how the
control of the electromagnetic radiation can be achieved by well-optimized tunable
metasurfaces. For practical applications, more efforts and solutions are needed for
integrating reconfigurable metasurfaces within conventional electro-optical devices.
The reduction of the fabrication costs is a key aspect to consider for a wide spreading
of this technology. The versatility of nonlinear metasurfaces will certainly boost novel
implementations in this research area.
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Abstract

The chapter presents different types of metamaterials, their historical evolution,
physical properties, and applications in antennas design. Metamaterials are artificial
structures that offer electric and magnetic properties that are not found in nature,
such are negative permittivity and negative permeability. These properties are used in
antennas design in order to obtain ultrawide bandwidth, high gain, and electrically
small structures. Modern wireless mobile communication uses 5G technology and
multi-input multi-output (MIMO) antennas, which are based on high-frequency
transmission and ultrawide band. Metamaterials are very good candidate for this
technology, where miniaturized antennas loaded with metamaterials structures are
used. Recently, electromagnetic sensors were used for liquid identification in biologi-
cal and medical substances based on metamaterials for the sake of high sensitivity and
better classification. Different metamaterial types are used in these sensors,
depending on the nature of liquid and the associated application.

Keywords: antennas, metamaterials, wideband, mobile, metamaterial applications

1. Introduction

Modern antenna design and fabrication are based on the suitable choice of the
substrate material, technology of fabrication, and domain or type of application [1].
Generally, the choice of substrate material has an effect on the frequency range, losses
reduction, and polarization mode or harmonics generation [2]. This chapter is
concerned with the second and third point of antenna design, technology of fabrica-
tion, and the type or domain of application.

There are various techniques or technologies of fabrication of electromagnetic
structure in general, and each one of them has specific interest and can be used for
given application [3]. For instance, dielectric antennas resonators, known as DRA, are
generally used to generate specific harmonics and propagation mode, on the top
surface of the antenna, where various types of dielectrics are used [4]. The substrate-
integrated waveguide (SIW) is a type of antenna where a waveguide is built on the top
of the substrate, and the main advantages of these antenna are lower losses and better
power handling [4, 5]. The metamaterial antennas (MTMs) are based on artificial
materials that have uncommon physical properties, such as negative permittivity or
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negative permeability; these types of antennas have many advantages, such as higher
gain, wideband of frequency, and miniaturization effect [6].

Antenna design depends also on the domain of application, in this chapter electro-
magnetic sensors loaded with metamaterial are treated, and the higher sensitivity is
obtained for dielectric identification of the ethanol liquid [7]. Compensated right-left
hand (CRLH) structure is a special type of MTM, which is used to improve the
sensitivity, and other structures of metamaterial are also used [8].

Metamaterials are artificial materials that are not found in nature, they are fabri-
cated by special design of copper on any dielectric substrate [4]. Based on the princi-
ple of transmission lines (TLs), the early researchers have worked hard to find the
first type of MTM known as split ring resonator (SRR), CSRR as complementary split
ring resonator, and CLL as capacitive-loaded loop [9].

2. Historical development of metamaterials

The history of metamaterials started from artificial dielectric fabrication as micro-
wave structures, and they were manufactured just after the Second World War [10],
although the exploration of the artificial materials has started by the end of the
nineteenth century. The first studies on metamaterials started in 1904, and these
studies were carried out until the twentieth mid-century; all the research work done
on this period was dealing with the phase velocity, group velocity, the pointing vector,
and the wave vector [11]. In 1952, Kock, Rotman, and Schelkunoff started working on
artificial dielectric [12], and they suggested magnetic particles made by capacitive-
charged loops, the research aimed to obtain very high permeability. Further research
work led to obtain completely modified dielectric, with desired permittivity and
desired permeability; hence, the medium is considered as metamaterial [13].

Horace Lamb and Arthur Schuster [14] in their theoretical study approved the
possibility of negative phase velocity accompanied with anti-parallel group velocity,
and unfortunately, the experimental work was not done. In 1945, Leonid Mandelstam
studied in detail the anti-parallel phase and the velocity group and proved possibility
of negative velocity group in crystalline medium.

The first theoretical model of so-called metamaterial medium was examined by
Veselago in 1967; due to lack of suitable materials and technical problems, the exper-
imental work was delayed till the end of 1990. Veselago was the first to predict the
reversed electromagnetic phenomena including the index of refraction; he invented
the term “left-hand material” and studied the material with double-negative dielectric
parameters, permeability, and permittivity; he published his famous paper in 1968
and gained the Nobel Prize [15].

John Pendry in 2000 presented the first practical research work based on metallic
periodic structures as concentric shapes, called split ring resonator (SRR); his experi-
mental results confirmed the theory proposed by Veselago. Indeed, he obtained neg-
ative permeability and negative permittivity around the resonant frequency of the
SRR, and the negative index of refraction was also obtained by making specific
combination of copper wires and cells [16]. He succeeded in modifying the magnetic
structure of any material, only by providing SRR structures on the top of the material.

In 2003, Caloz and Itoh presented their first work on metamaterials based on
transmission lines (TLs) [17-19], and they introduced a new microwave technology,
namely the zero-order resonators (ZORs), based on composite right-left hand
(CRLH) structures, considered as metamaterials. The CRLH technology is based on a
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combination of right-hand (RH) and left-hand (LH) electric equivalent circuits, lead-
ing to a resonant frequency of the microwave structure independently of its dimen-
sion [19]. In 2006, Nader Engheta and Richard W. Ziolkowski [20] published their
first investigation on physical aspect of metamaterials, and they presented theoretical
development on different types of metamaterials, single-negative (SGN) and double-
negative (DNG) medium, plus some applications on antennas.

3. Physical properties of metamaterials
3.1 Metamaterial definition

Metamaterials ("MTMs") are generally defined as homogeneous electromagnetic
structures with unusual properties that are not available in nature [21]; homogeneous
structure is also defined as structure with average size of the unit cell much smaller
than the wavelength applied on this unit cell [22]. By taking into account this condi-
tion, the relationship that relates the effective parameters, known as the effective
electric permittivity e.s and the effective magnetic permeability p.g and the index of
refraction n, is given by the following equation.

n = \/Eeefrog (1)

In all types of metamaterials, the value of the constitutive parameters permittivity and
permeability depend on the mutual space between cells, also on the geometrical shape of
the unit cell. The desired constitutive parameters are obtained once the cell shape and the
spacing are predefined; generally, the cells are implemented on planar substrate, and the
dielectric of the substrate can affect greatly the constitutive parameters [23].

Materials are generally classified into four categories as shown in Figure 1: the first
region is for double-positive (DPS), where the permeability and the permittivity are

Re (k)

Isotropic Dielectrics
Metals at Optical Frequencies,

Plasma Right hand (RH), forward
Evanescent waves

propagation
e DPS
Re(e)
Veselago, Metamaterials Ferromagnetic Materials,
Ferrite
Left hand (LH), backward Evanescent waves
Propagation
MNG
DNG

Figure 1.
Material classification.
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both positive; this region is known for isotropic dielectrics, right-hand (RH) materials;
the second region is for permittivity negative, ENG region, considered as
metamaterial region, realized with parallel plates or wires; the third region is for
double-negative parameters (DNG); both the permittivity and permeability values are
negatives; this region is for materials known as left-hand (LH) materials.

The last region is for permeability negative (MNG), and this region is for ferro-
magnetic and ferrite materials, generally fabricated from SRRs. In all regions near the
zero axes, ENZ (e near zero) and MNZ (p near zero), both cases lead to ZIM (zero
index metamaterial) [24].

3.2 Theoretical aspect of the SRR

Split ring resonators (SRRs) are artificial materials, and their permittivity and
the permeability are not known; they vary with respect to the operating frequency,
and the constitutive parameters are extracted either by experimental tests or by
analytical models [25]. One of the well-known analytical methods is Drude-
Lorentz model [26-28], known as the dispersion model, and this is a very accurate
analytical method used to extract the constitutive parameters for unknown
structures. For the split ring resonator or complementary SRR, Figure 2, using
Drude-Lorentz model, the magnetic permeability and electric permittivity are
described as follows:

F,f?
e (1 2
" “( f2—f§u+jyf> @
And,
F.f2
r — €o 1+ 3
€ € ( fz—f(zje-l-j'Yf) ()

where ¢y and y are respectively the background permittivity and the background
permeability, whereas F, and F, are respectively the electric resonant intensity and
the magnetic resonant intensity.

a) b) c) d)

Figure 2.
Schematic representation of different types of elementary unit cell structures of SRRs: (a) double-circular SRR, (b)
double-square SRR, (c) multi-square SRR, (d) double-cylindrical SRR.
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We define also f, as the electric resonant frequency and f,, the magnetic resonant
frequency, the parameter y is the damping factor of the resonance; several technics or
algorithms are used to calculate all these parameters, for given frequencies [29].

3.3 CRLH resonator

The CRLH resonator is based on transmission line (TL) structures, which is essen-
tial to realize any resonant planar antenna with no dependence on its physical dimen-
sion, and this structure supports an infinite wavelength at its fundamental mode,
which is required to realize ZOR resonators [30]. A practical realization of a left-hand
(LH) material includes unavoidable right-hand (RH) effects, and the CRLH resonator
is able to support an infinite wavelength (f = 0, with ® # 0) and therefore, can be
used to realize any planar microwave structures [31].

The equivalent circuit model of the CRLH unit cell is shown in Figure 3, as “T”
shape. The resonance condition of such open-ended resonator is given by the
dispersion relation given below [32].

B="F (0,51, £(N ~ 1)) “)

where “I” is the physical length of the resonator, # is the mode number, and N is
the number of unit cells used to realize the CRLH, the equivalent electric circuit of a
single unit cell is given by Figure 3, the electrical circuit contains an impedance Z and
an admittance Y.

When the unit cell of zero-order resonator is inserted into the microwave struc-
ture, the size of this latter can be reduced since the resonant frequency does not
depend on the physical dimension. In the case of open boundary conditions, the
infinite wavelength resonance depends on the shunt parameters of the unit cell, the
resonant frequencies are given by:

1 1
= and @y, = — 5
VL.Cr " JLrCL

where wy, is the shunt resonant frequency and w,;, the serial resonant
frequency [32]. More complicated zero-order structures than those given in
Figure 3 can be used, such as “Pi” shape or “T” shape, where the input and output
have symmetrically the same components as in [33]; combination of the two
types of shapes “T” and “Pi” can be employed to obtain more than two resonant
frequencies [34].

Figure 3.
Equivalent electric circuit of the proposed CRLH.
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4, Antennas based on metamaterials
4.1 Antenna description

A monopole antenna loaded with CRLH resonator used for LTE and WiMax
application is presented in this section, and the CRLH unit cell is designed by a zigzag
resonator that is inserted between two symmetrical parts, with bow-tie shapes of the
monopole antenna [33]. An inter-digital capacitor in terms of zigzag slot is also
incorporated inside the lower part of the monopole antenna to support the miniatur-
ization process, Figure 4. The proposed antenna exhibits the UWB and the miniatur-
ization effect along with an improvement of the gain and the bandwidth subject to
optimize the process of CRLH structure. The achieved results of the loaded monopole
with CRLH show that the antenna is covering an operational bandwidth of 1.8-2.15
GHz as LTE band, 4.0-6.5 GHz as WiMax band, and 6.8-12.15 GHz as X band.

For more than 20 years ago, published research work on monopole antennas was
mainly dealing with applications related to microwave devices, and this is mostly due
to the low cost of fabrication of these types of antennas, and in addition, they were
very basic. However, the early research studies on these antennas were not subject to
improvement regarding their performances such as the high gain and large bandwidth
[33]. More interesting research works published recently on monopole antennas
loaded with artificial materials or dielectrics have shown that these antennas brought
great improvement on the gain and bandwidth, which make them good candidates for
modern communication devices [34]. Generally, antennas loaded with metamaterials
have very important performances, but in the literature, it has been shown that
antennas loaded with resonant structures such as the SRRs are lossy with narrow
bandwidth and not suitable for microwave applications. For instance, LHM structures
(left-hand metamaterials) based on TL (transmission line) have wider bandwidth and
lower losses [18].

Microwave structures loaded with CRLH are generally based on the insertion of
inter-digital capacitors and shorted stub inductors inside the antenna or the sensor, by
suitable choice of the components dimensions, and one can have desired resonant
frequency [30]. It has been shown that by increasing the shunt and inductors, the

<

Figure 4.
Geometrical dimension of the proposed antenna, front and bottom.
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antenna size can be made much smaller. In this proposed structure, the shunt induc-
tance is accomplished by embedding a chip inductor on one of the strips of the
monopole antenna, and thus, it omits the need for vias to the ground. Inter-digital
capacitor and virtual ground have been widely used in radio frequency application;
for instance, small resonators are one of these applications [31].

In the literature, most of the research works have shown that structures loaded
with ZOR-TL are used to make any antennas or microwave sensors as electrically
small, they will appear electrically large. ZOR-TL technique is used to improve the
antennas matching and achieve good radiation properties or better microwave struc-
tures. This technique could be implemented on any antennas by producing a zero-
phase constant for a nonzero frequency, which means the wavelength of the traveling
wave becomes infinite on the ZOR-TL. This is the most important technique, which
makes the resonance condition completely independent from the physical dimensions
of the microwave structure [30, 32]. This technique can be used to design miniatur-
ized antennas for any microwave structure, and the resonance of such microwave
devices for any operating frequency depends only on the CRLH characteristics to
acquire ZOR at that frequency and nothing to do with the physical dimensions of the
antenna.

4.2 Results and discussion

The proposed antenna is presented in Figure 4, the substrate is an FR4 with
relative permittivity 4.4 and dielectric loss tangent 0.02, the thickness of the substrate
is 1.6 mm, and geometrical dimensions are given in Table 1. The proposed antenna is
constituted by top metallic patches as the radiating parts plus a defected ground on the
bottom side of the antenna, to achieve a good impedance matching to 50 Q, and the
proximity coupling is used as the feed network. Two parts are added as CRLH com-
ponents: first, the zigzag strip considered as admittance Y, and an inter-digital capac-
itor considered as the Z impedance. The upper part of the antenna contains a virtual
ground, whereas the down part contains a defected ground; by this description, the
equivalent electric circuit of the monopole antenna is exactly the electric circuit given
in Figure 3.

Several types of antenna structures were investigated as shown in Figure 5, and
the figure shows three types of antennas: the original antenna, antenna 2, and antenna
3. The reflection coefficients of the proposed antenna including the three prototype
antennas given in Figure 5 are presented in Figure 6. The figure presents two reso-
nant frequencies corresponding exactly to w_sh and w_ch in which these frequencies
are independent from the antenna size. For all the prototype antennas, the first
resonant frequency is around 5.5 GHz, and the second one is around 11.12 GHz; it is
remarkable that these frequencies can be shifted just by changing the ZOR shape.

L w Lp Wp ht

40 26 9.5 15 6

Lc he Wt h g

11.55 2 3 4 1.5
Table 1.

Parameters of the proposed antenna in mm.
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(@) (b) (©

Figure 5.
Three types of antennas: (a) oviginal antenna , (b) antenna 2, he = 3 mm, (c) Antenna 3, ht = 3 mm.

The Monopole Antenna based Zero Order Resonator

Reflection Coefficient(dB)

40F = Original Antenna i
Antenna 1, proposed
45) Antenna 2 i
Antenna 3
_50 1 L 1 1 L L
2 4 6 8 10 12

Frequency (Ghz)

Figure 6.
Reflection coefficients for different types of antennas.

The bandwidth of the proposed antenna is 12.15GHz - 4GHz = 8.15 GHz, which is
nearly 148% impedance bandwidth. Since the gain and radiation pattern of antenna 1
and antenna 2 are similar, we confirm that the variation of the capacitance value in
antenna 2 is more significant than the variation of inductor length in antenna 3. The
radiation pattern in the xz-plane given in Figure 7 shows that there is an improvement
for the case of antennal and antenna 2, which is from —3 dBi to 1.4 dBi at frequency
5.5 GHz compared with the original antenna. It was also noticed that there is a slight
increase of gain values concerning antenna 3 from —3 dBi to —2.5 dBi.

The radiation pattern in the yz-plane given in Figure 8 presents a very remarkable
improvement of the gain values of antenna 1 and antenna 2 at 5.5 GHz, which is 1.8
dBi compared with the original antenna, that is, —3 dBi. Antenna 2 and antenna 1 have
almost the same improvement in the gain, but antenna 1 has a larger bandwidth.
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Radiation Pattern total Gain xz-plane F= 5.5 GHz
a0

—— Original Antenna

—O— Antenna 1, proposed
—
_|_

Antenna 2
Antenna 3

270

Figure 7.
Total gain radiation pattern in the xz-plane, F = 5.5 GHz.

Radiation Pattern total Gain yz-plane F= 5.5GHz
90

+ Original Antenna
—O— Antenna 1, proposed
—%— Antenna?

—— Antenna 3

Figure 8.
Total gain radiation pattern in the yz-plane, F = 5.5 GHz.

5. Electromagnetic sensors based on metamaterial
5.1 Theoretical aspect

The main parts of the proposed sensor are the CRLH unit cell on the front side and
the CSRR on the ground plane side, Figure 9. The sensor can be simulated and then
optimized using the full-wave simulator Ansys HFSS.
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L L
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Figure 9.
Equivalent civcuit of the proposed sensor, bottom view.

The equivalent electric circuit of the proposed sensor is the top side in
Figure 3, whereas the equivalent electric circuit of the bottom side is given in
Figure 9. In the CRLH unit cell, the impedance Z provides a series resonator
based on (Lg, Cr), whereas Y admittance provides a parallel resonator based on
(Ly, Cr) [30-38].

5.2 Geometrical dimensions of the sensor

The proposed sensor is presented in Figure 10a, the substrate is an FR4 with
relative permittivity 4.4 and dielectric loss tangent 0.02, the thickness of the substrate
is 1.6 mm.

The sensor is composed of CRLH and CSRR circuits with two ports, the
sensor presents a coplanar structure, grounded at the bottom side, the bottom
ground is first filled with PEC ground and then with CSRR, and this is given in
Figure 10b.

The proximity coupling is used as the feed network to achieve a good impedance
matching to 50 Q, the geometrical dimensions are given in Table 2.

5.3 Results and discussion

The transmission coefficient of the sensor without liquid mixture (air) is
presented in Figure 11, and the figure shows three types of liquid plus the air
(without liquid).

The substances are ethanol, methanol, distilled water, and air, and their resonant
frequencies are, respectively, 1.06 GHz, 1.01 GHz, 0.92 GHz, and 1.22 GHz. The aim
of this work is to load the sensor with different volume fraction of ethanol, the
measured resonant frequencies enable the calculation of the sensor sensitivity, and the
transmission coefficient of different volume fraction is presented in Figure 12; in this
figure the response of air is missing.

The frequency range of the sensor is from 1.065 GHz to 1.195 GHz, a difference is
of 0.13 GHz. The transmission coefficient of the sensor loaded with CSRR is given in
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(b)

Figure 10.
(a) Top view, (b) bottom view of the electromagnetic sensor, CSSR.

L w H

E M T
15 15 6 8 8.25 7.5
h s t m f g
6.75 0.5 4.5 7 0.25 4.5
Table 2.

Parameters of the proposed sensor in (mm).

Figure 12, there is a remarkable difference in higher volume fraction and almost none
in the lower volume fraction. The liquid under test is presented in Figure 13, the liquid
is supposed to be placed on the top of sensor in circular shape, and the input port and

the output port are on the same side as shown in the figure.

75



Metamaterials — History, Curvent State, Applications, and Perspectives

Liquid identification of Ethanol, Methanol, Distilled water and Air, Sensor 1
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Figure 11.
Transmission coefficient with and without CSRR.
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Figure 12.
Transmission coefficient of the volume fraction of ethanol.

According to the Debye relaxation model, the real part of the mixture permittivity
can be expressed as follows [37-41]. Where ¢, is the low-frequency permittivity,
€c is the high-frequency permittivity, t is the relaxation time, and o is the radiated

frequency.
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Figure 13.
Electromagnetic sensor loaded with liquid.

€5 — €oo
1+ w?1?

g =g+

(6)

Due to the values’stability of the permittivity around 1.5 GHz, the dispersion is not
taken into account. We can express the sensor sensitivity by:

_fo_fl
S_fodg'"

where f,, is the lower frequency of sensor (1.065 GHz) and f; is a upper frequency
of sensor (1.195 GHz), and de, is the variation in the relative permittivity from volume
fraction of 10-100%, which is considered of (79-9.5 = 69.5), from Table 3. The
simulated sensitivity has a maximum value given as:

™)

(1.195-1.065) /(1.195 x 69.5) = 0.156%

A sensitivity of 0.156%, which is acceptable compared with the literature in
[29, 35, 37, 39, 40], given respectively as 0.11%, 0.27%, 0.54%, 0.26%, and 0.14%. The

Ethanol ¢ €”
100% 0% 79.0 9.2
90% 10% 73.0 11.3
70% 30% 58.5 171
50% 50% 43% 171
30% 70% 29.0 16.0
10% 90% 15.5 12
0% 100% 9.5 8.1

Table 3.
References values of complex permittivity with mixture of volume fraction water-ethanol [23], at about 2 GHz.
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sensitivity of the sensor could be improved by various implementations of
metamaterial structures, even by adding electromagnetic band gap (EBG) structures
at the top side, or defected ground at the bottom side of the sensor.

6. Conclusions

In this chapter, a great attention was given to the metamaterial structures,
split ring resonators (SRRs), complementary split ring resonators (CSRRs), and
complementary right-left hand (CRLH) structures, based on transmission lines
technologies and zero-order resonators (ZORs). The study has included historical
view on the metamaterials’ appearance, development, and application. Physical
properties of metamaterials have also been discussed, and different types of MTMs
have been introduced, with MGN permeability negative, ENG negative dielectric, and
DNG double-negative electric and magnetic components.

The first application of metamaterial was given to an ultrawide-band monopole
antenna loaded with zero-order resonators (ZORs), the antenna could be used in
WLAN, WiMax, and X band applications. The proposed antenna was designed and
compared with three types of ZOR antenna of similar types. The computed results
show that, when loading the monopole antennas with ZOR, the gain reaches 1.8 dBi,
and the impedance bandwidth is improved by 148% compared with the original
antenna. It was shown that the resonant frequency can be shifted toward lower or
higher operating frequencies just by changing the inductor length or adjusting the
capacitor value.

The second application is a very compact sensor based on CRLH resonator and
CSRR, the sensor is designed for liquid mixture identification, the simulation is done
on the commercial software HFSS, three types of liquid mixture are tested on this
sensor, and these are ethanol, methanol, and distilled water. The obtained results have
shown that the sensitivity of the sensor is very acceptable compared with the litera-
ture, and the dimension of the sensor is very compact as well as the testing surface of
the sensor.

Finally, metamaterials have the ability of improving the performances of any
microwave structures, and this can be done by increasing the gain or the impedance
bandwidth of antennas or improving the sensitivity of electromagnetic sensors.
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Chapter 5

An Application-Based Study on
Electromagnetic Absorber Using
Metamaterial

Alkesh Agrawal

Abstract

In recent years, metamaterials (MMs) have attracted researchers due to their
geometrical and structural uniqueness that make these materials to absorb, block, and
enhance electromagnetic (EM) waves, which is not possible with conventional mate-
rials found in nature. These artificially engineered materials derive the EM properties
(effective values of permittivity &.¢r and permeability fi ¢ less than zero) from the
shape, size, orientation, and periodicity of unit cells rather inheriting those from
material composition. The study on MMs has been diversified from the radio fre-
quency range to the optical frequency range, with potential applications in realization
of novel devices such as perfect lenses, EM, and MM based microwave patch anten-
nas. For the past few years, the concept of MMs has been widely used to develop and
design metamaterial perfect absorbers (MPAs). The proposed chapter mainly focuses
on the classification of materials on the basis of permittivity and permeability; MPAs;
applications of MPAs; experimental demonstrations of first single-band MPAs in
microwave, THz, mid-IR and near IR regimes; conditions for complete absorption of
EM waves; MPA as perfectly matched layer (PML); attenuation mechanism of EM
waves inside the MPA; calculation of MM parameters; measurement and testing
process, followed by a case study on multi-band MPA.

Keywords: absorptance, metamaterial, matched impedance, permittivity,
permeability

1. Introduction

The electromagnetic (EM) properties of materials are characterized on the basis of
negative or positive values of permittivity & or permeability ji. Most of the materials
that are found in nature have positive values of permittivity & and permeability /i, and
hence, they are termed as “double-positive” (DPS) materials [1, 2]. Materials exhibiting
negative values of permittivity or permeability are termed as “single-negative” (SNG)
and these materials are further classified into two sub-categories “epsilon-negative”
(ENG) and “mu-negative” (MNG) [1, 2]. If these quantities, permittivity & and perme-
ability i are negative, they are called “double-negative” (DNG) [1, 2]. The energy flux
carried by the EM wave is determined by the Poynting vector S, given by Eq. (1) [1].
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S=_-(EXH) (1)

For DPS materials the vectors, E (electric field vector), H (magnetic field vector),
and k (propagation vector) form a right handed set of vectors, where S (Poynting

vector) and % are co-directional. The DPS materials are also termed as “right-handed
materials” (RHMs). For DNG materials, the same set of vectors forms left-handed set

of vectors, but vectors S and k are in opposite directions. The DNG materials are also
termed as “left- handed materials” (LHMs). The LHMs are also termed as substances
with negative group velocity which means that the phase velocity is in opposite
direction to that of energy flux.

The electric and magnetic fields are associated with each other, however the
permittivity & and the permeability i control electric and magnetic fields in a medium.
Negative permeability results in orientation of magnetic dipoles in reverse direction so
as to oppose the external applied magnetic field (diamagnetic materials, anti-ferro
magnetic materials), similarly the concept of negative permittivity results in the
polarization of electric dipoles in reverse direction. Thus, by making both the permit-
tivity € and the permeability /i negative, the direction of flow of energy inside the
material is made to change in contradiction to the conventional direction of flow of
energy. The natural materials do not possess simultaneous negative values of permit-
tivity € and permeability /i, hence they must be created artificially (Figure 1).

MNMs are artificially engineered new class of materials that are not found in nature.
These artificial materials possess unusual EM properties with values of effective per-
mittivity &.¢ and effective permeability ji ¢ less than zero [3]. The geometry, the
periodic arrangement and the orientation of the structural units give rise to unusual
EM properties. These unusual EM properties are not inherited from the material
composition. So, MMs can be defined as periodic arrangement or irregular periodic

Absorption Positive Refraction

Plasma and Fine wire

Conventional material,
structures

e DPS
8<5NG>0 £>0, u>0
S n=+v{(en)

No Transmission

Y

LHMs

Microstructured
magnets and split rings

MNG
£20, 1<0
£<0, U<0 n=+v(ew)
n=-v(-e)(-1)
Negative Refraction Absorption

Figure 1.
Classification of known materials on the basis of & and fi with the vealization of metamaterials (MMs) [1].

86



An Application-Based Study on Electromagnetic Absorber Using Metamaterial
DOI: http://dx.doi.org/10.5772 /intechopen.108146

Figure 2.
Experimental demonstration of composite medium by Shelby et al. [2].

arrangement of sub-wavelength metallic structures which derive EM material prop-
erties from their geometry rather than inheriting them directly from the material
composition or band structure.

In 1968 Veselago [1] gave theoretical concept of these new class of materials that
can possess unusual properties like negative index of refraction, opposite phase and
group velocity, reverse Doppler shift, reverse Cerenkov radiations. The absence of the
natural occurrence of materials with these properties led to neglect of the subject until
1996 when Pendry et al. [4] explained the design and behavior of artificial material
termed as metallic microstructures comprising of periodic structure of infinite wires
arranged in cubic lattice and exhibiting negative permittivity & and split ring resonator
(SRR) structures exhibiting negative permeability j. In 1999 Smith et al. [3] demon-
strated a composite medium exhibiting simultaneous negative values of effective
permeability ji.¢ and permittivity €. comprised of periodic array of SRRs and con-
tinuous micro-structured wires in microwave region, forming left-handed medium
(Figure 2). With this demonstration the concept of materials with negative values of
Eefr and fig given by Veselago way back in 1968 came into existence and a whole new
field of research came into limelight to be known as ‘Metamaterials’. Word
‘Metamaterial’ is derived from Greek word ‘meta’ which means ‘beyond’. The term
metamaterial was first introduced by Walser [5].

The geometrical and structural uniqueness of MM makes these materials capable to
bend [6, 7], absorb [8, 9], block [10, 11], and enhance [12] EM waves which is not
possible with conventional materials found in nature [1]. In recent years the study of
MMs has been diversified from radio frequency range to optical frequency range.

The MMs find applications to realize perfect-lens [6], super-lens [7], EM cloak
[10, 11], EM concentrators [12], EM band gap based microwave circuit design [13],
multi-band MNG resonators [14], MM-based and MM inspired efficient, electrically
small antennas [15], MM-based patch and leaky-wave antennas [16], MM-based
perfect absorbers [8, 9, 17].

2. EM wave absorber

An EM wave absorber is a device which absorbs all the EM radiation incident on
it under perfectly matched conditions. American engineer Salisbury and another
scientist J. Jaunmann [18] invented EM absorbers independently to improve the
performance of radar and to provide stealth technology. Salisbury [18] developed the
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Figure 3.
Salisbury screen [18].

Salisbury screen. The basic structure of EM wave absorber consists of a resistive
sheet and metal laminated ground plane both separated by some lossless dielectric of
thickness (4,/4) as shown in Figure 3. When EM waves are incident on the Salisbury
screen, the waves pass through the resistive sheet without any reflections and the EM
waves get reflected by the continuous metallic surface. The waves travel back 1/2
distance with phase change by 180° and result in destructive interference with
incident EM waves.

The performance of Salisbury screen is limited firstly because of the bulky size.
The thickness increases for broad-band absorption due to cascading of dielectric lossy
layers. To satisfy the complete destructive interference the thickness of dielectric layer

must be (%) . If wavelength (1) of EM wave is large then the dielectric layer has to be

very thick. Secondly, the performance of Salisbury screen is limited to microwave
frequencies due to impedance matching conditions.

3. Metamaterial perfect absorber

Conventional metamaterial perfect absorber (MPA) is a three-layered structure
[8]. It consists of top layer that is periodic array of unit cells, constituting MM high
impedance surface, a middle layer that is lossy or lossless dielectric layer, and a bottom
layer that is metal laminated ground plane. Figure 4 shows the layered structure of

Top Layer
periodically arranged unit
cells

Middle Layer
dielectric layer

Bottom Layer
metallic ground plane

Figure 4.
Layered structure of MPA [17].
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MPA. The shape, size, periodicity, and orientation of the unit cells are optimized to
match the normalized impedance of the top layer of MPA with that of the impedance
of free space. Under normalized impedance matched conditions, the incident EM
waves at certain frequency bands propagates through the high impedance layer with-
out any reflections. The continuous metal laminated bottom layer completely blocks
the EM waves and reflects back the EM waves.

The dielectric layer provides space to the incident EM waves to stay and get
absorbed inside the material. The dielectric layer should have high permittivity as it
results in reduction of thickness maintaining the optical path. The dielectric layer
should also have high loss tangent (tan 5) value. The MPA must offer high values of
imaginary part of effective permittivity and effective permeability to attenuate the
EM waves inside the MPA.

The complete absorption of the incident microwave radiation from free
space on a microwave absorber surface requires the fulfillment of the following
conditions:

a. The complete transfer of the incident microwave radiation into the surface of
the microwave absorber which can be achieved by perfect impedance matching
of the free space and the front surface of the microwave absorber known as
perfectly matched condition.

b. The transferred microwave radiation into the microwave absorber should be
completely absorbed within the microwave absorber which can be achieved by
high attenuation constant for the incident microwave radiation inside the
microwave absorber.

3.1 Metamaterial perfect absorber as perfectly matched layer

A conventional MPA structure consisted of three-layered structure, the uppermost
high impedance layer described by effective impedance Zeff(f ) = [ege () Eete (f 12,
the middle dielectric layer described by effective permeability ji.¢ ( f) and effective
permittivity &.¢ (f) and lowermost continuous metal laminated ground layer. Berenger
in 1994 [19], gave the idea of artificial absorbing layer which can be frequency and
angle of incident independent described as perfectly matched layer (PML). The PML
has the characteristic of no reflection at the interface and maximum absorption inside
the medium. To achieve this characteristic, the PML has its effective impedance
matched with that of free space. i.e. Zeff(f) =1

According to the Fresnel’s equations [20], the reflectance (R) and reflection
coefficient (y) of the interface separating free space (with impedance, permeability,
permittivity and, refractive index: Z,, yi,, €, 1o, respectively) and medium (with
impedance, permeability, permittivity and, refractive index: Z, Jiy, &, 1, Tespectively
shown in Figure 5) for TE and TM polarized wave is given by Eq. (2) and Eq. (3),
respectively [20].

The impedance Z, permeability ji, permittivity &, and refractive index 7 of the
media are complex quantities [21] defined by Eq. (4), Eq. (5), Eq. (6), and Eq. (7),
respectively, and the effective impedance Z.g, permeability ji ¢, permittivity &g, and
refractive index 7j ¢ of the media are defined by Eq. (8), Eq. (9), Eq. (10), and
Eq. (11), respectively.
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Incident (1), transmitted (T) and reflected (R) EM wave.
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where 6; is the angle of incidence and 7 = \/Ji, &, is the refractive index of the
dielectric medium.

Z=2'(f)+jZ"(f) (4)
=)+ (f) (5)
e =€ (f) +jé'(f) (6)
n=n(f)+jn"{f) 7)
- Z
Zogf = Z (8)
Heff = L 9)
Ho
S (10)
&
Neff = 1 (11)
o

where Z'(f), W' (f), € (f) and 1/ (f) are the real part and Z" (f), 4’ (f), €' (f) and 1" ()

are the imaginary part of impedance, permeability, permittivity, and refractive index
of the medium, respectively. For normal angle of incidence 6; = 0 degree, the Eq. (2)
and Eq. (3) reduced to Eq. (12).

2

R= ‘Z ) (12)

Z+7Z,

where Z = \/% and that of free space is Z, = \/’:—“’

The absorptance, A = [1 - R — T], where R is the reflectance and T is the transmit-
tance. Due to the presence of the bottom ground layer, T is reduced to zero and
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absorptance A = [1 - R]. For perfect absorption, i.e., A = 1, the reflectance R should be
zero which can be achieved if, Z = Z,. This condition is referred to as perfect
matched condition [8, 9].

Attainment of perfectly matched condition so as to have minimum reflection from
the material and maximum dissipation of EM waves inside the material led to a new
field of research identified as MPAs. To achieve the perfect absorption of incident EM
wave radiation researchers explored MM design concept to achieve a material having
absorptance of ‘Unity’, i.e., MPA. After the first experimental demonstration of MPA
[8], advanced research has been carried out in the field of MPA from radio spectrum
to optical spectrum at microwaves, mm wave, THz, infrared, and optical range. The
advancement and improvement in designing MPAs to maximize the absorptance over
a wide frequency band contributes to narrow-band MPAs, dual-band and multi-band
MPAs, broad-band MPAs, polarization insensitive MPAs, and wide angle MPAs.
MPAs find potential applications in reducing radar cross section (RCS) [22], in
improving antenna radiation pattern [16], and in reducing electromagnetic interfer-
ence (EMI) [21]. Future applications include the use of MPA as selective thermal
emitters [23] and wavelength sensitive sensors [24].

3.2 Metamaterial parameters

Under impedance matched conditions, the MPA structure is considered to be a
single homogeneous layer with dispersive effective permittivity . ( f) and effective
permeability ji.¢ (). To study the absorptance of incident EM waves through fre-
quency selective top layer of MPA, the effective impedance Z.g( f), the effective
permittivity . (f ), the effective permeability ji ¢ (f), and the effective refractive
index 7 (f) is calculated.

According to Nicolson-Ross-Weir (NRW) method [25], the effective impedance
Zeff(f) is calculated using Eq. (17) given as:

14+ Su(f)

1= Su(f) (13)

Zeff (f) =

The effective permittivity . (f) is calculated using Eq. (18) given as:

2 (1=Sulf) - Sulf)
Eef (f) = jkod (1 + Si(f) + Si(f)) o

The effective permeability ji ¢ (f) is calculated using Eq. (19) given as:

) 2 (14 Su(f) — Sulf)
Bef (f) = jkod (1 —Su(f) + Sz1(f)> w

The effective refractive index 7.¢ (f) is calculated using Eq. (20) given as:

Nege(f) = £/ Eett () * fiege (f) (16)

In an MPA, under perfectly matched conditions, at the maximum absorptance fre-
quency (f5,), the real and imaginary parts of effective impedance of MPA matches with
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that of free space. Zg(f) ’f:f =Zlg(f,) +iZu(f,) = 1. It implies that the normalized

real value of Z (f) is equal to 1 and the imaginary value of Zg (f) is equal to zero.
Re [Eer (f )]foo = Re V‘eff(f)}f:fo and Im[éeff(f)]f:fo = Im[ﬁeff(f)]f:fo

In case of MM behavior, the real part of . () and ji.g(f) shows the Lorentzian
oscillation at or within the vicinity of maximum absorptance frequency band. The
imaginary part of &.¢ (f) and ji.¢ (f) attains appreciable high values as compared to real
part. Under perfectly matched condition Z.(f) = 1, the point at which the real values
of &g (f) and ji ¢ (f) crosses Zeff(f) =1, the imaginary values of & (f) and ji ¢ (f) attains
appreciable high values as shown in Figure 6a and b.

3.3 Measurement and testing of metamaterial absorber

The measurement and testing setup consisted of anechoic chamber, transmitting,
and receiving horn antennas, and vector network analyzer (VNA) as shown Figure 7.
The measurement process is calibrated in order to reduce the measurement errors.
The measurement process is carried out in two different steps as described below.

a. In first step the MPA structure is placed in front of transmitting and receiving
horn antennas with copper laminated ground plane of MPA structure facing the
horn antennas in an anechoic chamber as shown in Figure 7. The transmitting
horn antenna is connected to port 1 of VNA and the receiving horn antenna is
connected to the port 2 of the VNA as shown in Figure 7. The transmitting horn
antenna transmits 1 mW EM radiation towards the copper laminated ground
plane of MPA. The reflected radiation from the copper laminated ground plane
of MPA is received by the receiving horn antenna. The VNA measures the
reflection coefficients corresponding to the reflected power.

b. In second step the MPA structure is rotated by 180° such that the unit cells
structured side of MPA faces the transmitting and receiving horn antennas. The
reflected radiation from the structure side of MPA is received by the receiving
horn antenna. The VNA again measures the reflection coefficients
corresponding to the reflected power. The difference of the two measurements
gives the calibrated measured values.

The two-step measuring process is used to measure absorptance for normal
incidence, for variation in angle of incidence 8, and variation in E-field and H-field

100 100
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Figure 6.
Real and imaginary values of (a) jiee (f) (b) Eege (f) at or within maximum absorptance frequency band [17].
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Figure 7.
Block diagram of the experimental set up.

orientations ® of the incident EM waves. For taking measurements of reflection
coefficients Sy; at different angles of incident of EM waves, the MPA structure sample
placed on a circular scale is rotated along the y-axis by the desired angle and measure-
ments were recorded in two steps as described. Similarly for taking measurements of
reflection coefficients Sy, at different angles of E-field and H-field of EM waves, the
MPA structure sample is rozztated along the z-axis by the desired angle.

4. First reported single-band metamaterial perfect absorbers

The first narrow single-band MPA was experimentally demonstrated in 2008
by Landy et al. [8]. The unit cell consisted of electric ring resonator (ERR) over
micro-structured cut wired section separated by dielectric layer as shown in Figure 8.
The dielectric layer was of FR-4 substrate of 0.2 mm thickness. The top-layered ERR and
bottom-layered micro-structured cut wired section was etched out of 17 pm thick copper
layers shown in Figure 8. The MMA structure consisted of two-dimensional arrays of
unit cells with separation of 0.72 mm. The MPA was fabricated using photosensitized
method. The results simulated in finite difference time domain (FDTD) solver, computer
simulation technology (CST) microwave studio showed absorptance of 96% at
11.48 GHz whereas experimentally achieved absorptance was 88% at 11.5 GHz. The
difference in the simulated and experimental values was mainly explained due to
fabrication errors. The top layer comprising of ERR and the bottom layer comprising of

A

H

vl |
L
A
W

L™

Figure 8.
Top view of narrow band MPA experimentally demonstrated in 2008 by Landy et al. [8].
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micro-structured cut wire section strongly coupled the incident EM waves at the reso-
nance frequency 11.48 GHz thereby generating strong electric response. The anti-parallel
currents induced in the ERR and the micro-structured cut wire section was responsible
for magnetic coupling. Thus, the combined effect of ERR and the micro-structured cut
wire section was responsible for electric and magnetic responses. It was explained by the
authors that the variation in geometry of ERR resulted in fine variation in absorptance
frequency strength of resonance whereas varying the spacing between the two metallic
structures ERR top layer and the bottom micro-structured cut wire section layer resulted
in modification of magnetic response. The proposed MPA was reported to have potential
application in devices such as bolometers.

After the first experimental demonstration of narrow single-band MPA in micro-
wave region, the same work was extended in THz region [9] with MPA dimensions in
pm and replacing FR-4 substrate layer with polyamide dielectric substrate layer as
indicated in Table 1. The simulated results in CST microwave studio showed absorp-
tance of 98% at 1.12 THz as compared to experimental results with 70% absorptance at
1.3 THz with potential application as low thermal mass absorber with thermal sensing.

The MPA structure was fabricated using surface micro-machining process with the
deposition of 200 nm thick cut wire layer of Au/Ti ground plane on GaAs wafer
followed by deposition of 8 pm thick layer of polyamide as dielectric substrate and on
the top a 200 nm-thick Au/Ti layer as ERR.

The first single-band MPA in mid-IR regime was experimentally demonstrated in
2010 by Liu et al. [24]. The 140 x 140 pm MPA structure was fabricated with the
deposition of 100 nm thick gold layer ground plane on silicon substrate followed by
185 nm thick layer of Al,O; as dielectric substrate and on the top a 100 nm thick layer
of gold in the cross wired shape (plus shape) as shown in Figure 9a and b. The
simulated and measured absorptance was 97% at 6 pm and the absorptance band has

Type of absorber — Microwave absorber THz absorber
(dimensions in mm) (dimensions in pm)
Resonance frequency 11.48 GHz 1.3 THz
Absorptance 88% 70%
a 42 34
as 12 50
t 0.6 3
1y 0.6 3
G 0.6 3
4 30
W, 4 30
H 1.7 4
L 11.8 48
Type of substrate FR-4 Polyamide
Thickness of ERR and cut wire section 0.017 0.2
Thickness of substrate 0.2 8
Table 1.

Dimensional comparison of first experimentally demonstrated MPA in yW and THz regime.
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FWHM of 1 ym. The proposed MPA has potential application in hyper-spectral
imaging cameras.

The plus-shaped cross wired structure acted as ERR and it was responsible for
coupling of E-field and the combination of ERR and ground plane for coupling of
H-field from the incident EM radiation.

With the impedance of MPA matched to that of free space and the width of ground
plane exceeding the penetration depth in mid-IR led to maximum EM radiation
absorption with zero transmission through MPA.

The first experimental demonstrations for MPAs in NIR regime were reported by
Hao et al. [26] and Liu et al. [27] separately in 2010. The MPA structure design by Liu
et al. consisted of top layer of gold disks of 352 nm in diameter and 20 nm in height and
gold lamination ground plane of 200 nm separated by MgF, dielectric of 30 nm thick-
ness as shown in Figure 10b. The entire MPA structure was grown over glass substrate.
The MPA structure was measured to be 99% polarization insensitive and to have wide
angular absorptance at 1.6 pm with application as plasmonic sensor for refractive index
sensing. The MPA structure design by Hao et al. consisted of top layer of rectangular
patches of gold of 170 nm by 170 nm by 40 nm and gold lamination ground plane of
310 x 310 x 50 nm separated by Al,O; dielectric of 10 nm thickness as shown in
Figure 10a. The simulated absorptance was found to be greater than 97% at 1.58 and
1.95 pm for TM and TE radiation modes respectively. The ultra-thin MPA structure was
measured to have 88% wide angular absorptance at 1.58 pm for TM mode radiations and
83% absorptance at 1.95 ym for TE mode radiations. The proposed MPA has micro
technological applications including micro-bolometers, photo detectors, coherent ther-
mal emitters, and solar cells. Anti-parallel surface currents induced in gold disks (or
gold patches) and the ground plane gold layer resulting in magnetic resonance where
the magnetic moment due to circulating currents strongly interact with magnetic field

Silicon wafer
Gold layer 100 nm
ALO; layer 185 nm
4 Gold layer 100 nm
(a)

(b)

Figure 9.
Schematic of first single- band MPA in mid-IR regime experimentally demonstrated in 2010 by Liu et al. [24] (a)
Top view. (b) Side view.

Figure 10.
(a) Schematic of first single-band MPA in NIR regime experimentally demonstrated in 2010 by Hao et al. [26].
(b) Schematic of first single-band MPA in NIR regime experimentally demonstrated in 2010 by Liu et al. [27].
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Reference Unit cell design Frequency/ Absorption Absorptance
wavelength bandwidth
Sim. Exp. Sim. Exp.
[8] Electric ring resonator (ERR) with back- 11.4 GHz 11.5 GHz — 96%  88%
to-back connected two split rings and a
micro-structured split wire.
[9] Electric ring resonator (ERR) with back- 112 THz 1.3 THz — 98%  70%
to-back connected two split rings and a
micro-structured split wire. The
dimensions of unit cell were in pm.
[24] ERR as cross ring resonator (plus shape). — 6 um FWHM — 97%
:1 pm
[26] Rectangular patches of gold with gold ~ 1.58 pm  1.58 pm — 97%  88%
laminated ground plane separated by
Al,O5 dielectric.
[27] Gold disks with gold laminated ground — 1.6 ym — — 9%

plane separated by MgF, dielectric.

Table 2.
Experimental demonstrations of first single-band MPAs in microwave, THz, mid-IR and near IR regime.

of incident EM radiation. At resonance the strong localized EM field enhanced between
the two gold layers is confined in the dielectric layer and led to minimum reflectance
and maximum absorptance of incident EM radiations (Table 2).

5. Case study: multi-band metamaterial absorber-simulation, fabrication,
testing

The multi-band metamaterial absorbers (MMAs) are practically more useful when
they are capable of exhibiting high absorptance at many resonance frequencies. The
potential applications of multi-band microwave absorbers increase manifolds if they
are insensitive to state of polarization and wide angular incident microwaves. The case
study in this section is based on description of the MMA design, MM behavior,
comparison of measured reflection coefficient and absorptance with the simulated
results of a MMA with frequency selective surface consists of concentric continuous
rings (CCRs) [28]. The concentric rings are of different widths and radius and exhibits
high degree of symmetry that makes the MM absorber insensitive to wide incidence
angle and polarization state of incident EM waves.

5.1 Optimized design of metamaterial absorber

Figure 11 shows the optimized design of a MMA and the optimized dimensions
of the unit cell and the rings are depicted in Tables 3 and 4, respectively. The design
is optimized by parametric analysis of the dimensions of the unit cell wherein
anyone parameter is varied and rest all other parameters are kept constant. This
process is repeated for each and every parameter and the effect on the absorptance is
observed.
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5.2 Simulation of metamaterial absorber

The optimized design of the multi-band MMA is simulated to study the response of
the MMA at different frequency bands depicted in Figure 12.

The simulated reflection coefficients and absorptance is depicted in Table 5. The
absorptance is estimated from simulated values of reflectance |Sy;(f)|* and transmit-
tance [Sy (f)|* using the Eq. (21) [8, 9, 24, 25]. The presence of continuous metallic
bottom layer blocks the transmission of incident EM waves thereby making transmit-
tance (S,;) zero shown in Figure 12.

A(f) = 1-ISu(f)-ISu () (17)

To better understand the contribution of CCRs towards the resonance frequencies,
the surface current distributions are investigated at different resonance frequencies.
When an EM radiation is applied along the axis of the CCRs, depending upon the
resonant properties of CCRs strong surface currents are induced either opposes or
enhances the incident EM field. Figure 13 shows the surface current induced on the
surface [29] of CCRs on the top layer of MMA structure. The arrowhead indicates the

Design parameter 71 r r3 4 7s 76 ry rg w wq wy a t

Dimension (mm) 393 368 235 210 320 285 235 193 025 035 042 18 15

Table 3.
Optimized dimensions of the unit cell.

Structure OR-1 IR-1 OR-2 IR-2

Width of ring 0.25 mm 0.25 mm 0.35 mm 0.42 mm

Mean radius of ring 7m(OR-1) 3.80 mm 7m(ir-1) 2.22 mm 7m(or-2) 3.02 mm 7m(r-2) 2.14 mm

Table 4.
Optimiged dimensions of the rings.

Figure 11.
The 3-D perspective view of the geometry of the unit cell with dimensions of the subcells.
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Figure 12.

Reflection coefficient S,, (), Transmission coefficient S, ,(f) and Absorptance A(f) of the proposed MMA structure
at 7.06, 9.18, 12.62 and 13 GHz.

Resonance frequency 7.06 GHz 9.18 GHz 12.62 GHz 13 GHz

Reflection coefficients —6.5dB —36dB —21.5dB —27.5dB

Absorptance 78% 99.9% 99.2% 99.8%
Table 5.

Effective vesonance frequencies, reflection coefficients, and absorptance.

direction of current induced and the density of arrows shows the magnitude of surface
current induced. Each continuous ring acts as a resonator and contributes towards
absorption of incident EM radiation by resonating at a particular frequency shown in
Figure 13. The two-dimensional periodic array of unit cells that consisted of four pair
of CCRs in MMA structure resulted in strong coupling of CCRs in the MMA structure
that further contributed to high absorptance of incident EM radiation.

The circulating anti-parallel surface currents are induced from magnetic response
whereas the circulating parallel surface currents are induced from electric response
[29]. The surface currents resulted in coupling of incident EM radiation field with that
of electric and magnetic responses and hence enhancement of localized EM field is
established at resonance frequencies. At resonance frequencies the simultaneous
magnetic as well as electric resonance results in complete absorptance of incident EM
radiation under normalized impedance matching conditions (impedance matching of
MMA with that of free space). Therefore, the incident EM radiation ranging from 5-15

GHz got confined within the MMA structure with minimum reflection and maximum
absorptance.

(a) (b) (e) ()

Figure 13.
Surface curvent distributions at resonance frequencies (a) 7.06 GHz. (b) 9.18 GHz. (c¢) 12.62 GHz. (d) 13 GHz.
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With the incident EM radiation, the localized E-field is concentrated in x-direction
along the CCRs as shown in Figure 14, and the localized H-field is concentrated in y-
direction along the CCRs as shown in Figure 15. The metallic patch of CCR acts as
inductive element on which the magnetic field gets concentrated. The inductive
element is responsible for magnetic resonance. The electric field is concentrated in
between the metallic patch of CCRs where the gaps between the metallic patches act
as capacitive elements, responsible for electric resonance [3]. Thus, the magnetic and
electric resonance at each CCR contributes to the absorptance peak at a particular
resonance frequency. The concentration of surface current, E-field, and H-fields along
a CCR indicates the responsiveness of that CCR for absorptance at a distinct resonance
frequency [3]. From Figures 13-15, it is evident that the surface current and field
distribution, is concentrated along the outer ring OR-1 and therefore it contributes to
the absorptance at first resonance frequency 7.06 GHz. For second resonance fre-
quency at 9.18 GHz the surface current and field distribution is concentrated along the
outer ring OR-2 which contributes to high absorptance greater than 99%. Third and
fourth resonance frequencies merged to generate the absorptance band from 12.62 to
13 GHz where the surface current and field distribution is concentrated along the
inner rings IR-1 and IR-2 which contributes to absorptance greater than 99%.

5.3 Metamaterial properties of metamaterial absorber

To verify the maximum absorptance under perfectly matched conditions and
dissipation of EM waves inside the MMA structure, the values of effective impedance

Zosi ( ), permittivity &g (f), permeability fi g (f) and refractive index 7 ¢ (f) are
retrieved from S;; and S,; parameters using standard methods of retrieval like NRW
method [25], direct refractive index (DRI) method [30].

Therefore Z f) = /;e%(()f; = 1 at maximum absorptance frequencies. The incident

EM waves propagate through the top layer of MMA with no reflections under
perfectly matched conditions and blocked by the continuous metallic ground layer.
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Figure 14.
E-field distributions at resonance frequencies (a) 7.06 GHz. (b) 9.18 GHz. (c) 12.62 GHz. (d) 13 GHz.
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Figure 15.
H-field distributions at resonance frequencies (a) 7.06 GHz. (b) 9.18 GHz. (c) 12.62 GHz. (d) 13 GHz.
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Parameter 7.06 GHz 9.18 GHz 12.62 GHz 13 GHz

Zett () 0.41 —j0.15 0.95 +j0.04 1.15 +j0.04 0.94 +j0.04

Eetr () 1.59 +j6.42 0.04 +j4.01 —0.12 + j4.44 0.22 +j3.34

e () —0.188 +j2.45 —0.03 +j3.99 0.17 + j4.58 —0.17 +j3.32

Tlege () 0.2107 +j3.98 0.0288 +j4.00 0.188 +j4.51 0.0244 +j3.33
Table 6.

Values OfZeff (1), e (), jrege (£) and i (f) at 7.06, 9.18, 12.62 and 13 GHz [28].

The MMA structure exhibits the large value of imaginary part of effective 7.¢ (f) with
respect to value of real part of effective 7iegr (f) [12g(f) > g (f )], which results in
exponential decay of EM waves inside the MMA (Table 6).

5.4 Measured reflection coefficient and absorptance of metamaterial absorber

A 10 x 10 two-dimensional periodic array consisting of 100 unit cells was fabri-
cated on FR-4 substrate (¢, = 4.4, tan & = 0.02) of thickness 1.5 mm by UV photoli-
thography method and wet etching process is shown in Figure 16a. The experimental
process is calibrated, and the measurements recorded for the calibration process are
shown Figure 16b. The calibrated reflected power is the difference of reflected power
measured from the bottom copper laminated side and the reflected power measured
from the top layer comprising of CCRs by the VNA through receiving antenna in
terms of (S;;) parameter as described in Section 3.3.

The measured resonance frequencies, the reflection coefficients Sy; and the
absorptance peaks at these resonance frequencies are in close approximation with the
simulated values. The reflection coefficients in terms of S;; parameter are measured
experimentally and it is found that at first resonance frequency (7.20 GHz) the Sy,
value is —12.7 dB. At second resonance frequency (9.3 GHz) the Sy; value is measured
to be —17.4 dB. At third resonance frequency (12.61 GHz) the Sy; value is measured to
be —13.1 dB. At fourth resonance frequency (13.07 GHz) the Sy; value is measured to
be —21.8 dB shown in Figure 17a. Figure 17b shows the comparison of estimated
simulated and measured absorptance at resonance frequencies. The estimated absorp-
tance at first resonance frequency from measured reflection coefficients is 94.5%.

QW
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Figure 16.

(a) Fabricated MMA structure with two-dimensional periodic array comprising of 100 unit cells within 180 mm
by 180 mm. (b) Measured veflected power as a difference of reflected power from bottom copper laminated layer
and top layer with CCRs of MMA structure from 5 to 15 GHz.
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(a) Comparison between simulated and experimentally measurved values of veflection coefficient S,,(f). (b)
Estimated simulated and measured absorptance at vesonance frequencies for MMA at 7.20, 9.3, 12.61 and
13.07 GHz.

At second resonance frequency the measured absorptance is 97.9%. At third resonance
frequency the measured absorptance is 95.1%. At fourth resonance frequency the
measured absorptance is 99.3%. The third and fourth resonance peaks merged
together to generate a 3 dB broad-band of bandwidth 1.2 GHz that lies in Ku-band.
The measured resonance frequencies are found to be slightly shifted towards right (at
higher frequency) as compared to the simulated resonance frequencies. This slight
variation is contributed by fractional variation in the width of the CCRs structure
fabricated on an area of 180 x 180 mm by UV photolithography and wet etched
process as compared to dry etched process of fabrication.

6. Conclusions

MMs are artificially engineered materials that exhibit negative permittivity and
permeability. These materials possess unusual EM properties that make these mate-
rials unique. The interest in MMs increased with first demonstration of MM absorber
by Landy et al. in 2008. The conventional EM absorbers were limited in performance
due to their bulky size and the performance is limited to microwave frequencies due
to impedance matching conditions. One of the application domains of MMs is a MPA.
The frequency selective top layer of conventional MPA has matched impedance with
that of the free space. Under perfectly matched conditions the incident EM waves are
absorbed with minimum reflections and get attenuated inside the substrate. The MM
design, MM behavior, impedance matched conditions, and absorptance of EM waves
under perfectly matched conditions are explained with a case study of a multi-band
MPA that finds application in stealth technology.
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Chapter 6

Amplitude-Dependent Acoustic
Absorber

Jiangyi Zhang

Abstract

In this chapter, we consider the design of 1D amplitude-dependent acoustic
absorber, i.e., acoustic metamaterial composed of an air-filled waveguide periodically
side-loaded by holes. Firstly we present experimental results about high-amplitude
sound wave propagation in the structure. We find that there is not only the linear
viscothermal and radiation losses, but also the nonlinear losses. High-amplitude sound
waves at the locations of the side holes could introduce nonlinear losses, which is due
to the geometrical discontinuity. This phenomenon could be found in experiments
about amplitude-dependent reflection, transmission, and absorption coefficients. The
experimental results show the possibility to use the system as a nonlinear absorber,
that is, nonlinear losses change the nature of the device from a reflective to an
absorbing one. Our results reveal the role of nonlinear losses in the proposed device
and also provide a quite accurate analytical model to capture the effect of such losses.
In the end, we analytically tune the parameters of the device and design 1D
amplitude-dependent acoustic absorber.

Keywords: nonlinear losses, nonlinear acoustic absorber, acoustic metamaterial,
transfer matrix method, acoustic waveguide

1. Introduction

In the nature, the properties of conventional materials depend on the composing
atoms/molecules and the chemical bonds, while their physical properties such as mass
density and bulk modulus are always positive. Metamaterials, namely periodic or
random man-made structures composed of meta-atoms, for example, sub-wavelength
resonators the size of which is bigger than the atomic scale but much smaller than the
relevant radiated wavelength, are designed to exhibit exotic properties not commonly
found in nature. The physical properties of metamaterials are described by effective
parameters which could be positive, negative, near-zero or approaching-infinity [1].
The concept of metamaterials was firstly theorized by the Russian physicist Veselago
[2] for electromagnetic waves in 1968. He considered the possible existence of
metamaterials with simultaneously negative permittivity and permeability, i.e., left-
handed materials or double negative metamaterials. In 2000, Liu et al. firstly intro-
duced the concept of acoustic metamaterials [3]. Later, acoustic metamaterials have
been widely developed to deeply control and manipulate waves due to their exotic
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properties not found in nature. As a result, a plethora of applications has been devel-
oped, including acoustic diodes [4, 5], acoustic lenses for sub-diffraction imaging [6],
acoustic sound focusing based on gradient index lenses [7-9], acoustic topological
systems [10-12] and acoustic cloaking [13-15].

Wave propagation in acoustic metamaterials is subject to losses such as
visothermal losses at the solid-fluid interface [16], which can have deleterious conse-
quences. For example, Heriquez et al. [17] found that viscothermal losses could
destroy the predicted behavior of double negative acoustic metamaterials designed by
Gracia-Salgado et al. [18], and they even speculated that rigid-based metamaterials
could become absorbers in particular situations. Previously, Guild et al. [19] and
Romero-Garca et al. [20] proposed specific acoustic metamaterials absorbers based on
dissipative effect. Losses could also change the dispersion relation of the system. For
example, Theocharis et al. [21] show that near-zero group velocity dispersion band
disappears in the presence of the viscothermal losses. Thus, losses are non-negligible
in such kind of materials and should be not ignored. Perfect and broadband absorber
is an important branch of acoustic metamaterials [20, 22].

In the field of metamaterials, only few studies exist regarding nonlinear effects. In
2003, Lapine et al. proposed the concept of nonlinear metamaterials in the field of
electromagnetism [23]. During the last years, the study of nonlinear acoustic
metamaterials received increased attention [24-26]. In the case of acoustic
metamaterials, the presence of nonlinearity is easily introduced at high acoustic levels.
Accompanying with wave propagation, the localized pressure changes. High pressure
increases the local temperature, and the local speed of sound in the compressible
material is proportional to the temperature [27]. As a result, the wave with high
pressure phase travels faster compared to a wave of low pressure phase. During the
nonlinear wave propagation, higher harmonics are generated. Dispersion effect intro-
duced by the resonators and periodicity of the acoustic metamaterials could tailor the
source and generated harmonics. Thus, one can observe the beating of higher generated
harmonics [28-30]. Acoustic diodes have been also designed based on the combination
of nonlinearity and dispersion. Liang et al. realized the nonreciprocal acoustic trans-
mission by breaking the linearity, which violates some assumptions of Onsager-Casimir
principle [4]. In granular crystals, Boechler et al. envisaged the bifurcation-based
acoustic switching and rectification [31]. Devaux et al. achieved asymmetric acoustic
propagation by a nonlinear self-demodulation effect [32]. There are many other
nonlinear processes, for example, the nonlinear dispersion relation [33], nonlinear
acoustic lenses [34], waves coupling in nonlinear metamaterials [35], discrete breathers
[36], the self-demodulation effect [37, 38], and the formation of acoustic solitons of
various types-pulse-like [39, 40] and envelope ones [40, 41], namely robust localized
waves propagating undistorted due to a balance between dispersion and nonlinearity.

Despite this extensive body of nonlinear acoustic metamaterials and acoustic
absorbers, only few works consider nonlinear losses. However, in acoustics, nonlinear
losses may easily appear, e.g., due to the geometrical discontinuity [42, 43]. In this
article, we design 1D amplitude-dependent acoustic absorber made by an air-filled
waveguide periodically side-loaded by holes with sharp edges. These sharp edges can
be considered as geometrical discontinuities, which could introduce nonlinear losses.
Based on the accurate analytical model which could predict the experimental results,
we tune the parameters of the device in order to design a nonlinear perfect absorber.
Particularly the industry is concerned about the perfect absorber in low frequencies.
However, nonlinear losses could change the nature of the device from reflective one to
an absorber, especially in low frequencies.
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This chapter is structured as follows. In Section 2, we introduce the setup and the
method of processing the experimental data. In Section 3, we derive the analytical model
based on transfer matrix method. In Section 4, we discuss the experimental phenomenon
and analytical model. Based on results obtained, we tune the parameters of the device in
order to design an 1D amplitude-dependent acoustic perfect absorber in low frequencies.
Finally Section 5 summarizes the findings and discusses future research directions.

2. Experiments
2.1 Experimental set-up

Figure 1 shows the experimental set-up in order to characterize the amplitude-
dependent reflection, transmission and absorption coefficient. This system is an air-filled
acoustic cylindrical waveguide periodically loaded by side-holes. The length of the
waveguide is 3 m; the internal radius is » = 0.025 m; there is 40 side-holes; the distance
between two side holes is d = 0.05 m; the radius of the side holes is vy = 0.0035 m and
the length is [y = 0.005 m. We use white noise with frequencies from 200 Hz to
1000 Hz as source. In order to avoid back reflections in the waveguide, we use a properly
designed anechoic termination [21, 45], and do the experiments in an anechoic room.

We perform four experiments with different source amplitudes. Here we use a
four microphone method [46] to obtain the transmission, reflection and absorption
coefficient. We put two microphones (1/2 inch B&K) at the one end of the wave-
guide; and another two microphones on other side of the structure, shown in Figure 1.
This method allows the measurement of both the forward and backward waves for the
fundamental frequency.

Figure 1.
(color online) picture of the experimental setting for the measurement of the amplitude-dependent reflection,
transmission and absorption coefficients, adapted from ref. [44].
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2.2 Experimental data processing

Here are the details of four microphone method. p,, p,, p; and p, present the
complex sound pressure measured by the microphones at x1, x7, x3 and x4 in Figure 2,
withx; = 0.2m, x, = 0.1 m, x3 = 2.1 m and x4 = 2.2 m respectively. Acoustic
pressures measured by the microphone comprise various superpositions of positive-
and negative-going plane waves in the waveguide,

)
(A —jkx. + B@jkxz)elwt,
(

P, = (C'efjlex4 _’_Dejkx4)ezwt’

(Ae_jkxl + Bejkx1 eiwt’
. ,
14

P =
p,= 1)
P3 =

C —jkaxy + Dejkx3)eiwt

b

where A and B (C and D) are the amplitudes of the positive- and negative going
plane wave at the beginning (ending) of the waveguide respectively, which could be
derived from Eq. (1),

j(plejkxz _pzejkxl)
A= -
2sink(x1 — x7)
7]'@23_]7% _ple—jkx2>
- 2sink(x; —x;)
j(P3ejkx4 _P4ejkx3)
C= -
2sink(x3 — x4)
D :j(p4€7jkx3 —p3€7jkx4)
2sink(x3 — x4)

()

>

and provide the input data for subsequent transfer matrix calculations.

QO ©)0,

I Y
o]

Figure 2.
Schematic diagram of the standing wave tube, adapted from ref. [46].
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To relate the sound pressures and velocities on the two faces of 40 side holes,
transfer matrix is used, extending from x = 0 to x = 404, as shown in Figure 2, i.e.,

el ®
Y 1x=0 Ty Tn Y | x=40d

where p|,_ o, v|,_g> Ply_s0s and v|,_,, may easily be expressed in terms of the
positive- and negative-going plane wave component amplitude, i.e.,
A—B Cefjk40d _ D@jk40d

—0=—Pp
* PoC

Plx=o = A+ B,v a0y = Ce k404 | pgikdod )

x=40d —

Poc
(4)

Eq. (3) presents two equations with four unknowns, T11, T12, T21 and T. In order
to solve the transfer matrix elements, we need two additional equations, which could
be generated by reciprocity and symmetry nature of the material. Pierce noted that
reciprocity requires that the determinant of the transfer matrix be unity [46, 47],

TuTyn —TpTn =1,
and for symmetrical system,
Ty =Txn.
Then the transfer matrix elements are solved,

T; 7p|x:40dv|x:406i +p|x:01)|x:0
- b
p|x:ov|x:40d +p|x:40dv|x:0

P ’azc:O _p|92c:40d

Tp = ,
p|x:0v|x:40d +p|x240dv|x:0 (5)
2o —ol;
T21 _ Vlx=0 s x=40d

Plx=00]y_400 + Plx=a0aV],—o
T2 _p|x:40dv|x:40d +p|x:ov|x:0
- bl
Ple=00s_s04 + Ple=40av|,—o

which provide the input data for subsequent reflection and transmission
coefficients calculations.

In order to calculate reflection and transmission coefficients, we assume that the
incidental plane wave has unit amplitude, and the termination is anechoic, so that we
could consider the parameter D is negligible compared to parameter C. Thus we could
write,

—jk40d

—jk40d Te

x=40d = Te """ 0| 400 = o (6)
0

—R
P

Plx=0 =1+R,v

x=0 —

Po

where R = B/A and T = C/A are the reflection and transmission coefficients respec-
tively. When we substituted Eq. (6) into Eq. (3), the transmission T and reflection
coefficient R for the case of an anechoic termination, can be respectively expressed as,
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2eikd
r= ; @)
T+ (T12/poc) + pocTa + T
_ Tu+ (Tu/pec) — pocTa — T )
T + (T12/poc) + pocTa + T’
and the absorption coefficient is
a=1-T"-R%. (9)

Through the above data processing, we obtain the experimental amplitude-
dependent reflection, transmission and absorption coefficients. The corresponding
results are shown in Section 4.

3. Transfer matrix method

In this section, we analytically use transfer matrix method to capture the
amplitude-dependent reflection, transmission and absorption coefficients. The trans-
fer matrix T used to relate the sound pressures and velocities on the two faces of the
acoustic waveguide with the N side holes, can be written as

N
T=]]T. (10)
n=1
where
kphd . . kphd
cos (T) iZ, sin (T) 1 0
T, = 1

i . (kpd kepnd 7 1
Z sin (2> cos <2 H(n)
knd k,nd
cos (%) iZ, sin (%)
i (ki kpnd
Z_c sin (T) cos <T

with k,, and Z, being the wavenumber and acoustic characteristic impedance in
the waveguide respectively, which are given by:

(11)

Wy 1—i y—1
ke, =—2= |1+ <1+ > (12)
p bl
€0 \J @ /1 vPr
1—i -1
z. =P g ! (1+7\/P7) . (13)
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Here, y is the specific heat ratio, Pr is the Prandtl number, # is the shear viscosity,
while Z(,) is the impedance of #-th side hole. Based on the experimental results,
we conclude that the nonlinear losses, appearing at high level sound pressures due to
jet and vortices formation at the locations of side holes, must be taken into account,
i.e., here, Zp,) is the sum of a linear impedance, Z;, and a nonlinear one, Zy ),
namely:

ZHm) = ZL + ZNL@)- (14)

On the one hand, the linear impedance of the hole can be expressed as a combina-
tion of the impedance of the hole plus the radiation impedance [48],

1 2
Zy, =iZ g tan [kif (Ig + Al + AlHO):| — 5L (kihm) , (15)

where Aly; and Aly, are length corrections due to the radiation inside the side holes

and the radiation to the outer environment, while k‘ﬂ‘ and Z,y are the wavenumber
and acoustic characteristic impedance in the side holes, obtained from Eq. (12) and
Eq. (13) by using ry instead of ». On the other hand, the nonlinear part of the
impedance of n-th hole, Zy; (), can be written as [42, 43],

Zntm) = BuZenMn St (16)

where fy is a fitting parameter, which can be directly obtained by experiments. In
addition, M) is the acoustic Mach number for z-th side hole, given by:

n n S
M(n>=v—:u/H) (17)
Co Co

with u, = v,Sy being the volume velocity in the n-th side hole, while St,) is the
acoustic Strouhal number [42, 43, 49].

St(n) _ WphVH _ WphVH '
Un Uy /SH

(18)

Therefore, through M, and St(,), the nonlinear part Zy; ) of the n-th side hole
impedance depends explicitly on the local volume velocity #, in #-th hole. However,
the volume velocity is related to the impedance through

Pw)

=" 19
Z1, + ZNL(n) (19

n

Thus, we have to make some approximations, and apply an iterative method to
calculate u,. At the N-th hole, i.e., the last hole away from the source, the local volume
velocity is the smallest compared to others, hence we can assume at first that the
nonlinear part is zero at this position, Zyy,,—n) = 0. From this hypothesis, we obtain
the local volume velocity, u(,—n) = Pin=n) /Z1, at this location. Here, it is noted that

P (n—n) can be calculated by the following matrix,
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cos (k,,D iz, sin (k,,D
pro ][ ) b e g
Use(n=N) — sin (kD) cos (kyD) rt/Z. )

Ze

where p™ is positive-going wave at the end of waveguide (there is no negative-
going wave due to the presence of the anechoic termination). Therefore,

pt= i(ppyg_se " — pyge o) ik 200 1)
2sin [kph (p—1 — xM)] ’

where p,, ; and p,, are acoustic pressures measured at xp;_1, Xy by the micro-
phone near the anechoic termination, p* is located at the center of p,, ; and p,, [i.e.,
at (xp—1 +xm)/2], D is the distance between Pu=n) and p™*, and #,(,—) is volume
velocity in the waveguide.

This way, we obtain the local volume velocity, #(,—y), and substitute it into
Egs. (16)-(18). Then, the nonlinear impedance of the last hole, as well as the transfer
matrix T,_y of last cell, can easily be derived. A similar iterative calculation can be
applied considering that, in each iteration, first we approximate Zyy,) = Znp(n+1)-
This procedure allows us to calculate the local volume velocity in the hole, and then
the nonlinear impedance of the hole.

Up to now, we have the space-dependent nonlinear impedance of holes with differ-
ent amplitudes of wave excitations. Then we can derive the transfer matrix of each cell,
T, as well as the total transfer matrix, T, see Egs. (10) and (11). Analytical reflection,
transmission and absorption coefficients can be found by the total transfer matrix T.

4, Results and discussion

In this section, we start by discussing the experimental results. Firstly, we perform
the experiment with a small-amplitude source. Here we choose 100 dB (linear limit),
see black circles in Figure 3. Then, we change the amplitude of the source, for
example, 120 dB (green squares), 130 dB (blue stars) and 140 dB (red triangles). The
bigger the amplitude of the source is, the stronger the nonlinear effect, as well as
nonlinear losses are. As a results, when the amplitude of the source is increased,
maximum value of the absorption coefficient increases, and its bandwidth broadens.
Here we have to highlight that in the low frequency, for example 200 Hz, the absorp-
tion coefficient in the case of 140 dB is 8 times larger than that in the case of 100 dB.
These preliminary results pave the way to design the nonlinear acoustic absorber.

These experimental phenomenon could be analytically explained by the transfer
matrix method, as shown in Section 3, using a nonlinear impedance model for the
side-holes (see solid lines in Figure 3). Here we have to mention that fy is a fitting
parameter Eq. (16), because the nonlinear impedance of hole also depends on the
amplitude of the wave excitation: the larger the amplitude, the larger the nonlinear
impedance of holes, i.e., the larger fy;. In the linear limit (small source amplitude),
there are no nonlinear losses for holes, i.e., ; = 0. We use these rules to find the
value of this fitting parameter, fy, by comparing directly with the experimental
results. In Refs. [50, 51], fy; is determined by means of numerical simulations:
Disselhorst and Wijngaarden [50] found values of f between 0.6 and 1.0, while
Peters and Hirschberg [51] evaluate Sy to 0.2. In our case, by direct comparison with
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Figure 3.

(color online) amplitude of the (a) reflection coefficients, (b) transmission coefficients and (c) absorption
coefficients adapted from vef. [44]. Black circles (lines), green squares (lines), blue stars (lines) and ved triangles

(lines) present the experimental (analytical) results with a source level around 100 dB, 120 dB, 130 dB, and
140 dB, respectively.

experiments, we found that f3; depends on the amplitude as Sy 149 q5) = 0.6,

Przo aB) = 0-4; P10 aB) = 0.3, while Sy (100 q) = O (linear case), i.e., the side holes
feature no nonlinear losses when the amplitude of the source is small (100 dB). In
the experiments, we have also observed the creation of flow through the holes, which
led us to correct the length [y by adding 0.0005 m. This value is independent of the
amplitude. Comparing to other works [52-54], we have: [y = 0.005 m, Aly; = 0.0027

m and Alg, = 0.0026 m, i.e., [y + Aly; + Aly, = 0.0103 m; hence, the value of 0.0005
m is small, but cannot be ignored (Figures 3 and 4).
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Figure 4.

(color online) amplitude of the (a) reflection coefficients, (b) transmission coefficients and (c) absorption
coefficients. Black lines (r = 0.025 m), blue dashed lines (r = 0.02m), red dotted lines (r = 0.015 m) present the
analytical vesults with a source level around 100 dB (linear case).
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Now we tune the parameters of the device in order to design an 1D amplitude-
dependent acoustic perfect absorber. Here, we choose a source level around 140 dB.
Firstly, when we decrease the radius of the waveguide, see Figure 5, the amplitude
and the width of the absorption coefficient increase. Especially in the range of 400 -
600 Hz, the absorption coefficient is close to 1. We also found that decreasing the
length of the side holes (see Figure 6) or increasing the radius of the side holes (see
Figure 7) could improve the sound absorption of the meta-material. Finally, by
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Figure 5.

(color online) amplitude of the (a) veflection coefficients, (b) transmission coefficients and (c) absorption
coefficients. Black lines (r = 0.025 m), blue dashed lines (r = 0.02m), red dotted lines (r = 0.015 m) present the
analytical results with a source level around 140 dB (nonlinear case).
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Figure 6.

(color online) amplitude of the (a) reflection coefficients, (b) transmission coefficients and (c) absorption
coefficients. Black lines (Iy = 0.005 m), blue dashed lines (Iy = 0.003 m), red dotted lines (I = 0.001 m)
present the analytical results with a souvce level around 140 dB (nonlinear case).
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Figure 7.

(color online) amplitude of the (a) reflection coefficients, (b) transmission coefficients and (c) absorption
coefficients. Black lines (ry = 0.0035 m), blue dashed lines (v = 0.004 m), red dotted lines (ry = 0.0045 m)
present the analytical results with a souvce level around 140 dB (nonlinear case).
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(color online) amplitude of the absorption coefficients. Black dashed lines (r = 0.025 m, ly = 0.005 m, ry =
0.0035 m) and yellow dashed lines (r = 0.015 m, Iy = 0.001 m, ry = 0.0045 m) present the analytical results
with a source level around 100 dB (linear case). Black solid lines (r = 0.025 m, ly = 0.005 m, ry = 0.0035 m)
and yellow solid lines (r = 0.015 m, Iy = 0.001 m, vy = 0.0045 m) present the analytical results with a source
level avound 140 dB (nonlinear case).

optimizing the parameters of the device, we choose » = 0.015m, Iy = 0.001 m, rg =
0.0045 m, see Figure 8. Now, in a wide frequency range, i.e., 300-900 Hz, the
absorption coefficient equal to 1. Even in the range of 200-300 Hz or 900-1000 Hz,
the absorption coefficient is not equal to one, however it is greater than 0.9.
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5. Conclusions

In conclusion, we have analytically designed a large band amplitude-dependent
acoustic absorber. We have studied nonlinear wave propagation in an 1D air-filled
waveguide periodically side loaded by holes. We have performed the experiments to
highlight the nonlinear losses effect. Transfer matrix theory could analytically capture
the experimental phenomenon. Additionally, we analytically tune the parameter of
the device and design a large band amplitude-dependent acoustic absorber. Our
results concerning nonlinear losses, especially regarding the observed large value of
the absorption coefficient in a relatively large bandwidth.
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