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Chapter

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 (μ)
and permittivity (ε) 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 EMwaves. 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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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

Themetamaterials used in antennas can be of a single unit cell or an array of unit cells.
Therefore, themost crucial step in creating themetamaterials is the design of the unit cell.
Its key features that affect the permittivity (ε), permeability (μ) and resonance frequency
f r
� �

must be considered and analyzed [24], based onwhich as well as the requirements at
the desired frequencies, various parameters, e.g., the size and shape of the unit cell, its ε, μ,
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 sizemay
vary greatly depending on the geometry of themetamaterials, but it is generally less than
one-tenth of theworking 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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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).

Figure 1.

Layout of a unit cell of an addition with square ring resonator (SRR) (a), the addition of a 2
nd order Hilbert

fractal (b), a square spiral (c), the addition of a 3
rd order Hilbert fractal (d), the addition of a 4

th order Hilbert
fractal inclusion (e) with the increase of order the size is reduced [26].

Figure 2.
Geometry of: (a) the mushroom-like structure, (b) the Slotted structure, (c) the Spiral structure. (d) The LC-
resonant circuit of the unit cell [23].
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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 ¼ wε0 1þεrð Þ
π

cosh �1
wþ gð Þ
g

(1)

where w, g and ε0 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 ¼ μ0μrt (2)

The optimized unit cells dimensions at the desired 2.4 GHz frequency is shown in
Figure 2. The dimensions are: w ¼ 0:323λ2:4 GHz, g ¼ 0:018λ2:4 GHz, where λ2:4 GHz is
the free space wavelength at 2.4 GHz, via (radius) = 0:004λ2:4 GHz. 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:

f r ¼
1

2π
ffiffiffiffiffiffiffi

LC
p (3)

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

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 BWrp, can be calculated as follows:

BWrp ¼
f b � f a

f c
� 100, (4)

where f b, f a, and f c denote, respectively, the higher, lower, and centeral frequencies.

2.1.3 Surface wave bandgap

To analyze the surface wave bandgap characteristics, a 50-Ω 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 S12 and S11 of the aforementioned three metasurface structures are plotted in
Figure 6. It is found that the magnitude of the S12 directly influences the surface wave
suppression. If setting the required wave suppression threshold of S12 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

Figure 5.
Simulation setup for the surface wave bandgap characterization [23].
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second layers, which are made up of circular metal patches with diameters of a 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].

Figure 7.
(a) Layout of the Unit Cell from ports 1 to 2. (b) Hierarchical diagram of EM incidence waves [28].

Figure 6.
S11 and S12 characteristics of three metamaterial structures [23].

Figure 8.
Simulated results for a unit cell: (a) phase of the reflection coefficient, and (b) amplitude of the reflection
coefficient [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 1 is 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
AMCs 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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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.

Figure 9.
(a) Layout of the mushroom electromagnetic band gap (EBG) unit cell, (b) equivalent circuit model of the unit
cell [31].
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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

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].
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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. Incor-
porating the metamaterial unit cells also matches the lower band [39].

3.1.3 Metamaterials for antenna size 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 S11 of the antenna with and

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].
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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) S11
with and without metamaterial [39].
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without metamaterial is presented in Figure 14. The S11 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 reduction 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

Figure 13.
Geometry of the antenna: (a) top view, and (b) MMT load at the bottom layer [41].

Figure 14.
Reflection coefficient (S11): (a) without metamaterial, and (b) with metamaterial [41].
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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

Figure 15.
Layout and simulation setup: (a) metamaterial structure, (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].

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 Eref and
incident field Einc, (i.e., r ¼ Eref=Einc). The electric field is a plane wave propagating
along the z-direction and is given as:

E ¼ ûpolEoe
�j kz�tð Þ (5)

where ûpol, Eo, k, and , represents, respectively, the polarization direction, ampli-
tude 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]:

Eref
x

Eref
y

" #

¼
Rxx Rxy

Ryx Ryy

� �

Einc
x

Einc
y

" #

(6)

where Rxx and Ryy represents co-polarized reflection and are defined as
Rxx ¼ Eref

x =Einc
x , Ryy ¼ Eref

y =Einc
y , similarly Ryx and Rxy represents cross-polarized

reflection and are defined as Ryx ¼ Eref
y =Einc

x , Rxy ¼ Eref
x =Einc

y . Einc
x , Eref

x is the incident
and reflected x-polarized electric field and vice versa, respectively.
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For efficient cross polarization transformation, the level of the cross-polarized
reflection coefficients should be larger than �3 dB, i.e., ∣Ryx∣,∣Rxy∣ > -3 dB while the
level of co-polarized reflection coefficient should be smaller than �10 dB, i.e., ∣Rxx∣,
∣Ryy∣< � 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]:

PCR ¼
∣R2

yx∣

∣R2
yx∣þ ∣R2

xx∣
: (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 Rxx 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 u- and v components are mutually orthogonal and

Figure 18.
The designed PCMS: (a) unit cell, and (b) u� v decomposition.

Figure 19.
Simulated reflection coefficients of LP waves: (a) x, and (b) PCR of the proposed metasurface.
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form a �45° angle with the y-axis. The y-polarized incident electric field Ei
!
, along the

u- and v-axis is expressed as:

Ei
!¼ ûEiue

jϕ þ v̂Eive
jϕ (8)

where û and v̂ are the unit vectors, and φ is the phase of the components. The

x-polarized reflected electric field, i.e., Er
 
, can be expressed as:

Er
!¼ ûErue

jϕ þ v̂Erve
j ϕ�180ð Þ, (9)

where φ ¼ φuu and φ� 180° ¼ φvv. The co-polarized reflection coefficients along
the u- and v-axes are ruu ¼ Eref

u =Einc
u and rvv ¼ Eref

v =Einc
v . The reflection amplitudes are

(ruu ¼ rvv ¼ 1) and the phase difference is (Δφ ¼ φuu � φvv ¼ �180°) for CPC through
reflected wave in the u- and v-direction [54].

The unit cell was simulated to polarized incidences in the u- 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 ruu and rvv are close to unity. Figure 20(b) shows that
in the frequency range (10.1–26 GHz), the phase difference between the u- 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

Figure 20.
Simulated reflection coefficients: (a) u and v, and (b) Phase difference.
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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

Figure 21.
Surface current distribution of the top metal and ground metal at resonant eigen-modes: (a) 11.1 GHz, (b)
17.6 GHz, and (c) 25.1 GHz.

Figure 22.
Simulated results of: (a) reflection coefficients of mirror PCM, and (b) reflection phase of PCM and its mirror.
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phase cancelation requirements for RCS reduction. The RCS reduction from the sur-
face compared to the PEC can be expressed as [56]

RCS reduction dBð Þ ¼ 10 log 10

lim r!∞4πr2
jE
!
rxj2

jE
!
ixj2

lim r!∞4πr2j1j2

2

6

6

6

6

6

4

3

7

7

7

7

7

5

¼ Rxx dBð Þ ¼ 10 log 10 1� PCRð Þ,

(10)

where jErxj and jEixj are the reflected and incident fields in the far zone of r! ∞,
respectively, r is the detecting distance, and Rxx 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 � 8 units and a total dimension
of 56 � 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

Figure 23.
Top view of the designed square chessboard array with PCMS and its mirror.
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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 ωð Þ ¼ 1� R ωð Þ � T ωð Þ, (11)

where

R ωð Þ ¼ Zω � Zo

Zω � Zo
, (12)

Z ωð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

μoμr ωð Þ
εoεr ωð Þ

s

, (13)

Z0 ¼
ffiffiffiffiffiffiffiffiffiffi

μ ωð Þ
ε ωð Þ

s

, (14)

with Zo being the characteristic impedance of the free space, which is equal to 377
Ω. The free space permeability and permittivity are denoted by μo, and εo, and μr, εr
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 ωð Þ is equal to zero. Absorption can also be defined as:

A ωð Þ ¼ 1� jRxxj2 � jRyxj2 � T, (15)

where jRxxj2 and jRyxj2 represents the co- and cross-polarized reflected powers, the
transmitted power, i.e., T, is zero because of the metallic ground plane. For absorption

Figure 24.
Mono-static RCS reduction: (a) PCMS and PEC, and (b) normalized RCS.
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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., ∣Rxx∣, ∣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 (εeff),
effective permeability (μeff), and effective impedance (z), are obtained by S-
parameter-retrieval method [60, 61]. These parameters are extracted as:

z ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ S11ð Þ2 � S221
1þ S11ð Þ2 � S221

s

, (16)

ejnKoH ¼ S21

1� S11
z�1
zþ1

� � , (17)

εeff ¼
n

z
, (18)

μeff ¼ n� z, (19)

Figure 25.
Proposed metasurface absorber.

Figure 26.
(a) Reflection coefficients, and (b) absorption.
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where z stands for impedance, S11 and S21 for reflection and transmission amplitudes,
n for refractive index, Ko 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, whichminimizes the co-polarization reflection andmaximizes 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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