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Abstract

In recent years, the demand for miniaturization and integration of many functions of
telecommunication equipment is of great interest, especially devices that are widely used in
life such as mobile communication systems, smart phones, handheld tablets, GPS receivers,
wireless Internet devices, etc. To satisfy this requirement, the mobile device components
must be compact and capable of multifunction, multifrequency band operation. An antenna
is one of them; it means that it must be conformal to the body of device, reduced in size, and
capable to operating at multiple frequencies of mobile communication systems that have
been operating on one, so-called smart device. Nowadays, there are many technical solu-
tions applied in the antenna construction to satisfy of those requirements. There are
microstrip antenna technology miniaturized by means of high-permittivity dielectric sub-
strate, using shorting wall, shorting pins, some deformation, as the fractal geometry is, and
others. However, these methods have disadvantage such as narrow bandwidth and low
gain. A new solution that is of great interest to designers is the use of electromagnetic meta-
materials for antenna design. The use of metamaterials in antenna design not only dramat-
ically reduces the size of the antenna but can also improve other antenna parameters such as
enhancing bandwidth, increasing gain, or generating multiband frequencies of antennas
operation.

Keywords: antenna, parameters improvement, bandwidth, gain, multiband,
metamaterials, LHM, DNG, ENG, MNG, SRRs, HISs, AMC

1. Introduction

In recent decades, scientists have spent a lot of time and effort in researching new materials

and physical phenomena in order to cater to modern life. There are many new artificial

materials that have been found to replace the earlier natural materials, which have brought
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distribution, and reproduction in any medium, provided the original work is properly cited.



significant benefits in various areas of life. Metamaterials are among those new materials that

are made up of the arrangement of metal structures on the surface of dielectric substrates.

Therefore, the physical properties of metamaterials depend on their structures more than the

component that makes up them. In fact, materials with negative permittivity and permeability

were first studied in 1968 by Veselago, who termed this material such as media left-hand (LH)

which is formed by triad’s of vectors: electric field, magnetic field, and phase propagation [1].

However, these properties are not available in natural materials but only in artificial materials

called metamaterials. The effects created by the metamaterials can be observed during the

transmission of electromagnetic waves such as wave propagation. This phenomenon occurs

due to an antiparallel group and the phase velocity leads to the inversion of the wave fronts,

while its energy is moving away from the source. Metamaterial can be used for microwave and

terahertz fields in devices such as antennas, filters, integrated network sensors, or new

superlayers that can improve some of the parameters of equipment in the different field of

science and technology. The knowledge of metamaterials provides us with a great deal of

possibilities for applying and translating the physical concepts of metamaterials from labora-

tories to innovative antenna designs in practical engineering applications.

A metamaterial is a word derived from the Greek word, it is a combination of the words

“meta” and “material,” in which “meta” means something beyond normal, altered, changed,

or something advance. It is an artificial material designed to obtain the physical properties that

do not exist in natural materials. The term of metamaterial was given by Rodger M. Walser,

University of Texas at Austin, in 1999 [2, 3]. He defined metamaterials as- “Macroscopic

composites having a synthetic, three-dimensional, periodic cellular architecture designed to

produce an optimized combination, not available in nature, of two or more responses” [3].

Many definitions are suggested about electromagnetic metamaterials, all of which can give us

an understanding of electromagnetic metamaterial as follows:

• Electromagnetic metamaterials (MTMs) are artificial material that is created by arranging

homogeneous metal structures and having unusual properties that natural materials are

not available.

• The size of an effective homogeneous structure to form a unit cell of metamaterials must

be much smaller than the guided wavelength [3].

• Metamaterials are generated by arranging microstructures that are called “atoms” or cells.

• These “atoms” can be made from electrical, nonelectrical, or dielectric materials.

• These structures may be symmetric or asymmetric, isotropic, or anisotropic.

• The arrangement of atoms can be in an orderly or chaotic manner, the purpose of which is

to create the desired macrocharacteristics for the metamaterial.

On the other hand, different structures give different types of metamaterials and applications,

which are classified based on the material permittivity and permeability values created by those

structures [4].
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1.1. The properties of metamaterials

The electromagnetic property of these metamaterials can be described by the Maxwell’s equa-

tions. The transformation of this equation serves to highlight the properties of metamaterials.

They are given in the set of equations:

∇� E
!
¼ �jωμ H

!
; (1)

∇� H
!
¼ jω ε E

!
(2)

where E
!

and H
!

are the vectors of electric and magnetic fields strengths, respectively; ε and

μ are the material permittivity and permeability; ω is an angular frequency; and j ¼
ffiffiffiffiffiffiffi

�1
p

is an

imaginary number.

In the case of the plane wave propagation, the electric and magnetic fields are represented as:

E ¼ E0e
�jkrþjωtð Þ (3)

H ¼ H0e
�jkrþjωtð Þ (4)

In addition, to evaluate the properties of materials, a general definition of the Poynting power

density vector S
!

is mentioned, which is subdivided into the time e+jωt and the space e�jkr

components. The real part of the Poynting vector S
!
, which determines the energy flow, is

represented by the following formula:

S
!
¼ 1

2
E
!
�H∗

!
(5)

For the plane wave, the electric field E
!
and the magnetic field H

!
are defined by

k
!
� E

!
¼ωμ H

!
; (6)

k
!
� H

!
¼ �ωεE

!
(7)

In the isotropic and homogeneous medium, the values of ε and μ are simultaneously positive.

In this medium, the electric field E
!
, magnetic field H

!
, and propagation vector k

!
form the right

circulate triad of orthogonal vectors. Therefore, it is also defined as the right-handed medium

(RHM), where the S
!
, k
!
have the same directions and electromagnetic waves can propagate in

them [5].

In that case, the values of ε and μ are negative simultaneously; so, Eqs. (6) and (7) can be

rewritten as:
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k
!
� E

!
¼ �ω μ

�

�

�

� H
!

; (8)

k
!
� H

!
¼ ω εj j E

!
; (9)

In this case, the electric field E
!
, the magnetic field H

!
, and the propagation vector k

!
form left-

hand circulate triad of orthogonal vectors, which also is defined as the left-hand medium

(LHM). In this medium, the Poynting vector S
!

has the opposite direction to the propagation

vector k
!
, so that it can support backward waves, i.e., the energy and wave fronts travel in

opposite directions. Figure 1 depicts triplet models for RHM (a) and LHM (b) materials.

1.2. Metamaterials classification based on their properties

The metamaterial classification was first proposed by Veselago scientists by considering the

permittivity, ε, and the permeability, μ of a homogeneous material. As a result, when ε and μ

are simultaneously negative, some abnormal physical phenomena occur such as the reversal of

the Snell Law, the reversal of Cerenkov Effect, the reversal of the Doppler Shift. The relationship

between the refractive index and the constituent parameters ε and μ is given by the formula:

n ¼ � ffiffiffiffiffiffiffiffiffi

εrμr

p
(10)

where εr and μr are the relative permittivity and permeability of the material, related to the free

space permittivity and permeability by ε0 = ε/εr = 8.854 � 10�12 F/m and μ0 = μ/μr = 4π �
10�7 H/m, respectively.

From Eq. (10), sign � of n can get 1 in the four cases, which depends on the pairs of sign of εr
and μr. The electromagnetic metamaterials are classified based on each case of the pair sign ε

and μ, they are shown in Figure 2. With each region corresponding to the structure created

different metamaterials.

In the quadrant I, both parameters ε and μ are positive, and are called Double Positive (DPS)

or right-handed medium (RHM). These materials can be found in nature, such as dielectric

materials, in which the electromagnetic waves can propagate. In the quadrant II, the param-

eters are ε < 0—negative, and μ > 0—positive, and such material is called as epsilon negative

(ENG) medium, and is represented by a plasma. In the quadrant III, parameters ε < 0—

negative, and μ < 0—negative, this region is called double-negative (DNG) or left-handed

medium (LHM), and such material could not be find in nature. The quadrant IV ε > 0—positive,

Figure 1. The vectors E, H, k form the trio for right-handed (a) and left-handed media (b).
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and μ < 0—negative, and such material is called μ—negative (MNG), represented by ferrite

materials. Such medium has below plasma frequency. Most waves can propagate in two

mediums, namely: at region I and III. Non-propagating evanescent waves are found in regions

II and IV [6–9].

Currently, two basic types of structures are being used for designing the most metamaterials: a

dense array of thin wires (the electrical dipoles) and an array of split-ring resonators (SRRs)

(the magnetic loops).

1.2.1. The epsilon-negative (ENG) metamaterial

The ENG metamaterial uses the metallic mesh of thin wires, for obtaining negative value of ε.

These parallel metal wires, which exhibit high-pass behavior for an incoming plane wave,

whose electric field is parallel to the wires [10]. The cylindrical array displays the negative

permittivity below the plasma frequency, the wire can be made of copper, aluminum, silver, or

gold, they are arranged periodically as shown in Figure 3a. The effective permittivity is given

by the equation [11]:

εp ¼ 1�
ω

2
p

ω
2

(11)

where ω is the frequency of the propagating electromagnetic wave and ωp is the plasma

frequency.

Figure 2. The classification of electromagnetic MTMs based on signs of the ε and μ.
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From Eq. (11), it is shown that when the propagation frequency is below the plasma fre-

quency, its permittivity is negative [12]. This behavior is similar to the propagation of the

electromagnetic waves in plasma medium. The propagation frequency as close to the plasma

frequency, the value of effective permittivity is increasing. At the plasma frequency, the

effective permittivity is equal to zero, and this corresponds to the refractive index equal to

zero [13].

Below the cutoff frequency of the array, there is no wave propagation, and the electromagnetic

waves are totally reflected waves. This behavior is similar to the propagation of electromag-

netic waves in the plasma medium. The plasma frequency depends on the lattice constant p

and the radius of the individual wire. If the lattice constant frequency is several times smaller

than the wavelength, the wire array can be considered as an equivalent of the continuous

plasma [13, 14].

1.2.2. The mu-negative (MNG) metamaterial

As the mu-negative (MNG) material, the most popular structure has been using is split ring

resonators (SRRs). A unit cell of the SRR is composed of two concentric metallic rings (can be

circle or square) and separated by a gap d (see Figure 4b). Each ring has a narrow slot, and they

are spaced 180 degree apart on each side. The gap between inner and outer ring acts as a

capacitor, while the rings themselves act as an inductors. Therefore, the combination of the two

rings acts as an LC resonance circuit. The effective permeability of MNG metamaterials is

given by the formula (12):

μeff ¼ μ
0

eff � jμ0

eff ¼ 1�
f 2mp� f 20

f 2 � f 20 � jγf
(12)

where f is the frequency of the signal, fmp denotes the frequency at which (in the lossless case)

μeff = 0 (“magnetic plasma frequency”), f0 is the frequency at which μeff diverges (the resonant

frequency of the SRR), and γ represents the losses. The frequencies fmp and f0 depend on the

lattice constant (p), and the geometry parameters of the SRR such as inner and outer radii of

the rings, the width of the gap between the rings, and the slit width [15]. The dependence of μeff

on the frequency is shown in Figure 4c.

Figure 3. An array of thin conducting wires (a), unit cell (b), plots of the effective permittivity of an array of wires (c), and

its equivalent circuit (d).
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1.2.3. The double-negative (DNG) metamaterial

The DNG metamaterial is also known as the negative refractive index material (NIM). The

properties of the metamaterials DNG were first achieved by combining the thin wire-based ENG

structure with SRR-based MNG structure (Figure 5a) [16]. This combination satisfies the require-

ment of ε < 0 from a wire/rodded medium (as an artificial dielectric) and μ < 0 from a split ring

resonator (SRR). The first structure was constructed from the combination of planar SRRs etched

on a thin dielectric layer and metallic rods (Figure 5b). In addition, to take advantage of the two

sides of the dielectric layers, two-dimensional metamaterials have been designed by engraving the

SRR on one side of the dielectric layer and planar strips on the other [17] (Figure 5c).

Because of DNG is made up of thin wire medium and SRRs medium, which their strong

resonance behavior (Drude-Lorentz models) affects the frequency. Therefore, the generated

DNG metamaterials are also dependent on frequency, which results in the refractive index n

being reformatted as:

Figure 4. An array of SRRs (a), SRR unit cell (b), the effective permeability of SRR array (c), and equivalent circuit (d).

Figure 5. Combination of thin wires and SRR to form DNG metamaterials (a) and examples of realizations of DNG

metamaterials (b) and (c).
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n � neff ωð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

εeff ωð Þμeff ωð Þ
q

(13)

where εeff(ω) and μeff(ω) are the frequency-dependent effective permittivity and the effective

permeability, respectively.

These effective material parameters are characterized by their Drude-Lorentz dispersion

models and have the form described in Eqs. (14) and (15)

εeff ωð Þ ¼ 1�
ω2

ep�ω
2
e0

ω2 � ω2
e0 þ jωγc

(14)

μeff ωð Þ ¼ 1�
Fω2

ω2 � ω2
m0 þ jωΓ

(15)

where ωep and ωmp are the electric and magnetic plasma frequencies, respectively, ωe0 and ωm0

are the electric and magnetic resonant frequencies, respectively, γc is the collision frequency, F

is an amplitude factor, and Γ is a damping factor.

These expressions have been plotted in Figure 6.

To get the DNG metamaterial from the combination of the ENG and MNG structures, both

negative regions of them must coincide. Then, the ENG domain is found corresponding to

ωe0 < ω < ωep and the MNG region corresponding to ωm0 < ω < ωmp. Note that, if the wires are

electrically continuous, their resonant frequency is 0 (ωe0 ≈ 0). This leads to results, since the

ENG region is wider compared to the MNG region, the magnetic resonator metamaterial limits

the DNG performance, when assembled together with an electric resonator metamaterial.

2. Metamaterials in antenna design

Due to the special physical properties that natural materials do not exist, nowadays, the

metamaterials are very attractive materials and are applied in many areas of life, such as the

Figure 6. The plots of effective permittivity (a) and permeability (b) of the DNG metamaterial.
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microwave invisibility cloaks, the invisible submarines, the revolutionary electronics, the neg-

ative refractive-index lenses, the microwave components, as the filters, compact, and efficient

antennas [18]. Applying metamaterials to design of antennas is one of its most important

applications [19, 20].

Because metamaterials have unusual properties, so we can create antennas with novel charac-

teristics, which cannot be obtained with traditional materials. The metamaterial antenna is one

or more layers of metamaterials that are used as substrates or in addition to the configuration

of the antenna to improve its performances [21–23]. From scientific research shows that the

application of metamaterials in the antenna design can enhance the radiated power, improve

some important parameters and reduce the size of the antenna. Depending on the design

purpose of the antenna, the choice of structure and method of application of metamaterials

varies.

2.1. Unit cell of metamaterials

The metamaterials applied in the antenna design can be in the form of a unit cell or multiple

unit cells assembled together into an array. Thus, the first step in designing the antenna

metamaterials is to design and analyze the main factors affecting the resonance frequency,

permittivity, and permeability of its unit cell [24]. The design of unit cells of metamaterials is

based on the calculation of size and simulation of unit cells, so that the parameters ε and μ of

these unit cells will satisfy the requirements at the expected resonant frequency. Depending on

the structure and size of each unit cell, we can obtain different ε, μ, and resonant frequencies f.

For each unit cell type, the dimensions of unit cell can be adjusted to satisfy condition at

resonant frequency fr [25]. A unit cell is usually smaller than 1/10 of the operating wavelength

(see Figure 7), depending on the shape of the metamaterial, but the unit cell size is different

[19, 20, 26].

For example, a unit cell of metamaterial is designed and simulated based on the steps below.

The size of the unit cell, in order for the metamaterial to satisfy the homogeneous conditions,

the unit cell size must be much smaller than their guided wavelength. The unit cell of

metamaterials at 1.88 GHz for GSM cellular phone system is shown in Figure 8 [27].

Figure 7. A unit cell of an inclusion with the SRR (a), second-order Hilbert fractal inclusion (b), square spiral (c), third-

order Hilbert fractal inclusion (d), and fourth-order Hilbert fractal inclusion (e). Note that as the order of Hilbert fractal

curve increases, the size of inclusion decreases.
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The model of a SRR unit cell is shown in Figure 8a. The perfect electric conductor (PEC)

boundary condition is applied to the z-axis, and the y-axis is defined as a perfect magnetic

conductor (PMC) for the surfaces of the radiation box [28]. The S-parameters of unit cell

including S11, S21 are exported as magnitude and phase (Figure 7b). The parameters ε and μ

of the metamaterials must be verified through the S-parameters of unit cell given by formulas

(16)–(19) and can extract them into graphs by the MATLAB program (Figure 9) [29].

z ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ S11ð Þ2 � S221

1� S11ð Þ2 � S221

s

(16)

n ¼
1

k0d
Im ln eink0d

� �

þ 2mπ
� �

� iRe ln eink0d
� �� �� �	

(17)

eink0d ¼
S21

1� S21
z�1
zþ1

(18)

ε ¼
n

z
;μ ¼ nz (19)

Figure 8. The unit cell of SRR simulation model (a) and the plots of S-parameters (b) at 1.88 GHz for GSM cellular phone

system.

Figure 9. Effective permittivity (a) and permeability (b) of metamaterial retrieved from S-parameters at 1.88 GHz [27].
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where S11 and S21 are the reflection and transmission coefficients, respectively; k0 is the

wavenumber; d is the maximum length of the unit element; m is the integer related to the

refractive index of n; and z is the wave impedance; μ is the permeability; and ε is the permittivity.

In many cases, the numerical simulations of unit cells, according to calculations, do not fully

achieve the desired results. Thus, the sizes of the unit cells need to be adjusted iteratively, until

the simulation results satisfy the requirements of the metamaterial structure. For simulation

results to be satisfied in the shortest possible time, the size of unit cells can be determined using

an optimization computational algorithm. In Ansoft HFSS software, we can use the optimiza-

tion method to save time and get the results as expected. Optimization algorithm of the unit

cell size is shown in the diagram in Figure 10.

To save the time and load of the processor of the computer, choosing the value of parameters

should be optimized in the two stages. In the first stage, we should select the start value, the

end value of the parameters which are not too close to the calculated value, and the step value

is not too small. After optimization, we select the desired results (if achieved). If the results are

not satisfactory, we proceed with the optimization by selecting the optimal parameters, which

give the result closest to the desired. Then proceed to select the start value, the value close to

the selected value in the previous optimization, the value of the step is smaller than the

previous step. The optimal execution will result in the most satisfying results.

Figure 10. Optimal algorithm in designing unit cells of metamaterial.
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2.2. The functions of metamaterials in antenna design

In the antenna applications, among the applications of microwave and radio frequency sub-

strate materials, the artificial magnetic conductors (AMCs) and the high-impedance surfaces

(HISs) are the most relevant and applied devices. They are used to design compact and low-

profile antenna systems by placing HISs or AMCs around or close to the antenna radiating

elements. In addition, metamaterials can also be used as part of the antenna structure or the

feeding part of the antenna system.

2.2.1. Metamaterials used as the antenna environment

Metamaterials are applied as the antennas environment, to improve their radiation prop-

erties by using the artificial magnetic conductor (AMC). It is a type of implemented

metamaterial in several antennas and microwave design applications. By utilizing the

unique characteristics of metamaterials which do not exist naturally, the performance of

various microwave devices can be enhanced. The property limits the applications of AMC

in wideband antenna applications. One of the techniques to improve the narrow band

AMC as the ground plane is discussed in detail. The employment of AMC has solved

many issues while overcoming the typical limitations in conventional antenna designs. To

improve the radiation properties of the antenna by using metamaterials, antennas are

often placed above the reflector in order to radiate in one direction only, while reducing

the back-radiation [30]. In this case, the metamaterial is not used as a medium but as a

device, which serves as active substrate for the creation of plasma environment in each

unit cell of the metamaterial. The distance between the antenna and the metal surface

should be chosen for a minimum of λ/4, where the metamaterial acts as a reflective plane

to enhance the radiation, it is shown in Figure 11 [31]. This can be explained by means of

image theory for electric or magnetic currents. When placing a charge r r
!


 �

or current

J
!

r
!


 �

distribution close to a conductor, there are several charges and currents that appear

on the surface of the metal, which are involved in the radiation of the conductor. Both

perfect magnetic conductors (PMCs) and perfect electric conductor (PECs) boundary con-

ditions (BCs) are appearing these image current [32]. Depending on the type of reflector,

the images of the electric or the magnetic current will change. Figure 11b and c shows the

Figure 11. Geometry of an antenna located above an AMC ground plane (a), the electric image currents due to a PEC (b)

or a PMC (c) boundary condition (BCs).
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electric currents (of a dipole antenna) placed above a PEC and a PMC boundary condi-

tions (BSc).

ACM is a widely used metamaterial in antenna design, it is used to mimic the behavior of

PMC, which is not available in nature. The performance of the antenna is improved when it is

combined with ACM. Because with this combination, the ACM mimics the PMC is the ability

to provide zero-degree reflection phases at its resonant frequency (Figure 12a) [33].

One of the first AMC surfaces was the electromagnetic band-gap (EBG) surface, which was

introduced by Sievenpiper in 1999 [34]. The so-called mushroom-like surface is composed of a

ground plane loaded with a lattice of square patches which are connected to the ground plane

through metallic vias, as shown in Figure 12b.

Previous ACMs was fabricated using a planar dielectric substrate double-side metallized,

where one side is a ground plane, whereas on another side, the square patches are photo-

etched. The metallic bars are inserted into the substrate to connect two sides (ground plane and

individual patches) of the AMC. In addition, other AMCs are designed that do not require a

ground plane for reflective purposes. One layer with capacitive-loaded loops (CLLs) of the

volumetric AMC is seen in Figure 13a.

Figure 12. Typical reflection phase diagram of AMC (a) and mushroom-like surface design (b).

Figure 13. Schematic of proposed two fins CLL loaded dipole antenna (a) and the phase of the reflection coefficients of

S11 and S22 (b).
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An electric field plane wave linearly polarized along the y-axis impinges the volumetric CLL

metamaterial block along the +x direction (port 1), or along the �x direction (port 2). In such a

case, the phase of the reflection coefficient S11 in Figure 13b shows a PMC response (phase

(S11) = 0
�) around 10 GHz. It is also interesting to note that the phase of S22 remains around the

value of �180� [35].

2.2.2. Metamaterials as part of antenna structure

Metamaterials can be used as part of the antenna structure, which aims to design a compact

antenna size without deteriorating performance of its. In this case, the metamaterials are used

with high permeability values (μ >> 1) as a magneto-dielectric (MD) substrate of patch anten-

nas [36, 37]. As a result, the size of the antenna is significantly reduced without using a high

permittivity (ε >> 1). Figure 14 shows the patch antennas minimized by the application of MD

(a) and comparison with shifting of resonance frequencies for different substrates: air, dielec-

tric, and magneto-dielectric.

In addition, the metamaterials as part of the antenna are also applied in the left-handed

transmission line (LH-TL) properties, typically the dipole antenna (Figure 15a and b).

In this case, the transmission line with left-handed loading actually operates as a composite

right-/left-handed transmission line (CRH/LH TL) due to the parasitic effect [38]. Figure 15c

shows the equivalent circuit model of the lossless unit cell, where the shunt inductors LL and

capacitors CL act as an LH transmission line, while the shunt capacitors CR and capacitors LR

act as right-handed (RH) transmission line [39].

Figure 14. Patch antenna with high-μ metamaterial substrate (a) and input impedance plots for different substrates air,

dielectric, and magneto-dielectric (b).

Figure 15. The simulation model (a) fabricated (b) of the left-handed dipole antenna, and the equivalent circuit model of

the lossless unit cell of the CRLH dipole (c) [38].
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2.3. The effects of applying metamaterials in antenna design

Using metamaterials in antenna design may lead to reduced size, improve gain, enhance

bandwidth or to create multiband antenna. Depending on the technical requirements of the

designed antenna, the metamaterials will be used as different functions of the antenna.

2.3.1. The metamaterials in improving gain of antennas

Low gain is a main disadvantage of small planar antennas, which must be overcome to satisfy

transceiver systems overall energetic ling budget. In addition to using an array antenna,

recently the metamaterial is a solution that has been applied in antenna design. In this case,

the used metamaterials may be artificial magnetic conductors (AMCs) or artificial magnetic

materials (AMMs). They are applied as the environment of the antenna in such a way as to

arrange the unit cells of the metamaterials surrounding radiated elements of the antenna [40],

or using one or more superstrates above or below the radiated elements [41], or using such as

metamaterials as the loading of the antenna [35, 42]. Figure 16 shows the applied methods of

metamaterials for improving gain of antenna.

Each of these methods has different advantages and disadvantages. The ability to improve

antenna power gain depends on the number of superstrate, the type of unit cell, and distance

between the radiation elements to the superstrates.

Figure 16. Models of metamaterials application in improving the power gain of the antennas: unit cells surrounding the

radiated patch (a), metamaterials as superstrate (b), using the metamaterials as antenna loading (c).
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In the case, the unit cells of metamaterials arranged around the radiation elements of the

antenna, they can be loaded to one side or both sides of the substrate. The size of these unit

cells must be investigated, so that the metamaterials have special physical properties that

match the resonant frequency of the antenna. The unit cells are easily integrated with

radiated elements and can be used as insulators to reflect surface waves based on negative

μ characteristics. By inserting the unit cells of MTM, loaded around the conventional ante-

nna, the antenna radiation efficiency increases, and the power gain is higher than ≥2 dB [39].

Depending on the number of unit cells, as well as resonant frequency of the designed

antenna, the achieved gain may be also different.

In the case, when the metamaterials are placed on another dielectric layer called superstrate,

the unit cells of metamaterials are loaded on a different dielectric with the distance d from the

radiation elements to the superstrate. These array unit cells created AMCs or AMMs, which

can be loaded in one side or both sides of the superstrate. The power gain of an antenna

depends on the number of superstrate, the number of unit cells, and the distance from the

radiation elements to the superstrate [43, 44]. This is shown in Figure 17.

The application of metamaterials as a superstrate in antenna design has significantly

improved the achieved gain. However, this method also increases the size and thickness of

the antenna.

2.3.2. The metamaterials in reducing the size of antennas

There are many technical solutions that have been used to design compact antennas such as

high-permittivity dielectric substrate of microstrip antennas, shorting pins, shorting walls, insert-

ing some disturbances into antenna structure, applying the fractal geometry, etc. Recently, many

designers have usedmetamaterials as a defected ground structure (DGS) to reduce the size of the

antenna. In this case, the unit cells of the metamaterials have unusual properties at the resonance

frequency of the designed antenna; the dimension of these unit cells is equal to the size of the

removed parts of the DGS [45]. Figure 18 shows the simulation models of the two antennas, both

of which operate at 1.88 GHz for the GSM system.

Figure 17. The Sierpinski carpet fractal antenna (a), the antenna (a) covered with the AMC MTM (b), and realized

antenna power gain (c), for two resonant frequencies [43, 44].
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The dimensions of microstrip antenna (Figure 18a) are bigger than dimensions of microstrip

antenna with complementary split ring resonator (CSRR) designed on the antenna ground

plane (Figure 18b). The reduction in antenna size after CSRR as DGS is shown in Table 1.

2.3.3. Use of metamaterials to enhance the antenna frequency bandwidth

In addition to the benefits of using metamaterials to design the antennas mentioned above, it is

also used to enhance the antenna frequency bandwidth. To achieve this goal, the metamaterials

are used as components of the antenna (Figure 19) or a superstrate placed above the radiation

surface (like the method of improving the antenna gain), it is shown in Figure 16b. Unit cells of

metamaterials can be placed on top or under bottom of the superstrate. The bandwidth of this

antenna depends on the number of unit cells as well as the distance of the superstrate to the

radiation surface.

Figure 18. Comparison of the size of microstrip patch antenna MPA without loaded CSRR (a) and with loaded CSRR (b)

for GSM system [27].

Types of microstrip patch

antennas

Overall antenna size

[mm �mm]

Type of radiation

patterns

Antenna size ratio,

%

Without MTMs 53.28 � 62.08 Directional 100

With MTMs 23.28 � 25.03 Directional 60

Table 1. Comparison between parameters of two types of antennas for GSM cellular phony.

Figure 19. S-parameters of antennas without and with MTMs: as CSRR loading (a), superstrate layer for microwave C-band

frequency (b) [27].
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Depending on the specific cases, the application of MTMs as the DGS of the antenna not only

reduces the size but also increases the obtained bandwidth of the antenna. Figure 19 compares

the sizes and bandwidths of two antennas before and after applying the MTMs with the same

2.413 GHz resonant frequency for WLAN system. The ratio of the decreased size and the

increased bandwidth is shown in Table 2.

The application of metamaterials in antenna design has enhanced its bandwidth. Depending

on the technical requirements of the designed antenna, the different metamaterial structures

and different application methods are selected to achieve the most appropriate antenna

bandwidth.

2.3.4. Use metamaterials to get multiband

From the need to integrate multiple functions (many communication systems operation) on

single devices, multiband antennas are more interested. The use of metamaterials in antenna

design is an attractive trend not only to reduce size, improve the power gain, enhance band-

width, but also to design multifrequency-band antennas [46]. The unit cells of metamaterials can

be used as radiation components, a part or loaded part of the ground plane of antenna. Because,

MTMs can support negative refraction indexes at resonant frequencies and unit cell structures of

symmetric pairs. This can be used to design multifrequency antennas with smaller dimensions

than traditional one [46]. Metamaterial can be combined with a conventional or fractal microstrip

antenna to create multiband antenna, in which the antenna size is determined by the lowest

Antenna types Antenna size ratio, % Ratio of BW, % Type of radiation pattern

Without MTM 100 100 Directional

With MTMs 78.7 141 Directional

Table 2. Comparison between parameters of two types of antennas for WLAN system.

Figure 20. The configuration of microstrip antenna for WLAN systems without loaded CSRR (a), fractal antenna with

loaded CSRR (b), and S11 parameters of them (c) [27, 48, 49].

Metamaterials and Metasurfaces80



frequency. Figure 20 shows the simulation model and S11 scattering matrix coefficient of the two

antennas, which operate on multiple frequencies. The resonant frequency of the antenna can be

adjusted by changing the size of the antenna or the unit cell [47].

3. Conclusions

In this chapter, the applications of metamaterials in design to enhance antenna parameters are

presented. The metamaterials can be applied as an environment of the antenna or as part of the

antenna. Depending on the parameters of the desired antenna to improve, the metamaterials

can be applied in different methods. The metamaterials can be applied to improve bandwidth,

power gain, or to create compact, multifrequency-band antennas. To apply metamaterials in

an antenna, the first is to design their unit cells, which are considered as atoms, creating special

properties of the metamaterial at the desired frequency. The size of the unit cells is calculated,

simulated, and optimized, based on the HFSS software. Effectiveness of improving the param-

eters of the antenna depends on the structure, size, quantity, and method of use of the unit cell

of the metamaterials. Application of metamaterials in antenna design can increase their power

gain ≥2 dB, bandwidth ≥100%, reduce size ≥50% or to create additional frequency bands for

multicommunication systems operated antennas.
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