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Chapter

Metamaterial Applications in
Modern Antennas
Mohamed Lashab, Mounir Belattar, Sekkache Hocine

and Halfaya Ahmed

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

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 εeff and the effective magnetic permeability μeff and the index of
refraction n, is given by the following equation.

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�εeffμeff
p

(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

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 (ε near zero) and MNZ (μ 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:

μr ¼ μo 1þ Fuf
2

f2 � f2ou þ jγf

 !

(2)

And,

εr ¼ εo 1þ Fef
2

f2 � f2oe þ jγf

 !

(3)

where ε0 and μ0 are respectively the background permittivity and the background
permeability, whereas Fe and Fuare respectively the electric resonant intensity and the
magnetic resonant intensity.

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.

4

Metamaterials - History, Current State, Applications, and Perspectives



We define also f oe as the electric resonant frequency and f outhe magnetic resonant
frequency, the parameter γ 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 (β ¼ 0,with ω 6¼ 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].

β ¼ nπ

l
0,�1, ::,� N � 1ð Þð Þ (4)

where “l” is the physical length of the resonator, n 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:

ωsh ¼
1
ffiffiffiffiffiffiffiffiffiffiffi

LLCR

p and ωch ¼
1
ffiffiffiffiffiffiffiffiffiffiffi

LRCL

p (5)

where ωsh is the shunt resonant frequency and ωch 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 Ω, 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 ω_sh and ω_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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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 antenna1 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.

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

Figure 6.
Reflection coefficients for different types of antennas.

8

Metamaterials - History, Current State, Applications, and Perspectives



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.

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

Figure 8.
Total gain radiation pattern in the yz-plane, F = 5.5 GHz.
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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 (LR, CL), whereas Y admittance provides a parallel resonator based on
(LL, 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 Ω, 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

Figure 9.
Equivalent circuit of the proposed sensor, bottom view.
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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.

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).
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According to the Debye relaxation model, the real part of the mixture permittivity
can be expressed as follows [37–41]. Where εs is the low-frequency permittivity,
ε
∞
is the high-frequency permittivity, τ is the relaxation time, and ω is the radiated

frequency.

Figure 11.
Transmission coefficient with and without CSRR.

Figure 12.
Transmission coefficient of the volume fraction of ethanol.
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ε0 ¼ ε
∞
þ εs � ε

∞

1þ ω2τ2
(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:

S ¼ f o � f 1
f odεr

(7)

where fo is the lower frequency of sensor (1.065 GHz) and f1 is a upper frequency
of sensor (1.195 GHz), and dεr 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:

1:195–1:065ð Þ= 1:195� 69:5ð Þ ¼ 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

Figure 13.
Electromagnetic sensor loaded with liquid.

Ethanol ϵ
0

ϵ
00

100% 0% 79.0 9.2

90% 10% 73.0 11.3

70% 30% 58.5 17.1

50% 50% 43% 17.1

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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