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ABSTRACT

Metamaterial (MTM) is an artificial structure with electromagnetic specifications that are not available in
materials naturally, as it acquires its distinctive characteristics from its shape. For this reason, this material has
garnered great interest from researchers in the field of microwave components. In order to get around the restrictions
and enhance the performance of antennas, MTM is also used in antennas. The 5G applications aspire to high gain and to
provide acceptable performance, which gets attention to the necessity protection the human body from radiation.
Metamaterial (MTM) provides surface waves suppression, in-phase reflection, and high impedance. This review paper
addressed MTM in terms of its electrical analysis, simulation analysis, and internal structure of the unit cell to
demonstrate its impact on the performance of the antenna. In addition to that, an overview of the strengths and
weaknesses points of MTM characteristics have involved. Furthermore, the details about many applications like; Specific
Absorption Rate (SAR) reduction, isolation, enhancing gain, miniaturization, reflector, and Artificial Magnetic

Conductors AMC have been demonstrated to guide antenna designers to have an obvious picture of this material.

Keywords:

5G communication; antenna; gain; isolation; metamaterial MTM.

This is an open access article under the CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/).

https://rengj.mosuljournals.com
Email: alrafidain_engjournall@uomosul.edu.ig

1. INTRODUCTION

The rapid development in wireless
communications, in terms of speed, bit rate,
directivity and gain has motivated to improve the
performance of the mobile devices[1]. Many
studies on antennas have gone ahead with the
progress and the increasing demand of
consumers[2][3]. This is provided by the
metamaterial MTM embedded to the antennas.

As it is known, 5G application shows the
clear necessity of providing efficient isolation in
multi band/wide band antenna systems that have
arbitrary topologies [4], where the importance of
using metamaterial will be considered here. The
5G phones and future generations are the focus of
studies around the world. This is because of their
provision of high data speed on both transmission
and reception sides, and their use for Internet of
Things 10T applications, etc. There are many
antenna designs in different mobile devices [5].
However, it has been noted that the values of
specific absorption rate SAR are high, so these

designs require reducing SAR values to protect
human health.

Antennas are usually designed in
portable devices or those in contact with the
human body to match the development in current
communication systems. At the same time, it
should provide the customer with outstanding
performance  according to the required
application. Recent studies have focused on
developing antenna  systems in  various
applications. One of the most important of these
improvements is the inclusion of unnaturally
MTM’s in antennas due to their important
properties that distinguish them from other
materials in the nature. Therefore, it was
necessary to put this material under the
microscope in our study. Furthermore, this study
is analysing its performance from several aspects,
with a detailed study of the strengths and
weaknesses when used in various communication

applications.
Metamaterial absorber has been used to
provide unnatural properties with negative
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permittivity or negative permeability, as well as
negative refractive index. Beside that this
artificial metamaterial has absorbed the incident
electromagnetic waves as shown in [6] and [7].

The head and hand of human body, are
susceptible to electromagnetic waves emitted by
portable devices, which contribute to tissue
damage when these devices are used for a long
time. Thus, SAR will be of concern when using
5G mobile devices[8]. Including the metamaterial
in the antenna reduces SAR values, as indicated
by previous scientific works that can be evaluated
by relevant computer programs[9]. In order to
achieve miniaturization, the antenna is supported
by a ground plane construction with slots. This
antenna utilizes MTM properties to attain SAR
reduction, gain enhancement, and compact
size[10]. MTM is used to produce powerful
isolation between a pair of patch antennas in a
two-element multi-input multi-output (MIMO)
operating at 55 GHz for WIiIMAX
application[11]. The negative refractive index of
MTM is useful in antenna design for enhance the
gain. The multi layers of this MTM attached to
conventional patch achieve high gain and wide
bandwidth operating at X band as in[12]. On the
other hand, a wide angle incidence is achieved
because of MTM symmetry, and the polarization
angle is insensitive[13]. Using a composite
right/left-handed transmission line (CRLH - TL)
approach, a small dual-band antenna supported
with metamaterial is described in [14].

This review paper has addressed the
MTM by electrical analysis, simulation analysis,
beside the structure and dimensional variation
analysis of the MTM unit cell. MTM effective
influence on the performance of the antenna has
demonstrated in this paper. As a result, this paper
reviews the researches in recent years that dealt in
their study with the inclusion of metamaterial in
antennas and shows its characteristics and
challenges for its importance in future
generations.

2. OVERVIEW ON METAMATERIAL
Metamaterial MTM is an artificial
material used to achieve unique permittivity and
permeability features that are not really found in
nature. This MTM, which is composed of
dielectric and/or conductive materials, is installed
near or on the radiating element, etched on the
ground plane, or embedded as substrate sandwich
in the antenna. MTM as substrate has been useful
to enhancing gain, directivity, miniaturization and
bandwidth. Although the patch antenna has the
ease of design and integration, the low profile,

and its lightness in weight, gives a narrow
bandwidth and has limitations in gain, directivity,
even size and low power control [15]. As a result,
MTM has incentive to get beyond these
restrictions because of its features.

since the MTM acquires its properties
from its intelligent shape consisting of a
microscopic conductors and dielectrics, it works
to suppress surface waves beside it in phase
reflects them, which qualifies it to be an efficient
reflector that has integrated with modern antennas
[16][17]. MTM types are [4][18]: single-negative
SNG, double-negative DNG, zero-index materials
ZIM which have € =0 or u=0 or both equal zero.

An electric band gab EBG and artificial
magnetic conductors AMC with zero magnetic
field act as metamaterial. There are many other
types such as omega cells, S shaped cells, and
electric-LC element (ELC).

Usually the DNG or called left handed
metamaterial has a good performance with
backward propagation, in which the phase and
group velocity have propagated oppositely (vgvp
<0)[19]. Actually, left handed MTM is hardly
available in natural materials, but many studies
have shown that split ring resonators SRR act as
left handed MTM. SRRs provide negative € & L,
and manipulating with number of rings and split
between them have garnered a significant
performance [3].

2.1. Electrical analysis of MTM

A Split Ring Resonator SRR
metamaterial is shown in Fig. 1. It can be
analyzed by an equivalent LC circuit. The
induced current in the rings (circular, square,
triangular, or others) will represent the inductance
L (where the current is formed as a result of the
external magnetic field perpendicular to the
surface of the SRR, which induces a current in the
rings), while the capacitive C is formed as a result
of the accumulation of charges in the spaces
between the outer and inner squares. The resonant
frequency is adjusted by the values of capacitance
and inductance as in the following equations [20]:
The resonant frequency f; will be:

c

A =4 Teors @
fr = 0
L = uoh 3)
C= @cosh‘lg 4
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The geometric dimensions of unit cell are a, g, s,
and w as shown in Fig. 1.

Fig. 1 SRR unit cell

Where L and C are the inductance and
capacitance respectively. [o is the free space
permeability, w is the separation between adjacent
unit cells, s is the width of unit cell strip, and €, is
the permittivity of vacuum. The split ‘g’ in the
MTM unit cell creates the capacitance, while the
metal strips represent the inductance of the
structure. The interaction between capacitance
and inductance generates the resonant frequency.
Fig. 2 represents SRR with thin wire positioned in
front of it. This structure provides DNG media as
they push the resonance frequency below plasma
frequency, that means fr will enter the negative
area.

The reflection coefficient I' can be calculated as:
WIRE

e
]
E

UNIT CELL: SRR + WIRE
PROPAGATION

Fig. 2 MTM unit cells with wires (ENG) in front
of SRR (MNG)

Zo-1

r= )

T Zo+1

where Z, represents the characteristics impedance
which determined as [21]:

Z, = & (6)

€r

The reflection coefficient (S11) and the
transmission coefficient (Sz1) of the SRR unit cell
can be calculated as:

S11 = 1-r272 Q)
1-Z2)r
SZl = (Zl—FZZ)Z (8)

Fig. 3 illustrates the composite right left
hand transmission line TL consisting of RH
(series inductor + shunt capacitor) and LH (series
capacitor + shunt inductor). This figure represents
the transmission line theory as MTM medium
because the use of SRR gives a narrow band of
frequencies with high losses and is not suitable

| H
L

Ly C, /\ CRLH UNIT CELI
YA
Il LI, (“R

d

A4
Fig. 3 CRLH_TL consisting
of RH and LH

for microwave services, so the transmission line is
the alternative.

The classic RH_TL unit cell comprises
of L_series and C_shunt. By alternating the
dispersion properties, an additional L_shunt and
C_series, will achieve CRLH_TL as shown in
Fig.3. The TL propagation constantis y = a + jf =
(ZeenYeen)®®, where Zen is the equivalent
impedance, and Ycen is the equivalent admittance
which given by:

Zeen(@) = j(wlg = 5) ()
Veen(@) = j(@Cr = 7) (10)

More specifically, the term “Composite
Right/Left-Handed” came from the fact that it is
impossible  to  obtain  pure left-handed
specifications, because there are always right-
handed specifications (Lr & Cg) in TL. For this
reason, the term CRLH TL is the most
appropriate description of this line. The effective
permittivity €.r, and permeability u.rr of
CRLH_TL are:
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1

w2Cy,
1

(11)
(12)

Eeff(w) =Lg—

Pess(w) = Cg —

w?Ly,

Both of e and werr are negative in LH
media (DNG), only one of them is negative in
(SNG), and both of them are positive in RH
media [22]. Hence, Fig.3 has produced Negative
Refractive Index NRI or MTM as DNG even if it
comprises RH TL properties. In other words, we
can say that:

»  Thin wire gives negative permittivity
* SRR give negative permeability
»  TL give negative permittivity & permeability
DNG =CRLH [4]
It is known the importance of the MTM under the
antenna, but it is necessary to choose a correct
distance between them to avoid interference
between the reflected waves with the radiated
waves in front of the antenna. The distance is
designed equal to or more than A/4 according to
the relation ¢ - 28H= 2m x; where m=(...-1, 0,
1...), H is the distance between the MTM and
antenna, ¢ is the reflection phase by MTM, and 8
is the free space propagation constant [16].

2.2 Simulation analysis of MTM

To extract the characteristics of the
MTM using simulation programs, the most
important of which is Studio CST Software,
measurements of S parameters (Si1 and Sy;) are
used,

Vi =381 +51 13)
V, =51 =511 (14)
S11 = re(S11) +j(im(S11)) (15)
Sz1 = re(Sz1) +j(im(Sz1)) (16)

The negative ¢ & P of (SRR) can be obtained
from the Nicolson-Ross-Weir (NRW) method
[23] [24][25]:

_ 2 1-V, _ ¢ 1-V1
Hp = o ¥ > = ok (17)
jKoh 14V, jefh  1+V1
2 1-V; c 1-v2
€& = : * (18)

= * =
jKoh 14Vy  jufh  1+V2

where Ko represents wave number and h
is the substrate thickness. The refractive index (n)
can be calculated using the permittivity (er), the
permeability (W) ,S11, and S as:

[ _ _€ /(521—1)2—5112
= Verky = jnfh * (S21+1)2-511% (19)

_ |(a+511)2-57,2
Z= \](1—511)2—5212 (20)
Using the software analysis like python
or MATLAB, The negative permittivity e, and
permeability p,. can be simulated from the
refractive index (n) and impedance z in order to

check if the designed SRR characterizes a double
negative MTM [26]. The negative permittivity €,,

permeability py, and refractive index n of the
antenna proposed in [25] are shown in Fig. 4.

€ = (21)

n
z

Hy =nZ (22)

2.3. Structure Analysis of MTM

The metal strips in the unit cell are
considered as inductance, while the space cut out
in the ring represents the capacitance, which in
turn will lead to mutual coupling with the surface
electric field. Hence, we will get the electrical
resonance. Similarly, the magnetic resonance will
occur as a result of magnetic loops of rings and
magnetic fields. Finally, the total inductance and
capacitance will determine the resonant frequency
of MTM unit cell [27].
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effect on the MTM performance as shown in Fig.
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Fig. 4 MTM characteristics (a) Negative permittivity, (b) Negative permeability, (c) Refractive index

The most important factors affecting the
resonance frequency are the ring width, the
spacing between the rings, and the slit distance.
Increasing the split gap increases the frequency,
increasing the separation distance increases the
frequency, and increasing the width of the loop
increases the frequency as shown in Fig. 5. The
position of split in the ring can be a significant

Al-Rafidain Engineering Journal (AREJ)

Vol. 29, No. 1, March 2024, pp. 106-117



Huda A. Al-Tayyar: A Review on Metamaterial Used in Antennas Design 111

0
T T yp——
g e S TS e T
S RS NN N, L T
& B e §= 0.05 e g=0.1 e > 3 P LA A
by - _ XY N 2”0
2 2 -wg=0.15 g=02 XY ’ \//\ ot
g e §70.25 s =03 \‘\ (\ O \
g B =035 eres g=04 STy // / Y \ /|
8 e 07045 e =05 \\//I’ \\
§ \\"I / \ \ \
= A
ie Y
€ g5 v
50
b1] 235 % %3 7 275 23 25 bl 295 30
Frequency(GHz)

(a) S11 with different split distance ‘g’

Reflection Coefficient S11 (dB)
Reflection Coefficient Si: (dB)

@ seens= 002w 5= 0.04 s=0.06 5=0.08  mmes=0.10 B
- wg=012 5= 0.14 5= 0.16 — o= 0.18 ——5=0.20 w—yy=0.1% w=0.15 **w=0.2 = W=0215=w=025 *w=03
] 40
5 53 % %3 b 5 i 85 » »3 k| 5 25 % %5 b/ 75 3 85 .} %5 £
Frequency(GHz) Frequency(GHz)
(b) S11 with different width of ring ‘s’ (c) Su with different separation between rings ‘w’

Fig. 5 Effect of split distance, ring width, and separation between rings on the
resonant frequency

- — — — -
& 5 ‘\‘\‘\\ B ?'T
3 = Shape 1 N - \
- . 4
+-10 \ 4
2 = Shape2 s A 4
2.5 \ /
3 £ e Shape3 \ A
Shape 1 Shape 2 Shape 3 pe \ ‘l
‘ - Shape 4 } { T
= \g V!
K =« Shape 5 |:
2 30 ] y
35
2 B 24 5 26 27 28 29 30 31 RN
Shape 4 Shape 5 ! Frequency (GHz)
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increased demand in wireless communications

3. Metamaterial Applications networks, which draws attention to the necessity

. i h | protection the human body from radiation, and

As mentioned earlier, the ground plane does not again metamaterial appears for its role in this
provide sufficient damping for surface waves, point [16]. In addition, the use of the MTM sheet
which will reduce the antenna gain. Therefore, the will suppress the back-ward waves and save the
use of metamaterial is the alternative. The 5G human tissues[28]. The block diagram in Fig. 7
applications aspire to high gain and 1o provide summarizes the most applications of MTM used

acceptable performance in comparison with the in antennas design.
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SAR Reduction

Isolation

Gain Enhancement

=

E =
= Miniturization
— Reflector
— AMC

Fig. 7 Block diagram of
MTM applications

3.1. SAR Reduction

Electromagnetic radiation is considered
the most complex and important by users of
wireless communications. Where studies focus on
techniques to reduce radiation towards the human
body, metamorphosis has been and still is the
focus of researchers' attention because of its
aforementioned distinct properties. To measure
the absorption rate of body tissues for the energy
emitted by the devices, the term Specific
Absorption Rate (SAR) has used as watt per
kilogram (W/kg). According to the International
Commission  on  Non-lonizing  Radiation
Protection (ICNIRP) and the IEEE C95.1-2019
standards, the SAR value should not exceed to
2 W/kg averaged over 10 g of tissue volumes [29]
[30]. The Studies show that reducing the SAR at
resonant frequencies is the main challenging
problem facing designers. MTM, an extraordinary
and superior material is one of the most
important ways to reduce SAR[31].

In addition to all of what was mentioned
above, MTM is not only used to reduce SAR, but
it is used in microwave, satellite, sensors and
other applications [32] [33][34]. Latest researches
have shown that the use of distinct types of MTM
will give them extraordinary outcomes. In the
reference [3], MTM was used to reduce SAR for
multi-frequency bands and multi-layers in
addition to the compressed size of the antenna

attached into the mobile phone. Usually, the
numerical analysis for many MTM properties
with conducting SAR values have performed
using the most powerful software, Computer
Simulation Technology (CST) Microwave Studio
software.

3.2. Isolation

5G applications have using MIMO
(Multiple Input Multiple Output), which mean
using more than one antenna within the device,
which  may cause interference in its
electromagnetic field. Therefore, it is necessary to
provide efficient isolation between the radioactive
elements, which is the space domain
technology[35]. Previously, an external structure
was used for isolation, but this would cost in
terms of size, cost, and complexity. There are
techniques  for  carrying out isolation,
including[36][37]:

e Reducing the field between antenna

elements

e Using a decoupling network and

ground.

e Inclusion of parasitic agents to achieve

reverse coupling.

o diversity of polarization.

e increasing the separation between

transceiver elements, or placement a
sheet between them [38] [39].

These techniques are used in microwave
frequencies. For millimetre frequencies, It will
need direct scaling, and the problem of
decoupling losses will appear [25]. In order to
overcome this problem, modern research is
resorting to the use of MTM, where it has been
proven that the overlap is not obtained in multi-
antenna systems with various topologies [35]. Fig.
8 shows the use of MTM as isolation between
antenna elements in MIMO, the substrate made of
FR4 and dielectric resonators made of RO5880,
while the MTM inscribed above is to improve the
isolation[25]. In 5G communication,
complementary SRR with slots was used which
will act as a band stop filter and thus reduce
coupling by 27dB [40].
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Dielectric Resonator

Ground

Metamaterial structure

Feeding Slot

Substrate

Feed line

Fig. 8 MTM as isolator in MIMO antenna

3.3. Gain enhancement

The gain is important in point-to-point
communications because it will increase the
communication range at a certain transmitter
power and is anti-interference. In order to obtain
high directivity that is proportional to the antenna
aperture, large antennas or array radiators have
used. The main techniques based on MTM to
enhance gain are [4]:

e Place a superstrate of ZIM (zero-index
material) or NZRI (near-zero refractive
index).

e Deploy an AMC surfaces adjacent to the
patch.

e Place a GRIN (Gradient Refractive
Index) MTM facing the antenna.

Using MTM with € or u equal to zero
will give n= 0 and thus will increase the radiation
perpendicular to the surface of the material
regardless of the angle of incidence as in Fig. 9.

[
A

Fig. 9 Transmission through MTM
as NZRl

0

Thus, we will take advantage of this
property (converting propagating spherical waves
into flat waves and in a specific direction using a
substrate with n = 0 or nearly zero) to increase the
gain and increase the antenna equivalent aperture
[16].

3.4. Miniaturization

Electrically Small Antenna ESA is
considered small if ka <1, where the radius of
the sphere around antenna is a, and the wave
vector at the designed antenna frequency is k.
This has achieved when designing antenna
without ground plane. The Q value represents the
appropriate description of the antenna bandwidth,
based on its calculations on the antenna size. It is
defined as the ratio between the stored power in
the antenna to the radiated power and losses. The
minimum value of Q for omni-directional antenna
expressed by the Chu limit equations, where the
linearly and circularly polarized small antennas as
(eq 23) and (eq24) respectively[41]:

1
Qmin = (k)3 +kat (23)
1 1 2
Qmin =3 (@ + E) (24)

When the size of the antenna decreases,
the B.W decreases, and BW =~ 1/Q. So, any small
antennas will show narrowband performance. The
antenna geometry must be carefully designed to
give a current distribution that provides high
bandwidth, this is what MTM offers in small
antennas. The other approved method for
miniaturization is TL-MTM, where the resonant
frequency depends on the L and C, not the
antenna dimensions. This means that if we reduce
the size, it does not affect the resonant
frequency[42]. Another miniaturization method is
SRR placed with monopole which has 1/10-1/14
length as shown in Fig. 10.

Standard monopole

[F=) e
1L

Fig. 10 MTM as miniaturization based
on monopole antenna
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3.5. Reflector

The use of a metal sheet or a ground
plane within the antenna will reflect the waves
towards the desired direction, which increases the
radiation efficiency and gain. Usually the distance
between the antenna and the reflector is taken as a
M4, or else, the reflected waves will interfere
affectively with the directed waves and thus
weakened the efficiency[4]. As for the conductive
ground plane, the waves are neither damped nor
reflected, which leads to the presence of side &
back lobes, and as a result the gain decreases[16].
MTM works to suppress surface waves, and their
reflection will be in the same phase. Beside that
MTM has high impedance, i.e. MTM as a
reflector, improves the antenna's performance in
terms of directivity, gain, and radiation efficiency.
Fig. 11 shows the using of MTM as a wave
reflector.

880
Ajojejel o | a
@ e rE e ||
M ) [

@

4x4
Metamaterial
Surface

(b)

Fig. 11 MTM as reflector: a. 4x4
MTM surface. b. Antenna incorporated
with MTM surface

3.6. AMC

Artificial Magnetic Conductors (AMC)
with zero magnetic field is considered as MTM
[43]. In fact, AMC reflects the incident waves
with phase=0, (Ravc = 1 + 0j). It is considered
complementary PEC (Rpec = -1). As the M-field
of AMC s less than E-field, it has high
impedance which donated high impedance
surface (HIS), so no distortion on radiation
pattern. Another important issue is the fact that
within AMC band interval (phase of -90 to +90)
the currents will be in-phase rather than out-of-
phase. The presence of AMC can be in vicinity of
antenna (i.e. d << A/4), unlike reflector sheet,
with powerful directivity. The metallic shapes of

AMC are arranged and repeated embossed on the
substrate surface as in the Fig. 12.

Fig. 12 MTM as AMC unit cells

4. CONCLUSION

This article summarizes the references
that include MTM-principles in their study and
sheds light on the strengths and weaknesses
points. The MTM-theoretical analysis was
arranged to show the characteristics and
capabilities. This review has explained the details
of the applications of MTM in SAR reducing,
miniaturization, isolation, enhancing gain,
reflector, and AMC & EBG to be a promising
opportunity in future communications. The use of
an SSR design with a thin wire will enhance the
directivity, reduce the size and give a negative
refractive index. The review concluded that the
MTM is the best in miniaturization of the ESA
antenna, but so far, the correlation between the
MTM with the patch or the monopole has not
been taken, and this is very important in
determining the rest of the antenna characteristics.
Finally, we suppose that this review will be as an
inspiration for researchers in the MTM
development of antennas for  modern
telecommunications consumers and their wide-
ranging applications.
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