Hugpopmamuxa

https://doi.org/10.21122/2227-1031-2024-23-5-370-379
UDC 378

Analysis and Implementation of Metamaterial-Inspired Microstrip Antenna
for Wireless Applications

S. V. Pande" 3), D. P. Patilz), M. K. Sangolez), S. Antonov?

YSandip Institute of Technology & Research Centre (Trambak road Nashik, India),

YSandip Institute of Engineering and Management (Trambak road Nashik, India),

ISVKM’s NMIMS Mukesh Patel School of Technology Management & Engineering (Shirpur, India),
“Technical Univeristy of Sofia (Studentski Kompleks, Sofia, Bulgaria)

© benopycckuil HallMOHAIBHBIA TEXHUYECKUH yHUBepcuTer, 2024
Belarusian National Technical University, 2024

Abstract. In this paper, a novel metamaterial-inspired microstrip antenna for wireless applications is proposed.
The proposed design consists of a radiating path on top and a uniformly distributed split ring-shaped metamaterial structure
on the ground. The presented antenna of 50x38 mm with a thickness of 1.6 mm is printed on FR, substrate and resonates
at 1.80 GHz. The design was fabricated and the measured results were found to be in accordance with the simulations.
The goal is accomplished by loading uniformly distributed split ring-shaped metamaterial structures on the ground plane of
this antenna. The results of the experiments show that using the metamaterial structure on the ground plane improved gain
from 4.34 to 7.3 dB, efficiency from 5.94 to 7.8 dB compared to the conventional patch antenna. This introduction in the
ground plane exhibits return loss up to —38 dB and modified the gain and directivity to 7.3 and 7.8 dB respectively.
The presented antenna has 45 MHz bandwidth. The presented design is proven by simulated surface current, S parameter,
VSWR, radiation pattern. We have also investigated the effect of substrate permittivity, split width, and inter-element spacing
in a split ring-shaped metamaterial structure on return loss. This directive antenna is designed for the applications of wireless
local area networks and other Internet of things-based applications.
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u pe3onupyet Ha gactore 1,80 I'T. AHTeHHA HaHHON KOHCTPYKIMH OBbUIA M3TOTOBIICHA, a MOJTyYCHHBIE PE3yIbTaThl H3Mepe-
HUI COOTBETCTBYIOT paHee CMOJICJIMPOBAaHHBIM. Llesb gqocTuraeTcs 3a cueT 3arpy3Ku paBHOMEPHO PacIpe/ie/IeHHbIX CTPYKTYP
MeTamaTeprana B (opMe pa3pe3HbIX KOJIeIl Ha 3a36MIICHHYIO TIOCKOCTh 9TOH aHTEHHBI. Pe3ynbTaThl SKCIIEPUMEHTOB TOKa-
3BIBAIOT, YTO MCIOJIB30BAaHUE KOHCTPYKIMHU M3 MeTaMaTepuala Ha 3a3eMJICHHOH ITIOCKOCTH IIO3BOJIMIIO YIIYUIIHTh YCHICHHE
curHana ¢ 4,34 no 7,3 nb, addexruBroCTh € 5,94 10 7,8 1B 10 cpaBHEHMIO ¢ OOBIYHON MaTY-aHTCHHOU. [IpenokeHHOe HO-
BOBBEJICHUE B 9KpaH aHTEHHbI IIO3BOJISIET CBECTH 00paTHbBIe MOTepH 10 —38 b, a Taxke yiaydlmuTh 3HaUeHHUA Kod(duimenta
YCHIICHHS aHTE€HHBI ¥ KO3 HIeHTa ee HanpasiaeHHocTH 10 7,8 u 7,8 n1b coorBercTBeHHO. [IpencraBneHHas aHTCHHA HMEET
nosocy nporyckanus 45 MI'n. Ilpeuiaraemast KOHCTPYKIIHS alipoOMpOBaHa ¢ IOMOIIBIO CMOICIUPOBAHHOTO TIOBEPXHOCTHO-
ro Toka, mapamerpa S, VSWR (koaddurpeHT cTosrueil BOJIHBI HAPSDKSHNU ), THarpaMMbl HAIIPABJICHHOCTH aHTEHHBI. ABTOPBI
TaKKEe MCCIIEN0BANN BIUSHUE AMAIEKTPUUECKOH MPOHUIIAEMOCTH MOATIOKKH, IIUPHHBI PAa3AeTIeHHs 1 MEXIIEMEHTHOTO pac-
CTOSIHUSI B CTPYKTYpe MeTamaTeprana B (popMe pacIIeIIeHHOTo Koblia Ha oOpaTHbie motepu. [Ipemmaraemas HanpaBieHHas
aHTEHHA NpeHa3HaYeHa IS IPUIOKEHUH OeCIIPOBO/IHBIX JIOKAJIBHBIX CETEH, a TaKKe JIPYTruX MpHIoKeHui B IHTepHeTe.

KuiroueBble ciioBa: meramarepuai, K03(Q(UIUSHT HAMPaBICHHOCTH, KOI(QQUIMEHT HANPABICHHOTO ISHCTBUS, pPa3beMHOE
KOJIBLIO

JUist uMTHPOBaHMsI: AHAIN3 U UCIIOJIb30BAHUE MHUKPOIIOJIOCKOBOW aHTCHHBI Ha OCHOBE MeTaMarepuala Juisi OeCrpOBOAHOM
ceszu / C. B. Tlauge [u ap.] // Hayxka u mexnuxa. 2024. T. 23, Ne 5. C. 370-379. https://doi.org/10. 21122/2227-1031-2024-

23-5-370-379
Introduction

Printed antennas have been in demand in recent
years, and this demand attracts global researchers
around the world to work on microstrip anten-
nas and produce significant results in response to
the growing demand. Other Internet of Things
(IoT)-based applications and wearable technolo-
gies are now using microstrip antennas, expanding
their use beyond WLAN and satellite communi-
cation.

Researchers have applied available techniques
to improve antenna parameters such as resonating
frequency, return loss, bandwidth, VSWR, gain,
and radiation pattern in recent years. Among them,
metamaterial seems to be the most promising tech-
nique available.

In recent years, metamaterial has emerged as
the most promising technique, prompting extensive
research on its potential to improve antenna pa-
rameters. Stu Wolf and Valerie Browning from the
DARPA Defense Advanced Research Projects
Agency highlight that Metamaterial Technology
(MTM) represents an innovative category of anti-
cipated combinations that exhibit exceptional fea-
tures not observed in the environment. These fea-
tures come from qualitatively novel response tasks
that are not found in element materials and are the
result of extrinsic, short, artificial homogeneities.

There is no particular definition available, that
is universally accepted, but generally, it is defined
as a structure that contains some unusual properties
that are not found in nature [1, 2].
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Metamaterials have properties that don't come
from the materials themselves, but rather from the
structures they are made of. Their shape, size, ori-
entation, and arrangement make them smart
enough to manipulate electromagnetic waves in
ways that go beyond what is not possible with re-
gular materials. To get benefits, they can enhance,
block, or even absorb bending waves.

Recently reduction in radar cross-section was
achieved by implementing polarization conversion
metamaterial [3], metamaterial could be the com-
bination of variously shaped structures, it may con-
tain only a split and a thin wire as a combination or
it can be a group of SRRs [4-6].

Printed antenna with slots on the ground plane
has also been trending along with the metamate-
rial [7-10], as this is also the effortless technique
available to modify the antenna parameters.

Ref [11] presents an MTM-based magneto
dielectric structure that helps in miniaturization.
The given antenna has problems, particularly its
complex construction and its inability to improve
antenna parameters. This presented work includes
a modification of the patch antenna utilizing
the SRR metamaterial structure on the ground
plane, which significantly enhances antenna pa-
rameters.

Due to the compact design of MPA, it attracts
researchers to match the requirements of commu-
nication equipment [12]. The authors have pro-
posed a wide range of metamaterial structures
so far. Parameter enhancement after implementing
metamaterial is achieved [13].

Ref [14] describes RMPA resonating at 1.8 GHz.

The antenna's electrical dimension is 51x73 mm.
The presented antenna in this paper is smaller than
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the stated antenna. Incorporating a metamaterial on
the ground plane offers higher gain enhancement
and compactness in comparison to previously pub-
lished antennas.

In Ref [15], it has been demonstrated that patch
antennas can be reduced in size by incorporating
metamaterial structure on the ground plane. Using
metamaterial, return loss, size reduction are
achieved.

A lower dielectric constant and a thicker sub-
strate improve the antenna's performance by
providing a larger bandwidth, improved radiation,
and increased efficiency. If the substrate is thin,
then it increases the size of the antenna [16].
We use a substrate with a higher dielectric con-
stant, which consequently reduces bandwidth and
efficiency. Hence, there is a tradeoff between an-
tenna dimensions and antenna performance.

Ref [17] tried to reduce the antenna size. De-
spite achieving some miniaturization, the reported
antenna gain remains extremely low. It may be
challenging to decrease the size of the antenna in
an existing system while maintaining a high gain.

There have been numerous reports of micro-
strip patch antennas with reduced sizes. Various tech-
niques such as Metamaterial loaded patch [18-19],
Minkowski and Koch Fractal [20], Shorting
pin [21], CLRH transmission line [22], and De-
fected Ground Structure [23—26] were used to mi-
niaturize the antenna.

For WLAN applications, a small patch that
incorporates the A/4 resonator has been presented
in [27] for improving the bandwidth and gain of
the antenna. The antenna's electrical dimensions
are 40x30 mm?’. This method did not significantly
enhance the gain compared to the proposed anten-
na in this paper.

Over the past few years, demand for highly ef-
ficient and compact antennas has steadily in-
creased. A small and cheap antenna has always
been favorable. The proposed study will imple-
ment SRR metamaterial on the ground plane to
minimize the size of patch antennas. This imple-
mentation reduces the antenna size while impro-
ving gain and return loss.

The design process includes geometrical
design, calculation, simulation, and comparison of
results with or without MTM. The CST 2018
Microwave Studio serves as a tool for design and
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simulation. The first step in the modeling process
is to determine its dimensions based on the
operating frequency. After designing and compa-
ring it with the measured demand, we will deter-
mine whether the proposed antenna fulfills all the
desired characteristics or not. If not, we will pro-
ceed with further modifications. The focus will be
on providing a small, tunable antenna.

This paper proposes the use of a novel meta-
material structure. This proposed work involves
a modification of the patch antenna using the
metamaterial structure on the antenna's ground
plane. This introduction not only improved the
antenna's return loss but also increased the BW,
gain, and directivity. This paper presents a dire-
ctive antenna with improved return loss, increasing
a return loss of —38 dB and modifying gain and
directivity to 7.3 and 7.8 dBi, respectively. This
antenna is suitable for wireless applications.

We have divided this paper into the following
sections: The second section discusses motivation.
Section 3 introduces antenna geometry and con-
struction. Section 4 presents a parametric analysis.
Section 5 presents the simulation and measurement
results, along with a comparison of other published
literature. In Section 6, we present the conclusion.

Motivation

Motivations come from the in-depth literature
review, which shows that the need for smaller,
smarter, and cheaper products has emerged, and
the demand has been on the rise for several years.
At microwave frequencies, MPA is very attractive
because of its various advantages, such as its low
profile, low weight, and low cost.

There is a lot of research being done on anten-
nas for radio amateur communication and other
portable applications. As a result, it proves that
MPA generates good-quality radiation, but patch
elements have the disadvantage of low gain. In
recent years, researchers have applied available
techniques to improve antenna parameters such as
resonating frequency, return loss, bandwidth,
VSWR, gain, and radiation pattern. Microstrip
antennas are the most cost-effective option for
meeting such demands due to their fabrication pro-
cess, which is largely dependent on printed circuit
technology. Additionally, they are smaller than
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other antennas. Furthermore, they are very thin,
making them compatible with integrated circuit
technology. In recent years, metamaterial has
emerged as the most promising technique, attra-
cting research to enhance antenna parameters.

Design of Patch antenna loaded with MTM

We designed a microstrip patch using an FR4
(lossy) substrate with a dielectric constant of and
a width of 1.6 mm. We designed this antenna for
a wide range of WLAN applications. Strip fed was
used in the design of this proposed antenna.
The simulation was done on CST Version 2018
and then results were analyzed.

The following Mathematical equations are used
to approximate patch antenna design [28-30], unit
cell SRR:

R B 1)
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w
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wTexHuKa. T. 23, Ne 5 (2024)
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Based on the above calculations, using a per-
mittivity of 4.4 & thickness of 1.6 mm, the pre-
sented antenna design on frequency 1.8 GHz re-
quires a size of 50 mm width, 38 mm length.
In this paper, we present an antenna that resonates
at 1.8 GHz. Fig. 1 shows the proposed patch, all
the dimensions are in mm.

The proposed rectangular patch consists of
a 50x38 mm. After designing this patch, a simula-
tion was done and the results were analyzed.
The optimized dimensions of the designed rectan-
gular patch (Patch 1) are as follows (in mm) as
shown in Table 1.

Fig. 1. Geometrical configuration along with its dimensions:
a— Top view; b — MTM structure applied in ground plane;
¢ — Three Dimensional (3D) prototype of the proposed antenna
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Table 1
Dimensions of designed RMPA

Parameter Value (mm)
Patch's Width (W) 50
Patch’s Length (L) 38
Substrate thickness (z;) 1.6

ground plane thickness (z,) 0.036
Width of Feed line (W) 1.5
Dielectric constant of substrate 4.3
Length of Feed line (L)) 16.5

After designing the conventional rectangular
patch antenna, the metamaterial structure complies
with SRRs [31-33] was implemented in the ground
plane.

The Proposed SRR used in the MTM structure
is shown in Fig. 1 (b).

8
:£:3X—IO9:0.1666m; (6)
f 1.8x-10

A 01666 _ 1\ 04165 m=41.65 mm.

4 4
e QOuter ring radius (R): 4.5 mm.
e Inner ring radius (R;): 2.5 mm.

e Area of outer ring radius: TR, =63.58 mm’.

e Area of Inner ring radius: 7R’ =19.62 mm’.

e Area of the ring = (63.58-19.62) = 43.98 mm’.
Taking square root (in meter) = 6.63 mm.

So the design unit cell-driven MTM has
size <A/ 4.

The dimensions of the proposed SRR used
in the MTM structure as (in mm) shown in Table 2.

a

Table 2

Dimensions of proposed SRR
Parameter Value (mm)
Ring's inner radius (R,) 2.5
Ring's outer radius (R;) 4.5
Horizontal split gap (G;) 1.6
Vertical split gap (G») 0.036
Distance of horizontal separation Between
two SRR (X)) 23
Distance of Vertical separation Between
two SRR (X3) 19

After creating the initial SRR, a combination of
these prototypes was combined and implemented.
The proposed metamaterial structure, implemented
in the ground plane of the antenna is presented
in Fig. 1c. This proposed structure is the combi-
nation of 9 SRR separated with the distance
of X;=23 mmand X, =19 mm.

A 3D model and geometry of the proposed
antenna can be seen in Fig. 1a, b, and c. Fig. 2a-b
shows the fabricated prototype on the FR, sub-
strate. Fig. 2c—e illustrates the design procedure
during the development stages of Metamaterial
Structures.

Parametric Study

A) Effect of split width G, and G,
on S parameter

This section explains the impact on S11 charac-
teristics of the Antenna by varying various parame-
ters of the unit cell on the ground plane.

7z
®
7N
INT

d

7N
N

Fig. 2. a,b— Top and bottom view of the proposed fabricated antenna;
c—e — Development stages of the proposed MTM Unit Cell
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Fig. 3 shows a parametric study of the Width
“Gy” of the periodical split ring resonator designed
on the ground plane and their impact on the S11
characteristics of the proposed antenna. Width
is changed from 1 to 3 mm in a step of 1 mm.
The effect of increasing the split width G, decreases
the capacitance which in turn increases the resonant
frequency [G; = 1 mm, F, =1.79 GHz, G, = 2 mm,
F,=1.805 GHz, G; =3 mm, F,.=1.82 GHz].

S Parameter (dB)
L
S

— G =1mm — G, =2 mm

=35
|

—40
0

G =3 mm

Frequency (GHz
freq v ( 2) 5

Fig 3. S Parameter for different values of parameter “G,”

Fig. 4 shows the impact on the S11 characte-
ristics of the antenna by varying the width “G,”
of the periodical split ring resonator designed
on the ground plan. We change the width from 1
to 3 mm in steps of 1 mm. In the proposed design,
the introduction of the second split G, connects the
capacitance in series, leading to a decrease in the
overall capacitance and an increase in the resonant
frequency [G, = 1 mm, F,= 1.77 GHz, G, =2 mm,
F.=1.805 GHz, G, =3 mm, F,= 1.82 GHz].

S Parameter ( Magnitude in dB)

10
— "
m
5 0 1 2 3
5 —10
g
& 20
i
o
9 30
G,=1mm—G,=2mm G,=3 mm
40
Frequency (GHz)

Fig. 4. S Parameter for different values of parameter “G,”

B) Effect of inter-element spacing
on S parameter

This section explains the impact of changing
the metal width of the inner and outer ring on the S
parameter. Increasing the metal width of the rings

Hayka
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decreases the mutual inductance as well as capaci-
tance. Therefore SRR with narrow rings as shown
in the Fig. 5 have smaller resonant frequencies.

00— : Ya —
-5 \
~10 | == spacing between 1
-15 tworing= 2.5 mm |
—20 | ==———cpacing between
-25 tworing= 2.0 mm
-30 spacing between
-35 tworing=1.5 mm
-40 |
45
0 1 2 3

Frequency (GHz)

Fig. 5. Impact on S Parameter by changing Inter
element spacing

C) Effect of Substrate Permittivity
on S Parameter

The impact on the S11 parameter by changing
the substrate permittivity is shown in Fig 6.
S11 parameter considering different permittivity’s
as Rogers RO3003 (g, =3), FR4 (g, =4.3), Ro-
gers RT6006 (g, = 6.45).

By increasing the substrate permittivity the res-
onant frequency shifts toward the lower side be-
cause it has an inverse relationship with permitti-

vity (e, ) .
S Parameter (Magnitude in dB)

-5
)
)
o}
k3]
§ -25
[
a
n — FR4 substrate
45 Rogers RO3003
0 1 2 3

Frequency (GHz)

Fig. 6. The impact on the S11 parameter by changing
the substrate permittivity

Result and Discussion

We simulated the antenna design in CST ver-
sion 18 to get the antenna performance analysis.
The results are as follows.

A. Frequency characteristics
Below, we present the surface current distribu-
tion and return loss, which aid in understanding the

frequency characteristics of the proposed design
antenna.
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I. Return loss

Fig. 7 shows the comparison of the reflection
coefficient before metamaterial implementation
and after metamaterial incorporation. After meta-
material inclusion, significant improvement was
observed. We simulated and analyzed the proposed
antenna with a novel metamaterial structure; the
conventional antenna did not have parameters that
could meet the demand.

S Parameter (Magnitude in dB)
0

-5
-10
-15
-20
-25
=30 |—— with MTM
=35 |—— without MTM
—40

0 1 2 3
Frequency (GHz)

S-Parameters (dB)

Fig. 7. Comparison of the reflection coefficient
with and without MTM

To make it usable, amendments were required.
After SRR implementation in the ground plane,
the following Fig. 8 shows S11 variation during
the development stages of MTM, focusing on three
configuration ring with no cut, with one cut and
double cut.

S Parameter (Magnitude in dB)

0 — S
6 05 10 15 [}T) 25
)
220
3
D
g
= Ring with no cut
ﬁ? —40 Ring with one cut
w Ring with double cut
Frequency(GHz)
-60

Fig. 8. S11 during the development stages of MTM

It can be observed that the Conventional pro-
posed antenna has a return loss of —11 dB whereas
after metamaterial implementation having a return
loss of =38 dB shown in Fig. 7.

II. Current distribution

Fig. 9 (a-b) shows the surface current distribu-
tion of the proposed antenna at 1.8 GHz.

I11. Radiation pattern

Fig. 10 shows the simulated radiation pattern
of the presented antenna at different cut angles.
Fig. 11a, b illustrates the 3D radiation pattern of
a conventional patch antenna, showing gain and
directivity, and Fig. 1lc, d after metamaterial
implementation at 1.8 GHz, showing gain and di-
rectivity.

Fig. 9. Distribution of surface current in the proposed antenna (a) front (b) back

a b
Farfield Gain Abs (Phi=90) Farfield Gain Abs (Phi=180)
phi= 20 30 _Y_ 30 pizaro phi=180 3030 phi=360
60 { 50 60 K0 60

Theta / Degree vs. dB Theta / Degree vs. dB

c d
Farfield Gain Abs (Phi=270) Farfield Gain Abs (Phi=0)

Theta / Degree vs. dB

Theta / Degree vs. dB

Fig. 10. Radiation pattern of the presented antenna at different cut angles:
a—90 degree; b—180; ¢ —270; d — 0/360 degree
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farfield (f=1.8) [1]

Type Farfield
Approximation  enabled (kR »» 1)
Component Abs

Output Gain

Frequency 1.8 GHz

Rad. effic, -1.604 dB

Tot. effic. -2.035dB

Gain 4,343 dB

farfield (F=1.8) [1]

Type Farfield
Approximation  enabled (kR »> 1)
Component ~ Abs

Qutput Gain

Frequensy  18GH:
Rad.effic.  -1467dB
Toteffic. 149148

Gain 134 dB

farfield (f=1.8) [1]

Type Farfield
Approximation  enabled (kR »> 1)
Component Abs
Output Directivity
Frequency 1.8 GHz
Rad. effic, -1.604 dB
Tot. effic, -2.035dB
Dir. 5.947 dBi
d

farfield (f=1.8) [1]

Type Farfield

Approximation enabled (kR »> 1)

Component ~ Abs

Output Directivity

Frequency  18GHz

Red.effic.  -1467dB

Tot. effic, -1491d8

Dir. 7808 dBi

Fig. 11. Radiation pattern of conventional patch antenna showing gain and directivity (left side)
and after Metamaterial Implementation (right side) at 1.8 GHz showing Gain & Directivity (c—d)

B. Measured result

We have developed an antenna by loading a
uniformly distributed split ring-shaped metamate-
rial on the ground plane resonating at 1.8 GHz for
WLAN applications. We perform the measurement
using the Portable Spectrum Analyzer Model
TW4950. Fig. 12 shows a comparison of the simu-
lated and measured return losses. The simulated
and measured values of the gain are fairly close
to each other.

S-Parameters [magnitude in dB]

0
-5
-10
g
25 _:1”“ a‘: -15
730 — (| EESLIT _20
=35
—40 =25

1213141516 1.718 1920 2.1 2223

Frequency / GHz

Fig. 12. Comparison of the simulated & measured return loss

Table 3

Ilustrates the comparison between the performance of the presented MTM antenna to that of reference
antennas [12, 16, 21-23, 25-27]. Compared with existing design, the presented antenna has better return loss, gain, directivity

Antenna Antenna Parameter
. . Frequency .
Ref. Dimensions (GHz) Return BW Gain | Directivity Technique
(mm) Loss (dB) | (MHz) | (dB) (dB)
1 2 3 4 5 6 7 8
[11] 80x80 -17.5 - - - Conventional FR, antenna
60x60 1.8 —24 39 3.54 - Metamaterial based Magneto dielectric
antenna
[14] 51x73 1.8 —-15.61 43 4.39 - Conventional Rectangular patch
antenna
[ Hayk

a
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Ending of Table 3
1 2 3 4 5 6 7 8
[15] 51x38 —22.5 - - - Traditional microstrip patch antenna
41x28 1.8 -25 - - 5.45 Array of 5 split ring resonators (SRRs)
unit cells
[17] 30%30 25 2.11 - First Design — 2 parallel Interdigital
capacitors.
1.76 o .
24x24 50 -12 - Second design-interdigital capacitor
and a spiral inductor
[34] 49x12 1.8 -23 - -0.67 - Electrically small antenna
[35] 50x40 . —-12 - - - Traditional RMPA
1.
32%x18 -34 - - 6.14 Substrate with left hand metamaterial
[36] 40%x40 1.76 -14 35 5.4 - antenna with CRLH loading
[37] 23x58 1.76 -19 27 6.4 - MTM transmission line
Proposed 50x38 1.8 -11 42.6 4.34 5.94 Conventional patch alone
Antenna -38 45 73 7.8 Array of 9 Split Ring Shaped Meta
material Structure
CONCLUSION 4. Pandeeswari R., Raghavan S. (2015) Microstrip Antenna

The proposed metamaterial structure, which
has nine split-ring resonators on the ground plane
of the conventional patch, implies that a metamate-
rial structure can significantly improve antenna
characteristics. Modifications to the antenna struc-
ture's geometry alter the antenna's performance
parameters, including resonating frequency, return
loss, bandwidth, VSWR, gain, and radiation pat-
tern. A comparison with the existing results and
the conventional patch reveals an improvement in
the parameter modification. The author noted that
researchers could achieve promising results if they
preferred metamaterials along with conventional
methods.
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