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ABSTRACT: In the manuscript, a novel design of microstrip patch antenna with moderate degree of complexity is proposed in terms of
metamaterial based unit cells as a radiating patch on the top as well as metamaterial based periodic structure as defected ground structure
at the bottom (MRPMGS) for Intelligent Transportation System (ITS) applications. The novel design of patch antenna exhibited multi-
bands with broad-band transmission patterns, improved high gain, high radiation efficiency, and compact structure. The MRPMGS has
a three layered structure with overall dimensions of 32 mm x 28 mm x 1.6 mm. The top layer with radiating patch has unit cells with
dimensions of 3.6 mm X 3.6 mm, and at the bottom the defective ground structure (DGS) has unit cells with dimensions of 4 mm x 4 mm.
The middle layer is of an FR4 substrate with 1.6 mm thickness. The MRPMGS has experimental (simulated) transmission frequencies
at 11.54 GHz (11.24 GHz), 12.91 GHz (12.98 GHz), and 13.20 GHz (13.48 GHz) with reflection coefficients of —20.91 dB (—25.16 dB),
—26.19dB (—29.36 dB), and —18.94 dB (—26.02 dB), respectively. The VSWR varies between 1 and 3. The radiation efficiency reaches
80%, and high gain varying between 2.35 and 5.5 is achieved at the desired frequencies.

1. INTRODUCTION

As wireless communication has advanced, research into mi-
crostrip antennas has become more and more popular due
to their thin, planar shape and simplicity in surface attachment
on missiles and airplanes [1, 2], simplicity of integration, espe-
cially in mobile radio communication devices, with other com-
ponents on the same printed board [3—5]. A triple layered patch
antenna, which has a square [6], circular [7], rectangular [8], el-
liptical [9], or any continuous shaped patch [10] on top with a
matching feedline and a bottom ground plane layer separated
by a substrate layer, is the most often used type of microstrip
antenna. Microstrip patch antennas are widely used in Wi-
Max [11,12], GPS [9, 10], mobile devices [13], WLAN [9-12],
and Intelligent Transportation Systems [14, 15]. Patch antennas
were found to have low gain, limited power handling capacity,
high feed network losses, and narrow bandwidth [8—11].
Numerous strategies have been put out to address these is-
sues, such as thickening the substrate, incorporating slots on
the patch, and developing defective ground structures (DGSs)
based on new concept of metamaterial based unit cells [16, 17].
Repetition of a structure like fractals [18], metamaterial based
unit cells [19], and the implementation of patches or slots [20]
in antennas tend to decrease their physical dimensions and pro-
duce resonant qualities that exhibit multi-band and wide-band
responses [21]. Using repetitive patterns of metamaterial unit
cells for creating slits inside the overall radiating patch and
ground structure (DGS) results in the reduction in mutual inter-
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ference between neighboring antennas, suppressing side lobes
and providing high gain and increased bandwidth [22, 23]. The
presented research work is focused on a novel design of mi-
crostrip patch antenna with metamaterial based unit cells as ra-
diating patch on the top as well as metamaterial based unit cells
in the ground plane acting as DGS with applications in ITS.

For the past few years a significant amount of research has
been done to enhance patch antennas’ performance and design,
miniaturize the antenna design, improve radiation pattern of
transmitting antenna, and enhance frequency and bandwidth re-
sponse by introducing a new concept of metamaterial unit cells
based radiating patches [24] and metamaterial unit cells based
DGS [25].

A new class of materials that are not found naturally is termed
as “metamaterials” (MMs). The electromagnetic (EM) prop-
erties of these artificially designed materials are distinct from
those of naturally occurring materials, such as effective per-
mittivity (e.y) and effective permeability (1) values below
zero [26], where unique electromagnetic properties are exhib-
ited by the structural unit cell orientation, periodic arrange-
ment, and the shape instead of directly inheriting these prop-
erties from the composition of the material or lattice structure.
Pendry et al. [27] reported two prominent artificial structures,
arrangement of split ring resonators (SRRs) exhibiting effec-
tive permeability (1) < 0and periodic structured micro wires
exhibiting negative value of effective permittivity (c.;) below
plasma frequency (w,). A plasma is a density wave of electron
gas. Smith et al. [28] showed a composite medium made up
of micro-structured wires and a periodic arrangement of SRRs,
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Ground Plane

FIGURE 1. 3D view of the MRPMGS antenna.

which exhibited negative value of effective permittivity ()
and effective permeability (ttep).

Algadami et al. [16] proposed a patch antenna with an SRR
based ground structure that exhibits multi-band frequency re-
sponse, improved gain, and efficiency as compared to conven-
tional ground plane. Mishra and Chaudhary [17] proposed a
patch antenna array with metamaterial based patches. It exhib-
ited improved bandwidth of the frequency band as compared
to simple patches. Song et al. [19] proposed an antenna that
consists of a 2-element array, with each unit being a patch
antenna loaded with six uniformly sized complementary split
ring resonators (CSRRs). It exhibited improved reflection co-
efficient and enhanced bandwidth response. Mood and Pan-
deeswari [21] proposed a compact design antenna with a contin-
uous folded metamaterial (CFL-MTM) based radiating patch,
in contrast to a traditional patch antenna, with a miniature struc-
ture and broad-band response. Upadhyay et al. [22] proposed a
dual feed patch antenna with a CSRR-loaded centre-fed patch.
The antenna exhibited multi-band response, enhanced band-
width and gain. Upadhyay et al. [25] proposed a microstrip
patch antenna with a ground structure consisting of a metamate-
rial based unit cell. It exhibited broad-band frequency response
with very low values of reflection coefficients. Selvi et al. [29]
proposed an SRR inspired patch antenna, where the SRR loaded
antenna attained enhanced bandwidth of dual bands. Hassan et
al. [30] proposed a Ka dual-band antenna with high gain and
efficiency with omnidirectional radiation patterns loaded with
a metamaterial based radiating patch top layer.

2. MRPMGS ANTENNA DESIGN

The proposed MRPMGS antenna design is a typical three lay-
ered novel structure where the top layer consists of 2D periodic
array of metamaterial unit cells as radiating patch; the ground
plane is a defected ground structure that also consists of 2D pe-
riodic array metamaterial unit cells; and the middle layer is an
FR4 substrate as shown in Fig. 1. The DGS and overall dimen-
sions of the MRPMGS antenna are [; X b; (32mm X 28 mm),
and the top layer radiating surface has the dimensions of [ X b,
(16 mmx 12 mm) as shown in Figs. 2(a) and 2(b). The structural
unit of the top layer of the MRPMGS antenna is a metamate-
rial unit cell with three ring resonators where outer and middle

Substrate

8 mm

8 mm

16 mm

12 mm

Radiating Patch

FIGURE 2. MRPMGS antenna view. (a) From bottom. (b) From top.

resonators are square in shape, and inner most resonator is ring
structured as shown in Fig. 3(a). The dimension of outer most
square resonator is 3 by y3 (4 mm x 4 mm), and middle square
resonator is x4 by y4 (2.8 mm x 2.8 mm). The inner most ring
resonator has outer radius of r; (0.8 mm). In order to generate
the periodic array of unit cells on the top rectangular patch of
12 mm by 16 mm, three different shaped patches are etched out.
The first continuous ring resonator (CRR) patch is generated
by subtracting square patch-1 (3.2 mm by 3.2 mm) from square
patch-2 (4 mm by 4 mm). The second CRR is generated by sub-
tracting square patch-3 (2 mm by 2 mm) from square patch-4
(2.8 mm by 2.8 mm). The third CRR is generated by subtract-
ing circular patch-1 of diameter 0.5 from circular patch-2 of
diameter 0.8 mm. Finally the so obtained differently shaped
patches are subtracted from the rectangular patch of 12 mm by
16 mm. The structural unit of ground plane is also metamaterial
unit cells with concentric square shaped ring resonators shown
in Fig. 3(b). The dimension of the outer square ring resonator
is x1 by y; (4mm x 4 mm). The dimension of the inner square
ring resonator is x; by > (2.8 mm x 2.8 mm). The dimensional
parameters are depicted in Table 1.

TABLE 1. Dimensional parameters of the MRPMGS antenna.

Parameter ~Dimension (mm) Parameter Dimension (mm)

I3 32 ) 2.8
bl 28 Y2 2.8
> 16 g1 0.4
by 12 o7 0.4
I3 8 w1 0.4
bs 2.5 3 4
ls 8 U3 4
b4 7.5 T4 2.8
bs 8 Ya 2.8
T 3.6 g3 0.3
Y1 3.6 wy 0.3

MRPMGS antenna design is optimized in steps shown in
Figs. 4(a)—4(d), using Equations (1)—~(3) [31]. For an antenna
with a rectangular patch, W is the width of the patch which
should be less than )\, (wavelength of free space), and L is the
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FIGURE 3. (a) Structural unit on top. (b) Structural unit at the bottom of MRPMGS antenna.

@ Stage-1
Front view

Stage-2
Front view

FIGURE 4. (a) Conventional patch antenna in Stage-1. (b) Metamaterial based radiating patches in Stage-2. (c¢) Defective ground structure in Stage-3.
(d) Metamaterial based ground structure in Stage-4 of proposed MRPMGS antenna.

patch length (A\,/3 < L < A,/2), which regulates the antenna
frequency, but these parameters cannot be beyond the limits;
otherwise the antenna behaves as a microstrip line and not as a
radiator [13]. The patch antenna’s input resistance is controlled
by its width.

Equation (1) [31] governs the width of the patch antenna as:

— 1 [2
2for/Tof0 V &r +1

where f, is the resonating frequency; ¢, is the permittivity of
the substrate; 1, and g, are the permeability and permittivity of
the free space.

Equation (2) [31] depicts the effective dielectric constant:

(M

bl e —1 h\1?
. +< . )[HlQ(W)] 2)

where h is the substrate height.
Equation (3) [31] is utilized to compute the patch’s extended
length as a result of the fringing field.

AL (= +0.3) (X +0.264)
28 412
h (= —0258) (% +08)

Er =

3)
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where AL is the “Fringing length extension” added to each
edge of the patch to get an “effective length” L. [31].

In Stage-1, a conventional rectangular patch antenna is de-
signed using Equations (1)—(3). Stage 2 is evolved by convert-
ing the traditional radiating patch into a periodic array of meta-
material unit cells. In Stage-3, the ground plane is converted
into a defected ground structure by generating horizontal and
vertical slits. Finally in Stage-4, the DGS is also transformed
into a 2d periodic array of metamaterial unit cells as shown in
Figs. 4(a)—4(d).

Figures 5(a) and 5(b) show the equivalent circuit model of
the metamaterial based unit cell patch on the top layer of MRP-
MGS antenna and bottom layer ground plane, respectively. In
order to better understand the response of the proposed MRP-
MGS antenna structure, the equivalent circuit model is devel-
oped as shown in Figs. 5(a) and 5(b). The top layer radiating
patch consists of unit cells structure, each cell consists of three
resonator structures, and each resonator structure is depicted
with R, L, and C circuits separated by the coupling capacitance
for the gap in between resonator patches. The two resonators
are mutually coupled with each other and in turn coupled with
the third resonator patch as depicted in Fig. 5(a). Similarly, the
ground plane has two resonators that are mutually coupled and
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FIGURE 5. (a) Equivalent circuit model of metamaterial based unit cell patch on top.

patch in ground plane.

(b) Equivalent circuit model of metamaterial based unit cell
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FIGURE 6. Comparison of the proposed antenna’s .Si; response for four stages.

also depicted with R, L, and C elements with coupling capaci-
tors to model the gap in between as shown in Fig. 5(b).

3. MRPMGS ANTENNA SIMULATION

Computational electromagnetics software “CST Microwave
Studio” is used to simulate the optimal MRPMGS antenna de-
sign, splitting the structure into 588,570 hexahedral mesh cells.
In all three directions (x,y, and z), open boundary conditions
are fixed. The antenna design is modified and optimized stage
by stage, and the response is simulated for each stage till the
desired response is obtained after Stage-4. Fig. 6 depicts the
response of all the four stages. The optimized MRPMGS an-
tenna resonates at 11.24 GHz, 12.98 GHz, and 13.48 GHz. The
27 and 3™ resonant frequencies merged to get a broad-band
response of 1.50 GHz as shown in Fig. 6. This response is ob-
tained due to the novel concept of metamaterial based 2D pe-
riodic array of radiating patches on the top as well as metama-
terial based 2D periodic array of ground structure. Metamate-
rial unit cells of the 2D periodic array on the top interact with
each other creating a combined resonating effect whereas the
ground plane with metamaterial based 2D periodic array mini-
mizes the side lobes and improves the transmission response of
the antenna.

Figures 7 and 8 illustrate how the power is supplied to port 1
from the feed line that creates surface currents on the patch
at the top layer and ground plane at the bottom, respectively.

60

Electric and magnetic fields are further induced by the in-
duced surface current distributions [25], and the confined sur-
face currents inside the antenna construction are transformed
into electromagnetic waves in accordance with the maximum
power transfer theorem. As a result, the highest radiation of
the suggested MRPMGS occurs at 11.24 GHz, 12.98 GHz, and
13.48 GHz. Wide-band response is the result of the transverse
magnetic mode radiation produced by the metamaterial-based
unit cells patch on the top in combination with the transverse
magnetic mode radiation produced by the metamaterial-based
unit cells on ground plane [25] (depicted in Fig. 6).

Another important parameter in the good design of an an-
tenna is Voltage Standing Wave Ratio (VSWR). The degree of
mismatch between an antenna and the feed line that connects
to it is indicated by VSWR, also termed as standing wave ratio
(SWR). The VSWR value range is 1 to co. For a good antenna
design application, a VSWR value of less than two is assumed
to be most appropriate. Fig. 9 depicts the simulated VSWR
for the proposed MRPMGS antenna. It clearly indicates that at
the desired range of frequencies the VSWR is between 1 and
3, which points towards a good design of the proposed antenna
with optimized dimensions. Another parameter known as an-
tenna gain quantifies how much of an antenna’s radiation pat-
tern, or angular distribution of radiated power, is concentrated
in a single direction. With a focused, restricted beamwidth, a
high-gain antenna (HGA) is a directional antenna that allows
for more accurate radio signal targeting. Fig. 10 depicts the
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FIGURE 7. Current distributions on top surface (a) at 11.24 GHz, (b) at 12.98 GHz, (c) at 13.48 GHz.
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10 T T T T T 10 T T T
9 1 9+ ]
8r E _ 8 j
5! |
6 L 4 s 4
3 5- o,"‘ 1 § 5r - —
w I ' 3 /a--———-—-—-—-— ~——_r"
g W \ 7 S/ :
\, \ R -
2+ ‘,_-—-_-_____ . - 1 2f
1 L ——— N2’ 1 . . . . .
6 7 8 9 10 11 12 13 14 15 10 11 12 13 14 15 16

Frequency f(GHz)

FIGURE 9. VSWR for the proposed MRPMGS antenna.

gain of the antenna over the range of frequencies from 10 GHz
to 16 GHz. It shows unequivocally that the antenna gain ranges
from 3 to 5 for frequencies between 10 GHz and 16 GHz.

4. METAMATERIAL BEHAVIOUR OF RADIATING
PATCHES AND DEFECTIVE GROUND STRUCTURE
The radiating patch and the ground plane loaded with

metamaterial-based unit cells are what make the MRPMGS an-
tenna unusual in terms of structure. The metamaterial behavior

61

Frequency f(GHz)

FIGURE 10. Gain G(f) for the proposed MRPMGS antenna.

is studied in terms of the normalized effective impedance,
effective permeability, and effective permittivity calculated
using Equations (4)—(6) [32]. The normalized effective
impedance for the metamaterial unit cell based radiating patch
is shown in Fig. 11(a), and that of defective ground structure
in Fig. 12(a) clearly depicts that under perfectly matched
conditions, Re(Z(f)) = 1 and Im(Z(f)) ~ 0. The effective
permeability and permittivity for metamaterial unit cell based
radiating patch are shown in Figs. 11(b) and 11(c), respectively,
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FIGURE 11. (a) Normalized effective impedance. (b) Effective permeability. (c) Effective permittivity of metamaterial based radiating patch.

@3

—Z (/)
3 —Z
2 A
= 1
S e e e e e e e e e
-1
2|
3t i
4t ]
-5 ! !
8 9 10 11 12 13 14
Frequency /' (GHz)

15

50
)% —

30¢ —ty () |

20 I
SR —

-10 '.""-—

=20 ¢

30+

40 ‘ . . ‘ ‘ .

8 9 10 11 12 13 14 15
Frequency f(GHz)

FIGURE 12. (a) Normalized effective impedance. (b) Effective permeability of metamaterial based defective ground structure.

whereas the effective permeability for metamaterial unit cell
based defective ground structure is shown in Fig. 12(b) and
depicts Lorentzian transitions. At Lorentzian transitions,
where the effective real permeability and permittivity cross
zero values, the imaginary values hold high values.

(14 5n)? - 53
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d (1-51)? -5 @
off = - 5
flef Jkod<1—511+521> ©)
= — 6
o jkod(1+sn+sgl> (©)

Zqy 18 the effective normalized matched impedance, .4 the
effective permeability, €.y the effective permittivity, and Sy,
and 5, are the reflection and transmission coefficients, respec-
tively, in Equations (4)—(6).
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5. EXPERIMENT AND RESULTS

The MRPMGS antenna structure is fabricated on a double
sided copper laminated FR-4 substrate (relative permittivity
4.4, loss tangent 0.02 and thickness 1.6mm) by photo-
lithographic method followed by wet etching process [25]
with radiating patch dimensions 16 mm X 12mm shown in
Fig. 13(a) and ground plane dimensions 32 mm x 28 mm as
shown in Fig. 13(b). The novelty in the fabricated design is
the metamaterial unit cells loaded radiating patch as well as
the metamaterial unit cells loaded defected ground structure.
Horn antenna and a Vector Network Analyzer (VNA) are
used to experimentally evaluate the fabricated MRPMGS
antenna in an anechoic environment. As shown in Fig. 14(a),
to observe the input reflection coefficient, port 1 of the VNA
is connected to the SMA connector of the MRPMGS antenna.
Table 2 shows the comparison of simulated and experimentally
measured S;; of MRPMGS antenna. To calculate the far
field, the fabricated antenna is positioned within an anechoic
chamber. The placement of the MRPMGS antenna in front of
the horn antenna on a revolving disc machine is depicted in
Fig. 14(b). The rotating disc machine at the microwave lab is

WWwWw.jpier.org



Progress In Electromagnetics Research M, Vol. 136, 57-67, 2025 PIER M

(b)

FIGURE 13. (a) Top view of fabricated MRPMGS antenna. (b) Bottom view of fabricated MRPMGS antenna.

(b)

FIGURE 14. (a) Top view of fabricated MRPMGS antenna. (b) Bottom view of fabricated MRPMGS antenna.
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FIGURE 15. Simulated and experimentally measured S1; of MRPMGS  FIGURE 16. Experimentally measured and simulated gains of the MRP-
antenna. MGS antenna.

TABLE 2. Comparison of simulated and experimentally measured S1; of MRPMGS antenna.

Simulated Results Experimental Results
Resonance S11 (dB) Resonance S11 (dB)
Frequency (GHz) Frequency (GHz)
11.24 —25.16 11.45 —20.91
12.98 —29.36 12.91 —26.19
13.48 —26.02 13.20 —18.94

Broad-band Bandwidth: 1.50 GHz Broad-band Bandwidth: 0.91 GHz

connected to the VNA. A horn antenna served as the receiving To reduce the influence of near-far field and diffraction ef-
antenna in the anechoic environment, while the MRPMGS fects on the measurements, the MRPMGS antenna being tested
antenna served as the transmitting antenna. The two antennas is placed in front of the receiving antenna. The computer feeds
were positioned at a distance of roughly one meter. instructions to the revolving MRPMGS antenna and the horn
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TABLE 3. Comparison of performance measures of the proposed MRPMGS antenna with reported design(s).

Overall Unit cell DGS unit cell Type/ Freq. Broad-band Gain Rad. Rad
ad.
Ref. patch size size top Count  size bottom  Count Arch./ bands (GHz) (max) Eff. Patt
attern
mm® layer (mm) layer (mm) Topology (GHz) (—=10dB) (dB) (%)
50 x 30 x 1 MTM
16 24,59, _
[16] 1.166)\, x 0.699), - - 6 X 6 based - 3.8 95 Dir.
(CSR) 7.8,10.12
x0.23\, DGS
91.62 x 53.93 x 1.6 MTM based
[17] 0.255X, x 0.155\, 33.30 x 20.22 (CRR) - - radiating 2.26 - 5.1 95.66 Dir.
x0.012)\, patch
50 x 44 x 1.6 06 MTM based
[19] 0.816X, x 0.718\, 3.03 x 2.09 (CSRR) - radiating 49 0.16 - 67 Omni
x0.026 )\, patch
37 x44 x 1.6 o1 MTM based
[21] 0.493X, x 0.586)\, 16 x 14 (CFL) - - radiating 32 1.156 228 75 Dir.
x0.0213), patch
100 x 100 x 3 1.93,3.73,
02 MTM based .
[22] 1.78, x 1.78 )\, - - 3.9 x 3.9 4.35,6.35, 0.6 9.9 —  Omni
(CSRR)  DGS
x0.053 )\, 7.25
2.1&235
2121 x 2 3688393 04  MTM based
[25]  0.544), x 0.544), - - ' ' B 765,790 091 ~ ~ Omni
1.93 &2.35 (CRR) DGS
x0.052),
2.85 & 3.20
31 x 25 x 1.6 4 MTM based
[29] 0.287 X, x 0.231X, 5X5 (MSR) - - radiating 2.78,5.88 - - —  Omni
x0.014)\, patch
10.3 x 10.3 x 0.7 MTM based 27.67.29.07
[30] 1.1), x 1.1, 10.3 x 10.3 01 - - radiating '33’ 73' ’ 2.23 5.5 97 Omni
x0.077 Ao patch '
40 x 40 x 1.6 16 MTM based
[35]  0.413), x 0.413), - - 6 x4 B 30,44 - 634 90 Dir
(SRR) DGS
x0.016)\,
MTM based
1216 > 0.8 44 12 3.6 x 3.6 30 diati 11.45,12.91
.6 x 3. radiatin 45,1291, .
Proposed 0.529A, x 0.705), 2.8 X 2.8 aciating 091 55 8 Omni
00357 o8 (IRR) 28x28 CRR patch&MTM  13.20
x0. ° .

based DGS

CSR: continuous spiral resonator CRR: close ring resonator MSRR: multiple split ring resonator CSRR: complementary
split ring resonator CRR: concentric ring resonator CFL: continuous fold line IRR: interconnected ring resonator

antenna positioned front to front, polarizing the F-field and
H-field in co-planar and cross-planar orientations in order to
measure the radiation patterns. In a cross-planar configuration,
the MRPMGS and horn antennas are orthogonal to one another
with regard to E-field and H-field orientations, whereas in a
co-planar position, they are aligned in the same direction. The
resonance frequencies of the proposed MRPMGS antenna are
measured experimentally and compared to the simulated find-
ings, which meet the —10dB requirements, as illustrated in
Fig. 15. There is a small discrepancy between the simulated and
measured results, which could be the result of fabrication flaws.
The gain is measured experimentally which is observed to vary
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from 2.35 to 5.5 shown in Fig. 16, and it is in close resem-
blance with the simulated values. Fig. 17 depicts the compari-
son of simulated radiation efficiency for Stage-2, Stage-3, and
Stage-4. It clearly shows the improvement with the addition of
metamaterial based unit cells in radiating patch and DGS. For
Stage-4, the simulated radiation efficiency is compared with the
measured values and found to be in close resemblance.

The comparison of experimentally measured and simulated
radiation patterns is shown in Figs. 18(a)-18(f) using 2D
polar plots of MRPMGS antenna at resonance frequencies
of 11.54GHz (11.24GHz), 12.91GHz (12.98 GHz), and
13.20 GHz (13.48 GHz). The orientation of MRPMGS antenna
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is in xy-plane. Electric field strength is in the z-direction
for antenna to be in co-plane (¢ = 0); the antenna, when
orients in the cross-plane (p = 90), becomes orthonormal
with respect to the co-plane. Both co-polarization and cross-
polarization lead to an inverted orientation of the electric
field. The MRPMGS antenna’s far field radiation patterns
are simulated at 11.24 GHz, 12.98 GHz, and 13.48 GHz and
shown in Figs. 18(d), 18(e), and 18(f). The 2D radiation
patterns so obtained experimentally are depicted in Figs. 18(a),
18(b), and 18(c). For both generated and empirically observed
findings, the radiation patterns exhibit omnidirectional features
that make it appropriate for wireless and ITS applications.

The concept of unit cells with different optimized struc-
tures is also used in transmitarray antennas with multiple lay-
ers [33,34] which act as phase shifting surfaces (PSSs), to
achieve wide bandwidth and high gain in antennas. However,
the use of multiple layers results in increased insertion losses,
thickness, and requires mechanical screws support. In the pre-
sented manuscript, the metamaterial unit cells are single layered
on the top surface and on the bottom ground surface (DGS). The
concept of unit cells on the top and bottom surfaces results in
appreciable high gain, wide bandwidth, and high efficiency.

6. CONCLUSION

A three layered novel patch antenna design that is distinguished
by its metamaterial unit cell-based ground structure and radiat-
ing patch on top is simulated, fabricated, and experimentally
tested. The antenna design is simulated in CST Microwave
studio splitting the antenna structure into 588,570 hexahedral
mesh cells. The design is optimized in four stages. The de-
sign in Stage-1 is a conventional rectangular patch with the
complete ground plane at the bottom. In Stage-2, the conven-
tional rectangular patch on top is modified with metamaterial
unit cells based patch. In Stage-3, the defects are added in
ground plane in terms of horizontal and vertical etchedlinear
patches. In Stage-4, the DGS is further modified to metamate-
rial based unit cells. The unique design resonates at 11.54 GHz,
12.91 GHz, and 13.20 GHz. The uniqueness in the antenna de-
sign with loaded metamaterial unit cells resulted in broad-band
response where the second and third resonance bands merged to
have a —10 dB bandwidth of 0.91 GHz. The proposed antenna
exhibited VSWR in between 1 and 3. The gain is in between
2.35 and 5.5 for desired frequencies. The radiation efficiency
reached 80% in the proposed antenna design. The unique de-
sign also resulted in the suppression of back and side lobes to
a great extend. The performance of the proposed antenna is
compared with reported designs, and the comparison is sum-
marized in Table 3. The comparison table clearly depicts that
the reported designs have either top layer loaded with metama-
terial unit cells or ground plane loaded with metamaterial unit
cells. The proposed antenna design is novel with both top layer
(radiating patch) and bottom layer (ground plane) loaded with
metamaterial unit cells. With this novel design, the MRPMGS
antenna exhibited relatively small size, high gain (5.5 dB), high
radiation efficiency (80%), simulated broad-band (1.5 GHz),
and measured broad-band (0.91 GHz) with omnidirectional ra-
diation patterns.
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