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This study focuses on creating and analyzing pentagonal microstrip patch
antenna arrays with one, two, and three elements for use in the 10 GHz X-band
range, utilizing a metamaterial (MTM) superstrate technique. The MTM
superstrate, composed of open circular ring cells, is tailored for a 1x2 array
with a 10x8 cell arrangement covering an area of 45x36 mm2. A 1x3 array has
a 14x12 cell configuration spanning 63x54 mm2. Positioned beneath the
radiating elements and optimized with a quarter-wave transformer for
impedance matching, the superstrate significantly enhances antenna
performance. The MTM superstrate alters the radiation pattern and increases
the gain by approximately 2 dB, demonstrating a gain improvement of around
27% for high-gain applications in the X-band frequency range. For the 1x2
array, the gain increases from 7.52 dB to 9.58 dB, representing a 27.38%
improvement, while the input reflection coefficient improves from -48.6 dB to
-58.068 dB, reflecting a 19.5% enhancement. Similarly, for the 1x3 array, the
gain rises from 9.69 dB to 11.6 dB, showing a 19.73% increase, and the input
reflection coefficient improves from -57.46 dB to -60.64 dB, indicating a
5.54% improvement and a good radiation efficiency of about 79.11%. This
work involves designing and simulating the proposed antenna arrays using the
Computer Simulation Technology (CST) software.

1. Introduction

technologies, and ease of manufacture [1,2].
However, these antennas often face challenges in

In contemporary wireless communication
systems, the demand for high-performance
antenna arrays is steadily increasing, driven by
the need for faster data rates, broader coverage,
and more reliable performance, particularly
within the X-band frequency range; microstrip
antenna arrays have become a prominent choice
due to their compactness, low profile,
compatibility with integrated circuit
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achieving optimal gain, wider bandwidth, and
desired radiation characteristics, especially in
environments  characterized by  multipath
propagation, signal interference, and attenuation
[3, 4].

To address these challenges, researchers have
proposed several solutions, including employing
dielectric superstrates above microstrip antenna
arrays to enhance radiation characteristics [5],

This work is licensed under a Creative Commons Attribution 4.0 International License.
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modifying the geometry and dimensions of
radiating elements to improve gain, bandwidth,
and polarization [6], designing efficient feed
networks to ensure proper impedance matching,
control of radiation patterns, and minimization of
losses [7], selecting optimal substrate materials
with appropriate dielectric constants and loss
tangents to enhance performance [8].

Optimizing the configuration and
arrangement of antenna elements within the array
to achieve desired radiation patterns, beam
steering capabilities, and side lobe suppression
[9], utilizing multilayer stack configurations to
add functionalities such as polarization diversity,
frequency selectivity, and impedance matching
[10,11]; mutual coupling often deteriorates an
antenna array's radiation characteristics, to
mitigate this, the element separation should be at
least A/2 (from center to center) to avoid mutual
coupling and grating lobes [12], techniques to
reduce mutual coupling include implementing
electromagnetic band gap (EBG) structures [13],
applying  neutralization  techniques  [14],
integrating stub transitions into the feeding
microstrip line [15], etching slots or slits into the
ground to create Defected Ground Structures
(DGS) [16,17].

Among these strategies, the use of
metamaterial structures has gained significant
attention due to their unique electromagnetic
properties, which allow precise control over the
propagation  of  electromagnetic ~ waves.
Strategically placed metamaterial substrates can
significantly  enhance  microstrip  antenna
performance metrics such as gain, directivity, and
bandwidth [18,19]; metamaterial superstrates
represent a promising approach to improving
microstrip antenna gain and radiation efficiency
[20,21] Dby altering the electromagnetic
environment above the radiating elements, these
superstrates  effectively enhance antenna
performance.

Placing the metamaterial superstrate layer
beneath the antenna array, rather than above [22],
can modify how electromagnetic waves interact
with the array; the interaction between the
metamaterial layer and the underlying ground
plane or substrate might impact the antenna’s
radiation pattern, impedance matching, or other

characteristics, depending on the specific designs
and their electromagnetic properties.

This study shows that earlier methods for
improving microstrip antenna arrays did not deal
with mutual coupling well enough and could not
achieve high gain and efficiency in small designs.
Adding metamaterial top layers with open circle
rings nested inside each other makes matching
gain, bandwidth, and impedance much better in
closely packed arrays. Unlike traditional
decoupling methods, this approach integrates
metamaterial superstrates and optimizes array
configuration, resulting in superior performance
in X-band communication systems. This work
bridges the gap by providing design strategies for
high-gain, low-coupling antenna arrays suitable
for modern, compact wireless communication
systems.

This paper looks into how adding a
metamaterial superstrate layer to microstrip
antenna arrays can improve their performance,
which could lead to better communication
systems. Additionally, T-power dividers and
mitered bends are incorporated into the design of
the proposed array to optimize overall
performance and achieve the desired radiation
characteristics. The remainder of this paper is
organized as follows: Section 2 describes the
configurations of a single antenna, a 1 x 2 array,
and a 1 x 3 array; Section 3 details the creation
and testing of the Metamaterial Complementary
Split Ring Resonator (MTM CSRR) unit cell and
the extraction of its effective parameters; Section
4 discusses the MTM superstrate layer, Section 5
presents the outcomes, measurements, and
simulations of the final design; and Section 6
compares these results. Finally, Section 7
concludes the paper.

2. Design of antennas
2.1. Single element antenna

Fig. 1(a and b) shows the printed pentagonal
antenna shape steps. It was made on an FR-4
substrate (25x28)mm?. It had parameters (er =
4.3, h = 1.4 mm, and tan 6 = 0.025). A 50 Q
microstrip feeding line makes up the antenna. A
rectangular slot is etched with a size of
(2.98x3.62)mm? on a radiating patch to enhance
gain and obtain a low input reflection coefficient.
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The final input reflection coefficient of the
antenna is lowered to -67.781 dB at a resonance
frequency of 10 GHz. The single element has a
good gain value of 6.07 dB. Table 1. shows the
comparison results for the performance of the
single pentagonal antenna. The simulation results
for the S-parameter for each stage in the antenna
design are also presented in Fig. 2. This paper
focuses on the pentagonal patch shape, which is

widely discussed in the literature. The pentagonal
shape enables the patch to work with circular
polarisation (CP) [23], obtaining phase
quadrature with constant amplitude. Benefits of
CP include improved penetration, increased
maneuverability, and reduced susceptibility to
interference. Equations (1) to (3) aim to ascertain
the pentagonal patch's dimensions.
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/ Ryry %
! & N v
Ls / Q7 b y
o ~ :
— W ‘ Y
W
W\,
Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
a) Top view
LG
- W, >

b) Bottom view
Figure 1. Evolution stages of the proposed single pentagonal antenna design (I) Stage 1;(11) Stage 2 ; (I11) Stage 3 ; (VI)
Stage 4 ; (VII) Stage 5 (proposed)

Table 2. displays the optimal dimensions of
the single-element MPA. Where W is the width
of the patch, h is the substrate thickness, fr is the
resonance frequency, A is the wavelength, and C
is the vacuum speed of light. These equations are
given below [24]:

c , 2
W= 2f Al €41 (1)
E 2
reff:grzi+£rT'1[1+12£]‘% )
A= —F 3)
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Figure 2. S-parameter simulation for each design stage

Table 1: Comparative results of the proposed single-element microstrip patch antenna's performance

Geometry Bandwidth Working Return Gain

(MHz) Freg. (GHz)  losses (dB) (dBi)

Stage 1 (9.07-15.22)GHz 10.18 GHz -23.5 5.24
6152.2 MHz

Stage 2 (9.13-15.17)GHz 10.036 GHz -37.77 5.99
6036 MHz

Stage 3 (9.13-15.17)GHz 10 GHz -50.08 5.96
5623 MHz

Stage 4 (9.22-11.36)GHz 10 GHz -42.24 6.01
2143 MHz

Stage5 (9.13-15.15)GHz 10 GHz -67.78 6.07
Proposed 6016 MHz

Table 2: The optimal dimensions of the single element MPA

Symbol  Value (mm)  Symbol Value (mm) Symbol Value (mm)
R1 7.4 Lg 10.27 Y 3.62
Wy 3.1 Wy 25 R> 34
Ly 6.8 Lg 28 R3 3.6
Wr 0.6 H 1.4 R4 2.3
L 6 t 0.035 A 351
Wy 25 X 2.98 B 0.43

Designing a microstrip antenna array requires  necessitates careful consideration of several

the combination of multiple antenna elements to
achieve constructive interference in a desired
direction, thereby enhancing the overall gain.
Achieving optimal performance in terms of
coverage, gain, directivity, efficiency, radiation
pattern, and beam steering capabilities

factors:
1. Arrangement of Array Elements: The physical

configuration of the array elements (e.g.,
linear, planar, or circular) significantly

147



Surur Hassan Ali, Ali Khalid Jassim / Diyala Journal of Engineering Sciences Vol (17) No 2, 2024: 144-172

influences the coverage and beam steering
capabilities of the antenna.

2. Spacing Between Array Elements: The
separation between adjacent array elements
plays a crucial role in determining the radiation
pattern and beamwidth of the array antenna.
Although smaller spacing generally leads to
higher directivity and narrower main lobes, it
can also increase mutual coupling between
elements. Mutual coupling is the interaction
between adjacent elements, potentially
altering their performance. Conversely, larger
spacing can reduce mutual coupling but may
broaden the main lobe and increase side lobe
levels.

3. Phase Control of Array Elements: The design
of a microstrip antenna array is not just about
the physical configuration but also about the
advanced technology that enables precise
phase adjustment of each element relative to its
neighbors. This precision allows the radiation
pattern and beam direction to be steered
electronically without physically moving the
antenna. This exact phase control, a testament
to advanced technology, makes beamforming

possible by directing the main lobe towards a
particular angle or point of interest.

4. Transmission Line Feed: The transmission
line feed network distributes RF signals from
the antenna feed point to individual array
elements. Proper design of this network is
essential to ensure impedance matching, phase
synchronization, and appropriate power
distribution. These factors are further
discussed in Section 2.2.

2.2. 1x2 Antenna Array

Figure 3(a and b) showcases the geometrical
layout of a two-element conventional microstrip
patch antenna array designed for operation at a
frequency of 10 GHz. The array is constructed on
an FR-4 substrate measuring 38.5x34.1mm?. The
T-junction power divider [25] has a significant
quarter-wavelength dependence on the output
port. With a 50 Q input impedance, this port plays
a crucial role in ensuring the proper excitation of
the proposed antenna array and adequate power
distribution to each element. The optimal
dimensions for a 1x2 element MPA array are
outlined in Table 3.

&
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Lga

b) Back view

Figure 3. Schematic diagram of cooperate-fed 1 x 2 antenna array

Table 3 :The optimal dimensions of 1 x 2 element MPA array

Substrate Ground
Wsq 38.5 mm Wesq 38.5 mm
L¢y 34.1 mm L¢y 12.78 mm
Z,=50 Q feedline Z, =100 Q feedline
W, 2.75mm Weq 0.63 mm
L, 7mm Ley 5.8 mm
Wy 2.75 mm Z.=170.7 Q feedline
Ly, 6.1 mm We3 1.44 mm
Spacing between 7.5mm Lgs 7.35m
patches

It is often necessary to employ optimization
techniques based on simulation results to achieve
optimal performance from antenna equipment
and meet specific parameters. Components such
as cut slots or curved feed mechanisms play
significant roles in determining the antenna's
radiation characteristics and ensuring effective
power distribution to each patch. The
incorporation of a triangular cut slot represents a
modification to the conventional design, as
depicted in Fig. 3. These will be designed as
follows:

The spacing between array elements: From
edge to edge, the distance between array elements
should be about a quarter of the wavelength (A/4)
to minimize mutual coupling, prevent single-
mode propagation among radiating elements due
to random errors, and ensure that array elements

are in phase with each other and radiate in the
normal direction [26].
c 3 x 108

Thus, A4 = T Tt s 30 mm,

Patch spacing (from edge to edge), d= % -

% = 7.5 mm. So, a parametric study was done

using a parameter sweep for different separation
distances between two elements of MPA arrays
until the best results were found at the best
distance. It was found that a distance of 7.5 mm
gave the best return losses and gain values of -
48.6 dB and 7.52 dB, respectively. Fig. 4. shows
the return losses of linear antenna arrays as a
function of the spacing between elements. The
results are shown in Table 4 below:
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Figure

4. The return losses of linear antenna arrays are a function of spacing between elements

Table 4: Return losses & gain between antenna arrays for different separations

d (mm) 511 (dB) Gain(dB)
A (30 mm) -32.317 4.86
A/, (15 mm) -21.2 4.43
/5 (10 mm) -14.32 7.14
M, (7.5 mm) -48.6 7.52
e (6 mm) -22 7.57
M (5 mm) -18.84 75

» Transmission Line Feeding: The T-power

divider network is a crucial component for
effective power distribution among array
members, ensuring that each element in the
array receives the necessary power. as
depicted in Figure 5. This feeding network
has three branches: 50 Q, 100 Q, and 70.7 Q.
In a parallel array feed network for the

ZC = VZaZb

proposed antenna, a microstrip-feed line of
(Z,= 50 Q) branches off into two feed lines
of 2Z, (Z,= 2x50 =100 Q), which further
ramose into a Z,= 70.7 Q feed line as
indicated (4) [27].

(4)

Z,=100Q

Z,=50

7,=100Q

Z,=500

7,=707Q Z.=70.7Q

\/

Z,=500

Figure 5. T-junctions configuration of the proposed power divider
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The characteristic impedances mostly depend
on the power divider's width and the separation
between the divider and the ground plane. The
impedance of the feedline width (2.75 mm, 0.63
mm, and 1.44 mm) for 50Q, 10002, and 70.7Q,
respectively, is determined by matching each
element of the array to the standard 50 Q
impedance. The following equations (5-7) were
used to compute the supply of the feedline width
for each impedance [27]:

_Zo |&H1 E—1 0.11
A= " /—2 + e (0.23 + Sr) (5)
377
T 2ZgVEr (6)
W =
:z';e_i ,for %S 2
2B-1-n ((ZB -0 +EH{InB-1)+0.39 —"'gﬂ}>]
w

The feed line width of
calculated as follows:

Zs = 50 Q was

a= 2 22222 (023452 ) =151,
60 2 4.3+1 4.3
_ 8x1.4xe’>3 _
Wf = 62(15—3)_2 =2.75 mm.

The feed line width of Z, = 100 Q was
calculated as follows:

A= 10 [22,203 (023 428 )=2gy7,
60 2 4.3+1 4.3
_ 8x1.4%xe?%87 _
Wf = m =0.63 mm.

The feed line width of Z, =70 .7Q was
calculated as follows:

A= 707 [a341 4371 (0_23 4011 ) =2.077,
60 2 43+1 4.3
_ 8x1.4xe2077 _
Wr = —Gam = 1.44 mm.

2.3. 1x3 Antenna Array

The previous 1x2 configuration can be
expanded by adding another radiating element to
create a 1x3 antenna array. One can achieve this
expansion by altering the feeding network or
using a T-power divider to distribute signals to
each component evenly. The spacing between the
elements is 7.5 mm, equivalent to 0.25 A0 at a
frequency of 10 GHz. The CST simulator's
parameter sweep optimization (PSO) tool has
been utilized in multiple optimizations attempts
to achieve impedance matching, lower return
losses, and good gain characteristics. The total
size of the 1x3 array design is (59.05 x 48.3) mm?,
Table 5 shows the optimal dimensions of the 1x3-
element microstrip patch antenna (MPA) array.
Figure 6 illustrates the geometry of a
conventional three-element array with corporate
feeding at 10 GHz.

Table 5: The optimal dimensions of 1 x 3 element MPA array

Substrate Ground
Ws, 59.05 mm Weo 59.05 mm
Lg, 48.3 mm Lg, 32.63 mm
Z,=100 Q feedline Z, =50 Q feedline
Wry 0.63 mm Wre 2.75 mm
Ley 10.8 mm Lyg 9.5 mm
Wy 0.63 mm Z.=170.7 Q feedline
Ley 9.2 mm Wres 1.44 mm
Spacing 7.5mm Lgs 17.8mm
between
patches
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Figure 6. Schematic Diagram of Cooperate-fed 1 x 3 antenna array

Transmission Line Feeding: We have
modified the conventional design 1x3 array using
the curved feeding method called "mitered bend,"
as illustrated in Figure. 7. It is a technique used to
create bends in transmission lines. Instead of a
traditional curved bend, the ends of the
transmission lines are cut at a certain angle; the
cutting angle is often calculated through
electromagnetic simulations or experimentation
to achieve the best performance for the particular
array antenna design. This method of cutting
helps lower issues like VSWR (Voltage Standing
Wave Ratio), insertion loss (loss of signal power

when parts are connected), and return loss (power
being reflected to the source). These issues can
worsen in line bends, where most of the energy
from the input is sent back to the source when the
line is cut [28]. This, in turn, leads to a mismatch
with the input port resistance, which reduces
system performance. The primary function of the
curved feed in the antenna is to facilitate radiation
and reduce return losses. They ensure sufficient
power distribution to each radiating patch.
Meanwhile, mitered bends help preserve signal
integrity and compactness within the array
structure.
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{,=1uun 7,=100Q ,=1000

2,500 2,=500
7070 7,170

Z2,=100Q

Z,=50Q

Microstrip Mitred Bend

Microstrip Mitred Bend Calculator: The
feeding network of the antenna array design will
only include the bend at W3 = 1.44 mum in the
input impedance 70.7 Q line. where Ay=
compensated length for optimal bend, D = square
mitre's diagonal, h = substrate height, and Wy =
transmission line width. Equations 8 to 10
provide expressions for X, D, and AM as follows
[29]:

D= W, xV2 (8)
=1.44 x /2 =2.03 mm
w
X=Dx [0.52 + 0.65e("1'35XTf)] (9)
—2.03 X [0.52 +0.65 e(—1-35X%>]
= 1.4 mm
Ay =(X—-2)xV2 (10)

= (14— =2)xV2  =051mm

Fig. 7. The proposed power divider

The simulations show that connecting three
antennas created four separate frequency bands at
2.81 GHz, 6.01 GHz, 10 GHz, and 13.96 GHz.
These bands gave simulated results (for [S11| < -
10 dB). At 10 GHz, the simulated gain,
directivity, and input reflection coefficient
achieve 9.7 dBi, 12.4 dBi, and -57.46 dB,
respectively. Figure 8 (a , b) illustrates the input
reflection coefficient characteristics with gain
versus frequency of a three-element array.
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Figure 8. a) The S-parameter characteristics VS frequency of a three-element array b) The gain VS frequency of a three-

element array

3. Design of metamaterial unit cell

The CSRR unit cell configuration and its
built-in  equivalent circuit are shown in
Figure 9 (a, b). The structure is carefully placed
between two waveguide ports in the £x direction,
with an electromagnetic wave and magnetic and

electric fields running along the y- and x-axes,
respectively. This suggests that the first port
sends the reflecting signal while the second
receives the receiving signal. The C-shaped
double CSRR unit cell size is optimized and
simulated to determine the effective behavior of
the S11 reflection phase of the proposed unit cell
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and the negative electromagnetic properties at Table 6: The CSRR-MTM unit cell dimensions
10.1 GHz, as shown in Figure 10(a,b). The oo
suggested CSRR unit cell's geometric | SYMP' | Ry | Rp |Wx | Lx | g1 | g2 | b1
measurements are shown in Table 6. \(/a'U‘)f 1.34 | 085 | 45 | 45 | 0.25|0.25 | 0.27
mm
Electric (E,=0) : ICI E
T
=
u
o
3
=
L/2
a) b)

Figure 9. a) A 3-D perspective view of the unit cell. b) The equivalent circuit of the unit cell
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4. Metamaterial superstrate layer analysis for
gain enhancement

The antenna's gain can be increased by
putting different-sized MTM superstrate layers
below the suggested antenna array with two and
three elements. This is possible because the MTM
superstrate layer uniquely reflects surface waves
outside the resonance range, raising the antenna
array's gain. The metamaterial superstrate layer
can be engineered to reflect waves and focus or
steer them in the desired directions. Additionally,
metamaterials can manipulate the phase and
polarization of reflected waves, offering further
flexibility in controlling the behavior of the
electromagnetic field.

The proposed MTM cells are printed above
the FR-4 substrate (er = 4.3, h = 1.4 mm, and

tan6=0.025). One layer of copper with a
thickness of 0.035 mm is added. Two open
circular resonators are etched, one imbricated
inside the other, on the top of the substrate, while
a complete ground is not added on the back. For
the 1x2 antenna array approach, the MTM
superstrate layer has a total area of (45x36) mm?
and consists of a (10x8) cell array. For the 1x3
antenna array approach, the MTM superstrate
layer has a total area of (63x54) mm? and
consists of a (14x12) cell array, as shown in
Figures 11 and 12. The geometry of the MTM
superstrate covers the proposed antenna array
with two or three elements. The fabricated photo
of the (10 x 8) array MTM superstrate layer is
shown in Figure 13.

Lx
; 7
! @) g
\ ' d
\__45.00 mm
Qoo aoe g o oo
000 oo oo oo

)

A
i)
Y

)
)

| @

wiurpp-9g

©

Figure 11. The geometry of the MTM superstrate: (a) Unit

Cell SRR and (b) (10 x 8) array Unit Cell SRR—-based 1x2

MPA arrays
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Figure 12. The geometry of the MTM superstrate for (12 x 14) array Unit Cell SRR-based 1x3 MPA arrays

Figure 13. The fabricated structure of the ( 10 x 8) MTM superstrate layer array cell

5. The Results and discussion affects the radiation behavior of the

5.1. Gain and reflection coefficient (S11) results antenna, as shown in Figures 11 and 12. The

benefit gained may be sacrificed in favor of

A single layer of metamaterial substrate is a smaller MTM superstrate layer, as
incorporated into the design of the proposed illustrated in Figure 14.

antenna array, which sits below the 1 x 2 and 1 x
3 antenna arrays covered in Sections 2 and 4,  Table 7: The gain value for various numbers of unit cells

respectively. This integration aims to enhance for 1x2 array

gain and minimize back radiation. Several

parametric studies, as described below, have been No. of cells  Gain (dB)
carried out to optimize gain and return loss 10x8 958

characteristics:

1. A parametric study of the antenna peak gain 10%7 308
reveals that the gain increases with the 10x6 8.93
number of cells, as indicated in Table 7. 9x6 8.74

The size of the MTM superstrate layer

157



Surur Hassan Ali, Ali Khalid Jassim / Diyala Journal of Engineering Sciences Vol (17) No 2, 2024: 144-172

Max Gain over F
10
8] (20 88 ) | e
{ 10, 8.7495 ) : i

0 ‘q_,(m.e.na??]"""""5"""""' : : :
E 4 & { lﬂi 8.937 } ............................................................................................
‘L’ 1 4 S e e
= .
= ) Y S S SOOI s OSSOSO SRS S
= | 2]
E B Ll ELTTTEE R RRe R feasneaasnensaasn Ep———— fasasssessasaasassfaasassss
o P ool TN SN SRS SR — 108
U)I -8 e ]{jx7

=10 — Ouf

.12 ; ; ; ; ; ;

1 2 4 6 B 10 12 14 15|
Frequency / GHz

Figure 14. Gain parametric analysis for various numbers of unit cells for a 1x2 array

2. Another important parametric study focused A-For 1x2 element array approach:
on the spacing (S) between the proposed Figure 15 (b and c) illustrates the fluctuations
array antenna and the MTM superstrate layer, in the input reflection coefficient and the gain
as shown in Figures 15(a) and 16(a). This value at a frequency of 10 GHz. The input
parameter is crucial to optimizing the reflection coefficient drops to -58.068 dB as the
antenna's radiation characteristics. As  spacing (S) increases and reaches the distance S =
anticipated, the MTM layer has a significant 14.2 mm. The impact of this parameter on the
impact on the antenna array's peak gain and radiation characteristics is shown in Table 8,
return losses, as seen below: where the peak gain of the array antenna increases
to 9.58 dB at a distance of S = 10 mm.
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Figure 15. a) Perspective view of the embedded 1x2 antenna array with MTM Superstrate layer b) Analysis of S11
parameters at various distances at 10 GHz

Gain IEEE[dB]

Table 8: Return losses & gain of 1x2 antenna array with the reflector for different spacing

Spacing between 1x2 Input Gain
antenna array and reflection (dBi)
MTM superstrate coefficient

layer (S mm S 11(dB)
9 -29.69 9.24
10 -31.96 9.588
11 -34.23 9.24
12 -35.77 9.12
13 -40.27 8.998
14.2 -58.068 8.79

1D Results\Su
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Figure 15. ¢) The gain parametrically at different distances at 10 GHz
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B- For 1x3 element array approach

Figure 16 (b and c) illustrates the fluctuations
in the input reflection coefficient and the gain
value at a frequency of 10 GHz. The input
reflection coefficient drops to -60.64 dB as the
spacing (S) increases and reaches the distance S =
18 mm. Table 9 shows how this parameter affects
the radiation characteristics as the peak gain of the
array antenna rises to 11.6 dB at a distance of S =
10 mm.

In conclusion, the operating band stays stable
at the 10 GHz resonant frequency. The distance
from the reflective metasurface layer affects the
antenna array's highest peak gain and lowest
return losses. The 1x2 element array antenna
methodology produced an appropriate response to
the reflection coefficient (S11) when S = 14.2
mm, equivalent to less than (A /2), and a stable
high gain when S = 10 mm. The 1x3 element
array antenna methodology produced an
appropriate response to the reflection coefficient

(S11) when S = 18 mm and a stable high gain
when S =10 mm.

Ultimately, the performance behavior of the
antenna array is demonstrated by the gain
increase to 9.58 dB for two-element arrays and
11.6 dB for three-element arrays. The MTM
superstrate layer is positioned above the
conventional antenna array at an optimal distance.
In compliance with Snell's law of refraction,
electromagnetic waves are scattered from the
primary source and directed along the normal of
the medium by a material with a low refractive
index. This property significantly enhances the
directivity of the proposed antenna.

Due to the strong reflection from the MTM
superstrate, the antenna exhibits exceptional
performance. In this context, enhancing the
stability of the proposed antenna array will further
increase its overall gain. Figure 17 (a and b)
compares the S11 and gain results for a single
element, a 1x2 element array, and a 1x3 element
array with the MTM superstrate layer.
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Figure 16. a) Perspective view of the embedded 1x3 antenna array with MTM Superstrate layer b) Analysis of S11
parameters at various distances at 10 GHz, c) The gain parametrically at different distances at 10 GHz

Table 9: Return losses & gain of 1x3 antenna array with the reflector for different spacing

Spacing between 1x3 Return Losses Gain
antenna array and MTM S 11 (dB) (dBi)
superstrate layer  (S)mm
9 -23.85 11.44
10 -29.19 11.6
12 -26.36 10.83
14 -27.44 10.44
16 -29.06 9.81
17 -26.59,-31.39 8.819.1
18 -60.64 7.56
19 -39.70 8.58
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5.2. Findings regarding radiation pattern and
efficiency

When the 1x2 antenna array with a superstrate
layer is used at 10 GHz, the simulated gain is 9.58
dBi, the directivity is 12.4 dBi, and the radiation
efficiency is 79.11%. In comparison, the 1x3
antenna array with a superstrate layer at 10 GHz
achieves a gain of 11.6 dBi, a directivity of 14.3
dBi, and maintains the same radiation efficiency
of 79.11%. The greater losses introduced by the
MTM array cells contribute to the decreased
radiation efficiency. However, metamaterials,
synthetic materials with characteristics not found
in naturally occurring materials, offer unique
advantages such as improved directivity and
radiation pattern control.

While these materials can introduce
additional losses, particularly in absorption and

scattering, their potential to enhance antenna
array performance is significant. When placed as
a superstrate layer on the antenna array,
metamaterials absorb some of the incident
electromagnetic energy and disperse the radiated
energy in different directions away from the
desired direction. This results in a loss of radiated
power and a decrease in the overall efficiency of
the antenna array system.

The normalized radiation patterns for single,
1x2, and 1x3-element antenna arrays are
provided for the broadside. The H-plane (¢ = 90°)
directivity of the single-band antennas at 10 GHz,
shown in Figure 18, indicates a main lobe
intensity of -1.8 dBi oriented at 55 degrees. These
results clearly show the good performance of the
simulated single-band antenna, which has a
nearly isotropic radiation pattern with side lobe
levels of -3.2 dB at 10 GHz.
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The H-plane (¢ = 90°) directivity of the
proposed 1x2 corporate-fed antenna with an
MTM layer is illustrated in Fig. 19. There is a
noticeable increase in the size of the main lobe
compared to the single-band antenna, with a
directivity of 12.4 dBi, a main lobe direction of
4°, and a half-power beamwidth (HPBW) of
35.6°. Correspondingly, side lobe levels decrease
by -9.9 dB, as observed from the directivity polar
plot. Fig. 20 displays the H-plane (¢ = 90°)
directivity of the proposed 1x3 corporate-fed
antenna with an MTM layer. The main lobe
magnitude increases slightly to 14.3 dBi, while
the side lobe levels remain nearly the same as the
1x2 antenna array at -9.9 dB.

While our research shows promising results,
it also highlights some challenges. The E-plane (¢
= 0°) directivity of the single patches is given in
Fig. 21, showing a slight increase in the main lobe
magnitude by 0.712 dB. The main lobe direction
decreases to 42°, with an HPBW of 70.7° and side
lobe levels of -1.6 dB at 10 GHz. For the 1x2
corporate-fed pentagonal arrays, a main lobe
magnitude of 12.3 dBi and an HPBW of 38.8°
were obtained, with side lobe levels of -15.5 dB,
as shown in Fig. 22. The directivity polar plot in
the E-plane (¢ = 0°) for the 1x3 corporate-fed
pentagonal arrays indicates a maximum
magnitude of 10.8 dBi, side lobe levels of -14.2
dB, and a HPBW of 26.1°, as presented in Fig. 23.
These findings underscore the need for further
investigation and development to fully
understand and mitigate the challenges posed by
metamaterials in antenna array design.

From the above analysis, it is evident that the
side lobes distort the radiation pattern. However,
the MTM reflector layer's capacity to absorb
diffracted waves from the antenna array's partial
ground plane allows it to maintain high gain. In
the suggested array, the MTM superstrate layer
cuts down on back radiation (side lobes) by a
large amount across the whole frequency range of
operation. This demonstrates the high directivity
that the MTM array cells achieved. The
IEEE 3-D gain of the single-band antenna, as
designed in Section 2.1, is shown in Fig. 24. The
single patch achieved gains of 6.07 dB at 10 GHz.
Figure 25 displays a 1x2 corporate-fed
pentagonal array with an MTM substrate layer. It
also displays its IEEE 3-D gain of 9.59 dB at 10
GHz. Figure 26 shows that the 1x3 corporate-fed
array with the MTM superstrate layer gained 11.6
dB at the same operating frequency. This was a
big improvement over the single-band patches
and 1x2 antenna arrays that were made before.
The results of the studied design antennas are
compared across different configurations: single
patch, 1x2, and 1x3 element array antennas, both
with and without MTM superstrate layers. This
comparison is presented in Table 10. This new
1x3 corporate-fed pentagonal array works better
at 10 GHz regarding side lobe level, gain,
directivity, and input reflection coefficient.
Specifically, it surpasses all other designed
antennas in terms of gain and directivity (H-field
and E-field). However, the bandwidth
performance needs improvement compared to the
single-patch antenna, which exhibits significantly
better bandwidth.
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Figure 18. Directivity of single patch antennas at 10 GHz in H-plane (¢ = 90°)
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Figure 19. Directivity of 1x2 array antennas atl0GHz in H-plane (¢ = 90°)
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Figure 21. Directivity of single patch antennas at 10 GHz in E-plane (¢ = 0°)
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Figure 22. Directivity of 1x2 array antennas at10 GHz in E-plane (¢ = 0°)
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Figure 26. Gain of proposed 1 x 3 antenna array at 10 GHz

Table 10: Comparative study of proposed work with existing designs

Antenna Type Resonant Return Gain Directivity = Bandwidth  Side lobes
Freq Loss (dB) (dB) (MHz) level
(GHz) (dB) (SLL)
Single Patch Antenna 10 GHz -67.87 6.109 7.15 6016 -3.2
1x2 antenna Array without 10 GHz -48.6 7.52 10.62 595.5 -6.1
MTM superstrate layer
1x2 antenna Array with 10 GHz -64.86 9.588 12.3 602 -15.5
MTM Superstrate layer
1x3 antenna Array without 10 GHz -57.46 9.69 124 1269 -5.8
MTM Superstrate layer
1x3 antenna Array With 10 GHz -60.64 11.6 14.3 1283 -14.2

MTM Superstrate layer

6. Simulation and measurement results

The two-element antenna array with an MTM
superstrate layer was manufactured using an
economical FR-4 substrate at the Ministry of
Science and Technology. Figure 27 (a, b) displays
the constructed prototype of the antenna array.
Figure 27(c) shows spacers made of insulating
tapes to support the array antenna and MTM
reflector layer, which were observed to have no
significant impact on the antenna's performance.
The testing environment maintained stable
temperature and humidity conditions to minimize
external environmental impacts on performance.
The MS4642A VNA (Vector Network Analyzer),

which works between 300 MHz and 20 GHz, was
used to take S11 measurements at 10 GHz to
ensure the simulations were accurate. The
simulated and measured S11 characteristics, both
with and without a reflector layer, are presented
in Figure 28 (a, b). Several factors, such as
fabrication conditions, environmental changes
during measurements, and variations in the
thickness of the insulating material (FR-4),
affected discrepancies between the simulated and
measured results. Notably, there was a significant
disparity between the results, primarily because
the simulated substrate was 1.4 mm thick while
the actual manufactured substrate had a thickness
of 1.5 mm.
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10

Figure 27. Prototype fabricated of the 1 x 2 antenna array (a) Front view, (b) Back view, (c) Integration of the MTM
superstrate layer and array antenna.
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Figure 28. a) The simulated and measured S11 characteristics without the MTM superstrate layer b) The simulated and
measured S11 characteristics with the MTM superstrate layer

This study encountered several challenges
and limitations during the design of the integrated
antenna array. These theoretical and practical
issues must be addressed to ensure the successful
implementation of the super-material substrate in
real-world applications. The most notable
challenges include:

1. Fabrication Precision and Cost: The
intricate  design of the superstrate
necessitates high precision, which can
render fabrication costly and technically
challenging, especially for  mass
production. To mitigate these issues,
exploring  advanced  manufacturing
techniques and materials that offer

improved precision and cost-effectiveness
could be beneficial.

Integration Complexity: The proper
alignment of the superstrate with the
pentagonal microstrip patch antennas is
not just a technical challenge but a
complex task crucial for achieving
optimal performance.

Material and Structural Stability: The lack
of a full ground plane presents structural
challenges, impacting durability and
reliability under various conditions.
Environmental Sensitivity: It is vital to
ensure reliable performance in diverse
environmental  conditions, such as
variations in temperature, moisture, and
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stress, especially in and
aerospace applications.

5. Optimization for Frequencies: Although

significant gains have been achieved at 10
GHz, optimizing performance across the
entire X-band frequency range introduces
additional complexity.

6. Economic Feasibility: Achieving

commercial viability is not just a goal but
a necessity that requires balancing the
high costs of advanced materials and
complex manufacturing processes with
the benefits of performance gains.

The proposed antenna array design utilizing
the MTM superstrate technique demonstrates
significant advancements over previous studies
[30-38], as shown in Table 11. Key
improvements are highlighted at several points,
including:

military

1. Broad Operating Bandwidth: The
proposed 1x3 element array antenna
showcases an operating bandwidth of
1283 MHz. This is substantially higher
than earlier designs, such as the 40 MHz
bandwidth of Ref. [32] and the 500 MHz
bandwidth of Ref. [36], indicating
superior broadband capability.

2. Enhanced Gain: The proposed design, the
pinnacle of innovation, achieves a peak
gain of 11.6 dBi, surpassing earlier works
like 8.25 dBi from Ref. [33] and 10.1 dBi
from Ref. [38]. The integration of the
MTM superstrate, a testament to its
superiority, significantly improves the
antenna’s  radiation  characteristics,
contributing to this higher gain.

3. Better Return Losses: The proposed
design has better impedance matching and

less signal reflection than previous
studies, with return losses of -60.64 dB for
the 1x3 array compared to -43.856 dB in
Ref. [31] and around -48.6 dB in Ref.
[34].

4. Enhanced Efficiency: Compared to the
58% efficiency reported by Ref. [33], the
proposed design's efficiency of roughly
79.11%  represents a  significant
performance improvement.

5. Compact and Effective Design: Despite
its compact size, the proposed antenna
array maintains high performance across
essential metrics, substantially advancing
over previous designs.

Overall, the proposed antenna array design
presents a significant advancement over previous
performance improvements by employing
excellent return losses and improved efficiency
significantly advance over previous designs.
These enhancements make it highly suitable for
applications within the X-band frequency range,
commonly wused in radar and satellite
communication  systems.  This  particular
frequency enables optimal performance in these
applications due to its balance between range and
resolution, making it highly suitable for civilian
and military technologies. Although the current
design is optimized for narrowband performance
at this frequency, we recognize the value of
expanding the bandwidth to cover the entire X-
band with consistent gain. We are exploring
design modifications to broaden the bandwidth
while maintaining high performance, aiming to
enhance the antenna's versatility across various
applications.

Table 11: A Comparison between the proposed structure and previously reported designs

Ref. No. of Array Size Suggested Operating Return Efficienc  Bandwidth Gain
> )
Elements (mm?#) Ii:gﬁﬁ!oql:lr;g Fréacq;hezr;cy ?15152358) yn (%) (MHZ/GHz) value
(dBi)
30 Single element Corporate
1x 2 Array ~ ---------- - 10 GHz -30.37 NL NL 11.57
2017 1x 4 Array Feeding
31 Single element
120x60 EBGTL 9.46GHz -43.856 NL 5.28 GHz 9.69
2018 1x 2 Array
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32 Single element
---------- DGS
2018 1x 4 Array
33 Single element 26 x30
MTM &TCM
2019 1x 2 Array 35x28
Series feed
34 Single element 44x16 Corporate
1x 2 Array 36x74 feed
2020 1x 4 Array 35x37 Corporate-
series feed
35 Single element 66x58
DGS
2021 1x 4 Array 280%65
36 Single element 42x43.05 Metamaterial
2021 1x 3 Array 1260; Superstrate
37 Single element 52x62
1x 2 Array 114.2x62 corporate-
series fed
2023 1x 4 Array 254.2%x62
38 Single element  47.57x39
1x 2 Array A2 corporate-
series fed
2024 1x 4 Array 16070
35x23
Proposed  Single element 5 x -
W?)I’k 13 2 Array 31?45.1 Metamaterial
1x3 Array  5005x  uperstrate
48.3

7. Conclusions

This research conclusively shows that
metamaterial superstrates can effectively mitigate
mutual coupling in compact antenna arrays, a
challenge magnified by the miniaturization of
modern communication systems. We achieved
significant  performance improvements by
employing a pentagonal.

Microstrip patch antennas at 10 GHz within
the X-band frequency range using a superstrate
with nested open circular rings. A grid of 14x12
cells on a substrate without a full ground plane
greatly improves antenna performance, especially
in a 1x3 array. It demonstrates a marked increase
in gain over single and two-element arrays and
shows better impedance matching through
improved input reflection coefficients. These
enhancements  reduce  pattern  distortion,
impedance mismatch, and operational in
efficiencies often seen in phased arrays. This
study provides crucial insights into antenna array

9.1GHz  -14.93 69.53 40 MHz 10.38
10 GHz 25 5.36
58 906 MHz
10 GHz -38 8.25
28 GHz -20.7 7.98
2758 GHz  -32.9 8.85
NL 28.01 GHz
2796 GHz  -486 9.49
2.54 GHz -16 35
NL 187.5 MHz
2.43GHz -13 10
2.4 GHz -26 3.223
NL 500 MHz
2.4 GHz -14 8.1667
2.2GHz 22 90 MHz 3.38
2.2GHz -25.9 110 MHz 5.52
NL
2.2GHz 153 180 MHz 7.84
24GHz  -26.39 4.85
24GHz  -22.90 33.06 MHz 10.1
86
24GHz  -31.90 50.41MHz 115
10 GHz  -67.78 6.07
10 GHz  -64.86 6016 MHz g 5gg
79.11
10 GHz  -60.64 1283 MHz 116

interactions and offers valuable design strategies
for high-gain, compact antenna arrays, advancing
more efficient and robust X-band communication
systems.
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