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Abstract: - This research paper elucidates the methodological framework and performance analysis of microstrip
patch antennas tailored for 5G wireless communication systems. The proposed antenna configurations encompass
a standalone rectangular patch antenna, a circular patch antenna, and an array of patch elements. Employing
Rogers RT 5880 substrate material with a thickness of 0.254 mm and operating at a frequency of 28 GHz, these
antennas are meticulously crafted. Simulation results, facilitated by the CST Studio Suite software, encompass
key parameters such as S11, voltage standing wave ratio (VSWR), radiation pattern, gain, and efficiency. Analysis
of these results reveals that the individual circular antenna design resonates at 28 GHz with a return loss of -36.2
dB, exhibiting a bandwidth of 8.6 GHz, a gain of 3.61 dBi, and an efficiency of 92%. Conversely, the single
rectangular antenna design operates at the same resonance frequency with a return loss of -56.6 dB, offering a
bandwidth exceeding 9.6 GHz, a gain surpassing 9.6 dBi, and an efficiency of 91%. Further examination of array
configurations reveals that the 2x1 circular antenna design resonates at 28 GHz with a return loss of -50.6 dB,
presenting a bandwidth of 6.5 GHz, a gain of 7.06 dBi, and an efficiency of 93%. Conversely, the 2x1 rectangular
antenna design spans a resonance frequency range from 24 GHz to 28 GHz, achieving a return loss between -32
dB to -54.5 dB, and a bandwidth surpassing 12.6 GHz. It attains a higher gain of 7.2 dBi with an efficiency
exceeding 93%. Analysis of the 4x1 configurations unveils that the circular antenna design resonates at 28 GHz
with a return loss of -35 dB, offering a bandwidth of 8 GHz, a gain of 9.05 dBi, and an efficiency of 95%.
Conversely, the 4x1 rectangular antenna design operates within a resonance frequency range from 21.5 GHz to
27.9 GHz, exhibiting a return loss varying from -27 dB to -61 dB, and a bandwidth spanning from 2.1 GHz t0 9.3
GHz. This configuration achieves a gain of 9.04 dBi with an efficiency surpassing 94%.

Keywords: Rectangular and circular patch, array antenna, partial ground, S11.

1. Introduction

In the current context, increasing needs and widespread use of wireless communication devices in various sectors
such as medicine, defence, and aerospace are driving manufacturers to constantly innovate in the field of wireless
communication systems. Over the years, technological advancements have been particularly significant in the field
of microwave circuits. The importance of antennas in the communication chain has grown, posing additional
challenges in terms of installation in constrained spaces. [1] [3] [6] [25] [29] [30] Microstrip and patch antennas
are now essential components of fifth-generation (5G) wireless communications, due to their characteristics such
as compactness, low cost, and ease of integration into various electronic equipment, satellites, vehicles, and
aircraft, both inside and outside the human body. [1-4] However, these antennas have performance limitations
such as narrow bandwidth, low reception power, and relatively low gain, restricting their use in certain scenarios.
5G wireless communication technology utilizes high frequencies that heavily depend on antenna performance,
particularly in terms of reflection, gain, and bandwidth. [7] [8] [29] [30] To address these challenges and meet
user needs, it is crucial to design and produce antennas that offer optimal performance in terms of gain, reflection,
and bandwidth. [31] [32]
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Faced with the surge in demand for wireless communication, 4G technology is reaching saturation. [9] [10]5G
emerges as the indispensable solution to address these growing needs, offering blazing speeds, expanded coverage,
and minimal latency. 5G promises a maximum data rate of 10 Gbps, a hundred times faster than 4G, enabling
instant and seamless data transfers. [1] [11] [12] For smart cities and the Internet of Things (loT), 5G provides
massive connectivity capacity, supporting up to a million devices per square kilometer. Moreover, its network
capacity of 10 Thps per square kilometer ensures efficient management of simultaneous connections. Finally, its
low latency, less than one millisecond, is essential for real-time applications like virtual reality and remote surgery.
To fully harness the potential of 5G, the use of higher frequencies is necessary. [13] [14] [15] The International
Telecommunication Union (ITU) has defined specific frequency bands for 5G, including between 3.4 and 3.6
GHz, 5 and 6 GHz, 24.25 and 27.5 GHz, 37 and 40.5 GHz, and 66 and 76 GHz. The FCC has also allocated the
27.5 to 28.35 GHz band for 5G. In this study, we focus on the 28 GHz band, which offers distinct advantages for
5G. [16-20] This band provides an optimal compromise between capacity and propagation, enabling efficient
deployment and extensive coverage. Furthermore, it is already being used for experimental purposes in several
countries, facilitating its adoption and standardization.5G, with its revolutionary features, is poised to transform
the landscape of wireless communications. The 28 GHz band plays a crucial role in realizing its full potential,
offering an ideal combination of data rate, coverage, and latency to meet the growing demands for connectivity.
[25] The requirements imposed on 5G antennas are particularly stringent, given the performance needed to support
high data rates and carrier frequencies of this emerging technology. Among the key characteristics of 5G antennas,
wide bandwidth is crucial to ensure support for the extended data channels inherent to 5G. Additionally, high
directivity is essential to concentrate signals towards target users, thereby reducing unwanted interference. High
gain is also required to compensate for propagation losses at the high carrier frequencies characteristic of 5G.
Furthermore, compact size and lightweight are essential to facilitate the integration of antennas into base stations
and mobile terminals. It is also crucial for these antennas to exhibit mechanical robustness, allowing them to
withstand the most challenging environmental conditions, while remaining affordable for widespread deployment
of 5G. [25-35]

In this context, microstrip patch antennas emerge as a promising solution for 5G. Their simple design, economical
fabrication, and ability to integrate advanced features make them an attractive choice for a variety of 5G
applications. Research on 5G antennas focuses on several major challenges. It is crucial to develop antennas with
even wider bandwidths to support the future evolutions of 5G. Additionally, improving the energy efficiency of
antennas to minimize the energy consumption of 5G networks is essential. Integrating features such as MIMO and
beamforming into multifunctional antennas is also a significant research direction. Finally, reducing the cost of
5G antennas is indispensable to promote their widespread adoption. The constant evolution of wireless
communication standards places antenna research in a cycle of continuous development. Each new generation of
standards brings increasingly complex challenges, requiring antennas to be ever more efficient and innovative to
meet the growing demands of wireless connectivity. [25]

Research and design of antennas for the 5G millimetre-wave band, particularly in the 28 GHz frequency range,
are active areas of investigation. Although this band offers promising prospects for 5G, it also presents significant
challenges in antenna design. Various types of antennas have been studied for 5G at 28 GHz, each exhibiting
varying performance: Antenna [22]: Operating at a frequency of 28 GHz, this antenna exhibits a gain of 7.47 dB
and a bandwidth of 4.63 GHz. However, it has a return loss of -30.70 dB, which is insufficient for integration into
5G applications. Antenna [23]: Considered inadequate for 5G applications, it offers a maximum gain of 3.7 dBi
and a return loss of -35 db. Antenna arrays [24]: These antennas display a gain of 8.42 dB and a compact size, but
are not suitable for 5G applications due to their narrow bandwidth and low return loss. Printed antenna [25]: With
a gain of 9.42 dBi, it is characterized by a large size, a narrow bandwidth of 1.43 GHz, and a return loss of -35.91
dB, making it inappropriate for 5G applications. Printed antenna array [26]: Possessing a maximum directivity of
6.9 dBi, its insufficient return loss of -17 dB makes its use challenging for 5G. Antenna array [27]: With a
maximum directivity of 9.87 dBi, its bandwidth of 2.68 GHz is considered low, and its return loss of -30.71 dB
makes its use challenging for 5G applications. Antenna array [28]: Although it has a maximum gain of 4.78 dBi,
its bandwidth of 0.55 GHz is very low, and its return loss of -25 dB is insufficient for 5G applications, in addition
to having a costly design. Despite these efforts, the demand for compact and high-performance 5G antennas
remains high. In our research, we present a comparison between a rectangular and circular microstrip antenna
array of 4 elements, with a partial ground plane featuring a central square slot, optimized using CST software.
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The rectangular antenna array offers a wide bandwidth of 9.3 GHz, a maximum gain of 9.4 dB, and a return loss
of -61 dBi. However, the circular antenna array offers a wide bandwidth of 8 GHz, a maximum gain of 9.05 dB,
and a return loss of -35 dBi. [25] [29] [30].

This article is structured into several stages. Firstly, we designed a single rectangular microstrip patch antenna
operating at 28 GHz. Next, we developed and simulated a single rectangular and circular microstrip patch antenna
element, incorporating partial modification of the ground plane to enhance its performance at the same frequency.
Additionally, we designed and simulated 2x1 arrays of rectangular and circular microstrip patch antennas to
optimize their gain. Finally, 4x1 arrays of rectangular and circular microstrip patch antennas were also developed
and simulated to further explore performance enhancement possibilities in the context of 5G wireless
communication. These contributions represent a significant advancement in the field of microstrip antennas for
fifth-generation communication systems.

2. Objectives simple rectangular MPA using Mathematical equation

The design of the proposed array antenna for 5G wireless applications is initiated by the design of a single
rectangular patch antenna. The single antenna element is made up patch of rectangular shaped with an impedance
of 50 Q transmission line. The reason that 50 Q is utilized in transmission lines is because it is the most common
in order to reduce the amount of reflection and return loss. With this particular configuration, the radiating patch
of the single patch antenna is constructed out of copper that has a thickness of 0.035 millimeters. Copper is also
employed as a conducting material in the antenna's ground plane and transmission line. Roggers RT 5880 also
used as a substrate material with a standard thickness of 0.254 mm. Moreover, the operating frequency of this
suggested single rectangular patch antenna is 28 GHz.

Following equations from (1--7), an antenna of single element is designed operating at 28 GHz. Simple microstrip
patch antenna at 28 GHz is depicted in figure 1. The simulated reflection co-efficient of proposed single design
with dimensions are shown in figure 2. The calculated and optimized table are listed in table 1.

Using formulas (1-- 7), the single antenna element is designed. [1] [29] [30]
Rectangular patch antenna width

_c 2
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Rectangular patch antenna length
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(2.05+0.3) (222 +0.264)

AL = 0.25410.412 0284

(2.05-0.258) (552,

=0.523

+0.8)

The Effective length Leff of patch is:
Lesr =L+ 2AL =3.466 + 2 % 0.523 =4.5mm

The substrate length (Ls) and width (Ws) are:
Wy = 6h + W, = 6x0.254 + 4.23 =575 mm

L=6h+L, =6%0.254+3.466=5mm

Tapez une équation ici.

Q)

(6)
(7

Table 1. Parameters of initial Rectangular Patch Design

Parameter Calculated value (mm) | Optimized Values
Fr 28 GHz --
Patch Width (Wp) 4.23 4.235
Patch Length (Lp) 3.466 341
Feed width (wf) 0.74 0.8
Feed Length (Lf) 3.74 3.26
Length of substrate (L5s) 5 8
Width of substrate (WS5s) 5.75 8
Inset feed (fi) 1.2 1.1
8.00 mm I 8.00 mm
£
| % :
£
: ol
@ (b)

Figure 1. Simple rectangular Microstrip patch antenna: (2) top view and (b) bottom view

Simulated S11 of proposed simple microstrip patch antenna are depicted in figure 2(a). From the figure, it is shown
that it has an impedance of -28.9 at 28 GHz with an impedance bandwidth of 0.6 GHz resonating from 27.6—28.3
GHz. The VSWR are 1.07 below 2dB. In order to improve the bandwidth and other performances, a simple

microstrip patch antenna is modified to partial ground with metallic strip extension. [6]- [12]
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S-Parameters [Magntude i dB) Vokage Standing Wave Ratio (VSWR)
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Figure 2. Simulated results :(a) Return loss (b) VSWR

2.1 Improved rectangular microstrip patch Antenna

Using mathematical equation approach, a simple microstrip are design as described in previous section. This
section explains the most compact and modified antenna in order to improve impedance bandwidth, efficiency
and gain and other performances. In order to improve the performance of simple microstrip patch Antenna, a
truncation ground also known as partial ground are utilized for bandwidth enhancement to fulfill the 5G
requirements. Moreover, a rectangular slot is introduced in the mid of partial ground of 1.38 x 1.3 mm? dimension
and extra vertical strip at the top right corner of partial ground. The top and bottom view of improved single
antenna element are depicted in fig 3 (a) and (b) respectively. Using optimization, the labeled values are finalized
for improving performance. The simple and optimized improved dimension of rectangular microstrip patch is
listed in table 2 as a comparison table. [6]

8.00 mm
1.60 mm E
E G
E ”
2
B
3
E]
Fuig
5 £
& £
3 8
=
0.9¢ mg
@) (b)

Figure 3. Single antenna element: (a) Top view and (b) Bottom view
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Table 2. Parameter comparison of initial Rectangular Patch Design with Optimized Design

Parameter Calculated value | Improved/optimised
(mm) Design Values(mm)

Fr 28 GHz -

Patch Width (Wp) 4.23 1.6

Patch Length (Lp) 3.466 1.4

Feed width (wf) 0.74 0.9

Feed Length (Lf) 3.74 5.1

Length of substrate (Ls) 5 8

Width of substrate (WS5s) 5.75 8

Figure 4(a) displays the return loss result for the simple MPA and optimised antenna. At resonance frequency of
28 GHz , the optimised antenna element has a reflection co-efficient of -56.6 dB. The operting band of single
antenna element is 25.69 -- >34 GHz having a bandiwdth more than 8GHz, which indicated that the optimised
antenna has much more improved results as previous simple MPA as depicted in figure 2 (a). Figure 4 (b) predicts
the VSWR of optimised patch element. From the figre it is shown than VSWR is below the 2 dB throughout the
operating band, which shows the anenna performance well. However, the results proves that the optimised antenna
has better performances than simple calculated MPA. [6]

S-Parameters [Magnitude in dB] Vokage Standing Wave Ratio (VSWR)

22 24 26 28 30 32 34 2 24 26 28 30 R A

Frequency / GHz Frequency / GHz
(@) (b)

Figure 4. (a) S11 of proposed optimized single antenna element and (b) VSWR

Figure 5 shows the 2-D & 3-D radiation pattern of the proposed single antenna element. Maximum power is
orthogonal to the patch, indicating a directed radiation pattern. Gain of single antenna element is about to 3.59
dBi. Figure 6 (a) shows gain vs frequency plot while 6 (b) indicates eficiency vs frequency. Peak gain of 4 dBi is
achived. Efficiency of proposed design is 92 % at lower operating band while more than 91 % at higher operating
band.
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0 —— farfield (f=28) [1]

Frequency = 28 GHz

Man lobe magntude = 2.65 dBi
Man lobe drection = -143.0 deg.
Angular width (3 dB) = 83.3 deg.

Theta / Degree vs. dBi Side lobe level = -3.3dB
(a) (b)
Figure 5. Radiation pattern (a) 2-D and (b) 3-D
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Figure 6. (a) Gain vs Frequency and (b) Efficiency

2.2 2x1 Array antenna Transformation

In order to Increase the gain at the chosen frequency of interest from 3.59, it is accomplished by transforming the
suggested antenna design into a network using corporate feeding, consisting of two antenna elements known as
2x1 array. The primary 50 Q feed is split into 100 Q track impedance, which results in the transformation of the
array network using below equation. In order to achieve an impedance of 50 Q, the width of the main feed line is
modified, whereas the width of the feed line for other transmission lines is adjusted in order to achieve an
impedance of 100 Q. Figure 7 shows the 2x1 array antenna of proposed design using single calculated antenna
dimensions. Figure 7 (a) shows top view and figure 7(b) shows bottom view of proposed array. Using the same
dimensions of single antenna element, the division of power for array are optimized. Table 3 explains the
calculated and optimized dimensions of proposed 2x1 array. [6] [1] [29] [30]

377

zo\er

377
100v2.2

WZ=( —2) xhW, = ( 2)xo.254

Ws5¢=0.78 mm; W, 4,=0.22 mm
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Table 3. Calculated and optimized values of 2x1 array

Impedances () | Calculated | Optimized
50 0.78 0.9
100 0.22 0.28

16.00 mm 16.00 mm

:-60mm .50 mm

P Nt

0.23 mm

Wi SE ¥

2.90 mm

138 mm

1.40 mm

11.00 mm

Wi00's

50 ohm (0.9mm)}

@ (b)

Figure 7. Proposed 2x1 array (a) Top view and (b) Bottom view

An optimized diemensions for W50 comes to 0.9mm and W100 comes to 0.28 mm are listed in table 2. Figure 8
(@) shows the reflection co-efficient and figure 8 (b) shows VSWR of optimized 2x1 array. From the figure it can
be observed that it is resonating from 22.6 -- >34 GHz achieveing an impedance bandwidth of >12 GHz with a
return loss of -54.5 dB. From figure 8 (b) it can be shown that VSWR value is below 2dB throughout the operating

band.

S-Parameters [Magnitude in dB] Vokage Standng Wave Ratio (VSWR)

4 26 28 30 2 H
Frequency [ GHz

2 24 26 28 30 2 ¥ 2
Frequency / GHz

(@) (b)
Figure 8. Simulated results of 2x1 array (Optimized): (a) Return loss and (b) VSWR

Simulated 2-D and 3-D radiation pattern of 2x1 array antenna are depicted in figure 9. Using array arrangements,
the single antenna element gain is improved from 3.59 to 7 dBi at a resonance frequency of 28 GHz as shown in

figure 9(b).
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Farfield Gain Abs (Phi=90)

farfield (f=28) [1
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Frequency = 28 GHz

Main lobe magntude =  6.87 dBi
Main lobe direction = 29.0 deg.
Angular width (3 dB) = 51.0 deg.
Theta / Degree vs. dBi Side lobe level = -0.6 dB

(@) (b)
Figure 9. Simulated radiation pattern of 2x1 array (a) 2-D and (b) 3-D

L.

Gain vs frequency and radiation efficiency of proposed 2x1 array are depicted in figure 10. Figure 10 (a) shows
the simulated gain of 2x1 array. From figure 10(a) it can be seen that the proposed 2x1 array achieved a gain of
6.9 dBi with a peak value of 7.82 dBi. Figure 10 (b) indicates efficiency of 2x1 array. It is observed that the array
has achieved an efficiency of 93 % at a resonating frequency.

Gain (IEEE),3D,Max. Value (Sold Angie) Radiation Efficiency [Magnitude]
8 n n - 0.985 ; n n -

098 {0 R S — S SRS S—

[ S— 0.975 ------ Rad. Efficency [1]
—— Gain (IEEE),30,Max. Value (Sold Angle) 0.97 g---- ' 1 i i
‘ 0.965 : :

0.96 -

0.955
6.5 grormreres 0.95
0.945 1------ i ' S S/t B
. 0.94 4------ B o B
0.935 Jreseesreseorenseasrasrasdenedgrenans T feaseossesseateasenereenes
5.6 + 0.93 i : ‘ ‘
2 2] % 28 30 n i 22 24 26 28 30 32 34
Frequency | GHz Frequency / GHz
(@) (b)

Figure 10. Simulated results of 2x1 array: (a) Gain vs frequency and (b) Radiation efficiency

2.3 4x1 Array antenna Transformation

For gain enhancement and performance, the two 2x1 array connected in parallel to make 4x1 array and to divide
equal power between all ports using equation bellow for impedance calculation. Microstrip feed are used to excite
the power divider. The array network is transformed by splitting the main 50 Q feed into 100 Q track impedance.
If we split the 100 Q tracks again, we would require a 200 Q feed line, which is often practically impossible to
produce. Instead, we use a quarter wave transformer to match back down to 50 €, and then once again split the
track into two 100 Q lines by keeping distance of 0.82\ between each resonator. The main feed line width is
adjusted to get an impedance of 50 Q, while for other transmission lines’s feed line width is adjusted to get an
impedance of 100 Q and 70.7 Q, respectively [6]

The 4x1 array with optimized dimensions is depicted in figure 11. Figure 11 (a) shows top view while figure 11
(b) shows bottom view of proposed 4x1 array. [1]

Wzo=(377 —Z)th

zo+/er

W, = (SSZ_Z - 2) X 0.254

Ws5,=0.78 mm
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W, = (- 2) X 0.254

100v22
Wi00=0.22 mm
377
W, = (70.7\/ﬁ N 2) X0.254
W,0,=0.45 mm

Table 4. Calculated and optimized dimensions

16.00 mm

(@

Figure 11. Proposed 4x1 array Design: (a) Top view and (b) Bottom view

Impedances (Q) Calculated (mm) | Optimized (mm)
50 0.78 0.87
100 0.22 0.28
70.7 0.45 0.362
3
3 E .50 ran H §
L] ]

(b)

Figure 12 shows the simulated results of proposed array design. Figure 12(a) shows return loss and figure 12 (b)
VSWR. From figure 12(a) it can be shown that antenna has dual band resonance of 20.5 — 22.6 GHz and 24.8 —
32.5 GHz covering a wide impedance bandwidth of 2.1 GHz and 9.3 GHz respectively, with a return loss of -61
dB at 27.9 GHz. Minor deviation of resonance from 28 GHz is due to array arrangements. Figure 12 (b) shows
VSWR of proposed design. From figure it can be shown that it has a VSWR less than 2 throughout the operating

band validates the design accuracy.
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S-Parameters [Magniude in dB] Voktage Standng Wave Ratio (VSWR)
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Figure 12. Simulated Results: (a) Return loss and (b) VSWR

Figure 13 shows the simulated 2-D and 3-D radiation pattern of 4x1 array. From figure it can be shown that the
4x1 array has improved gain of 9.04 dBi with wideband band directivity. Simulated Gain vs frequency and
efficiency of proposed 4x1 are depicted in figure 14. From fig 14(a), it can be observed that gain has increased in
higher operating band having a value of 9.2 dBi gain at 27.9 GHz. Throughout the operating band, the 4x1 array
has an efficiency of more than 93 %. Overall, the performance table of proposed single, 2x1 and 4x1 antenna array
elements are listed in table 6.

Farfield Gain Abs (Phi=90) dBi
9.04
— farfield (f=27.9) [1] s
Phi= 90 Phi=270 A
-5.51
-104
-15.2
201
) : S it %0 249
e RN : 31
120 RO R 120
. / Frequency = 27.9 GHz
Main lobe magnitude =  9.04 dBi e

Main lobe drection = 134.0 deg.
Angular width (3 dB) = 41.5 deg.
Theta / Degree vs. dBi Side lobe level = -1.3 dB

(a) (b)
Figure 13. Simulated Gain of 4x1 array :(a) 2-D and (b) 3-D
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Radiation Efficiency [Magnitude]

Gan (IEEE),3D,Max. Value (Sold Angle) 0.96

0.955 1

0.95 1

Gain (IEEE)

~~~~~~~ 0.945 -

0.94 1
0.935 1
0.93 1-
0.925 -

0.92 1
0.915 1

Nl 081
: : 0.905

20 22 24 26 28
Frequency / GHz

20 2 2% 26 28 30 2 H
Frequency / GHz

@ (b)

Figure 14. Simulated results of 4x1 array: (a) Gain vs frequency and (b) Efficiency

3. Single Circular Patch Design

A single circular patch Design is composed of metal with a standard thickness of 0.035 mm, and Roggers RT
5880 serves as the substrate material with a standard height of 0.254 mm. The substrate dimensions are 8x8 mm?
with a circular radius of 1.9 mm, determined using equation (8---13). For impedance matching, the microstrip
feed line is designed to have a 50 Q impedance. The feed line has a width of 0.80 mm and a length of 3.26 mm.
Figure 15 provides the top and back views of the single microstrip circular patch design, with Figure 15 ()

illustrating the top view, and Figure 15 (b) showcasing the back view. [1] [29] [30]

Circular patch antenna radius

F
R = ®)
J1+nz’:F[ln(Z—:+1.7726)]
9
Where F =272X10 ©)
fr
. 8791 x10° 0313
©28%100
0.313
R = =
2 x0.254 3.14 % 0.313
\/1 + o312z 0313 0 (C2vozsg + 17726)]
R =1.973mm
The Effective length Leff of patch is:
Because of fringing fields, the length is changed and is assumed by:
w
A_L — 0412 (Eeff+0'3)(F;?'264) (11)
h (Eeff—0.258)(7+0.8)
(2.05+0.3) (22 +0.264)
AL = 0.254|0.412 0254 =0.523
(2.05-0.258)(: +0.8)

0.254

Loss = 3466 + 2 % 0.523 = 4.5 mm
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the substrate length (Ls) and width (Ws) are:
W, = 2 (Patch diameter) (12)
=2 (2*R) =2(2 * 1.9)=7.6mm
Ly =2 (Patch diameter) (13)

=7.6mm

8.0¢ mm

W g¥#°L
2.00 mm

N

(BT TR

0.80 iy

(@) (b)
Figure 15. Simple circular Microstrip patch antenna: (a) top view and (b) bottom view

Simulated S11 of single circular patch design are depicted in figure 16. The figure shows that it does not resonate
at the operating frequency required for this project. After going through with the optimization process using the
CST® software package, the final optimum parameters for the single circular microstrip patch antenna as
mentioned in the subsequent section.

S-Parameters [Magnitude in dB]

Frequency / GHz

Figure 16. The return loss of Single Circular Patch Design
3.1 Improved Single Circular Patch Design

This section explains the most compact and modified antenna in order to improve bandwidth, efficiency and gain
and other performances. In order to improve the performance of single Circular patch Antenna, a truncation ground
also known as partial ground are introduced at the bottom of substrate to fulfill the 5G requirements. Moreover, a
rectangular slot is introduced in the mid of partial ground of 1.38 x 1.3 mm? dimension and extra vertical strip at
the top right corner of partial ground. The top and back view of improved single circular patch design are depicted
in fig 17(a) and (b) respectively. dimension of single Circular patch design is listed in table 5. [1] [29] [30] [25]

5775



Tuijin Jishu/Journal of Propulsion Technology
ISSN: 1001-4055
Vol. 45 No. 2 (2024)

Table 5: calculated and optimization values of Single Circular Patch Design

Parameter Calculated value (mm) |Improved Values(mm)
Fr 28 GHz 28 GHz
Feed width (wf) 0.8 0.9
Feed Length (Lf)  |3.26 5
Patch radius (a) 1.9 13
£ e
= =
g £
s g
= E
(a) (b)

Figure 17. Single antenna element: (a) Top view and (b) Bottom view

Figure 18 (a) displays the simulated return loss of this design. The antenna exhibits resonance at 28 GHz with a
return loss of -36.2 dB and a bandwidth extending from 25.8 to more than 34 GHz, achieving a bandwidth of
more than 9 GHz. Figure 18 (b) depicts the VSWR of this design, showcasing that the antenna maintains a VSWR
below 2 dB throughout the operating band, confirming the validation of the design. The radiation pattern 2D and
3D of the proposed design is simulated at 28 GHz, as depicted in Figure 19. Figure 19 (a) shows a 2D radiation
pattern indicating wideband radiation in all directions with a simulated beamwidth of 84.7 degrees. Figure 19 (b)
shows the 3D radiation pattern of the proposed design at the central frequency of 28 GHz. Simulated gain versus
frequency and efficiency of the proposed design are shown in Figures 20 (a) and (b), respectively. From Figure
20 (a), it is evident that the antenna has a gain of 3.61 dBi at 28 GHz and a peak gain of 4.4 dBi at 26 GHz,
maintaining more than 3.6-4.4 dBi gain across the bandwidth. Figure 20 (b) explains the simulated radiation
efficiency of the proposed design. As shown in the figure, the antenna has an efficiency of 92% at the lower
frequency range, and efficiency increases gradually at the higher frequency band.
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Figure 18. (a) S11 of proposed optimized single circular antenna element and (b) VSWR
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Figure 19. Radiation pattern (a) 2-D and (b) 3-D
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Figure 20. (a) Gain vs Frequency and (b) Efficiency
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3.2 2x1 Microstrip Circular Patch Array

To enhance gain and other performance, the single circular patch is extended to a 2x1 microstrip circular patch
array, as shown in Figure 21. Figure 21(a) shows the front view, while Figure 21(b) shows the back view. The
total dimensions of the 2x1 array are 11 x 16 mm?2. Partial ground is used at the bottom level of the substrate with
a slot and vertical strip. Simulated return loss of the proposed design is shown in Figure 22 (a). The antenna has a
return loss of -56.6 dB with a wide bandwidth of 6.5 GHz, resonating from 25.2 to 31.7 GHz. Figure 22 (b) shows
the VSWR of the proposed 2x1 array. From the figure, it can be seen that it has a VSWR less than 2 dB throughout
the operating band, validating the design.
The 2D and 3D Radiation patterns of the 2x1 array antenna are depicted in Figure 23. The gain of a single antenna

element is improved from 3.61 dBi to 7.06 dBi using array arrangements.

16,00 mm

=

W 08°E

1.30m

16.00 mm

Wil 067 l

0.50 mny

11.00 mm

0o him

0.23 mm

Wz

1.38mm

(a)

Figure 21. Proposed 2x1 array: (a) Top view and (b) Bottom view
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Figure 22. Simulated results of 2x1 array (Optimized): (a) Return loss and (b) VSWR
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Figure 23. Simulated radiation pattern of 2x1 array :(a) 2-D and (b) 3-D

Figures 24 (a) and 24 (b) shows gain versus frequency and radiation efficiency of the proposed design,
respectively. From Figure 24 (a), it can be observed that gain is increasing at the higher frequency band and
achieved a peak gain of 7.88 dBi at 31 GHz. Furthermore, the efficiency at higher frequency is more than 95%
with higher efficiency of 97% at 31 GHz, as shown in Figure 24 (b). These results validate the design efficiency
and performance.

Gain (IEEE),30,Max. Value (Soid Angle) Radiation Efficency [Magntude]

—4— Rad. Efficency [1]

S PR N
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2 % 2% 2 ki) R H 36 B 2 Ll % 8 30 kY] ¥ 3% %
Frequency / GHz Frequency / GHz
(a) (b)

Figure 24. Simulated results of 2x1 array: (a) Gain vs frequency and (b) Radiation efficiency

3.3 4x1 Microstrip Circular Patch Array

For gain enhancement and improved performance, two 2x1 arrays are connected in parallel to form a 4x1 array.
The array network undergoes transformation by splitting the main 50 Q feed into 100 Q track impedance. To
avoid the impracticality of producing a 200 Q feed line by splitting the 100 Q tracks again, a quarter-wave
transformer is employed to match back down to 50 Q. Subsequently, the track is split into two 100 Q lines with a
distance of 0.8\ between each resonator.
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The main feed line width is adjusted to achieve an impedance of 50 Q, while the feed line width for other
transmission lines is adjusted to obtain impedances of 100 Q and 70.7 Q, respectively. The 4x1 array is depicted
in Figure 25, where (a) represents the top view and (b) illustrates the back view of the 4x1 array.

32.00mm
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D
P

—
—
= =
=
3
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[T

— 130mm

16.00 mm
=
=
=

023 mm oTmn

$0hm

@ (b)

Figure 25. Proposed 4x1 array Design: (a) Top view and (b) Bottom view

Figure 26 present simulated return loss and VSWR of the 4x1microstrip circular patch array design, respectively.
From figure 26 (a), it can be observed that the antenna has a return loss of -35 dB with a wide bandwidth of 8 GHz
resonating from 25 GHz to 33 GHz. Figure 26 (b) expresses VSWR of the 4x1 array, which remains below 2 dB
throughout the operating band. These results validate the design and confirm its applicability for upcoming 5G
applications.

Figure 27 presents the 2D and 3D far field radiation pattern of the 4x1 microstrip circular patch array. From figure
27 (a), it can be seen that it has a wide radiation pattern in all directions with a gain of 9.05dBi and a 134-
degree main lobe angle direction. Gain versus frequency and efficiency of the 4x1 array are depicted in figure 28.
From figure 28 (a), it can be shown that the gain is increasing gradually from the lower to higher operating band,
achieving a peak gain of 9.6dBi at 31.2 GHz. Figure 28 (b) expresses the simulated efficiency of the 4x1 circular
patch array, having more than 93% throughout the operating band, with a peak efficiency of 94%. High gain with
high efficiency validates the design performance and its application. The circular antenna design performance is
listed in table 7.
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Figure 26. Simulated Results: (a) Return loss and (b) VSWR
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Figure 27. Simulated Gain of 4x1 array :(a) 2-D and (b) 3-D
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Figure 28. Simulated results of 4x1 array: (a) Gain vs frequency and (b) Efficiency
4. Analysis and Discussion

Tables 6 and 7 summarizes the performance of the proposed antennas, all operating in the 28 GHz band. They
exhibit good impedance matching with return loss levels below -10 dB at 28 GHz. However, there is a relatively
undesirable return loss at frequencies outside the operating frequency range. This can be compensated by the value
of the return loss at the operating frequency, which is much lower than -10 dB. Therefore, some applications may
prioritize values significantly lower than -10 dB at the operating frequency, regardless of the return loss outside
the operating range. In general, the difference in patch shape does not constitute a significant distinction in terms
of results, as the simulation outcomes are almost similar. The directivity increases with the number of patches,
and the 4x1 array exhibits the highest directivity and gain. Hence, it is deemed the most suitable for 5G wireless
communications.

Table 6: Performance table of proposed design of rectangular patch

Antenna size Fr Su Bandwidth ~ Gain Directivity Efficiency
type (mm?) (GHz) (dB) (GH2) (dBi) (dBi) (%)
Single 8x8 28 -56.6 >9.6 3.59 391 91
2x1 16x11 24,28 -32 ,-54.5 >12.6 7 7.2 >93
4x1 30x16 215,279 -27,-61 2.1,9.3 9.04 9.35 >94
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Table 8 provides a detailed comparison between the proposed design and recently published woks. This
comparison highlights several key parameters, including the number of antenna elements, return loss, bandwidth,
gain, directivity, and efficiency. The results clearly indicate that this design offers a miniaturized size while
maintaining excellent performance. The antenna's compact electrical and physical dimensions, relative to existing
works, underscore its potential for seamless integration into devices intended for 5G applications.

Table 7: Performance table of proposed design of circular patch

Antenna size Fr Su Bandwidth  Gain Directivity Efficiency
type (mm?) (GH2) (dB) (GH2) (dBi) (dBi) (%)
Single 8x8 28 -36.2 8.6 3.61 3.98 91
2x1 16x11 28 -50.6 6.5 7.06 7.36 935
4x1 32x16 28 -35 8 9.05 9.35 94.5

Table 8: Comparison of the proposed design with recently published works

5. Conclusion

This paper presents the calculations and simulations of the proposed antennas. The three proposed antennas were
simulated in the 3-D solver of CST. Dimensions have been optimized through the CST package to achieve a trade-
off between the smallest size and the best possible performance. The proposed antennas provide good impedance
matching, radiation patterns and gain.

The design and analysis of microstrip patch antennas, including single rectangular patches and patch arrays,
demonstrate their potential for 5G wireless communication applications. The transformation of a single antenna

Antenna  Number Fr (GHz) S11(dB) Bandwidth  Gain  Directivity Efficiency

type of antenna (GH2) (dBi) (dBi) (%)
[22] 1x6 28 -30.70 4.63 7.47 - -
[23] 1 28 -35 - 3.77 - -
[24] 13 28 -22 0.9 8.42 - 93
[25] 2x1 28 -35.91 1.43 9.42 9.5 >99.8
[26] 1x4 28 -17 - - 6.92 -
[27] 1x4 28 -30.71 2.68 - 9.87
[28] 1 28 -25 0.55 4.78 - -
- 1 28 -56.6 >9.6 3.59 3.91 91
= ‘-‘CT’ % 2x1 24,28 -32 ,-54.5 >12.6 7 7.2 >93
2' < 4x1 215,279 -27,-61 2.1,93 9.04 9.35 >94
S 4 1 28 -36.2 8.6 3.61 3.98 91
e S 2x1 28 -50.6 6.5 7.06 7.36 935
=4 4x1 28 -35 8 9.05 9.35 945

design into 2x1 and 4x1 arrays shows significant improvements in gain, efficiency, and bandwidth, making them
suitable for upcoming 5G applications. The simulation results validate the accuracy and applicability of the
proposed designs, paving the way for enhanced wireless communication systems. Additionally, the high radiation
efficiency and consistent gain across the operating bandwidth further underscore the effectiveness of these antenna
configurations. Overall, this work contributes valuable insights into the design methodology and analysis of
microstrip patch antennas for advanced wireless communication technologies.
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