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ABSTRACT — Multiple-input multiple-output (MIMO) is a wireless communication system using multiple antennas on the
transmitting and receiving sides. This system can improve the quality of wireless communication on 5G technology
networks. The advantages of 5G include higher data rates and lower delays. The 5G network in Indonesia uses an
intermediate frequency working in the 3.5 GHz frequency band. Antenna is an important device in a wireless network MIMO
system. Therefore, this study proposes a single element design using parasitic techniques to widen the bandwidth to meet
the needs of MIMO antennas and design a 4x4 subarray antenna for 5G MIMO. The method used began with determining
the target antenna specifications, then designing a single element with a parasitic patch. The use of parasitic patches
techniques on antenna elements aims to widen the bandwidth to meet target specifications. The resonant frequency of the
microstrip antenna was affected by the increase in the number of parasitic patches. The number of resonant frequencies that
arise resulted in a broad bandwidth. Then, the single elements with parasitic patches were arranged into a 4x4 subarray. All
elements were arranged on the same substrate with a spacing between elements from one feed point to another was 64.28
mm or 0.751. The subarray design met the target antenna specifications if the subarray elements have a fractional bandwidth
of more than 20% and mutual coupling of less than -20 dB. The material used in antenna design and fabrication was FR-4
(epoxy) substrate with a dielectric constant (¢_r) of 4.3 and a substrate thickness (h) of 1.6 mm. The results showed a
bandwidth of 735 MHz or a fractional bandwidth of 20.35%, return loss of -14.65 dB, mutual coupling of -30.05 dB, and
gain of 16.86 dB. Thus, the designed 4x4 subarray for MIMO antenna meets the desired specifications.

KEYWORDS — MIMO, Subarray, 5G, Microstrip, Parasitic.

I. INTRODUCTION

The multiple-input multiple-output (MIMO) system is one
of the main keys of 5G technology [1], [2]. MIMO technology
originates from the technology diversity of wireless
communication antennas and smart antennas. This system is a
combination of multiple-input single-output (MISO) and
single-input multiple-output (SIMO) which have the
advantages and characteristics of both. The system contains
several transmitters and receivers that have their own antennas
[3]. Some of the advantages of this system include high data
rates, reliability, and spectral efficiency [4].

The antenna is an important device in supporting the
performance of the 5G wireless technology using MIMO
system. One of the recommended 5G frequency allocations is
the medium frequency, namely the 3.5 GHz frequency, which
will be used in Indonesia due to its wide coverage thereby
saving network development costs [5]. In realizing a MIMO
antenna system, it is necessary to design an antenna with a wide
bandwidth supporting various system services and high gain
[6]. MIMO antennas are often designed using microstrip
technologies due to their low cost, low profile, compactness,
and ease of integration. At the same time, their disadvantages
include the narrow bandwidth, small gain, and directivity [7].

Several antenna designs to increase bandwidth include the
circular antenna design with the stacked patch method with an
increased bandwidth of 7.3% [8]. A single antenna design
combining a modified parasitic patch method with a slot patch
[9] and a single element design combining the u-shaped method
with a parasitic method resulted in a 10.3% increase in
bandwidth [10].
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Reference [11] studied the antenna design consisting of a
substrate layer with four parasitic patches placed on the top
layer of the antenna, while the array application was realized
using a combination of two decoupling techniques by
assembling a 2x2 antenna. The two techniques used were
decoupling walls and neutralized networks. Metal walls not
only made it easy for the two parasitic patches to short-circuit,
but also acted as decoupling walls to reduce mutual coupling
between antenna elements which was detrimental.
Furthermore, simple decoupling with short-circuit stepped
impedance structures (SSIS) as a neutralizer network was
added to suppress mutual coupling. The antenna consisted of
two layers of substrate with a thickness of 1.5 and 2 mm,
respectively. The antenna structure was a rectangular cavity
formed by metal via as sidewalls. Here, the two substrate layers
were used with the SSIS decoupling technique in the array
configuration. It caused the antenna to be more expensive to
manufacture and less compact. This design operated in the
frequency range of 3.35 to 3.95 GHz or fractional bandwidth of
16%, gain of 13.6 dB, and mutual coupling below -38 dB.

Reference [12] studied a two-element subarray design using
five parasitic patches placed on the top layer of the antenna and
one layer of the substrate. The design was simulated and
arranged in an H-plane with a distance of 0.754 resulting in a
mutual coupling of -29.76 dB and an E-field of -33.56 dB. On
the other hand, the mutual coupling in the E-plane for a distance
of 0.51 did not meet the criteria. Fractional bandwidth of 17%,
with the resulting frequency range of 609.9-616.4 MHz for all
variations of element spacing, was suitable for 5G applications.
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Then, [6] examined the effect of parasitic patch elements
on the MIMO antenna performance. Multiple rectangular patch
parasitic elements were added near each rectangular patch
element. These parasitic elements affected the distribution of
the electromagnetic field and consequently reduced mutual
coupling. In addition, wider bandwidth was also achieved. The
proposed design was composed of two MIMO antennas
coupled in an H-plane and an E-plane with a rated bandwidth
of 14%.

This study proposes elements using the parasitic patch
technique to be implemented in a 4x4 subarray design on a
MIMO system antenna with a working frequency of 3.5 GHz.
Furthermore, this study develops the technique of adding a
parasitic patch to the top layer to produce several resonant
frequencies that produce a wider bandwidth [6], [12]-[15]. The
number of parasitic patches used in [6] was three parasitic
patches, [12] was five parasitic patches, [13] was four parasitic
patches, [14] was three parasitic patches, and [15] was three
parasitic patches. Meanwhile, this study applied ten parasitic
patches. According to the ETSI standard, the 5G bandwidth
requirement for the 3.5 GHz frequency is a minimum of 500
MHz [16], and mutual coupling is less than -20 dB [6]. It is
hoped that this study can produce bandwidth greater than 600
MHz or fractional bandwidth of around 20% and mutual
coupling which is smaller than -20 dB. After obtaining the
design elements according to the desired specifications, these
elements were arranged into a 4x4 subarray for a MIMO
antenna system with a spacing between elements based on a
feeding point of 0.75.. Furthermore, the performance
evaluation of the MIMO antenna subarray was carried out with
parameters including return loss, bandwidth, mutual coupling,
gain, beamwidth, and sidelobe level (SLL).

This paper is divided into five sections. The first section is
an introduction, the second section describes the microstrip
antenna and parasitic techniques, the third section discusses
antenna design, the fourth section is the results and analysis,
and the final section contains the conclusions.

II. MICROSTRIP ANTENNA

A. MICROSTRIP RECTANGULAR PATCH ANTENNA

The microstrip rectangular patch antenna is the most widely
used type of microstrip antenna since this type of antenna is
easier to analyze. The structure of a rectangular patch
microstrip antenna has a thickness (h), width (W), and stretches
along (L). The structure of a microstrip antenna consists of a
patch, substrate, and ground plane which can be seen in Figure
1(a).

In designing a rectangular patch microstrip antenna, the
parameters that need to be known are the dimensions of length
(L) and width (W). To obtain the dimensions of length (L) and
width (W), (1) through (4) can be used [17], [18].

c 2
W= Z_fT Ert+1 (1)
c
Leff - zfrm (3)
AL = 0412 p Crerr o)+ Grrozen 4

(ereff+0.258)+(5+08)

with
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Figure 1. Microstrip antenna, (a) microstrip rectangular patch antenna, (b)
configuration of antenna with four parasitic patch elements [13].

fr = resonant frequency or antenna frequency (Hz)
c = speed of light (3.10° m/s)

h = substrate thickness (mm)

&, = dielectric constant of the substrate

Legy = effective patch length (mm)

Eepp = effective dielectric constant.

Meanwhile, the length and width of the ground plane can
be calculated using (5) and (6) [18], [19].

Ly, =xh+1L (5)
Wy =xh+W (6)
with
Lg = ground plane length (mm)

W, = ground plane and substrate width (mm)
x = multiplier factor with value > 6.

In the coaxial probe distribution point, the antenna
distribution point greatly affects the performance of the
antenna. Therefore, the antenna feed point can be calculated
using (7) to (9) [18], [20]:

1

r+1) , (e7—1 h]z2
Erepy = LD 4 12 1] 2 @)
L
Xf - 2 /“:reff (8)
w
Yp == 9)
with
Eepr = effective dielectric constant
&, = dielectric constant of the substrate
h = substrate thickness (mm)
w = patch width (mm)
X¢ = long side feed point (mm)
Y = wide edge feed point (mm).

B. PARASITIC TECHNIQUE

The parasitic patch technique was applied by adding a patch
or placing the patch near the edge of the original patch antenna.
This new patch, called the parasitic patch, could be connected
to the main patch antenna electromagnetically. This technique
is one way to increase the bandwidth of microstrip antennas
[21].

Each parasitic patch could be designed in the same way as
the original patch antenna. The design of the parasitic patch was
based on calculations from several mathematical equations that
have been mentioned in (1) to (9) and adjusted to the
specifications of the material used. The length and width of the
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Figure 2. Single element, (a) design, (b) fabrication results.

TABLE |
SINGLE ELEMENT DIMENSIONS

Symbol \(/ne:InL’IS Symbol \(/ne:lmu§ Symbol \(/rﬁlrﬁf
Ws 68.71 Wpl 10.31 Wp4 17.77
Ls 68.49 Lpl 18.27 Lp4 15.00
Wp 10.25 | wp2 13.13 | Wp5s 17.77
Lp 20.11 Lp2 16.97 Lp5 20.00
Xf 6.09 | wp3 20.39 | Wpé 17.77
Yf 2.80 Lp3 18.89 Lp6 10.00

parasitic patch determined the resonant frequency and the
resulting bandwidth [13].

The parasitic patch obtained an electric current due to the
induction from the main patch. The main patch was supplied
with an electric current, then the electric current that was in the
main patch caused an induction on the side radiating the
parasitic patch. The different dimensions of the parasitic patch
affected the change in the resonant frequency. Coupling
between parasitic patches was affected by the distance between
the parasitic patches which could control the antenna
impedance matching. After that, the parasitic patch element
configurations 1, 2 and 3 were arranged horizontally as shown
in Figure 1(b).

Since the distance between the parasitic patches was close
to each other, the parasitic patch on the side that was not
radiating generated an electric current because of induction
from the parasitic patch on the side that was radiating. The
electric field was not uniform on the edges that were not
radiating; meanwhile, on the edges that were radiating, the
electric field was uniform. Furthermore, the configuration of
parasitic patch element 4, element 2, and element 5 was
arranged vertically as shown in Figure 1(b).

The configuration of a microstrip antenna with four-
element parasitic patch coupling combined two methods,
namely coupling through the radiating edge and coupling
through the nonradiating edge, so as to increase the bandwidth
as shown in Figure 1(b).

I1l. ANTENNA DESIGN

This stage was begun with a single element design using a
parasitic patch which was arranged in the form of a subarray
with a 4x4 configuration for 5G MIMO system antennas. The
feeding technique used in the antenna was a coaxial feeding
probe.

The specifications targeted were MIMO system antennas
with a working frequency of 3.5 GHz according to 5G
requirements [5]; bandwidth of > 600 MHz [16]; fractional
bandwidth of > 20%; return loss of < —10 dB; mutual coupling
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Figure 4. Simulation results and measurements of return loss and bandwidth
single element and 4x4 subarray.

of <—20dB [6], [11], [12]; and gain of > 3 dB [6]. The material
used in antenna design and fabrication was FR-4 (epoxy)
substrate with a dielectric constant (g,.) of 4.3 and a substrate
thickness (h) of 1.6 mm.

Furthermore, in the early stages, a rectangular single-
element design without a parasitic patch was in accordance
with the expected specifications, namely working at a
frequency of 3.5 GHz. Then, to design a single element using
the parasitic patch technique to get the desired antenna
performance, it is necessary to optimize the antenna design by
changing the parameters of the parasitic patch to provide
optimal performance. In optimizing this antenna, several
changes were made to the dimensions of the parasitic patch by
reducing the dimension width and adding several parasitic
patches in such a way that it could reach the target
specifications, including working frequency, gain, and
bandwidth.

After the single element using the parasitic patch met the
target, it was then arranged in a 4x4 subarray structure. The
subarray design was considered to have met the target if the
subarray elements already had a fractional bandwidth of more
than 20% and the antenna parameter criteria had also been met.
The subarray antenna was arranged using a 4x4 planar
configuration. All elements were arranged on the same
substrate with spacing between elements from one feeder point
to another of 64.28 mm or 0.751. The distance between these
elements had met the target, which was to produce less than
mutual coupling of —20 dB.

The design was carried out to manufacture the antenna
realization after the single element design and 4x4 subarray
was in accordance with the target antenna specifications.
Furthermore, the antenna realization for a single element was
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Figure 5. Simulation and measurement results of single element s-parameters and 4x4 subarray.
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Figure 6. Gain, (a) single element and (b) 4x4 subarray.

simulated and measured in the anechoic chamber, whereas the
4x4 subarray was only simulated.

A. SINGLE ELEMENT DESIGN

In this stage, a single element was created by combining ten
parasitic patches operating in 3.5 GHz. The use of a parasitic
patch technique on a single element was intended to widen the
bandwidth. The addition of the parasitic patch [13] caused
several changes were made to the parasitic patch, especially in
the Wp and Lp dimensions, Wp1 and Lp dimensions, Wp2 and
Lp2 dimensions, Wp3 and Lp3 dimensions, as well as the
addition of parasitic patches with Wp4 and Lp dimensions,
Wp5 and Lp5 dimensions, Wp6 and Lp6 dimensions is shown
in Figure 2(a). The length and width of the parasitic patch and
the placement of the parasitic patch horizontally (H-field) and
vertically (E-field) determine the new resonance frequency,
which can increase the bandwidth [6], [12]-[15]. The position
of the parasitic patch with Wp4 and Lp4 dimensions, Wp5 and
Lp5 dimensions, Wp6 and Lp6 dimensions is shown in Figure
2(a). The parasitic patch gets an electric current due to the
induction of the parasitic patch with Wp and Lp dimensions.
At first Wp and Lp, dimension patches were supplied with an
electric current. Then, the electric current in the Wp and Lp,
dimension parasitic patches caused induction on the radiating
side of the parasitic patch. Since the distance between the
parasitic patches was close to each other, an electric current
arose in the parasitic patch on the side that was not radiating
due to the induction of the parasitic patch on the side that was
radiating.

The addition of a parasitic patch was done to obtain
dimensions with width and length that need to be optimized so
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as to provide more optimal performance according to the
expected antenna specifications. The design dimensions of a
single element with ten parasitic patches were generated from
mathematical calculations following (1) to (9) based on [17],
[18]. The dimensions are shown in Table | and the design in
geometric form can be seen in Figure 2(a). After obtaining the
appropriate dimensions and designs as shown in Figure 2(a),
then a 4x4 subarray was arranged, as shown in Figure 3.

B. 4x4 SUBARRAY DESIGN

After a single element design that meets the specifications
was obtained, it was then arranged into a 4x4 subarray
configuration. The subarray consisted of sixteen elements. The
spacings between adjacent elements based on the location of
the feed points were 0.751 or 64.28 mm, respectively. The
width of the space between the elements was determined based
on the dimensions of the elements which were quite large after
the addition of ten parasitic patches. On the other hand, the
wide enough spacing was expected to be able to suppress the
mutual coupling effect. The subarray design met antenna
specifications if the subarray elements already had a fractional
bandwidth of more than 20% and mutual coupling of less than
-20 dB. Furthermore, the resulting subarray design dimensions
were Ws = 261.55 mm, Ls = 261.33 mm. The geometry can be
seen in Figure 3(a).

IV. RESULT AND ANALYSIS

At this stage, the simulation results were compared to
measurements. The simulation used computer simulation
technology (CST), which was software for the antenna
simulation to design single elements and 4x4 subarrays.
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Figure 7. Comparison of simulation and measurement of single element radiation patterns, (a) E-plane, (b) H-plane.

E-Plane

-60

120 -120

150 150
180
m— Single Element ====d4x4 Subarray

(CY

H-Plane

120 -120

150 -150
180
s Single Element *====4x4 Subarray

(b)

Figure 8. Comparison of single element radiation pattern simulation and 4x4 Subarray, (a) E-plane, (b) H-plane.

Antenna performance parameters observed included return loss
(S11), bandwidth, mutual coupling (Sz1), SLL, and gain.

A. S-PARAMETER PERFORMANCE

The single element fabrication results are shown in Figure
2(b) and the 4x4 subarray is shown in Figure 3(b). The
simulation results and measurements of return loss and
bandwidth of the single element design and 4x4 subarray at 3.5
GHz are shown in Figure 4.

The single element simulation results for the return loss
parameter (Si1) were -14.99 dB. Antenna bandwidth could be
calculated from the value of return loss below -10 dB.
Bandwidth was 732 MHz and fractional bandwidth was
20.52%. Meanwhile, the measurement results for the return
loss parameter (S11) were -18.42 dB, a bandwidth of 722 MHz,
and a fractional bandwidth of 19.83%.

Then, the simulation results for the 4x4 subarray design for
the return loss parameter (S11) were -14.65 dB. The resulting
bandwidth was 733 MHz with a fractional bandwidth of
20.49%. As a comparison, the measurement results for the 4x4
subarray design for the return loss parameter (Si11) was -14.59
dB, the bandwidth was 735 MHz, and the fractional bandwidth
was 20.35%.

Next, Figure 5 shows a comparison of the simulation results
and measurements of the S-parameter return loss and mutual
coupling for the 4x4 subarray design at 3.5 GHz. Since the
elements in the subarray formed a symmetry as shown in Figure
5, the results reported to represent the 4x4 subarray were the 1,
2, 5, and 6 elements.

The return loss simulation results (S11) were -14.65 dB, Sz,
was -15.10 dB, Sss was -14.97 dB, Sg was -15.19 dB. The
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results of the mutual coupling simulation (S21) were -30.23 dB,
Ses was -30.62 dB, Se, was -29.41 dB, and Ss; was -30.71 dB.
The measurement results for Sy; was -30.05 dB, Sgs was -32.81
dB, Se2 was -24.76 dB, and Ss; was -24.81 dB. Elements 3, 7,
9, and 10 in the 4x4 subarray in Figure 3(a) formed a symmetry
with other elements for mutual coupling with adjacent elements
such as Sez similar to Sz1, Ses, for Seio similar to Se , Ssi, for
523 similar to 321, Ses, for 559 similar to Sez, 351.

B. RADIATION PATTERN PERFORMANCE

The simulation results of the 3D far-field radiation pattern
and gain are shown in Figure 6(a) for a single element antenna
and Figure 6(b) for a 4x4 subarray. The strength of the gain
parameter value is shown by color degradation. The
degradation of the color from blue shows the lowest gain, while
the degradation of the red color shows the highest gain. The
gain for a single element antenna was 4.36 dB. On the other
hand, the gain for the 4x4 subarray was 16.86 dB.

Figure 7 shows a single element radiation pattern at a
frequency of 3.5 GHz which is directional. In the E-plane with
phi = 90°, it had a main lobe magnitude of 4 dB, main lobe
direction of 10°, angular beamwidth (3dB) of 87°, and SLL of
-9.3 dB. The H-plane was phi 0° field, generating a main lobe
magnitude of 4.27 dB, main lobe direction of 140, angular
beamwidth (3dB) of 70.6°, and SLL of -17.0 dB.

Comparison of single element radiation patterns between
the simulation results and measurements can be seen in Figure
7. The simulation resulted in a gain of 4.36 dB, which was
smaller than the measurement producing a gain of 5.34 dB. The
single element antenna gains already exceeded the targeted
antenna design specifications.
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TABLE Il
SIMULATION AND MEASUREMENT PERFORMANCE RESULTS OF SINGLE
ELEMENT AND 4X4 SUBARRAY

Performance Single Element 4x4 Subarray
Parameters Sim. Meas. Sim. Meas.
Return loss (dB) -1499 | -18.42 | -14.65 | -14.59
Bandwidth (MHz) 732 722 733 735

Fractional BW (%) | 2052 | 19.83 | 2049 | 2035
Mutual coupling NA | NA | 3023 | -30.05

(dB)
Gain (dB) 4.36 534 | 16.86 -

Figure 8 shows the radiation pattern of a polar 4x4
subarray. The results of the E-plane were phi 90° radiation
pattern, that had a main lobe magnitude of 16.9 dB, an angular
beamwidth (3dB) of 17.2°, and an SLL of -12.9 dB. The results
of the H-plane were phi 0° radiation pattern, producing a main
lobe magnitude of 16.9 dB, an angular beamwidth (3dB) of
17.3°, and an SLL of -12.7 dB. Comparison of simulated
radiation patterns of single elements and 4x4 subarrays in
Figure 8 shows the increased gain on the 4x4 subarray.

All simulation results and performance measurements of S-
parameters and radiation patterns are tabulated in Table Il. In
Table II, “Sim.” denotes Simulation and “Meas.” denotes
Measurement. The measurement results for the 4x4 subarray
showed that the bandwidth was 13 MHz wider, and the
fractional bandwidth increased by 0.52% with a gain of 12.5
dB, which was higher than that of a single element.

The 4x4 subarray showed a smaller return loss value but
still meets the target antenna specifications. Then, the mutual
coupling of the 4x4 subarray, which was -30.05 dB, was
smaller than -20 dB, so that it was in accordance with the
expected target and there was no need for other methods to
reduce mutual coupling. Therefore, single element and 4x4
subarrays produced a bandwidth of up to 700 MHz or a
fractional bandwidth increase of up to 20%, so that they met
the desired target antenna specifications.

V. CONCLUSION

The design of a 4x4 subarray consisting of elements using
parasitic techniques for 5G MIMO antennas working at a
frequency of 3.5 GHz has been carried out and tested by
simulation and measurement. Each antenna element had a
rectangular patch plus ten parasitic patches. These elements
were then arranged into a 4x4 subarray. The addition of
parasitic patches on each element is expected to increase
bandwidth as well as increase the dimensions and spacing of
elements so that mutual coupling is no longer a problem. Based
on the simulation and measurement results, the antenna design
met the desired target specifications, including increased
bandwidth of up to 20.35%, gain of 16.86 dB, and mutual
coupling of -30.05 dB. Hence, all parameter performance
increases after being compiled into 4x4 subarrays.
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