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1. Introduction

5G communication systems require more sophisticated 
and diverse antennas than previous generations to support 
various technological advancements, such as MIMO and 
millimeter wave (mmWave) [1–3]. MIMO (Multiple Input 
Multiple Output) is a technology that plays a key role in 5G 
communication systems. The main advantage of MIMO in 
5G is its ability to significantly increase capacity and data 
rates without requiring more frequency spectrum. By using 

multiple antennas on the transmit and receive side, MIMO 
allows simultaneous data transmission over multiple paths, 
reducing interference and increasing spectral efficiency [4, 5]. 
In addition, MIMO can improve signal coverage and reliabil-
ity by using techniques such as beamforming, which focuses 
the signal toward a specific user. This is especially important 
in delivering a faster and more stable experience for users 
in sub-urban areas [6]. According to [7], the resonant fre-
quency for 5G communication systems is categorized into 
three bands: high, middle, and low. One of the recommended 
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MIMO (Multiple Input Multiple 
Output) makes a major contribution to 
5G communication systems by increasing 
network capacity and spectrum efficien-
cy. In 5G, MIMO enables the use of mul-
tiple antennas at base stations and user 
devices, allowing simultaneous sending 
and receiving of data over multiple paths. 
This significantly increases data through-
put and connection reliability, especial-
ly in environments with high user density. 
In addition, MIMO technology supports 
the implementation of beamforming, which 
focuses signals on a specific direction, 
reduces interference, and improves signal 
coverage and quality, making it one of the 
keys to achieving faster and more respon-
sive 5G performance. Therefore, anten-
nas with wide bandwidth, high gain and 
MIMO performance are crucial for sup-
porting 5G communication systems. This 
paper proposes a high-performance MIMO 
microstrip antenna based on a series pla-
nar array with 8×2 elements operating at 
a resonant frequency of 3.5 GHz for 5G 
communication systems. A spiral stub and 
a feed inset are proposed to control the 
reflection coefficient and bandwidth of the 
antenna while the series planar array is 
proposed to increase the gain. To support 
the MIMO communication system, the pro-
posed antenna is separated into two differ-
ent ports with a certain distance. From the 
measurement results, the proposed antenna 
has high performance indicated by a wide 
bandwidth of 680 MHz (3–3.68 GHz) and 
a high gain of 17.8 dB at a resonant fre-
quency of 3.5 GHz. In addition, the pro-
posed antenna has high mutual coupling 
and diversity indicated by ECC and DG of 
0.001 and 9.99 dB, respectively. This work 
provides a solution to design a high-per-
formance microstrip antenna and can be 
implemented as a receiving antenna for 5G 
communication systems
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frequencies for 5G communication systems is 3.5 GHz, which 
is included in the middle band category and dynamic environ-
ments, such as urban or high-mobility areas [8].

Furthermore, microstrip antennas offer several import-
ant advantages for 5G applications, particularly in terms of 
integration, size, and performance [9, 10]. Due to their thin 
and lightweight design, microstrip antennas can be easily 
integrated into portable devices such as smartphones and 
IoT devices, as well as into network infrastructure such as 
base stations [11, 12]. They can also be manufactured in 
arrays, enabling the implementation of MIMO and beam-
forming technologies, which are essential for increasing the 
capacity and transmission speed in 5G networks [13, 14]. In 
addition, microstrip antennas can be designed to operate at 
a wide range of frequencies, including high frequencies such 
as mmWave used in 5G, while maintaining good efficiency. 
Their relatively low production costs and ability to be print-
ed on a variety of substrates also make them an economical 
and practical choice for widespread 5G deployment. How-
ever, microstrip antennas have certain drawbacks, such as 
narrow bandwidth, low gain, and limited directivity. The 
primary parameters that indicate an antenna’s performance 
include the reflection coefficient, bandwidth, gain, and radi-
ation pattern. Therefore, antennas with wide bandwidth and 
high gain are crucial for supporting wireless communication 
systems such as Wi-Fi, 4G, and 5G. Moreover, high-perfor-
mance antennas with multiple input multiple output are es-
sential to facilitate communication between the transmitter 
and receiver, especially for 5G communication systems.

2. Literature review and problem statement

Several previous studies have explored and proposed 
microstrip antennas for 5G communication systems us-
ing various techniques, including fractal designs, arrays, 
and parasitic elements. Furthermore, in a study presented 
by [10], microstrip antennas with wider bandwidths were 
achieved by incorporating parasitic elements placed above 
the radiating elements. However, the antenna’s gain re-
mained low, necessitating further improvement. Previous 
work [15] proposed a fractal antenna for 5G communication 
with MIMO configuration operating at a resonant frequen-
cy of 3.5 GHz. However, the gain of the proposed antenna is 
still low at about 3 dB. Another work [16] proposed a ten-el-
ement MIMO array antenna that operates at a resonant 
frequency of 3.5 GHz. However, the bandwidth of the pro-
posed antenna is still low at about 200 MHz. Moreover, the 
previous work [17] presented a wideband microstrip antenna 
operating at a resonant frequency of 3.35–3.95 GHz with a 
2×2 element MIMO array. However, the gain of the proposed 
antenna is only 12.6 dB. Another study by [18] proposed a 
microstrip antenna array with four elements operating at a 
resonant frequency of 3.5 GHz, achieving a bandwidth of 
0.7 GHz and a gain of 9.24 dB. Nevertheless, the increase 
in bandwidth was accompanied by a decrease in gain, indi-
cating an inverse relationship between bandwidth and gain. 
In addition, previous work by [19] proposed a microstrip 
antenna using an array with 4×2 elements with a bandwidth 
of 0.6 GHz and a gain of 12.2 dB. However, the proposed 
antenna does not support MIMO communication systems. 
Other findings describe MIMO microstrip antennas based 
on vertical and horizontal configurations with 2 ports op-
erating at resonant frequencies of 3.5 GHz and 6 GHz [20]. 

However, the gain obtained is still low at around 7.8 dB. 
Based on the literature review [15–20], the limitation of pre-
vious works is that the proposed antenna still has low gain, 
narrow bandwidth and does not support MIMO. Therefore, 
an antenna with wide bandwidth, high gain and MIMO 
support is needed as a solution for receivers in 5G communi-
cation systems. In addition, MIMO technology supports the 
implementation of beamforming, which focuses signals on a 
specific direction, reduces interference, and improves signal 
coverage and quality, making it one of the keys to achieving 
faster and more responsive 5G performance.

3. The aim and objectives of the study

The aim of the study is to propose an antenna configured 
with two different ports separated by a certain distance in 
order to support MIMO capabilities. 

To achieve this aim, the following objectives are accom-
plished:

– to produce a design and model of a microstrip antenna 
that operates at a resonance frequency of 3.5 GHz with a 
bandwidth of 200 MHz for a 5G communication system;

– to produce a design and model of a microstrip anten-
na with a high gain ≥12 dB that operates at a frequency of 
3.5 GHz for a 5G communication system;

– to validate and measure microstrip antennas that can 
be used in MIMO communication systems with low mutual 
coupling S21≤–20 dB.

4. Materials and methods 

The object of the study is 5G communication systems. 
The main hypothesis of the study is as follows. A high-per-
formance MIMO microstrip antenna based on a series 
planar array with 8x2 elements operating at a resonant 
frequency of 3.5 GHz, will improve the capabilities of 5G 
communication systems.

The proposed antenna is designed using an FR-4 sub-
strate with a dielectric constant of 4.3, tan delta of 0.0265 
and thickness of 1.6 mm. The radiation element of the an-
tenna is represented by a rectangular patch placed on the 
top layer of the substrate while the bottom layer functions 
as a ground plane. The antenna is connected directly with 
a brass connector using a microstrip line with an imped-
ance of 50 ohms. The evolution and models of the proposed 
antenna are shown in Fig. 1. The antenna is designed and 
simulated using EM simulation based on HFSS 15.0.

Fig. 1 shows that the proposed antenna is developed in six 
models. Model 1 proposes an antenna with a single element that 
operates at a resonance frequency of 3.5 GHz, which is repre-
sented in Fig. 1, a. Furthermore, model 2 and model 3 propose 
two-element and four-element array antennas based on a series 
configuration with a spiral stub shown in Fig. 1, b, c.

Model 4 proposes an eight-element array antenna by add-
ing an inset fed to the antenna patch while model 5 proposes 
an array antenna with 8×2 elements configured based on the 
horizontal planar shown in Fig. 1, d, e. The last model propos-
es an array antenna with 8×2 elements configured as MIMO 
using two ports separated by a certain distance represented 
by Fig. 1, f. The addition of the spiral stub and fed inset aims 
to reduce the reflection coefficient while adding the number 
of elements on the array antenna aims to increase the gain.
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5. Results of the design and realization of the proposed 
antenna

5. 1. Design of a series array antenna
At the first stage, the antenna is designed with a rectan-

gular patch to operate at a resonant frequency of 3.5 GHz. 
The length and width of the antenna patch are represented 
respectively by Wp and Lp, which are determined based on 
the following equation [21]:
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In this context, Wp and Lp denote the width and length 
of the patch, respectively; fo signifies the resonance frequen-
cy, εr indicates the substrate’s permittivity, εeff refers to the 
effective permittivity of the substrate at a specific resonance 
frequency, h stands for the substrate’s thickness, and ∆L 

accounts for the fringing field’s edge effect on the patch. In 
addition, microstrip lines are suggested for managing the 
impedance and reflection coefficient of the antenna. The size 
of the microstrip line is significantly affected by the input 
impedance and the chosen resonant frequency. In this study, 
the input impedance is set to 50 ohms. The dimensions of 
the microstrip line can be calculated using the following 
equation [22]:
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In this context, Wz represents the width of the mi-
crostrip line, π is constant, Zo denotes the antenna’s im-
pedance, and B stands for the impedance constant. The an-
tenna’s impedance is 50 Ω, matching the impedance of the 
connector used. Additionally, the length of the microstrip 
line (Lz) is ¼ of the wavelength (λg), calculated using the 
following equation [21]:

1 ,4z gL = λ 					     (8)

� .g
eff

λ
λ =

ε
					     (9)

The structure and simulation results of an antenna with 
a single element are shown in Fig. 2.

Fig. 1. Evolution of the proposed antenna: a – single-element; b – 2-element array; c – 4-element array; d – 8-element array; 
e – 8×2 element planar array; f – MIMO planar array

a b c d e f
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Fig. 2, a shows the dimensions of Wp and Lp being 
26 mm and 22 mm, respectively. In addition, the length and 
width of the microstrip lines represented by Lz and Wz are 

13 mm and 3 mm. The dimensions of the ground plane are 
shown by Wg and Lg where the width and length are 35 mm 
and 29 mm. Furthermore, the simulation results of S11, 
VSWR in Fig. 2, a, b show that the antenna has been operat-
ing at a resonance frequency of 3.5 GHz with S11 –11.34 dB 
and VSWR 1.74. The gain of the single-element antenna 
is shown in Fig. 2, c where the peak gain at a resonance 
frequency of 3.5 GHz is 5.8 dB. However, the bandwidth 
obtained from the single-element antenna is still narrow 
at 40 MHz (3.48–3.52 GHz). Therefore, optimization is 
required to increase the bandwidth of the proposed antenna.

The second stage is to optimize the single-element an-
tenna into a series array antenna with two elements. The 
purpose of adding elements is to increase the gain while the 
bandwidth of the antenna is optimized with a spiral-shaped 
stub. The structure and simulation results of an array anten-
na with two elements are shown in Fig. 3.

Fig. 3, a shows the structure of an array antenna with 
two elements, where the dimensions of Wg and Lg  are 32 mm 
and 71 mm. Moreover, spiral stubs are proposed to connect 
between elements with lengths L1, L2 and L3 of 6 mm, 7 mm 
and 6 mm. Furthermore, the width of the spiral stub is rep-
resented by Wb and Ws where the width is 3 mm and 1 mm, 
respectively. The simulation results of S11 and VSWR for 
an array antenna with two elements are shown in Fig. 3, b, c 
where S11 is –16.79 dB and VSWR is 1.33 at a resonance fre-
quency of 3.5 GHz. The bandwidth obtained from the anten-
na array with two elements is 400 MHz (3.2–3.6 GHz) with 
a peak gain of 7.82 dB. This finding shows that the spiral 
stub and the addition of elements succeed in increasing the 
bandwidth and gain of the proposed antenna. However, the 
gain obtained is still low so further optimization is required. 
Therefore, the gain of the proposed antenna is optimized by 
increasing the number of elements of the array. 

The third stage is to increase the antenna gain by opti-
mizing the antenna array into four elements. The structure 
and simulation results of an array antenna with four ele-
ments are shown in Fig. 4.

Fig. 4, a illustrates the design of a four-element array 
antenna, with Wg and Lg of 32 mm and 142 mm, respectively. 
The array elements are linked by spiral stubs that extend 
in opposite directions. Furthermore, the simulation of S11 
and VSWR shows that the antenna has high performance 
with S11 and VSWR of –29.28 dB and 1.07 at a resonance 
frequency of 3.5 GHz as shown in Fig. 4, b, c. The band-
width obtained from the antenna array with four elements 
is 300 MHz (3.3–3.6 GHz) with a peak gain of 9.9 dB at a 
resonance frequency of 3.5 GHz as illustrated in Fig. 4, d.

The fourth stage is to optimize the antenna array with eight 
elements to increase the gain. Furthermore, an inset feed is 
proposed to control the resonant frequency of the antenna rep-
resented by Wi and Wd with dimensions of 7 mm and 1 mm, re-
spectively. The length and width of the ground plane represent-
ed by Wg and Lg are 32 mm and 310 mm as shown in Fig. 5, a.

The simulation of S11 and VSWR of the array antenna 
with eight elements illustrated in Fig. 5, b, c shows that 
the antenna has been operating at a resonance frequency 
of 3.5 GHz with S11 of –26.37 dB and VSWR of 1.10. The 
bandwidth obtained is 300 MHz (3.3–3.6 GHz) while the 
peak gain is 10.82 dB at a resonance frequency of 3.5 GHz as 
shown in Fig. 5, d. Furthermore, the simulation results of S11 
and the gain of the entire antenna model shown in Fig. 6, a, b 
are proposed to evaluate the optimization of the proposed 
antenna, respectively.

Fig. 2. Model of a single-element antenna: a – design of 
a single element; b – simulation of S11; c – simulation of 

VSWR; d – simulation of gain

a

b

c

d
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Fig. 6, a illustrates that the reflection coefficient of 
the proposed antenna gradually improves from –11.23 dB 
to –26.27 dB at a resonance frequency of 3.5 GHz. This result 
indicates that the optimization using an eight-element array 
antenna, spiral stub, and inset feed effectively enhanced the 

Fig. 3. Model of an array antenna with two elements: a – design 
of a two-element array with a spiral stub; b – simulation of S11; 

c – simulation of VSWR; d – simulation of gain

a

b

c

d

Fig. 4. Model of an array antenna with four elements: a – design 
of a four-element array with a spiral stub; b – simulation of S11; 

c – simulation of VSWR; d – simulation of gain

a

b

c

d
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antenna’s performance in terms of the reflection coefficient by 
up to 134 % compared to a single-element antenna.

Additionally, the bandwidth of the proposed antenna 
expanded by 650 %, from 40 MHz (3.48–3.52 GHz) to 
300 MHz (3.3–3.6 GHz). This demonstrates that the pro-
posed antenna meets the specifications for the 5G communi-
cation system operating within the 3.4–3.6 GHz frequency 
range. Moreover, Fig. 6, b shows that the antenna’s gain 
increases as the number of elements in the antenna array is 
increased, with a gain improvement of 78 % from 5.8 dB to 
10.82 dB at a resonance frequency of 3.5 GHz. 

However, the gain of the proposed antenna remains be-
low the desired target ≥12 dB. Thus, additional optimization 
is necessary to enhance the antenna’s gain. 

5. 2. Design of a MIMO series planar array antenna 
with 8x2 elements

In order to increase the gain, the antenna is configured 
as a series planar array with 8×2 elements. The elements of 
the antenna array are connected with impedance matching 
based on T-stubs while the antenna elements are optimized 
with slits on the right and left edges of the patch. The struc-
ture of the series planar array antenna and the simulation 
results are shown in Fig. 7.

Fig. 7, a shows the elements of the antenna separated by 
a certain distance represented by da=21 mm, which is deter-
mined based on the following equation [22]:

Fig. 5. Model of an array antenna with eight elements: 	
a – design of an eight-element array with a spiral stub and 
inset fed; b – simulation of S11; c – simulation of VSWR; 	

d – simulation of gain

a

b

c

d

Fig. 6. Comparison of simulation results: a – simulation of 
S11; b – simulation of gain
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where da is the distance between elements, λ is the wave-
length of the antenna and c is the speed of light  (3×108 m/s). 
It should be noted that the distance between the ele-

ments of a planar array antenna greatly affects the gain. 
Furthermore, microstrip lines with stepped impedance 
are used as impedance matching between elements of 
the antenna array represented by Z1=50 Ω, Z2=70.7 Ω 
and Z3=100 Ω. The width of the transmission line dictates 
its impedance, which can be calculated using the following  
equation [21]:

2 1 3 .Z Z Z= ⋅ 					     (11)

Fig. 7. Model of a series planar array antenna: a – design of an 8×2 element planar array with a spiral stub and inset fed; 	
b – simulation of S11; c – simulation of VSWR; d – simulation of gain

a

b c



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774	 5/5 ( 131 ) 2024

44

The width of the microstrip line with stepped imped-
ance is represented by Wf=3 mm, Wj=1 mm and Wm=2 mm 
while the length is represented by Lf=33 mm, Ld=8 mm, 
Lb=23 mm, La=12 mm and Lc=17 mm. The dimensions 
of the ground plane indicated by Wg and Lg are 82 mm 
and 353 mm, respectively. Furthermore, Fig. 7, b shows that 
the bandwidth of the proposed antenna increases from 

300 MHz (3.3–3.6 GHz) to 600 MHz (3–3.6 GHz). In ad-
dition, the peak gain of the antenna also increases from 
10.82 to 16.09 dB at a resonant frequency of 3.5 GHz as 
shown in Fig. 7, c. These findings indicate that the proposed 
antenna has met the specifications for a 5G communication 
system with a bandwidth of ≤200 MHz and a gain of ≥12 dB 
at a resonant frequency of 3.5 GHz. 

Fig. 8. Model of a MIMO series planar array antenna: a – design of an 8×2 element MIMO planar array; b – simulation of S11; 
c – simulation of VSWR; d – simulation of gain

a

b c
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The next step is to optimize the antenna with a MIMO 
configuration that is directly connected to port 1 and port 2, 
respectively. It should be noted that the distance 
between the antennas at each port greatly affects 
the mutual coupling of the MIMO configuration. 
Mutual coupling shows the independence of the an-
tennas when both works simultaneously. The mini-
mum standard for mutual coupling is S21≤–20 dB at 
the specified resonant frequency.

Furthermore, to support the 5G communication 
system, the antenna is configured in MIMO with 
2 different ports represented by port 1 (P1) and 
port 2 (P2) as shown in Fig. 8, a. The structure of 
the series planar antenna array is connected to P1 
and P2, respectively. In order to control the inde-
pendence of the two antennas with high mutual 
coupling, the antennas are separated by a certain 
distance represented by dm=21 mm. The dimensions 
of the ground plane are represented by Wg and Lg, 
which are 164 mm and 353 mm, respectively.

The simulation results illustrated in Fig. 8, b 
show that the antenna has been operating at a 
resonant frequency of 3.5 GHz with S11 and S21 
around –20 dB and –60 dB with a bandwidth 
of 650 MH  (3–3.65 GHz). This finding indicates 
that the antenna has a bandwidth that meets the 
criteria for the 5G communication system and has 
high mutual coupling with S21≤–20 dB. In addition, 
the gain of the antenna with MIMO configuration 
also increases from 15.98 dB to 16.78 dB as shown 
in Fig. 8, c. This shows that the proposed antenna 
has met the specifications for 5G communication 
systems where the gain is ≥12 dB. The next stage 
is to fabricate and validate the performance of the 
proposed antenna through a measurement process 
in the laboratory.

5. 3. Validation and measurement of the pro-
posed antenna

The antenna is fabricated using an FR-4 substrate 
where the radiating element is located on the top 
layer while the bottom layer functions as a ground 
plane as shown in Fig. 9, c. Validation of the near-field 
performance is carried out through a measurement 
process using a Vector Network Analyzer (VNA) with 
a frequency range of 2.5–4.5 GHz, a frequency step 
size of 0.01 GHz and a temperature of 25°, which is 
connected to the antenna (AUT) via port 1 and port 2 
with a coaxial cable as shown in Fig. 9, a.

The measurement setup consists of an antenna under 
test (AUT), which functions as a transmitter (Tx) connected to 
an RF generator while a reference antenna is placed as a receiver 
(Rx) connected to a spectrum analyzer and separated based on 
the Fresnel zone where df=2D2/λ [20]. The antenna is placed 
on a rotator that rotates clockwise from 0–360° with a step size 
of 1°. The far-field characteristics of the proposed antenna are 
observed based on the antenna’s radiation pattern when trans-
mitting and receiving electromagnetic waves.

A comparison of the simulation and measurement re-
sults of S11 and S21 in Fig. 10, a show that the fabricated 
antenna has the same performance as the simulated antenna 
where S11 is around –20 dB while S21 is around –40 dB at 
a resonance frequency of 3.5 GHz. The bandwidth of the 
fabricated antenna is 680 MHz with a frequency range 

of 3–3.68 GHz. This finding shows that the measurement 
results are in line with the simulation results.

The subsequent phase involves assessing the perfor-
mance of the MIMO antenna by examining the Envelope 
Correlation Coefficient (ECC) and Diversity Gain (DG) 
parameters. The ECC quantifies the correlation between the 
two antennas operating in tandem within a MIMO config-
uration. Typically, the ECC value lies within the range of 
0 to 1, with a threshold of ≤0.5 generally accepted for MIMO 
antenna designs. The ECC can be calculated using the fol-
lowing equation [20]:

( ) ( )
2* *

11 12 21 22

2 2 2 2

11 21 22 12

.
1 � 1

S S S S
ECC

S S S S

+
=

− − − − −
	 (12)

Diversity Gain (DG) characterizes the capability of an 
antenna system to mitigate the effects of multipath fading. 

Fig. 9. Measurement process of the proposed antenna: 	
a – measurement setup for near-field validation; 	

b – measurement setup for far-field validation in an anechoic chamber; 
c – fabrication of the proposed antenna
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The DG value reflects the system’s ability to enhance or 
sustain the signal quality relative to noise by combining 
signals from multiple antennas rather than relying on a sin-
gle antenna. For MIMO antennas, the diversity is typically 
represented by a DG value of ≤10 dB [18]. The DG can be 
calculated using the following equation [20]:

( )2
� 10� 1 .DG ECC= − 				    (13)

Fig. 10, b shows that the fabricated antenna has ECC 
and DG of about 0–0.001 dB and 9.99–10 dB in the res-
onant frequency range of 2.5–4.5 GHz. This finding indi-
cates that the proposed antenna has high independence and 
diversity. Additionally, high diversity gain contributes to 
better data throughput and coverage, making the antenna 
system more efficient in delivering consistent performance 
in challenging conditions, such as urban environments or 
areas with obstacles. 

To validate the independence and mutual coupling of 
the proposed antenna, a comprehensive observation of the 
electric field concentration by EM simulation is proposed 
as shown in Fig. 11, a. The electric field of the proposed 
antenna is observed at a resonant frequency of 3.5 GHz 
and shows that the resulting mutual coupling is low as in-
dicated by the highest electric field only at the antenna at 
port 1 (P1) and does not distribute the electric field to the 
antenna at port 2 (P2).

Furthermore, the beamforming of the proposed an-
tenna is shown in Fig. 11, b where the main lobe radiates 
electromagnetic waves to the front of the antenna while 
the side lobes radiate to the top, bottom and back of the 
antenna. Furthermore, the radiation pattern of the sim-
ulation and measurement process illustrated in Fig. 11, c 
shows a straight and similar result where the maximum 
radiation is at an angle of 0 with a transmit power of 
about 17.8 dB. This finding indicates that the proposed 
antenna has operated optimally at a resonance frequency 
of 3.5 GHz and supports MIMO for 5G communication 
systems. Moreover, a comparison of bandwidth and gain 
for the development models of the proposed antenna is 
shown in Tables 1, 2.

The bandwidth and gain enhancement of the antenna 
can be determined using the following equation:

( )� �
100 %,

�

Optimized BW Initial BW
BW

Initial BW

−
= × 	 (14)

( )� �
� 1� 00 %.

�

Optimized Gain Initial Gain
Gain

Initial Gain

−
= × 	 (15)

Table 1

Comparison of bandwidth for the proposed antenna models

Model Frequency range (GHz) Bandwidth (MHz)

1st model 3.48–3.52 40

2nd model 3.2–3.6 400

3rd model 3.3–3.6 300

4th model 3.3–3.6 300

5th model 3–3.6 600

6th model 3–3.65 650

Table 2

Comparison of gain for the proposed antenna models

Model Frequency range (GHz) Gain (dB)

1st model 3.48–3.52 5.8

2nd model 3.2–3.6 7.82

3rd model 3.3–3.6 9.9

4th model 3.3–3.6 10.8

5th model 3–3.6 16.09

6th model 3–3.65 17.8

Based on equation (14) and equation (15), the increase in 
gain and bandwidth is obtained by calculating the difference 
between the bandwidth and gain of the antenna with the ini-
tial condition and the optimized condition. In this study, the 
initial bandwidth and gain used are single-element antennas 
while the bandwidth and optimization gain are obtained 
from MIMO array antennas with 8×2 elements.

Fig. 10. Performance of the proposed antenna: a – comparison of the simulation and measurement results of S11 and S21; 	
b – envelope correlation coefficient and diversity gain based on measurement results
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6. Discussion of performance validation of the proposed 
MIMO antenna

Based on the measurement process, the comparison 
of the bandwidth of all the proposed antenna models is 
shown in Table 1. Based on Table 1, the bandwidth of the 
antenna with model 1 increases significantly from 40 MHz 
to 400 MHz in model 2 and 300 MHz in models 3 and 4. 
Furthermore, in models 5 and 6, the bandwidth increases to 
600 MHz and 650 MHz. From the measurement results, it 
is found that the bandwidth of the antenna increases up to 
1,525 % compared to the single-element antenna. 

Furthermore, evaluation is also done by observing the 
gain of the proposed antenna. The gain comparison of the 
entire antenna model is shown in Table 2. Based on Table 2, 
the antenna gains increase in line with the addition of the 
number of elements of the antenna array. In model 1, the an-
tenna gain is 5.8 dB while for model 2, model 3 and model 4, 
the antenna gains increase to 7.8 dB, 9.9 dB and 10.2 dB, 
respectively. Furthermore, in model 5 and model 6, the an-
tenna gains increase to 16.09 and 17.8 dB.

Overall, the gain of the antenna increases up to 206.8 % 
compared to the single-element antenna. This finding shows 
that the evolution of the antenna has successfully improved 
the antenna performance by producing high gain. In addi-
tion, the MIMO performance of the antenna is shown with 

high mutual coupling S21≤–20 dB. From the measurement 
results, a mutual coupling S21 of –40 dB was obtained in the 
frequency range of 2.5 4.5 GHz. MIMO performance is also 
indicated by high diversity with a diversity gain of 9.9 dB 
and a low correlation of 0.0001. This finding shows that the 
antennas have high independence and do not affect each 
other when working together. 

From the results obtained, the proposed antenna has a per-
formance with wide bandwidth and high gain compared to pre-
vious works [15–18]. In addition, the proposed antenna also has 
the capability for a high-performance MIMO system compared 
to the previous work [19], which proposed an antenna for a 5G 
communication system that does not support MIMO systems.

However, there are certain limitations, such as the rel-
atively large antenna dimensions and its operation being 
restricted to a single resonant frequency. Consequently, fu-
ture research efforts will focus on minimizing the antenna’s 
dimensions and enhancing its performance across multiple 
resonant frequencies, enabling its application in other com-
munication systems like 4G, Zigbee, and Wi-Fi.

7. Conclusions

1. From the measurement results, it was found that the 
proposed antenna has operated at a frequency of 3.5 GHz 

Fig. 11. MIMO performance of the proposed antenna: a – simulation of the E-field concentration of the proposed antenna at 
fr=3.5 GHz; b – 3D simulation of the radiation of the proposed antenna at fr=3.5 GHz; c – comparison of the simulation and 

measurement of the radiation pattern at fr=3.5 GHz
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with a wide bandwidth of 680 MHz. The bandwidth of the 
antenna has successfully met the standard requirements for 
a 5G communication system where the minimum bandwidth 
is ≤200 MHz.

2. The gain of the proposed antenna was successfully 
increased gradually using a series planar array with 8×2 ele-
ments. From the measurement results, a gain of 17.8 dB was 
obtained. This finding indicates that the proposed antenna 
has met the target with a gain of ≥12 dB for a 5G communi-
cation system.

3. The proposed antenna has been successfully developed 
with a two-port MIMO configuration operating at a reso-
nant frequency of 3.5 GHz. From the measurement results, it 
was found that the proposed antenna has a high mutual cou-
pling with S21 of –40 dB with ECC 0.001 and DG 9.99 dB. 
This finding indicates that the proposed antenna has met the 
criteria of high mutual coupling with S21≤–20 dB.
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