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1. Introduction

The 5G communication system offers high data rates and 
low latency, so it requires wide bandwidth [1]. Based on [2], 
the resonant frequency of the 5G communication system is 
divided into three classifications: high band, middle band 
and low band. One of the recommended frequencies for 5G 
communication systems is 3.5 GHz which is included in 
the middle band category [3]. Furthermore, to support the 
communication system between transmitter and receiver, 
antennas with high performance are needed. The key pa-
rameters to show the performance of the antenna are reflec-

tion coefficient, bandwidth, gain and radiation pattern [4]. 
One of the antennas that has been developed for wireless 
communication systems is the microstrip antenna because 
it has the advantages of compact dimensions, low cost and 
has the ability to operate at high frequencies [5, 6]. Howev-
er, microstrip antennas have limitations including narrow 
bandwidth, low gain, and low directivity [7]. Furthermore, 
to support the communication system between transmitter 
and receiver, antennas with high performance are needed. 
The key parameters to show the performance of the antenna 
are reflection coefficient, bandwidth, gain and radiation pat-
tern [8]. Therefore, antennas with wide bandwidth and high 
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The 5G communication system 
requires an antenna as a receiving 
device that has high performance 
including wide bandwidth and high 
gain. Microstrip antennas have 
advantages such as low cost, suitable 
for high frequencies and easy to 
integrate with other devices. One 
of the disadvantages of microstrip 
antennas is their narrow bandwidth 
and low gain. Therefore, microstrip 
antennas with wide bandwidth and 
high gain are especially needed to 
support 5G communication systems. 
This paper provides a solution by 
proposed a wide bandwidth and high 
gain microstrip antenna operating at a 
resonant frequency of 3.5 GHz for a 5G 
communication system. The proposed 
antenna was developed in four stages 
starting from a single element, a two-
element series array, a 4-element 
series array and a 4×2-element planar 
series array. A series planar array 
technique is proposed to increase the 
gain and bandwidth of the microstrip 
antenna simultaneously. In this paper, 
simulations and measurements from 
the proposed antenna are displayed 
and compared comprehensively to 
show the performance improvement 
from each stage of the development 
of the proposed model. Based on the 
measurement results, the designed 
antenna has an impedance bandwidth 
(IBW) of 0.6 GHz and fractional 
bandwidth (FBW) of 17.14 % with 
a frequency range of 3.11–3.71 GHz 
and maximum gain of 12.2 dB at a 
resonant frequency of 3.5 GHz. The 
bandwidth and gain of the antennas 
increased by 205 % and 99.03 % 
compared to single element antennas, 
respectively. Therefore, the proposed 
antenna can be recommended to be 
used as a receiving antenna for 5G 
communication systems
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Fig. 1 shows a single element microstrip antenna with a 
rectangular shape where the patch antenna is on the top layer 
of the substrate which functions as a radiating element while 
the bottom layer functions as a ground plane as 1st step. The 
substrate used was FR-4 with a dielectric constant of 4.3, a 
loss tan of 0.0265 and a thickness of 1.6 mm. The proposed 
antenna is connected directly with the RP-SMA connector 
with an impedance of 50 Ω. In the 2nd and 3rd step, single 
element antennas are configured in series arrays with two 
and four elements. It should be noted, the dimensions of the 
patch antennas are identical whereas the microstrip lines are 
used to control the impedance and reflection coefficient of the 
proposed antenna. Furthermore, the 4th step model shows that 
the antenna is developed with a series planar array with 4×2 
elements. It should be noted, the distance between radiating 
elements in a series planar array structure will greatly affect 
the bandwidth and gain of the antenna.

4. 2. Design of single element microstrip antenna
Basically, the dimensions of a microstrip antenna are 

greatly influenced by the type of substrate and the resonant 
frequency used. In this paper, microstrip antennas are devel-
oped based on a rectangular shape where the length of the 
patch is represented as L while the width is represented as W. 
Furthermore, the dimensions of W and L can be determined 
based on following equation as follows:
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gain are needed to support wireless communica-
tion systems such as Wi-Fi, 4G and 5G.

2. Literature review and problem statement

One of the antennas that has been developed 
for wireless communication systems is the mi-
crostrip antenna because it has the advantages 
of compact dimensions, low cost and has the 
ability to operate at high frequencies [9, 10]. 
However, microstrip antennas have limitations 
including narrow bandwidth, low gain and di-
rectivity [11]. Several previous studies have 
described and proposed microstrip antennas 
for 5G communication systems using several 
techniques including fractal, array and parasit-
ic [12–14]. Previous studies presented by [15] 
have described microstrip antennas with wide 
bandwidth by adding parasitic elements that are placed 
above to the radiating elements. However, the gain of the 
antenna is still low, so it needs to be increased. Another 
study by [16] proposed a microstrip antenna configured 
in an array with four elements operating at a resonant 
frequency of 3.5 GHz with a bandwidth of 0.7 GHz and a 
gain of 9.24 dB. However, the increase in bandwidth is not 
in line with the gain so that when the bandwidth increas-
es, the gain will decrease. 

Therefore, a method and stages of development are 
needed to produce an antenna that has wide bandwidth 
and high gain simultaneously. Therefore, new methods and 
model development are needed to produce antennas that 
have wide bandwidth and high gain simultaneously. Gener-
ally, the addition of elements from antennas with a parallel 
configuration will increase the gain, but on the other hand 
the bandwidth becomes narrower. This is due to the mutual 
inductance between the elements of the antenna. For this 
reason, series arrays can be used as a solution to reduce 
mutual inductance between elements so that the gain and 
bandwidth can increase simultaneously.

3. The aim and objectives of the study

The aim of the study is to produce a compact microstrip 
antenna for 5G communication system.

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

– to simulation of characteristics of the antenna;
– to enhance bandwidth of microstrip antenna 

≥200 MHz;
– to enhance gain of microstrip antenna ≥10 dB.

4. Materials and methods 

4. 1. Development model of proposed antenna
In this paper, the proposed antenna is developed based 

on four stages starting from a single element, a series array 
with 2 elements, a series array with 4 elements and the final 
stage is a series planar array with 4×2 elements. The model 
and development stages of the proposed antenna are shown 
in Fig. 1.

 

 
 

  Fig.	1.	Development	model	of	proposed	antenna
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where W and L represent the length and width of the 
patch, fo represents the resonance frequency, εr represents 
the permittivity of the substrate, εeff represents the effec-
tive permittivity of the substrate at a certain resonance 
frequency, h represents the thickness of the substrate 
while ∆L represents the edge effect of the fringing field of 
the patch. 

Furthermore, microstrip lines are proposed to control 
the impedance and reflection coefficient of the antenna. The 
dimensions of the microstrip line are greatly influenced by 
the input impedance and the resonant frequency used. In 
this paper, the input impedance used is 50 ohms. The di-
mensions of the microstrip line can be determined using the 
following equation:
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where Wz is the width of the microstrip line, Zo is the imped-
ance of the antenna and B is the impedance constant. The 
impedance of the antenna is 50 Ω in line with the impedance 
of the connector used. Furthermore, the length of the mi-
crostrip line (Lz) is ¼ lambda (λg) which is determined by 
the following equation:

,
1
4z gL = λ      (8)

� .g
eff

λλ =
ε

     (9)

The structure and design of the single element microstrip 
antenna with a rectangular shape is shown in Fig. 2.

Fig.	2.	Design	of	single	element	microstrip	antenna

Fig. 2 describes the structure of a single element mi-
crostrip antenna where the antenna is connected to the 
connector using a transmission line with an impedance 
of 50 Ohms. The dimensions of the antenna are obtained 
using equations (1) to equations (5) while the dimensions 
of the transmission line are obtained using equations (6) 
and equations (7). Moreover, the overall dimensions 
of the single element microstrip antenna are shown  
in Table 1.

Table	1

Dimension	of	single	element	microstrip	antenna

Parameter Dimension (mm)

Wg 40

Lg 40

Wz 3

Lz 12.7

Wp 25

Lp 20

The antenna is designed and simulated using electro-
magnetic (EM) simulation with the Finite element meth-
od (FEM) based on HFSS 15.0. Parameters observed were 
reflection coefficient, VSWR and gain of the designed an-
tenna. The simulation results of a single element microstrip 
antenna are shown in Fig. 3.

a 

b

c 

Fig.	3.	Simulation	result	of	single	element	microstrip	antenna:	
a –	S11;	b –	VSWR;	c –	Gain

Fig. 3, a shows that the single element microstrip anten-
na has been operating at a resonant frequency of 3.5 GHz 
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with a reflection coefficient (S11) –13.39 dB. Moreover, the 
proposed antenna has VSWR of 1.54 and a gain of 6.2 dB 
as shown in Fig. 3, b, c. Furthermore, the impedance band-
width (IBW) of the single element microstrip antenna is 
0.2 GHz with a frequency range of 3.42–3.62 GHz. These 
findings indicate that the bandwidth obtained is narrow, so 
it needs further optimization.

4. 3. Design of series array microstrip antenna with 
two and four elements

At this stage, the antenna is developed using a series 
array configuration with two elements. The dimensions of 
the patch and transmission line antennas are identical for 
a single element. The target of adding a patch in a series 
array configuration is to increase the gain of the antenna. 
Fig. 4 shows the design of a microstrip antenna with a series 
array configuration with two elements.

Fig.	4.	Design	of	series	array	microstrip	antenna	with	two	
elements

Fig. 4 shows that the two patch antennas are connect-
ed using a transmission line with Lz=12.7 mm in series 
and arranged in a vertical configuration. The dimensions 
of Wg and Lg are 40 mm and 75 mm, respectively. Fur-
thermore, the simulation results of a microstrip antenna 
configured in series array with two elements are shown 
in Fig. 5.

Fig. 5, c shows that the implementation of a series array 
with two elements produces a high gain antenna characteris-
tic with a gain of 8.37 dB at a resonant frequency of 3.5 GHz. 
However, the impedance bandwidth of the antenna is still 
narrow where the antenna operates at two different resonance 
frequencies of 3.15 GHz and 3.61 GHz with S11≤–10 dB and 
VSWR≤2 as shown in Fig. 5, a, b. Therefore, it is neces-
sary to do further optimization so that the bandwidth of 
the antenna increases. It should be noted, the impedance 
bandwidth is observed from S11≤–10 dB and 
VSWR≤2. Furthermore, the proposed antenna 
is optimized using a series array with four ele-
ments as shown in Fig. 6 with Wg of 42 mm and 
Lg of 142 mm, while the simulation results are 
shown in Fig. 7. 

Fig. 7, a, b shows that the impedance band-
width of the antenna increases after being con-
figured using a series array with 4 elements. 
The proposed antenna has an impedance band-
width of 0.44 GHz with a frequency range of 
3.11–3.55 GHz. In addition, the gain of the 
antenna also increases to 9.09 dB at a resonant 

frequency of 3.5 GHz as shown in Fig. 7, c. These find-
ings indicate that the addition of the number of elements 
greatly affects the bandwidth and gain of the antenna. 
Furthermore, the bandwidth and gain of the antenna will 
be optimized using a series planar array configuration 
with 4x2 elements.

 

 
  

 

 

a

b

c

Fig.	5.	Simulation	result	series	array	microstrip	antenna	with	
two	elements:	a –	S11;	b –	VSWR;	c –	Gain

 

 
 

  Fig.	6.	Design	of	series	array	microstrip	antenna	with	four	elements
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4. 4. Design of planar series array microstrip antenna 
with 4x2 elements

At this stage, the antenna with the series array is config-
ured as a vertical planar separated by a distance represented 
by da. The distance between elements (da) is determined by 
the following equation:

1
,

4ad = λ      (9)

� ,
c
f

λ =      (10)

where da represents the gap between the elements of the array, 
λ represents the electrical length of the antenna and c is the 
speed of light (3×108 m/s). The design and model of the series 
planar array antenna with 4×2 elements is shown in Fig. 8.

Fig. 8 shows that the series array configuration an-
tenna with four elements each connected planar using a 
transmission line with a step impedance of 50 Ohm (Z0), 
70.7 Ohm (Zs) and 100 ohm (ZL) which functions as im-
pedance matching to control the reflection coefficient and 
VSWR of antenna. The width of the transmission line de-
termines its impedance while the impedance of the transmis-
sion line can be determined based on the following equation:

0. .s LZ Z Z=      (11)

Furthermore, the overall dimensions of the series planar 
array antenna with 4×2 elements are shown in Table 2.

The overall simulation results of a series planar array 
antenna with 4×2 elements are shown in Fig. 9.

Table	2

Dimension	of	series	planar	array	antenna	with	4×2	elements

Parameter Dimension (mm)
Wg 130
Lg 187
Wz 3
Lz 40
Wp 25
Lp 20
Ws 1
Ls 3
Wa 2
La 94 
Wb 3
Lb 12.7

 
 

 
  

  

  

a                                                                   b                                                                 c

Fig.	7.	Simulation	result	series	array	microstrip	antenna	with	four	elements:	a –	S11	;	b –	VSWR	;	c –	Gain

 

 

a                                                                   b                                                                   c 

Fig.	9.	Simulation	result	of	series	planar	array	microstrip	antenna	with	4×2	elements:	a –	S11;	b –	VSWR;	c –	Gain

 

 
  

Fig.	8.	Design	of	series	planar	array	microstrip	antenna	with	
4x2	element
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Fig. 9 shows the bandwidth and gain of the anten-
na significantly increased after being configured with a se-
ries planar array with 4×2 elements. The impedance band-
width of the antenna is 0.61 GHz with a frequency range  
of 3.1–3.71 GHz as shown in Fig. 9, a, b while the gain increas-
es to 12.34 dB at a resonant frequency of 3.5 GHz as shown  
in Fig. 9, c. These findings indicate that the performance of the 
antenna increases significantly after being developed with a 
series planar array configuration with 4×2 elements.

5. Results of development compact microstrip antenna 
for 5G communication system

5. 1. Simulation of characteristics of the antenna
The model development of the proposed antenna has been 

described and simulated in the previous section. Furthermore, 
the performance of the antenna development is observed by 
comparing the impedance bandwidth and gain. A comparison 
of the simulation results for each stage is shown in Fig. 10.

c 

Fig.	10.	Comparison	of	simulation	result	from	development	
model	of	proposed	microstrip	antenna:	a –	S11;		

b –	VSWR;	c –	Gain

Fig. 10, a, b show that the bandwidth impedance of 
the antenna increases significantly after being configured 
with a series planar array. At the 1st step, the bandwidth of 
the antenna is 0.2 GHz which increases to 0.44 GHz and 
0.62 GHz at the 3rd and 4th steps, respectively. Further-
more, the gain of the antenna at the resonant frequency of 
3.5 GHz also increases gradually where the 1st step gain 
is 6.2 dB, the 2nd step is 8.37 dB while the 3rd step and 
4th step are 9.09 dB and 12.34 dB, respectively. In other 
words, the bandwidth and gain of the proposed antenna 
increase by 205 % and 99.03 % compared to the single-el-
ement microstrip antenna. These findings indicate that 
the gain and bandwidth of the proposed antenna increase 
simultaneously.

Based on Fig. 10, a, b, the bandwidth performance of 
the antenna at the 1st step, 2nd step, 3rd step and 4th step are 
shown in Table 3.

Table	3

Bandwidth	of	proposed	antenna	based	on	development	
model

Step Range of frequency (GHz) Bandwidth (GHz

1st step 3.42–3.62 0.20

2nd step 3.38–3.54 0.16

3rd step 3.11–3.55 0.44

4th step 3.10–3.70 0.60

Based on Table 3, the bandwidth of the antenna in-
creases at the 3rd and 4th step. However, at the 2nd step, the 
bandwidth of the antenna is narrower and has dual band 
characteristics as shown in Fig. 5, a, b. Furthermore, the per-
formance comparison of the proposed antenna is determined 
based on the following equation:

( )� �
100�%�.

�

Optimized BW Initial BW
BW

Initial BW

−
= ×  (12)

5. 2. Bandwidth performance of proposed antenna
Furthermore, the antenna was fabricated using FR-4 

substrate with a dielectric constant (εr) of 4.3, a loss tan 
(tan δ) of 0.0265 and a thickness (h) of 1.6 mm. The pro-
posed antenna is connected to the RP-SMA connector 
with an impedance of 50 Ω as shown in Fig. 11, b. The 
measurement setup of the antenna is shown in Fig. 11, a 
where the proposed antenna is connected to port 1 of the 
Vector Network Analyzer (VNA). The frequency range 
used in the measurement process is 2.5–4.5 GHz with a 
sweep frequency of 0.01 GHz and an ambient tempera-
ture of 25 °C. Moreover, the simulation and measurement 
results are comprehensively compared to observe the 
performance of the fabricated antenna. Comparison re-
sults of the simulation and measurement processes of the 
proposed antenna are shown in Fig. 12.

Fig. 12 shows that the fabricated antenna has per-
formance and characteristics that are in line with the 
simulation process. The impedance bandwidth (IBW) 
of the antenna with S11≤–10 dB and VSWR≤2 from the 
measurement process is 0.6 GHz with a frequency range of 
3.11–3.71 GHz. The proposed antenna has wide bandwidth 
characteristics and meets the criteria and specifications for 
a 5G communication system where the required bandwidth 
is 200 MHz. 

 

 
a

b
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5. 3. The gain of microstrip antenna
Furthermore, the gain and radiation pattern of the pro-

posed antenna are observed by measuring in the anechoic 
chamber as shown in Fig. 13 where the designed antenna is 
positioned as a receiver (Rx) and a comparison antenna is used 
as a transmitter (Tx) separated by a distance d=60 cm and con-
nected to port 1 and port 2 of the VNA using a coaxial cable.

Fig.	13.	Measurement	setup	for	far-field	parameter	in	
anechoic	chamber

Fig. 14, a, b shows the radiation pattern from the mea-
surement results in line with the simulation results with a 
resonant frequency of 3.5 GHz with gain of 12.5 dB. These 
findings confirm that the proposed antenna has a high gain 
≥10 dB with a directional radiation pattern at a resonant 
frequency of 3.5 GHz. 

a

b 

Fig.	14.	Far	field	of	proposed	antenna:	a –	simulation	result;	
b –	measurement	result

The bandwidth of the single element antenna represents 
the initial bandwidth while the optimization bandwidth is 
obtained from the 2nd, 3rd and 4th steps. Based on equa-
tion (12), the bandwidth of the single element antenna in-
creases 102 % and 205 % at the 3rd and 4th steps respectively. 
Furthermore, the performance is also observed in terms of 
increasing the gain of the antenna. Based on Fig. 10, c, the 
gain performance of the antenna at the 1st step, 2nd step, 
3rd step and 4th step is shown in Table 3.

Table	4

Gain	of	proposed	antenna	based	on	development	model

Step Resonant frequency (GHz) Gain (dB)

1st step 3.5 6.20

2nd step 3.5 8.20

3rd step 3.5 9.09

4th step 3.5 12.34

Based on Table 4, the gain of the proposed antenna in-
creases gradually from the 1st, 2nd, 3rd and 4th steps in line 
with the increase in the number of elements of the antenna. 
Furthermore, the performance comparison of the proposed 
antenna is determined based on the following equation:

 

 
  

 

 
a                       b		

Fig.	11.	Measurement	process	of	proposed	antenna:		
a –	measurement	setup	for	near-field	parameter;		

b –	fabrication	of	proposed	antenna
 

 
  

Fig.	12.	Comparison	between	simulation	and	measurement	of	
reflection	coefficient	of	proposed	antenna
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7. Conclusions

1. The bandwidth and gain of the proposed antenna is 
improved simultaneously through four stages including sin-
gle elements, series arrays with 2×1 elements, series arrays 
with 4×1 elements and the final stage uses planar series 
arrays with 4×2 elements.

2. Bandwidth impedance of the proposed antenna is 
0.6 GHz and successfully increased up to 205 % compared 
to single element antenna.

3. Gain of the proposed antenna is 12.5 dB and success-
fully increased up to 99.03 % compared to single element 
antenna.
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6. Discussion of experimental result of proposed antenna

The gain of the single element antenna represents the 
initial gain while the optimization gain is obtained from the 
2nd, 3rd and 4th steps. Based on equation (13), the bandwidth 
of the single element antenna increases 32.25 %, 45.48 % and 
99.03 % at the 2nd, 3rd and 4th steps respectively. In addition, 
the results presented in Fig. 12, 13 show that the antenna 
has a bandwidth and gain performance that is in line be-
tween the simulation and measurement. This indicates that 
the antenna has met a predetermined target.

Overall, this paper has comprehensively described and 
investigated the development of microstrip antennas with 
wide bandwidth and high gain. The antenna was developed 
in four steps including single element antenna, series array 
with two elements, series array with four elements and 
planar series array with 4x2 elements. The bandwidth and 
gain of the antenna were successfully increased based on 
the proposed steps. From the measurement results, the se-
ries planar array antenna with 4×2 elements has succeeded 
in increasing the performance in terms of bandwidth and 
gain up to 205 % and 99.03 % compared to single element 
antennas. Moreover, the proposed antenna has a wide band-
width of 0.6 GHz and a directional radiation pattern with a 
high gain of 12.34 dB at a resonant frequency of 3.5 GHz. 
Furthermore, the planar series array method succeeded in 
increasing the gain and bandwidth simultaneously. The 
bandwidth of the antenna has met the target ≥200 MHz 
with a gain ≥10 dB. 

However, there are several limitations, including the 
dimensions of the antenna which are still quite large and 
only operate at one resonant frequency. Therefore, the future 
work of this research is to reduce the dimensions of the an-
tenna and optimize the antenna to work at several resonant 
frequencies so that it can be used for other communication 
systems such as 4G, Zigbee and Wi-Fi.
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