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Abstract—The development of sustainable and resilient
networking and communication technologies, artificial
intelligence, dispersed computing, and beyond Sth
Generation (5G) are expected to play a crucial role in the
realization of Industry 5.0. More specifically, antennas are
recognized as a vital technology to support the continuously
growing demand for 5G/6G connectivity and data rates. In
the development of wireless communication systems, an
effective antenna design is critical. In this work, we present
the design and modeling of a hexagonal microstrip antenna
for using in ultra-wide band applications such as SG mobile
networks. The hexagonal geometry is selected over
conventional rectangular or circular designs due to its
superior harmonic suppression, enhanced bandwidth
scalability, and symmetric radiation patterns, which mitigate
cross-polarization and improve multi-band performance.
The suggested antenna has a frequency range of 3.3 GHz to
4.5 GHz with percentage bandwidth of 36.36%, dimensions
of 20 mm % 14 mm, and is built on an FR-4 substrate, with a
relative permittivity of 4.3, and of 1.6 mm in height. The
printed antenna size is of 18.9mm X 2.3mm which represents
the dipole and hexagon shape heights times the dipole width.
It is expected that this antenna will operate in two notched
bands with resonance frequencies of 3.3 GHz and 4.5 GHz
and a Voltage Standing Wave Ratio (VSWR) of less than 2.
The proposed antenna, which has been expanded to be a
Multiple-Input Multiple-Output (MIMO) antenna, was
created and modeled using Computer Simulation
Technology (CST) Microwave Studio. The comparison
against the recent works shows the efficiency of the proposed
design. Overall, the proposed antenna has bandwidth of 1.2
GHz with gain of 3.5.

Keywords—antenna, Multiple-Input Multiple-Output
(MIMO), wireless communication, 5G and beyond

I. INTRODUCTION

The goal of Industry 5.0 is to make the industrial
landscape more consumer-centric, resilient, and
sustainable. With Industry 4.0 and Industry 5.0 serving as
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the primary use cases for 5G and 6G networking,
respectively, the transition from Industry 4.0 to Industry
5.0 will be in line with this pattern. For the upcoming
industrial Internet of Things (IIoT) implementation in
Industry 5.0, data networks have also been taken into
account, moving from 5G to 6G. It is widely
acknowledged that antennas are an essential piece of
technology for sustaining the steadily increasing demand
for 5G/6G connectivity and signal processing issues [1—5].
The antennas have various types, sizes, shapes, and
functionalities; each has its own set of characteristics and
applications. There are several types, including
monopole/dipole, reflector, slot antenna, patch antenna, a
folded dipole antenna, and microstrip antenna [6, 7]. With
the advent of the IoT and realistic Ultra-High Definition
(UHD) services [8, 9], it is expected to have multiplied
mobile traffic due to increasing mobile devices. This
stunning rise necessitates a significant increase in mobile
network capacity beyond today’s 3G/4G networks to the
next generation of wireless radio standards [10]. Therefore,
the 5th Generation (5G) has been introduced as an
integrative system that integrates the currently
implemented wireless networking systems, such as Long
Team Evaluation (LTE) and wireless fidelity (Wi-Fi), into
a single air interface; thus, decreasing response time,
energy efficiency, and network reliability [11-14]. In 5G,
massive number of devices will be connected [15].

When we talk about antennas, it is obvious that effective
products would penetrate our daily lifestyle. With the
implementation of new technologies, our surroundings
would get more of the sophisticated antennas to support
our connectivity to the network of networks. As consumers,
we may not notice what is happening in our surroundings
but the designs and decisions made today would have
profound impact in the coming days when Industry 5.0
would no more be in theoretical research papers only. It is
expected that many of the robots and smart machines
would be linked with the 5G and beyond technologies.
Hence, at this stage of the development and contribution,
we investigate how effective at least an antenna can be
designed for 5G and beyond applications [16—18].
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From our study, we have observed that the high
frequencies are associated with short wavelengths ranging
from 1 to 10 mm for millimeter-waves (mm-waves) [19,
20]. The mm-wave cellular systems appear to be a
promising nominee for next-generation cellular systems,
which are expected to accommodate data speeds of several
gigabits per second. However, the use of mm-wave
necessitates consideration of propagation characteristics

and channel deterioration of the high-frequency bands [21].

The main impediments to mm-wave propagation are
higher path loss because of reduced scattering, which
decreases the available diversity, higher carrier frequency,
and increased effect of blockage due to weaker non-line-
of-sight paths. Accordingly, the noise power effect is more
pronounced be-cause of the larger bandwidth usage [22].
Multiple-Input Multiple-Output (MIMO) antenna systems
compensate for high attenuation and dispersal of 5G band
frequencies [23]. However, massive MIMO (MA-MIMO)
refers to a MIMO device that consists of many antennas
with dynamic directivity capability and prefers diversity to
boost mm-wave efficiency. MA-MIMO is thought to be a
primary enabler for 5G communication systems [24—27].
A MIMO system needs extremely little Mutual Coupling
(MC) between the ports in order to function properly. MC
is reduced by positioning the antenna components at a
minimum spacing of A/2 where 1 is the wavelength.
However, because of the compact size of modern mobile
devices, coupling is increased since antenna parts must be
placed near together [28]. Interestingly, the polarization
diversity MIMO antenna solves this MC issue [23].

There are three significant types of polarization:
Circular Polarization (CP), Linear Polarization (LP), and
elliptical polarization (EP). Also, it can be considered that
the LP and the CP are a particular case of EP [29].
However, CP antenna components offer a number of
significant benefits over LP radiators in terms of radio
wave propagation. For instance, CP antennas efficiently
reduce multipath fading’s impacts and hence, are resistant
to polarization mismatch. Additionally, the power of the
Electromagnetic (EM) signals acquired at the wireless
terminals is almost consistently independent of the CP
antenna direction. These qualities make CP antennas the
potential options for next MIMO wireless systems [30]. As
aresult, it would appear that antennas are a superior option
for next MIMO wireless systems to achieve minimal
mutual coupling. It is observed that some recent studies
[31-34] focus on MIMO antenna design. Hence, the goal
of this work is to develop the best possible MIMO antenna
design, one that provides good performance, strong
isolation with little complexity, and small dimensions.

The following are the contributions of this work. We
first develop and analyze an ultra-wide band hexagonal
microstrip antenna, operating between 3.3 and 4.5 GHz.
The recommended antenna is 1.6 mm height, 20 mm by 14
mm in size, constructed on a FR-4 substrate, and has a
relative permittivity of 4.3. With resonance frequencies of
3.3 GHz and 4.5 GHz and a Voltage Standing Wave Ratio
(VSWR) of less than 2, it is ad-vised that this antenna
would operate in two notched bands. Computer Simulation
Technology (CST) Microwave Studio was used to design
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and model the recommended antenna, which has been
enhanced to become a MIMO antenna.

The remainder of the article is organized accordingly:
Section II presents the design of single hexagon antenna.
Parametric analysis of hexagon patch antenna is provided
in Section IIIl. MIMO Antenna Model is described in
Section IV. Section V outlines the characteristics of
MIMO hexagon antenna. A design comparison is
presented in Section VI and Section VII concludes the

paper.

II. DESIGN OF SINGLE HEXAGON ANTENNA

Ultra-wideband technology, which also enables users to
wirelessly link a large number of devices and a large
number of users in the areas of dispatch and reception,
eliminates the need for cables for users of wireless systems.

Several research works have been done in the area of
UWB where in Ref. [35], the authors presented a
hexagonal metamaterial structure for mobile wireless
communication systems that obtained double-negative
features at about 1.50 and 0.95 GHz. The proposed
antenna has dimensions of 32x32x2.6 mm?.

In Ref. [36], a small Hexagonal Split-Ring Resonator
(HSRR)-based UWB metamaterial antenna is built and
evaluated. From 7.43 to 11.79 GHz, the hexagonal
metamaterial unit cell shows a broad double-negative
feature. The proposed antenna has dimensions of
19%23.35x1.6 mm?>.

Here, we suggest an Ultra-Wideband (UWB) printed
monopole microstrip antenna with a hexagon slot that is
20 by 16 millimeters square. The thin, and planar UWB
antenna, which has two hexagon slot radiators and is
provided with a single 50 micro-strip line with a smaller
ground plane, has stimulated the coaxial connection of the
Subminiature Version A (SMA) connector. The antenna
also features a smaller ground plane.

Bottom

L1

L3

w1

Fig. 1. Single hexagonal-shaped monopole antenna.

The sizes of each ring and ground plane are set to
generate a dual-band. In addition, D1, D2, and D3 are the
matching widths for the inner, middle, and outer ring radii,
R1, R2, and R3, respectively. The Table I contains a list of
all the optimized parameters shown in Fig. 1. As an
operating frequency and substrate characteristics function,
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the resonant length of a microstrip patch may be calculated
using straightforward effective relative dielectric constant
calculations, as illustrated below:

TABLE I. PROPOSED ANTENNA DIMENSION VALUES

Parameter Value (mm) Parameter Value (mm)
L1 20 R2 3.7
Wil 16 R3 5.2
L2 8.5 Dl 1.2
w2 2.3 D2 1.4
L3 4 D3 1.2
R1 2 h 1.6
Wg 18 hc 0.035
+1 1 =
3 3 - h
eropr = T+ = 11120 ()
c 2
W=aan @
Lepp = 57— 3)
2f JErers
AL = 0.5h (4)
L= Losy — 2AL (5)

where &, is effective isolation constant, ¢ is effective
dielectric constant, L.y is effective length of resonant patch
antennas, AL represents the width difference, L stands for
the length of resonant patch antennas, W is for their width,
and c is for the speed of light in empty space.

III. PARAMETRIC ANALYSIS OF HEXAGON PATCH
ANTENNA

This section provides a parametric analysis of a
hexagon UWB antenna. The degree bandwidth and
radiation designs of these setups have been assessed to
make sure they are compatible with the expected results.

A. Substrate Length Effect (L)

The parametric analysis of antenna length is presented
in this part as the initial design parameter for antennas.
However, the antenna substrate length is simulated to
show how the suggested antenna design would vary as the
antenna length changes. The reflection coefficient (S-
parameter) is illustrated in Fig. 2 where S11 value is
obtained with a length of 20 mm at center frequencies of
3.3 GHz and 4.5 GHz of less than —10 dB. It is clearly
noticeable that the antenna substrate length has effective
impact on the performance of the antenna design.

S-Parameters [Magnitude]

— S1,1 (L1=20)
— S1,1(L1=18)
— $1,1(L1=19)

Frequency / GHz

Fig. 2. S11 versus frequency at different values of length (L).

S-Parameters [Magnitude]

— S1,1 (W1=20)
— S1,1 (W1=12)
— S1,1 (W1=14)
— S1,1 (W1=18

Frequency / GHz

Fig. 3. S1,1 versus frequency for different values of W.

405



Journal of Communications, vol. 20, no. 4, 2025

B. Substrate Width (W1)

The impact of substrate width variation has been
researched and assessed. Fig. 3 depicts the frequency
change with various substrate length values. At the center
frequencies of 3.3 GHz and 4.5 GHz, the effective
substrate width with the best S-parameter value was
attained with a length of 18 mm and a reflection coefficient
of less than —10 dBm. Again, the substrate width of less
than 18 mm or more that 19 mm has negative effect on the
antenna performance.

C. Effect of the Ground Width of a Hexagon Antenna
(We)

This parametric analysis evaluates the suggested
antenna’s width. The influence of altering ground width on
reflection coefficient could be seen in Fig. 4. From the
figure, it is seen that the 18 mm ground width was attained
with a reflection coefficient that was less than —10 dB and
a center frequency of 3.3 GHz and 4.5 GHz. The 18 mm
ground width with the lowest value of the reflection
coefficient is the ideal ground antenna width. However,
the antenna ground width with less than 18 mm or greater
than 18 mm can show negative effect on the antenna
performance.

S-Parameters [Magnitude]

dB

— S1,1 (Wg=18)
— S1,1 (Wg=14)
— S$1,1 (Wg=20)

S1,1 (Wg=10)

.16 g
,18 -
-20 + +
0 1 2 3 4 5 6 7 8
Frequency / GHz

Fig. 4. Simulation S1,1 versus different frequencies at various values of W1.

D. Influence of Feeder Width Strip (W2)

To demonstrate the impact of feeder width variation on
the performance of the suggested antenna, the feeder width
is simulated in this parametric analysis. The link between

the “S-parameter” and the antenna strip feeder width is
shown in Fig. 5. At the center frequencies of 3.3 GHz and
4.5 GHz, it is demonstrated that an antenna strip with a
width of 3.3 mm produces the lowest reflection coefficient
value less than —10dB.

S-Parameters [Magnitude]

—— 51,1 (W2=2.3)
—— 51,1 (W2=1.3)
— 51,1 (W2=3.3)

Frequency / GHz

Fig. 5. Simulation S1,1 versus different frequencies at various values of W2.

E. Effect of the Hexagon Radius (R3)

The center of the antenna strip models, which are
simulated and studied as a variant on the antenna design,
has a radius of R3. As shown in Fig. 6, the best value of

central radius of R3 = 5.2 mm offers a bandwidth 36.36%
at S11-10 dB. The appropriate hexagon radius cannot be
less than the 5.3 mm because it will decrease the antenna
performance as presented in Fig. 6.
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S-Parameters [Maanitudel

—— 51,1 (R3=5.2)

— 51,1 (R3=4.2)

Frequency / GHz

Fig. 6. Simulation S1,1 versus the radius of central hexagon (R3).

IV. MIMO ANTENNA MODEL

The suggested antenna is made up of four individual
antenna components arranged in orthogonal orientations to
create a MIMO prototype. The four identical antenna
components are assembled into a Printed Circuit Board
(PCB), which has three layers of patch, ground, and
dielectric substrate. The same components are utilized for
the single element that is suggested and has the dimensions
38 x 38 x 1.6 mm? in Fig. 7.

Fig. 7. The MIMO Hexagon antenna.

Max Gain over Frequency

V. CHARACTERISTICS OF MIMO HEXAGON ANTENNA

This section introduces the distinctive MIMO Hexagon
Antenna. Now, using the ideal parameter values, let us
illustrate the properties of the recommended antenna in the
following subsections.

A.  Gain Variation

The gain of the suggested antenna is presented in Fig. 8.
It clearly shows that the highest gain, equivalent to 4.4 dB
or 1.94 dBi, can be achieved at 7.5 GHz; while the lowest
gain, equal to (1.5 dB or 0.822 dBi), can be achieved at
3.05 GHz.

B.  S-parameter

Fig. 9 shows the coefficient reflection or S-Parameter of
the proposed MIMO Hexagon antenna against various
frequency values. High coefficient reflection values near
to the optimum value were obtained in the extraction
findings for the four antennas. The suggested MIMO
Hexagon antenna attained a center frequency of 3.05 GHz
for all four antennas shown in Figs. 9 (a)—(d). We have
tried to reduce the MIMO antenna dimension which has
affected the signal frequency and its range to be shifted
from 3.36 GHz to 3.05 GHz.

..... J

¥ —— Max Gain over Frequency

------------------------------------------------------

{Max Gain over Frequency : 2.9191102

35 4.5
Frequency / GHz

§5.2275 5.5

6 6.5 75

Fig. 8. Maximum gain over frequencies for the proposed MIMO hexagon antenna.
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0 y
5 1 i1.]51,1 : 45.533102 4l
.10 g > w
.15 -
-20 A
.25 4
30 4
-35 A
40
45 - ;
-50 : : : ; ¢ : i
0 1 2 3.0582 4 5 6 7 8
Frequency / GHz
(a)
S-Parameters [Magnitude]
i ]s2,2 : -39.679681 52,2
-40 ; : ; : ; : ;
0 i 2 4 5 6 7 8
Frequency / GHz
(d)
S-Parameters [Magnitude]
0 7
5 — 5373
.10 4
-15 4
-20 4
.25 " .
30 4
.35 4
40 1
45 ;
-50 t : ; ; ; H
0 1 2 3.0582 4 L 6 7 8
Frequency / GHz
(©)

S-Parameters [Magnitude]
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(d)
Fig. 9. S-parameters of the proposed MIMO antenna: (a) S1.1, (b) S2.2; (c) S3.3; (d) S4.4.
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C. Reference Impedance reference’s value is nearly 57 Q. The reference impedance
’ is thought to be extremely near to the 50 Q optimum value.
The suggested MIMO Hexagon antenna has been putto  Reference variations for different frequency values of the
the test to determine the reference impedance value for  gyggested MIMO Hexagon antenna are presented in Figs.
various frequency ranges. It is discovered that the 10 (a)—(d).

Reference Impedance [Real Part]

60

1} S S beeeeemeeen- il ZRef 1(1) - 57.264352| ; EREFIL)
Y —  — — — '
= S e——— P s | P ;
ST R Jrmmmmmeeeeenes prosmmmsenenees ) I prmsmmmnenenees S e prmmmmenenenes Jrmmmmeemeeenes
R s S | IR s S R S
5] : H H H ]
R e e e e e e e e R e e S SR eRSseR SRR e
Q : : : : :
L e franeeaneanees prosaneeaseensd R Pooeaneeanees :
5 fovrvr b oo o oo |
e e e e e
50 ; 1 i : : i
0 1 2 3.0582 4 5 6 7 8
Frequency / GHz
(a)
Reference Impedance [Real Part]
i zref 2(1) : 57.269844 ZRef (1)
£
£
O
~
3
C
©
o
[0
Q
E
50 i i i : ; i
0 1 2 3.0582 4 5 6 7 8
Frequency / GHz
(b)
Reference Impedance [Real Part]
60
—— ZRef 3(1)

18 . — beeceeeeeeen i ZRef 3(1) 1 57.264352

Impedance / Ohm

50 ; ; ;
0 1 2 4 5 6 7 8

Frequency / GHz
(©
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Reference Impedance [Real Part]

€
<
O
~
3
5
O
a
&
50 . . ; ; ;
0 1 2 3.0582 4 5 6 7 8
Frequency / GHz
(d)
Fig. 10. Reference variations for different frequency values of the proposed MIMO hexagon antenna: (a) ZRef 1(1), (b) ZRef 2(1); (c) ZRef 3(1); (d)
ZRef 4(1).
D. VSWR of the proposed MIMO Hexagon antenna VSWR, and

In Ref. Fig. 11, the measured Voltage Standing Wave
Ratio (VSWR) of the suggested MIMO Hexagon antenna
is shown for several frequency ranges. However, the
suggested antenna’s best VSWR results came in at 1.01. It
is easy to see that the suggested antenna can perform well
across a variety of frequency ranges. Fig. 11(a) shows the
first port of the proposed MIMO Hexagon antenna VSWR,
Fig. 11(b) shows the second port of the proposed MIMO
Hexagon antenna VSWR, Fig. 11(c) exhibits the third port

likewise, Fig. 11(d) demonstrates the fourth port of the
proposed MIMO Hexagon antenna VSWR, respectively.

E. Current Distribution

In Fig. 12, the proposed MIMO hexagon antenna’s
current distributions at 3.36 GHz are depicted. The first
suggested MIMO Hexagon antenna, however, is shown in
Fig. 12(a) and it has a maximum current value of 57.8 A/m
at the frequency of 3.05 GHz.

Voltage Standing Wave Ratio (VSWR)

60 . . . .
il lvswr1 : 1.0110886 : ; 3 VSWRL
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20 . LT ey ORISR RRpRCRpE-1 PRI RPRSPRI R I SRS < R SRRy PR USRI SR RS AR R~

10 1 ' : ' 1 :

0 t t t t t +
0 1 2 3.0582 4 5 6 7 8

Frequency / GHz
(a)
Voltage Standing Wave Ratio (VSWR)
— VSWR2

il [vswr2 : 1.0209744| i
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4 5 6 7 8

Frequency / GHz
(b)
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Voltage Standing Wave Ratio (VSWR)
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Fig. 11. VSWR Variation for different frequency values of the proposed MIMO hexagon antenna: (a) VSWRI, (b) VSWR2; (c) VSWR3; (d)
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(b)

"

—

T —

At a frequency of 3.05 GHz, the second port of the
proposed MIMO Hexagon antenna has a maximum current
value of 58.3 A/m. The third port of the proposed MIMO
Hexagon antenna, which has a maximum current value of
57.8 A/m at the frequency of 3.05 GHz, is presented in Fig.
12(c). The fourth port of the proposed MIMO Hexagon
antenna is presented in Fig. 12(d). It has a maximum
current value of 57.2 A/m at 3.05 GHz.

(d
Fig. 12. Current distributions of the proposed MIMO hexagon antenna at 3.05 GHz for different ports: (a) port 1, (b) port 2; (c) port 3; (d) port 4.
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VI. DESIGN COMPARISON

In this section, the proposed antenna (the MIMO
hexagon antenna) is compared with previous antenna
designs in terms of Size, Gain and Bandwidth. The
comparison is presented based on recent antenna designs
in Table II. The proposed antenna can be considered as
new competitive antenna for 5G systems based on its size
reduction, wide bandwidth, and gains. As presented in the
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Table II, the proposed antenna has bandwidth of 1.2 GHz
with gain of 3.5. This is basically larger than that of Ref.
[42]. The increased footprint accommodates parasitic
decoupling elements (e.g., T-shaped resonators) to
achieve >20 dB isolation, which is critical for MIMO
reliability in dense industrial environments. Again, the
proposed antenna is smaller than that of Ref. [41]. The
hexagonal geometry’s space-filling efficiency allows
compactness without compromising radiation symmetry.

The bandwidth is narrower than Ref. [38]. The hexagonal
design prioritizes harmonic suppression and high gain
over ultra-wideband operation. This trade-off aligns with
Industry 5.0’s need for stable, interference-free
communication in crowded spectra. The bandwidth is
broader than the work presented in Ref. [40]. In fact,
optimized substrate permittivity and feedline tapering
would enhance impedance matching.

TABLE II. COMPARATIVE CHART

Reference Size (mm?) Antenna Type Operating Frequency Gain (dBi) Ba(n((;il\_zlv;()ith
0.15
(37] 71 % 7] x 4 MIMO 2.38~2.53 GHz, 3.29~4.11 GHz, and 4 0.82
4.72~5.01
0.29
[38] 108 x 43.8 x34.2 MIMO 4 GHz —10 4.8
[39] 76 x 150 x 7 MIMO 4.71 GHz 6.2 0.2
[40] 120.5 x130 x 0.8 MIMO 3.55 GHz 6.4 0.5
[41] 40 x 40 x7.5 MIMO 3.65 GHz - 1.2
[42] 32 x32x1.47 Single 3.4 GHz 6.4 0.5
Proposed antenna 38 x 38 x1.6 MIMO 3.05 GHz 3.5 1.2

VII. CONCLUSION

This study presents a single hexagon antenna and a
MIMO antenna for use in 5G and beyond towards Industry
5.0 in the UWB frequency applications. The dual-band 3.3
GHz and 4.5 GHz frequencies of the suggested antenna are
used in UWB applications. Based on UWB frequencies,
the hexagon microstrip patch antenna has noticeably good
performance. We have shown the comparisons against the

recent works to show the efficiency of the proposed design.

By employing the suggested hexagon microstrip antenna,
reasonable gain and acceptable bandwidth capabilities are
demonstrated, making it appropriate for 5G and beyond.
The proposed antenna will support Industry 5.0 by
sustaining the steadily increasing demand for 5G/6G
connectivity and signal processing issues. The
experimental validation of radiation patterns in an
anechoic chamber is planned for future work to
complement simulations. Moreover, we plan to develop a
dual-band variant (e.g., 3.3-4.5 GHz + 24-28 GHz) for

mmWave integration, addressing broader 6G requirements.
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