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Abstract- Industry 5.0 emphasizes the development of
highly connected, intelligent, and  sustainable
communication ecosystems, where advanced 5G and
emerging 6G technologies play a crucial role. Antennas
serve as fundamental components in enabling these high-
speed wireless networks, necessitating compact, wideband,
and high-efficiency designs. In this work, a compact
Rectangular microstrip antenna with hexagonal slots is
designed and modelled for ultra-wideband (UWB)
applications with a specific focus on 5G mobile
communication systems. The hexagonal geometry is selected
over conventional rectangular and circular patches due to
its inherent advantages, including improved harmonic
suppression, scalable bandwidth, and symmetric radiation
characteristics, which contribute to reduced cross-
polarization and enhanced multi-band performance. The
proposed antenna is designed on a low-cost FR-4 substrate
with a compact footprint of 30 mm x 30 mm and is
optimized to achieve wide impedance bandwidth and stable
radiation performance. To further enhance system
reliability and channel capacity, the design is extended into
a Multiple-Input Multiple-Output (MIMO) configuration. Key
MIMO performance metrics such as S-parameters, Envelope
Correlation Coefficient (ECC), and diversity gain, Mean
Effective Gain (MEG) are analysed and modelled using CST
Microwave Studio and Google colab. A comparative
evaluation with recent antenna designs demonstrates that
the proposed MIMO antenna offers superior performance in
terms of bandwidth, gain, compactness, and radiation
efficiency. Owing to its compact structure, wideband
characteristics, and improved MIMO performance, the
proposed antenna is a promising candidate for next-
generation 5G and future 6G wireless communication and
Industry 5.0 applications.

Keywords—antenna, Multiple-Input Multiple-Output
(MIMO), Ultra-Wideband, Hexagonal Patch, FR-4
Substrate, Envelope Correlation Coefficient, Diversity
Gain, 5G Communication.

1 INTRODUCTION

The rapid advancement of wireless communication
technologies has significantly increased the demand for
high data rates, improved spectral efficiency, and
enhanced link reliability. With the deployment of fifth-
generation (5G) and the ongoing research toward sixth-
generation (6G) systems, modern wireless networks must

support massive connectivity, ultra-low latency, and high
throughput. One of the key technologies enabling these
requirements is Multiple-Input Multiple-Output (MIMO)
antenna systems.

MIMO technology employs multiple transmitting and
receiving antennas to exploit spatial diversity and
multipath propagation, thereby increasing channel
capacity without requiring additional bandwidth or
transmit power. Compared to conventional single-input
single-output (SISO) systems, MIMO systems provide
substantial improvements in data rate, signal reliability,
and spectral efficiency. This makes MIMO an essential
component in 4G LTE, 5G NR, wireless local area networks
(WLAN), Internet of Things (IoT) devices, and future
smart communication infrastructures.

MIMO technology employs multiple transmitting and
receiving antennas to exploit multipath propagation
effectively. Instead of treating multipath signals as
interference, MIMO systems utilize them to improve signal
strength and data throughput. The performance
improvement is achieved through diversity gain and
spatial multiplexing techniques. The theoretical diversity
order of a MIMO system is given by the product of the
number of transmit and receive antennas (NtxNr), which
significantly enhances system robustness against fading.

Microstrip patch antennas are widely used in MIMO
configurations due to their low profile, lightweight
structure, low fabrication cost, and compatibility with
printed circuit board technology. However, designing
compact MIMO antennas for Ultra-Wideband (UWB) and
5G applications presents challenges such as mutual
coupling between antenna elements, high envelope
correlation coefficient (ECC), and reduced isolation.
Therefore, proper design techniques such as defected
ground structures (DGS), orthogonal element placement,
and neutralization lines are adopted to improve isolation
and overall MIMO performance.

In this work, a compact MIMO antenna is designed and
analysed to achieve wide impedance bandwidth, high
isolation, low ECC, and stable radiation characteristics.
The proposed design aims to provide enhanced diversity
performance and improved spectral efficiency, making it
suitable for next-generation 5G and future 6G wireless
communication applications.
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2 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.

The design of the proposed single Rectangular microstrip
patch antenna with hexagonal slots is carried out to
achieve compact size, wide impedance bandwidth, and
stable radiation performance suitable for modern wireless
communication applications. The hexagonal geometry is
selected instead of conventional rectangular or circular
shapes due to its symmetrical structure, improved current
distribution, and better harmonic  suppression
characteristics. The symmetrical configuration of the
hexagon helps in achieving balanced radiation patterns
and reduced cross-polarization levels.

The antenna is fabricated on an FR-4 dielectric substrate
with an appropriate of 1.6mm thickness and dielectric
constant 4.4 to maintain a balance between bandwidth,
efficiency, and fabrication cost. A copper layer is used for
both the radiating patch and the ground plane. The side
length of the hexagonal patch is carefully optimized to
resonate at the desired operating frequency of 3.75GHz.
The resonant frequency primarily depends on the effective
radius (or equivalent dimension) of the hexagon, substrate
permittivity, and thickness.

To enhance impedance matching and bandwidth
performance, a microstrip feed line is employed. The feed
position is optimized to achieve minimum return loss
(S11) at the operating frequency. Proper impedance
matching ensures efficient power transfer between the
transmission line and the radiating patch. The antenna
design parameters are modelled and simulated using CST
Microwave Studio to analyse return loss, Voltage Standing
Wave Ratio (VSWR), gain, and radiation pattern
characteristics.

The optimized single antenna serves as the fundamental
radiating element for further extension into a MIMO
configuration. Its compact structure, stable radiation
characteristics, and wideband response make it suitable
for integration into advanced 5G and Ultra-Wideband
(UWB) communication systems.

B
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{

Figurel: Single Rectangular patch with hexagonal slotted
antenna.
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B) BACK VIEW

The proposed antenna is designed on a square dielectric
substrate with overall dimensions Ls x Bs = 30 mm x 30
mm, where Ls represents the length of the substrate and
Bs represents the width of the substrate. The radiating
patch is placed at the center of the substrate with
dimensions Lp x Bp = 16.5 mm x 18 mm. The antenna is
excited using a microstrip feed line having a length (Lf) of
8.5 mm and width (Bf) of 2.30 mm, ensuring proper
impedance matching. To enhance the antenna
performance, concentric hexagonal slots are etched in the
patch, where the outer hexagonal radius (Ro1) is 5.50 mm
and the inner hexagonal radius (Ril) is 4.00 mm. The
spacing between the slots is maintained at 2.00 mm, which
increases the effective current path length and improves
the impedance bandwidth and radiation characteristics of
the antenna.

Inside the patch, concentric hexagonal slots are introduced
to enhance the current distribution and improve the
antenna performance. The outer and inner hexagonal slot
radii are 5.50 mm and 4.00 mm, respectively. The spacing
between the slots is maintained at 2.00 mm, which helps
in increasing the effective current path length. This

© 2026, IRJET | ImpactFactor value: 8.315

IS0 9001:2008 Certified Journal | Page 338



’,/ International Research Journal of Engineering and Technology (IRJET) e-ISSN: 2395-0056

JET Volume: 13 Issue: 03 | Mar 2026

www.irjet.net

p-ISSN: 2395-0072

modification improves the impedance bandwidth and
radiation characteristics of the antenna.

The compact geometry, along with the slotted hexagonal
structure and microstrip feed, enables the antenna to
achieve improved bandwidth, good impedance matching,
and stable radiation performance, making it suitable for
wideband wireless communication applications.

Table-1: PROPOSED ANTENNA DIMENSION VALUES

Parameter | Length | Width | Height
(mm) | (mm) | (mm)

Ground 7 30 0.035

Substate 27 22 1.6

Patch 15.5 16 1.6

Feed 18.6 2.3 1.6

2.1 Design equations of a Microstrip patch
antenna

The resonant frequency of a microstrip patch antenna

primarily depends on the physical dimensions of the

radiating element and the dielectric properties of the

substrate.

The width of the microstrip patch can be determined using

c [ 2

=— |—— 1

Zfr ‘J Ep +1 ( )
The effective relative dielectric constant plays a significant
role in determining the resonant length. It can be
calculated as:

g+1 g —1 hyo2

(2
where &,is the dielectric constant of the substrate, his the
substrate thickness, and Wis the width of the patch.

The effective length (Lgff]ofthe patch is given by:

c
Lysr=——— (3)

rr -

i zfr\feeff
where cis the speed of light and f.is the resonant
frequency. The actual physical length (L)of the patch is

then obtained by subtracting the fringing field extension
from the effective length.

Due to fringing fields at the patch edges, the physical
length of the antenna becomes slightly smaller than the
effective length. The length extension (AL)caused by

fringing fields can be calculated as

(c0rr+03) (% +0.264)

W

AL = 0.412h
(€077 —0.258) (3-+038)

(4)

Thus, the actual length of the patch antenna is

The design calculations of the proposed antenna are
performed using the fundamental parameters of the strate
and operating frequency.

The resonant frequency (fr) of the antenna is selected as
3.75 GHz. The antenna is fabricated on an FR4 substrate
with a dielectric constant of 4.4 and a substrate thickness
(h) of 1.6 mm. The speed of light in free space (c) is taken
as (3*1078) m/s, which is used in determining the patch
dimensions and resonant characteristics of the antenna.
These parameters are utilized in the standard microstrip
antenna design equations to calculate the effective
dielectric constant, patch width, and effective length of the
antenna.

1. Width of the Patch

c [ 2

23R

3 x 10° G

W= | —
2% 3.75 x 10° J5.4
W = 0.0243 m ~ 24.34 mm

2. Effective Dielectric Constant ¢, .,

-1/2

&g+1 &—1 h
Earp =~ — 5 (1+1255)
€apr = 2.7 + L7(1 +0.788)"1/2

Eop ¥ 3.97

3. Effective Length L .,

C
Loyss=———
fr —
i zfr\-" Eeff
3 x 108

" 2x3.75 x 10%y3.07
Losr ® 20.07 mm

Leogs
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4. Fringing Length Extension AL

(2057 + 0.3)(W/h + 0.264)
(2,77 — 0.258)(W/h + 0.8)
AL 7~ 0.73 mm

AL = 0.412h

5. Actual Patch Length L

L=720.07 — 146
L ~ 18.6 mm

These analytical equations provide the initial design
dimensions of the antenna. The final dimensions are
further optimized to achieve the required dual-band
performance, improved return loss, and enhanced
radiation efficiency.

2.2 Evolution stages of Design of Microstrip
Patch Antenna

(a) (b)

(c) (C)]

(e) U]

Figure2: Evolution stages of Design of Microstrip Patch
Antenna.

The figure illustrates the step-by-step design
evolution of the proposed microstrip patch antenna.
Initially, a basic rectangular microstrip patch with a
microstrip feed line is designed on the substrate to
obtain the fundamental resonant characteristics. In
the second stage, hexagonal slot structures are
introduced on the radiating patch, which modify the
surface current distribution and help in improving the
bandwidth and impedance matching. Further
optimization is performed by adjusting the slot

geometry and patch structure to achieve better
radiation performance. Finally, the complete
optimized antenna structure along with the ground
plane configuration is obtained, which enhances the
overall antenna characteristics such as gain,
bandwidth, and return loss, making the antenna
suitable for the desired 3-5 GHz wireless
communication applications.

Table -2: Characteristics of the
developed antenna with Partial Ground at various
steps

Type of
antenna
design st
ructure

Resonan
t freque
ncy (GHz

)

Retur
n loss

(dB)

VSwW
R

Band
widt
h (M
Hz)

Rectangula | 4.1 2.7 300
r Microstri
p patch ant
enna with f

ull Ground

Rectangula | 3.3 -3.7 49 800
r Microstri
p patch ant
enna with
hexagonal
slots and fu

11 Ground

Rectangula | 3.75 -50 1.1 2200
r Microstri
p patch ant
enna with
hexagonal
slots and P
artial

Ground

2.3 Results of microstrip patch

The performance of the designe microstrip patch antenna
is evaluated using S-parameters and Voltage Standing
Wave Ratio (VSWR).

2.3.1 S-parameter

Scattering parameters, commonly known as S-parameters,
are widely used to analyse the performance of antennas
and high-frequency microwave circuits. They describe
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how radio frequency (RF) signals behave when they
encounter a network, particularly how much power is
reflected, transmitted, or coupled between different ports
of the antenna system.

S-Parameters [Magritude in dB]

J
e /-/Q

5 6 7 8

Figure3: S-parameters of the proposed Microstrip patch
antenna.

The S-parameter (S11) plot shows the reflection
coefficient of the proposed antenna over the
frequency range. From the graph, a deep resonance
occurs around 3.7 GHz, where the return loss reaches
approximately —-48 dB, indicating excellent impedance
matching and very low signal reflection. Additional
points are observed at 3.0 GHz and 5.0 GHz, where the
return loss values are about -10.87 dB and -10.35 dB,
respectively, which are below the -10 dB threshold
and therefore considered acceptable for antenna
operation. This indicates that the antenna provides
good impedance matching and operates efficiently
within the 3-5 GHz frequency band.

2.3.2 VSWR

Voltage Standing Wave Ratio (VSWR) is an
important parameter used to evaluate the impedance
matching between the antenna and the transmission
line. For efficient antenna operation, the VSWR value
should ideally be close to 1 and typically less than 2
within the operating frequency band.
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Vatage Standng Wave Ratio (VSWR)
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Figure 4: VSWR of the proposed Microstrip patch
antenna.

From the graph, the antenna exhibits a minimum VSWR of
approximately 1.11 at around 3.7GHz, indicating excellent
impedance matching at the resonant frequency. Another
point is observed at 4.98 GHz with a VSWR value of about
1.84, which is still within the acceptable limit of VSWR < 2
for efficient antenna operation. The VSWR remains close
to unity in the 3-5 GHz frequency range, confirming that
the antenna provides good impedance matching and
minimal power reflection in this band. This demonstrates
that the antenna is suitable for mid-band wireless

© 2026, IRJET | ImpactFactor value: 8.315

communication applications, offering stable performance
and efficient radiation characteristics within the operating
band.

3 PARAMETRIC ANALYSES OF RECTANGULAR
PATCH ANTENNA WITH HEXAGONAL SLOTS

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.

3.1 The Effect of Patch Length (Lp) on
AntennaPerformance

Patch-length (Lp) is another important design parameter
for setting an appropriate resonant frequency of the
antenna. An increase in Lp increases the electrical length
of the antenna, which in turn reduces the resonant
frequency all the way to Lp. Decreasing it will make Lp
resonate at higher frequencies.

In our simulations, a reduced Lp resulted in degradation in
impedance matching, thereby resulting in a weak signal
and bandwidth. After experimenting with various values,
an Lp value of 16.5 mm achieved the best compromise to
give a resonant frequency of 3.75 GHz with excellent
return loss S11 = -50dB.

Figure5: Parametric analysis of developed antenna Patch
length (Lp)

3.2 Effect of Ground Length (Lg) on Antenna
Performance

The length of ground (Lg) is an important  consideration
that affects the bandwidth and radiation efficiency. A
larger Lg will shift the resonant frequency lower, although
it may narrow the bandwidth and thus affect the overall
antenna performance. On the other hand, an excessively
small Lg may cause impedance mismatches, resulting in
high S11 values and losses in efficiency. The best overall
tuning was achieved at Lg = 34.5mm in that 4.9 GHz

bandwidth was maintained at decent antenna
performance with stable radiation patterns.
ISO 9001:2008 Certified Journal | Page 341
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Figure 6: Parametric analysis of developed antenna
Ground length (Lg)

3.3 Effect of Patch Width (Wp) on Antenna
Performance

The patch width (Wp) takes an important role in shaping
the input impedance and surface current distributions.
Wider patches generally improve gain and radiation
efficiency; however, if the patch becomes too wide,
unwanted resonances may result which affect impedance
matching. Tests showed that S11 values improved as Wp
increased until a certain limit was obtained, beyond which
variations in gain occurred. Wp = 18 mm appears ideally
balanced, giving a return loss of -50 dB.

— -

Figure7: Parametric analysis of developed antenna
Patch width (Wp)

3.4 The Length of Substrate (Ls) and its
Influence on Antenna Performance

The substrate length (Ls) dictates the mode of wave
propagation in the antenna and has an influence on
bandwidth and impedance stability. A bigger Ls means
that the substrate is a good supporter for surface wave
propagation, but with an increase in microwave dielectric
losses. Ls must not be too small because in this way, it will
limit current flow and eventually affect impedance
matching and bandwidth. Through trial and error, an
optimum Ls of 32 mm showed to provide an efficient
performance with broadband response and stable
impedance characteristics subject to minimum losses.

Figure 8: Parametric analysis of developed antenna
Length of Substrate.

4 4.4 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 60 x 60 *1.6mm3 in Fig. 6.

A) FRONT VIEW

B) BACK VIEW

Figure 9: The MIMO antenna

5 MIMO ANTENNA PARAMETERS

To evaluate the performance of MIMO antennas, several
important parameters are analysed, including Envelope
Correlation Coefficient (ECC), Diversity Gain (DG), Mean
Effective Gain (MEG), Channel Capacity Loss (CCL), and
Total Active Reflection Coefficient (TARC).

5.1 Envelope Correlation Coefficient (ECC)
Envelope Correlation Coefficient (ECC) is an important
parameter in MIMO antenna systems that measures the
correlation between radiation patterns of different
antenna elements. It indicates how independently the
antennas operate from each other. In a good MIMO system,
each antenna should transmit and receive signals
independently to achieve high diversity and improved
channel capacity. ECC values range from 0 to 1.
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For practical MIMO antennas, ECC should be less than 0.5,
and for high-performance systems, it is preferably less
than 0.05. Lower ECC results in better diversity gain,
improved signal reliability, and higher data throughput in
wireless communication systems.

N % 2
| 2y SinSnj |

0o V) = L
r[szj [1 - Z J‘I=ls‘[m Snki|

The above equation depicts the envelope correlation
between the antennas i and j in the (N,N)MIMO system. In
case of i= 1, j=2 andN=4, the envelope correlation of
proposed MIMO antenna can be defined as follows

(6)

g (L,2,4)
= 187810 + 8158 + 81385 + 81,8
X([1= (8780 + S8 + 8183 + 8148

. . ' . 1
X (1= (87,810 + 81385, + 81385 + 81,80)])
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Figure 10: Envelope Correlation Coefficient (ECC)

The Envelope Correlation Coefficient (ECC) of the
proposed MIMO antenna remains very low across the
operating frequency range, with peak values below 0.03.
Such low ECC values (less than 0.05) indicate excellent
isolation and minimal correlation between antenna
elements. This confirms good diversity performance and
effective MIMO operation over the UWB band.

5.2 Diversity Gain (DG)

Diversity Gain (DG) in a MIMO antenna system refers to
the improvement in signal reliability achieved by using
multiple antenna elements to combat multipath fading. DG
is typically close to 10 dB, which indicates strong diversity
performance and low correlation between antenna
elements. A higher diversity gain means better signal
stability, improved link quality, and enhanced overall
communication reliability.

DG =10,/1- |ECC n

10.000 4

9.999

9.998

DG(dB)

—— DG12
DG13
DG14

1

!

|

|

9.997 1
|

1
9.996 1 |
|

9.995 1

0 1 2 3 4 5 6 7 8
Frequency [GHz]

Figure 11: Diversity Gain (DG)

5.3 Mean Effective Gain (MEG)

Mean Effective Gain (MEG) is a MIMO antenna parameter
that represents the average received power of an antenna
element in a multipath propagation environment. It
evaluates how effectively each antenna receives signals
when waves arrive from different directions with varying
polarizations. Ideally, the ratio of MEG between any two
antenna elements should be close to 1 (or within +3 dB).
Proper MEG balance helps achieve better diversity
performance, improved signal quality, and higher channel
capacity in MIMO communication systems.

r
! 2
MEG; = (1 z;|sf,,\ ) (8)
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Figure 12: Mean Effective Gain (MEG)

The MEG curves of all four antenna elements are nearly
identical across the operating band, indicating uniform
radiation performance in the MIMO configuration. The
difference between MEG1 and MEG2 remains close to 0
dB, satisfying the acceptable diversity condition (|]MEG1 -
MEG2| < 3 dB). This confirms balanced power distribution
and good MIMO efficiency.

5.4 Total Active Reflection Coefficient (TARC)
Total Active Reflection Coefficient (TARC) measures the
overall reflection performance when multiple antenna
ports are excited simultaneously.

TARC is calculated using the reflected and incident
voltage waves from all antenna ports, and for good MIMO
performance, its value should generally be below -10 dB
within the operating frequency band. A lower TARC
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indicates better impedance matching, reduced mutual
coupling, and improved overall efficiency of the MIMO
antenna system.
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Figure 13: Total Active Reflection Coefficient

In the plot TARC remains below -10 dB over the main
operating bands(3-5GHz) for different excitation phase
angles, indicating good impedance matching in the MIMO
configuration. The curves show consistent behavior across
various theta combinations, demonstrating stable multi-
port performance. This confirms efficient power radiation
and reliable MIMO operation across the UWB frequency
range.

5.5 Channel Capacity Loss (CCL)

Channel Capacity Loss (CCL) is a key performance
parameter in MIMO antenna systems that quantifies the
reduction in theoretical maximum data transmission
capacity due to correlation and mutual coupling between
antenna elements. CCL is calculated using S-parameters
and reflects how much the real antenna deviates from
ideal behavior. For good MIMO performance, the Channel
Capacity Loss should typically be less than 0.4 bits/Hz
within the operating frequency band. A lower CCL
indicates better isolation, lower correlation, and higher
data throughput capability.

CCL = —log?(det(W®)) (10)
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Figure14: Mean Effective Gain (MEG)

In the 3-5 GHz frequency range, the Channel Capacity Loss
(CCL) remains very low, approximately close to 0-0.5
bits/s/Hz. This indicates minimal loss in channel capacity
and low correlation between the antenna elements. Hence,
the MIMO antenna exhibits efficient diversity performance
and reliable operation within this band.

6 CONCLUSION

In this work, a compact rectangular microstrip patch
antenna with hexagonal slots has been designed and
analysed for ultra-wideband wireless communication
applications. The antenna is simulated on an FR-4
substrate with compact dimensions of 30 mm x 30 mm
and operates within the 3-5 GHz frequency band, making
it suitable for 5G communication systems. The proposed
antenna achieves a resonant frequency of 3.75 GHz with
excellent impedance matching, where the return loss
reaches approximately -50 dB and the VSWR value is
around 1.1, indicating efficient power transfer.

The design is further extended to a 4 x 4 MIMO
configuration to enhance channel capacity and system
reliability. Key MIMO performance parameters such as
Envelope Correlation Coefficient (ECC), Mean Effective
Gain (MEG), Total Active Reflection Coefficient (TARC),
and Channel Capacity Loss (CCL) are analysed. The ECC
value remains below 0.03, indicating low correlation and
excellent diversity performance. Additionally, the CCL
remains within acceptable limits, confirming minimal
capacity loss.

Therefore, due to its compact size, wide bandwidth, good
impedance matching, and strong MIMO performance, the
proposed antenna is a suitable candidate for 5G, future 6G
wireless systems, and Industry 5.0 communication
applications.
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