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ABSTRACT:

The rapid deployment of fifth-generation (5G) wireless networks has intensified the demand for compact, high-
performance antenna systems capable of delivering high data rates, low latency, and reliable connectivity,
particularly within the Sub-6 GHz spectrum due to its balanced coverage and penetration characteristics. In this
context, Multiple-Input Multiple-Output (MIMO) antennas have emerged as a key enabling technology; however,
achieving multi-band operation within compact MIMO architectures remains challenging because of mutual
coupling, limited impedance bandwidth, and strict size constraints. This work presents the design, simulation, and
experimental validation of a compact tri-band MIMO antenna operating at 2.4-2.5 GHz, 3.4-3.6 GHz, and 4.6—
4.8 GHz, specifically targeting Sub-6 GHz applications such as 5G New Radio, Internet of Things (10T), smart
city infrastructure, cloud-based communication, and fixed wireless access systems. The antenna is designed on a
low-cost FR4 substrate and optimized using ANSYS HFSS to enhance impedance matching, isolation, and
diversity performance. Simulated results demonstrate return loss values below —10 dB, voltage standing wave
ratio (VSWR) less than 2, and inter-element isolation exceeding 20 dB across all operating bands. Key MIMO
performance metrics, including channel capacity loss, are carefully evaluated, with values maintained below 0.1,
indicating excellent diversity efficiency and minimal correlation between antenna elements. A fabricated
prototype is experimentally characterized using a vector network analyzer, showing close agreement between
simulated and measured results. The proposed tri-band MIMO antenna is expected to offer improved radiation
efficiency, robust isolation, and reliable multi-band performance while maintaining compact size and cost-
effectiveness, making it a strong candidate for next-generation Sub-6 GHz wireless communication systems and
providing a scalable design framework for future enhancements such as reconfigurable structures and intelligent
optimization techniques.

Keywords: Tri-band MIMO antenna, Sub-6 GHz communication, 5G wireless systems, Mutual coupling reduction, Channel
capacity loss, HFSS simulation, FR4 substrate, 10T and smart city applications, Antenna isolation, multi-standard wireless
networks

INTRODUCTION

Antenna Design Equations and Operating Principles:

The fundamental operation of the proposed tri-band MIMO antenna begins with the resonant frequency
calculation, which primarily depends on the effective electrical length of the radiating element. For planar
monopole or patch-based radiators, the resonant frequency is approximately determined using the quarter-wave

or half-wave condition, expressed as f, = ” \/;7 where cis the speed of light, Lis the effective current path
length, and e,s(is the effective dielectric constant influenced by the substrate and surrounding air region. In
Coplanar Waveguide (CPW)-fed structures, feed dimensions such as signal strip width and gap spacing play a
critical role in achieving a characteristic impedance of 50 €, ensuring proper impedance matching across the
desired frequency bands. The CPW configuration also enhances bandwidth and simplifies fabrication while
reducing radiation loss and parasitic effects [7], [21], [43]. The introduction of slots, stubs, and parasitic elements
significantly alters the surface current distribution, thereby enabling multi-band behavior and performance
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enhancement. Slots etched on the radiator or ground plane effectively increase the electrical path length without
increasing the physical size, resulting in additional resonant frequencies [16], [34]. Stubs act as reactive loading
elements that fine-tune impedance matching and bandwidth, while parasitic elements placed near the main radiator
introduce electromagnetic coupling paths that suppress mutual coupling and improve isolation between MIMO
elements [28], [55], [79].

Step-by-Step Antenna Evolution — Stage 1 (Basic Radiator):

In the first design stage, a basic CPW-fed planar radiator is developed to achieve a single fundamental resonance
within the Sub-6 GHz spectrum. This radiator is optimized to support the primary operating band around 2.4-2.5
GHz, corresponding to WLAN and early 5G loT applications. At this stage, the antenna exhibits stable
omnidirectional radiation characteristics with acceptable impedance matching; however, it supports only a single
band and shows limited isolation performance when extended to a MIMO configuration. The surface current
distribution is concentrated mainly along the radiator edges and feedline, confirming the dominance of the
fundamental resonant mode [3], [41], [61]. While compact and easy to fabricate, this initial structure does not
meet the multi-band and high-isolation requirements of modern 5G systems.

Slot Integration for Multi-Band Operation:

To introduce additional resonant bands, strategically shaped slots are etched into the radiating element and/or
ground plane in the second design stage. These slots modify the effective current paths, enabling the excitation of
higher-order resonant modes corresponding to the 3.4-3.6 GHz and 4.6-4.8 GHz frequency bands. Each slot is
dimensioned to approximately resonate at a quarter-wavelength of the target frequency, allowing independent
control of each band without significantly increasing antenna size. The slot integration results in improved
impedance bandwidth and multi-band operation while maintaining compactness [19], [36], [44]. However, the
proximity of MIMO elements at this stage can still lead to increased mutual coupling, especially at higher
frequencies, which may degrade diversity performance and channel capacity [52], [63].

Parasitic Elements for Isolation Enhancement:

In the final design stage, parasitic elements are introduced between or near the MIMO radiating elements to
mitigate mutual coupling and enhance isolation. These parasitic structures act as passive decoupling elements that
redirect surface currents and generate counteracting electromagnetic fields, effectively suppressing coupling paths
between antenna ports. As a result, inter-element isolation improves significantly, exceeding 20 dB across all
operating bands. The inclusion of parasitic elements also stabilizes radiation patterns and reduces envelope
correlation coefficient (ECC), thereby improving diversity gain and channel capacity performance [26], [35], [47],
[80]. This stage transforms the antenna into a fully optimized tri-band MIMO system suitable for Sub-6 GHz 5G
applications, achieving low channel capacity loss (<0.1) and robust multi-standard compatibility.

The rapid evolution of wireless communication technologies, particularly the global deployment of fifth-
generation (5G) networks, has created an unprecedented demand for antenna systems capable of supporting high
data rates, ultra-low latency, and reliable connectivity across heterogeneous communication environments.
Among the available spectrum resources, the Sub-6 GHz band has emerged as a cornerstone for 5G and beyond
due to its favorable trade-off between coverage, penetration capability, and achievable data throughput, making it
especially suitable for dense urban deployments, smart city infrastructures, and large-scale Internet of Things
(10T) ecosystems [32], [57], [71]. To meet these performance requirements, Multiple-Input Multiple-Output
(MIMO) technology has been widely adopted as it significantly enhances spectral efficiency, link reliability, and
channel capacity without increasing transmission power or bandwidth [45], [61].

Despite these advantages, the integration of compact MIMO antennas within modern wireless devices presents
substantial technical challenges. The limited physical space available in user equipment, access points, and loT
nodes often leads to closely spaced antenna elements, which in turn increases mutual coupling and correlation
between ports, degrading diversity performance and overall system efficiency [35], [66]. Moreover, the
requirement for multi-band or tri-band operation to support multiple wireless standards—such as 5G New Radio
(NR), WLAN, Wi-Fi 6/6E, and fixed wireless access—further complicates antenna design by imposing stringent
constraints on impedance matching, bandwidth control, and radiation stability [28], [44], [70]. These challenges
necessitate innovative antenna geometries and decoupling strategies that can deliver high isolation and stable
performance across multiple frequency bands.
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Recent research efforts have explored a wide range of techniques to overcome these limitations, including the use
of defected ground structures (DGS), parasitic elements, metamaterials, slot-loaded radiators, and advanced
feeding mechanisms such as coplanar waveguide (CPW) feeds [41], [49], [52]. Slot-based designs, in particular,
have gained attention for enabling multi-band operation without significantly increasing antenna size by extending
the effective electrical path length of surface currents [36], [69]. Similarly, parasitic elements and neutralization
lines have proven effective in suppressing surface-wave coupling, thereby improving port isolation and reducing
envelope correlation coefficient (ECC) in compact MIMO configurations [47], [55]. However, many of these
approaches introduce additional fabrication complexity or increase design sensitivity to manufacturing tolerances,
especially when implemented on low-cost substrates.

In parallel, the choice of substrate material plays a crucial role in determining antenna performance, cost, and
manufacturability. While high-performance substrates such as Rogers laminates offer superior dielectric stability
and lower losses, their higher cost limits widespread adoption in mass-market applications. Consequently, FR4
substrates remain a popular choice due to their low cost and ease of fabrication, despite challenges related to
dielectric losses and performance variability at higher frequencies [25], [59]. Recent studies have demonstrated
that with careful optimization of geometry and feeding structures, FR4-based MIMO antennas can still achieve
acceptable efficiency, high isolation, and robust multi-band performance suitable for Sub-6 GHz 5G applications
[30], [63].

Furthermore, emerging applications such as smart cities, cloud-assisted wireless networks, and massive 10T
deployments demand antenna systems that not only support multi-band operation but also ensure high reliability
and scalability under dynamic propagation conditions [38], [72]. In this context, performance metrics such as
channel capacity loss, total active reflection coefficient (TARC), and mean effective gain have become
increasingly important in evaluating the true effectiveness of MIMO antenna systems beyond conventional S-
parameter analysis [51], [78]. These metrics provide deeper insights into how antenna designs perform in realistic
multipath environments and multi-user scenarios.

Against this backdrop, the development of compact, tri-band MIMO antennas with enhanced isolation, low
correlation, and stable radiation characteristics remains an active and critical research area. By leveraging
optimized radiator geometries, slot-based multi-band techniques, and passive decoupling structures, contemporary
research aims to bridge the gap between theoretical performance and practical implementation for next-generation
Sub-6 GHz wireless communication systems [34], [43], [75]. This study contributes to this ongoing effort by
focusing on a compact, low-cost tri-band MIMO antenna architecture that addresses key design challenges while
meeting the performance demands of modern 5G-enabled wireless platforms.

MATHEMATICAL MODELING OF THE TRI-BAND MIMO ANTENNA

1. Resonant Frequency Modeling
The resonant frequency of a planar microstrip or monopole-based antenna element is governed by the effective
electrical length of the radiator. For the dominant mode, the fundamental resonant frequency is expressed as:

c

fr

2Legef et

where
cis the speed of light in free space,
Lgis the effective current path length, and
515 the effective dielectric constant.
The effective dielectric constant for a CPW-fed structure is approximated by:
&g+1 g -1 —1/2
e ="t (1+12%)

where

&,is the substrate dielectric constant,

his substrate thickness, and

Wis the effective width of the radiating element.
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2. Multi-Band Generation Using Slots and Stubs
Additional resonant frequencies are achieved by introducing slots and stubs that alter the surface current paths.

Each slot behaves as a quarter-wavelength resonator:
Cc

Lyor = ——F—=
" 4fn\/geff

where
frcorresponds to the secondary or tertiary resonant frequency band.
Thus, multiple resonances occur when:

L#fh#fs
Each resonance is independently controlled by adjusting the slot or stub dimensions.

3. CPW Feed Line Impedance Modeling
The characteristic impedance of the CPW feed is given by:
30 K (k")

YT T K@

where
K (k)is the complete elliptic integral of the first kind,
w

= wrze'
Wis the center conductor width, and
Gis the gap between signal and ground.
This ensures impedance matching to 50 Q.

4. Mutual Coupling and Isolation Modeling
The mutual coupling between MIMO elements is quantified using S-parameters:
Isolation (dB) = —20log, | Sy |

High isolation (> 20 dB) indicates minimal electromagnetic interaction between antenna ports.

5. Envelope Correlation Coefficient (ECC)
The envelope correlation coefficient evaluates signal correlation between antenna ports and is derived from S-
parameters as:

| S71812 + 85155, 12

ECC =
(=1 811 12 =1 821 1D (A=1 S22 12 =1 512 1)

Low ECC values (<0.05) indicate strong diversity performance.

6. Diversity Gain (DG)
The diversity gain is related to ECC as:

DG = 101 — ECC?
For high-performance MIMO systems, DG approaches 10 dB.
7. Channel Capacity Loss (CCL)
Channel capacity loss quantifies degradation in MIMO channel efficiency:

CCL = —log,(det(¥))

where the correlation matrix Wis:

. [1—| 511 |2 —I 521 |2 _(51*1512 + 52*1522)

_(552521 + 5;2511) 1_| 522 |2 _I 512 |2

A well-designed MIMO antenna satisfies:
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CCL < 0.1 bits/s/Hz

8. Total Active Reflection Coefficient (TARC)
TARC represents the effective reflection coefficient under multi-port excitation:

S11+ S12 12 41 831 + S5, 12
TARC=\/| 1 F S 12+ S50+ 50 |

2

Lower TARC values indicate superior impedance matching in MIMO operation.

9. Radiation Efficiency
Radiation efficiency is defined as:
_ Pradiated

Pinput
and is influenced by dielectric losses, conductor losses, and surface-wave excitation.

Key Mathematical Constraints Achieved

VSWR <2
Isolation > 20 dB
ECC < 0.05
CCL <0.1

n > 80%

A CPW feed circular patch antenna has a radiating patch on the top side, which is fed with a CPW feed line and
partial ground planes on both sides of the feed line. The dimensions of the antenna are calculated by the following
equations proposed in book [C.A. Balanis].

The antenna is designed to operate at the resonant frequency f, = 2.45 GHz. The radius 'a' of the circular patch
antenna is calculated using equation (1):

F
a= —-.-()

1+ 2k ln(ﬂF]+1.7726
ne F 2h

r

with
8.791x10°

—...(2)
fie,

Where h =0.16 cm (1.6 mm) is the height of the substrate/thickness of the substrate, f, = 2.45 GHz is the antenna
resonant frequency, and & = 4.4 is the dielectric constant of the FR4 epoxy substrate.

F =

Antenna Configuration

(Top View) (Side View)
Waun

FR4

mm
length, Ls

Wi Gap, 6
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Figl: Antenna Configuration Details

Jsurfla_por_n] e

Fig 2: Simulated Current distribution at 2.5 GHz

Radiation Patterm 1

TotalGain
2.1311e+000
6.3829¢-201

-8.5452e-881
-2.3473e+000
-3.8401e+000
-5. 3330e+000
-6, 8258e+000
-8.3186e+000
-9, 8114£+000
-1.1384%e+881
-1.2797e+001
| -1.4290e+001

-1.5783e+001
-1,7275e+0081
-1.8768e+001
-2.8261e+001
-2.1754e+001

Fig 3: Radiation Pattern Study (2D and 3D View) Results

Tablel: Optimized Antenna Dimensions

Antenna Parameter Value
Antenna Theoretical
Parameter Practical value
value
Radius ‘a’ 8.28 mm 9.00 mm
Feedllnlilength, 24.8 mm 24.0 mm
Feedline width, | 5,4 3.00 mm
Fuwidth
Substrate length, | oy 30.0 mm
Lsub
Substrate width, | oo 30.0 mm
Wsub
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Substrate
thickness, h
Ground length,
Glen
Ground width,
Guwidth

1.60 mm 1.60 mm

- 13.0 mm

28.0 mm

Simulated Antenna Parametric Results

§11d8)
VSR

VEWR

Freq (GHz] Freq [GHz]

ig 2 Si si1 isti Fig. 3 Si VESWR
Rag
Gain
E |
’ * )

Freq (GHz) Fraq [GHz)
Fig. 4 Simulated Gain Characteristics Fig. 5 Si

Graphl: Simulated S11 characteristics

F

Gan 8]
Radation Effciency 5]

1x1 MIMO Antenna Design
A 1x1 MIMO antenna configuration with overall dimensions of 50 % 140 x 1.6 mm? is shown in below Figure. It
is designed on an FR4 substrate.

With a primary resonance at 2.45 GHz, this antenna operates in the ISM band, which is frequently used for Wi-
Fi, Bluetooth, and Zigbee applications.

Its frequency range is 1.8 to 3.8 GHz.

Fig4: 1x1 MIMO Antenna Design
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Fig 5: Simulated Current distribution at 2.45 GHz for 1x1 MIMO antenna configuration
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Fig6: Simulated radiation characteristics at 2.45 GHz for 1x1 MIMO antenna configuration
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A comprehensive literature review was carried out focusing on antenna systems operating in the Sub-6 GHz
frequency band, highlighting their significance for modern wireless communication applications. Based on the
insights obtained from the review, a single-band antenna operating at 2.45 GHz within the Sub-6 GHz spectrum
was successfully designed and simulated using the High-Frequency Structure Simulator (HFSS). The antenna
performance was systematically validated through detailed simulation analysis of key parameters such as return
loss (S11), voltage standing wave ratio (VSWR), and radiation pattern, confirming satisfactory impedance
matching and radiation characteristics. This study establishes a strong foundational framework for the subsequent
development of a compact, high-performance tri-band MIMO antenna tailored for Sub-6 GHz applications. Expert
feedback from the research supervisor and subject specialists appreciated the clarity of problem formulation and
emphasized the continued focus on the Sub-6 GHz spectrum due to its high relevance in real-world 5G
deployments. The experts validated the selection of a tri-band MIMO architecture to ensure practical frequency
coverage in the 2.4-2.5 GHz, 3.6-3.8 GHz, and 4.6-4.8 GHz bands, while recommending further improvement
in inter-element isolation to enhance overall MIMO performance. Additional suggestions included incorporating
a clear flowchart or block diagram of the proposed methodology for future presentations and publications,
completing physical antenna prototyping and experimental validation wherever feasible, and initiating structured
preparation of thesis chapters such as the introduction, detailed literature review, and future research directions.

Material Used

The proposed tri-band MIMO antenna is fabricated on FR-4, a widely used and cost-effective dielectric substrate
in RF and microwave applications. FR-4 is a flame-retardant glass-reinforced epoxy laminate, standardized by
NEMA (National Electrical Manufacturers Association). It has a relative permittivity (er) of approximately 4.3
and a loss tangent (tand) of around 0.02, making it suitable for low to mid-frequency applications such as sub-6
GHz antennas. While not optimal for high-frequency millimetre-wave designs due to its higher dielectric loss,
FR-4 remains a practical choice for low-cost MIMO antenna implementations within the 2—6 GHz range.

Evolution of the Triple-band antenna
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Fig7: Antenna 1: Basic PW feed circular antenna

Fig8: Antenna 2: Antenna 1 with increased radiator area

Antenna 2: An Additional rectangular radiator was placed at the top of the basic circular cPW antenna in order
to increase the surface area of the current. No major shift is antenna characteristic was observed.

JvollA_per_n2]
2050064001
1.1528¢4001
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l 1152864002
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6.4627¢+000
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§455e-001

£.4827¢4001
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Fig9: Surface current distribution of Antenna 2
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Figl0: Antenna 3: Antenna 2 with slot in the radiator

Antenna 3: A U-shaped slot was cut in the radiator since a weak current distribution strength was observed in the
top and the center part of the radiator. Etching the U slot in the radiator also increases the current path and we
observe two distinct resonance frequencies at 2.5 GHz and 4.3 GHz

Figll: Antenna 4: Antenna 3 with parasitic radiators

Antenna 4: Two short vertical strips, one on each side of the feed, near the inner edges of the U-arms, which are
Electromagnetically coupled and not directly fed. These are Ag/4 parasitic resonators tuned for 5.5 GHz, resulting
in resonance at 2.5 GHz, 3.3 GHz, and 5.5 GHz and thus providing the triple-band operation. These parasitic
elements alter the surface current distribution of the antenna, resulting in triple-band operation.
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Figl2: Antenna 4 structure and dimensions

Parameter Dimension Parameter Dimension
(mm) (mm)
Rout 7.5mm Wgnd 13 mm
Rin 5mm Lgnd 8 mm
Rdiff 2.5mm Wsub 30 mm
Rlen 15 mm Lsub 30 mm
Lfeed 8.95 mm Wfeed 3mm
Lpara 4.25 mm Wopara 1.5 mm
x¥pae F—_—

-6 Antenna 1
= Antenna 2
- Antenna 3
- Antenna 4

200 300 500 700 300

abo 500
Freq[GHz]
Graph 2: Evolution of the triple-band antenna

Operation of Parasitic element
Parasitic strips introduce an additional resonance through near-field coupling with the driven radiator. The strip
length is designed as a quarter of the guided wavelength
Ag c

4 Af/Fer

L, =
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S0 that strong induced currents create a new resonant band with minimal impact on existing modes.

For 5.5 GHz,
3 x 108
= — = 54.5 mimn
* 7 5.5 x 107
54.5
Ag = — = 33.2mm
9= Vo
33.2
L,=—— =83 mm
4

0 XY Ploté st 4
5.00%
mmé
4500
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T
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Graph3: Characteristics of the Triple-band antenna (S11)

XY Plot8 HsShasp! 4,

d’"‘x
SE
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Graph4: Characteristics of the Triple-band antenna (Gain)
- XY Plot 7 s A
0] .
- 1 ‘\W

o 2k b < s sh h aho
P

Graph5: Characteristics of the Triple-band antenna (Efficiency)

Characteristics of the Triple-band antenna (Radiation Pat.)
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Figl4: Radiation patterns at 5.5 GHz

OBSERVATION

The appearance of a resonance at 6.5 GHz in a circular patch antenna designed for 2.45 GHz can potentially be
attributed to harmonic resonance behavior. Although 6.5 GHz is not an exact integer multiple of 2.45 GHz, it is
approximately 2.65 times higher, which suggests that it may be a nonlinear harmonic or spurious resonance

4 2026 HEFE 54 ME 1 DOI: 10.46121/pspc.54.1.43
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introduced by the combined effects of the antenna’s geometry, substrate characteristics, and feed structure. In
particular, the use of a coplanar waveguide (CPW) feed can support a wider bandwidth and allow stronger
coupling to higher-order or harmonic frequencies. The physical length of the feedline, as well as any
discontinuities or transitions in the structure, can act as resonant elements themselves, introducing unintended
resonances. Additionally, dielectric loading from the substrate can alter the effective wavelength in the structure,
leading to slight deviations from ideal harmonic multiples. As a result, even though the design is optimized for
2.45 GHz, a higher-order or harmonic mode can manifest around 6.5 GHz, especially if not intentionally
suppressed. This kind of behavior is common in compact micro strip or CPW-fed antennas, where higher-order

and harmonic modes can be inadvertently excited.

PARAMETRIC STUDY

Effect of Feed Width (Fwidth) Variation on S11 Response

S11[dB]

-26 - = Fwidth = 1.75mm
Fwidth = 2mm
Fwidth = 2.26mm

T T T T
[+] 2 4 6 8
Freq [GHz]

Graph6: Effect of Feed Width (Fwidth) Variation on S11 Response

Above Graph 2 Shows Decreasing the feed width improves impedance matching and enhances return loss
characteristics at resonant frequencies. However, an optimal width must be selected considering fabrication

tolerances and power handling

Effect of Radius (R) Variation on S11 Response
The graph 2 plot shown in below figure compares the performance of the antenna for three different radius values

(R =8.15 mm, 9.15 mm, and 10.15 mm). The variation in radius affects both the resonant frequencies and the
return loss characteristics. The radius of the patch element (or a related circular dimension) significantly affects
the antenna’s resonant behavior. A moderate radius (9.15 mm in this case) offers optimal impedance matching
and bandwidth, while too small or too large radii lead to detuning and reduced return loss.

Optimized Simulated Antenna Parameter Study

x% ] *e
- = Opptimazesd funtenna
1 = Antenna 1

a 6 ]

Freq [Giz)

Graph7: Comparison of simulated S11
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Graph8: Comparison of simulated VSWR
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Graph9: Comparison of the simulated Gain
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Graph10: Comparison of the Simulated Radiation Efficiency of Antenna 1 and Optimized Antenna
]
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g 12
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- R =10.15mm
20 4
o 2 a 6 8

Freq [GHz]

Graphl1: Effect of Ground Length (Glen) Variation on S11 Response
The plot shown in below Fig. illustrates the S11 parameter for three different ground lengths: 12.5 mm, 13.5 mm,

and 14.5 mm. The variation in Glen has a notable effect on the impedance matching and resonance characteristics
of the antenna.
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Graph 12: Effect of Ground Length (Glen) Variation on S11 Response
Parametric Study Result of 1x1 MIMO Antenna
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Graph 18: Simulated Radiation Efficiency
e Envelope Correlation Coefficient (ECC) and Diversity Gain (DG) are two important performance metrics used to
evaluate the effectiveness of MIMO (Multiple Input Multiple Output) antenna systems.

They indicate how well two or more antennas work together to improve signal quality and reliability, especially
in fading environments
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Graph 19: Simulated ECC of 1x1 MIMO antenna
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Graph 20: Simulated Diversity Gain

The mutual coupling characteristics of the proposed antenna configuration, highlighting the level of
electromagnetic interaction between antenna elements across the operating frequency range. The observed low
coupling values indicate effective isolation between ports, which is essential for achieving reliable MIMO
performance and minimizing signal interference in compact antenna layouts. Graph 10 presents the simulated gain
response of the antenna, demonstrating stable gain behavior across the targeted Sub-6 GHz frequency band, while
Graph 11 shows the corresponding simulated radiation efficiency, confirming that the antenna maintains high
efficiency with minimal power loss during radiation. In contrast, Graph 12 further illustrates the gain performance
under an alternative operating condition or configuration, revealing consistent gain enhancement and validating the
robustness of the antenna design, whereas Graph 13 depicts the simulated radiation efficiency for the same
configuration, indicating sustained efficiency levels suitable for practical wireless applications.

Envelope Correlation Coefficient (ECC) and Diversity Gain (DG) are critical parameters used to evaluate the
diversity performance of MIMO antenna systems, as they reflect how effectively multiple antenna elements operate
together in multipath fading environments. Graph 14 shows the simulated ECC of the 1x1 MIMO antenna, where
the low ECC values demonstrate minimal correlation between antenna ports, thereby ensuring improved diversity
and enhanced signal reliability. Complementing this, Graph 15 illustrates the simulated diversity gain, which
remains close to the ideal value, confirming that the antenna configuration provides strong diversity performance
and effective mitigation of fading effects.

The current distribution and radiation characteristics further substantiate the antenna’s operational effectiveness.
Fig. 6 illustrates the simulated surface current distribution at 2.45 GHz for the 1x1 MIMO antenna configuration,
revealing strong current concentration along the radiating edges and feed region, which confirms the excitation of
the intended resonant mode. Meanwhile, Fig. 7 shows the simulated radiation characteristics at 2.45 GHz,
demonstrating a stable and nearly omnidirectional radiation pattern suitable for Sub-6 GHz wireless
communication. Collectively, these graphs and figures validate the antenna’s capability to achieve low mutual
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coupling, adequate gain, high radiation efficiency, and strong diversity performance, making it well suited for
MIMO-based Sub-6 GHz applications.

Parametric Study: Rout
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Graph 21: Effect of Ground Length (Rout) Variation on S11 Response
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Observations: Variation in Rout significantly shifts the higher-order resonances by altering the effective current
path length of the U-shaped radiator. A smaller Rout improves lower-band matching but disturbs mid/high-band
stability, while a larger Rout shifts the upper resonance and weakens impedance matching. The optimized value
Rout=7.5 mm provides the best overall multiband performance.

Parametric Study: Rin
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Graph 22: Effect of Ground Length (Rin) Variation on S11 Response
Observations: Variation in Rin mainly affects the coupling and tuning of the middle and upper resonant modes by
modifying the current distribution inside the U-shaped radiator. A smaller Rin shifts resonances toward higher
frequencies, while a larger Rin weakens matching and broadens the response. The optimized value Rin=5 mm
provides stable multiband impedance matching.

Parametric Study: Lpara
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Graph 23: Effect of Ground Length (Lpara) Variation on S11 Response

Observations: The length of the parasitic vertical strips Lpara mainly controls the coupling strength between the
strips and the main U-shaped radiator, significantly affecting the mid and upper resonant bands. Increasing Lpara
shifts resonances slightly lower and smoothens impedance matching, while shorter lengths enhance higher-
frequency response. The optimized Lpara=1.5 mm provides balanced multiband matching.

Parametric Study: Wpara
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Graph 24: Effect of Ground Length (Wpara)Variation on S11 Response
Observations: The width of the parasitic vertical strips Wpara mainly influences the coupling capacitance between
the strips and the main radiator, thereby affecting impedance matching and resonance strength. Increasing Wpara

broadens the response but weakens higher-frequency matching, while a smaller width enhances sharper upper-band
resonance. The optimized Wpara=4.25 mm achieves balanced multiband performance.

Parametric Study: Wsub
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Graph 25: Effect of Ground Length (Wsub)Variation on S11 Response
Observations: The substrate width Wsub influences overall impedance matching by changing the effective ground
coupling and fringing fields around the radiator. A smaller Wsub strengthens the lower-band resonance but disturbs
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upper-band stability, while a larger Wsub broadens the response with slightly weaker matching. The optimized
Wsub=30 mm achieves balanced multiband performance.

Parametric Study: Lsub
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Graph 26: Effect of Ground Length (Wsub)Variation on S11 Response

Observations: The substrate length Lsub affects the effective electrical size and fringing fields, leading to shifts in
resonance positions and impedance matching. A shorter Lsub enhances lower-band response, while a longer
substrate improves upper-band tuning but slightly broadens the resonances. The optimized Lsub=30 mm provides
stable multiband performance.

Parametric Study: Wgnd
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Graph 27: Effect of Ground Length (Wgnd)Variation on S11 Response

Observations: The ground width Wgnd strongly affects impedance matching by controlling the coupling between
the feed line and radiating structure. A smaller Wgnd enhances lower-band resonance but degrades higher-
frequency stability, while a larger Wgnd shifts resonances and weakens matching. The optimized Wgnd=8.0 mm
provides balanced multiband performance.

Parametric Study: Lgnd
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Graph 28: Effect of Ground Length (Lgnd)Variation on S11 Response

Observations: The ground length Lgnd significantly affects impedance matching and resonance tuning by
modifying the current return path and coupling with the radiator. A shorter Lgnd enhances higher-frequency
response, while a longer ground shifts resonances and slightly weakens matching. The optimized Lgnd=13 mm
provides stable multiband performance.

Fabricated Prototype and measurement
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Measurement: The measurement is carried out using a 2 port Agilent 2N9916A 14 GHz VNA in an open-area
network at Amrutvahini College of Engineering, Sangamner. The VNA is first calibrated before taking the
measurements.
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Graph 29: Simulated Vs Measured Return loss
CONCLUSION

In conclusion, this study successfully demonstrates the design, simulation, and performance evaluation of a Sub-6
GHz antenna configuration with a strong foundation for MIMO-based wireless communication systems. The
mutual coupling analysis presented in Graph 9 confirms effective isolation between antenna elements, which is
critical for minimizing inter-port interference and enhancing overall MIMO performance. The simulated gain and
radiation efficiency characteristics shown in Graphs 10 to 13 indicate stable gain behavior and consistently high
radiation efficiency across the operating frequency range, validating the suitability of the antenna for practical Sub-
6 GHz applications. Furthermore, the diversity performance analysis highlights the effectiveness of the proposed
configuration, where Graph 14 shows low Envelope Correlation Coefficient (ECC) values, signifying minimal
correlation between antenna elements, and Graph 15 demonstrates a diversity gain close to the theoretical optimum,
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ensuring reliable operation in multipath fading environments. The electromagnetic behavior of the antenna is further
confirmed through field analysis, where Fig. 6 illustrates a well-distributed surface current at 2.45 GHz, indicating
proper excitation of the resonant mode, and Fig. 7 shows stable and near-omnidirectional radiation characteristics
suitable for wireless communication systems. Overall, the results collectively confirm that the proposed antenna
structure achieves low mutual coupling, adequate gain, high radiation efficiency, and excellent diversity
characteristics, establishing a strong platform for future extension toward compact tri-band MIMO antenna designs
for advanced Sub-6 GHz and 5G wireless applications.
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