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Abstract

This paper proposes a compact serrated boundary fractal planar quad-element MIMO
antenna engineered for multi-band millimeter-wave (mmWave) 5G/6G systems. The
structure is designed and developed on 30 x 30 mm? size rogers’ material of thick-
ness 0.8 mm. The proposed design evolves progressively through three stages, from
a conventional rectangular patch to a compact, fractal-inspired geometry featuring
embedded slots and symmetrical serrated arrow-shaped protrusions. This structural
evolution significantly enhances electromagnetic coupling, current path diversity, and
multi-band resonance behaviour. The antenna resonates at four distinct mmWave
frequency bands 24.5 GHz, 33.5 GHz, 38.0 GHz, and 44.0 GHz, covering key por-
tions of the 5G spectrum. The compact quad-element layout exhibits high isolation,
notable peak gain, and favourable diversity metrics, including ECC (Sim <0.00008,
Mea <0.00010), DG (Sim=<10 dB, Mea<10 dB), TARC (Sim<-10 dB, Mea<-9 dB),
CCL (Sim<0.005 bits/s/Hz, Mea <0.010 bits/s/Hz), and MEG (Sim<-3 dB, Mea<-3
dB), all within ITU-recommended limits, collectively contributing to robust MIMO per-
formance. Its compact size, structural symmetry, and multiband performance make it
an excellent candidate for low-latency, and interference-resilient wireless applications
in next-generation vehicular and loT communication systems.
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1 Introduction

Millimeter-wave (mmWave) technology has gained widespread attention for its
potential to provide high bandwidth, low latency, making it well-suited for ultra-fast
data transmission and sensing applications [1,2]. Its versatility enables deployment
across a wide spectrum of communication and non-communication sectors. The 5G
New Radio (NR) standard incorporates several millimeter-wave (mmWave) frequency
bands, including n257 (26.5-29.5 GHz), n258 (24.25-27.5 GHz), n259 (39.5-43.5
GHz), n260 (37.0—40.0 GHz), and n261 (27.5-28.35 GHz), which are specifically
established for high-speed, low-latency 5G mmWave applications [3,4]. Fractal
antennas [5-9] have emerged as a promising solution for next-generation wireless
systems, utilizing sharp, self-similar notches inspired by natural fractal patterns to
achieve targeted resonance at multiple frequencies, making them ideal for 5G and
beyond. The geometries most frequently employed in the design of fractal anten-
nas are star [10,11], Sierpinski Gasket/Carpet, a triangular based structure [12,13],
Giuseppe Peano antenna based on Peano curves [14,15], Minkowski island, a mod-
ified square structure [16,17], Koch curve, a snowflake-like pattern [18,19], Hilbert
curve, a space-filling curve [20,21], Cantor set, line segment-based fractal [22,23].
Each fractal geometry holds its own importance in designing fractal antennas for spe-
cific wireless applications. However, a single fractal geometry alone cannot achieve
multiband or wideband characteristics without affecting antenna performance. To
address this, researchers have combined multiple fractal geometries to create unique
antenna designs tailored for various wireless applications.

Sierpinski fractal-based Microwave Metamaterial Absorber (MMA) [24] that demon-
strates dual-band operation, specifically at X and K bands resonating at 8.2GHz and
20.24 GHz. A new shape of Koch-Sierpinski fractal mmWave antenna [25] is sug-
gested to operate effectively within the frequency range of 27.55 GHz to 28.6 GHz,
with a resonant frequency at 28 GHz, and demonstrates excellent mutual coupling
characteristics, maintaining values below -25 dB. A CPW-fed fractal UWB antenna
[26] for biomedical applications operates efficiently from 3.2 to 20 GHz through
wedged slots in the radiating patch. A new design of microstrip patch antenna oper-
ated on multi band frequencies, using the star hexagon fractal concept is proposed
by Subramanian et al. [27] operating in the frequency range from 24.9 GHz to 28.1
GHz with a peak gain of 4.688 dB at 28 GHz is presented. Mallat [28] introduced a
unique Fractal Arrow-Shaped mmWave Antenna based on Flexible material for [oT
and 5G systems operating at a wideband in the range of 15 GHz to 40 GHz. A com-
pact auxiliary Koch fractal dipole wideband antenna [29] using coaxial-to-
parallel-strip transition is developed to be used for the frequency range 2.3-6 GHz
in order to cover various wireless bands. And some other works, which are related
to fractal antennas are presented [30—42]. A single monopole antenna of size
22 x26 mm? is designed for super wide band application using Sierpinski Triangu-
lar Fractal method [43]. A triple band antenna is designed for sub 6 GHz, WIFI and
WIMAX application is presented [44]. Design and development CPW fed of a Modi-
fied Hilbert Curve, 50 x 60 x 3mm? size Fractal Antenna for Multiband Applications is
presented [45]. Owing to their compact size, multiband capability, and high isolation,
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fractal antennas are exceptionally well-suited for millimeter-wave 5G and emerging 6G applications, where space effi-
ciency and precise frequency tuning are essential.

The current research outlines a compact serrated-boundary fractal patch antenna, which incorporates primary and
secondary discrete serrations along the radiating structure in synergy with a peripherally notched octagonal parasitic disc
at the center. The multi-level serration technique effectively perturbs surface currents, while the central parasitic disc cou-
ples with the surrounding radiators to suppress mutual coupling, broaden impedance bandwidth, and stabilize radiation
patterns. Together, these attitudes enable multiband operation with enhanced radiation efficiency, isolation, and overall
antenna performance. The suggested MIMO antenna resonates at 24.5 GHz, 33.5 GHz, 38.0 GHz, and 44.0 GHz, effec-
tively covering multiple mm-Wave bands relevant to 5G and beyond. It obtains high port-to-port isolation exceeding 20 dB
and obtains notable gain values between 8.1 dBi and 9.8 dBi, enabling robust radiation performance with minimal mutual
coupling in a MIMO system. The integration of discrete serrated boundaries with fractal configuration further improves
bandwidth, efficiency, and isolation, making the design a good option for next-generation wireless systems, including
5G/6G communications, V2X connectivity, and loT applications.

2 MIMO antenna design and analysis

The modelled Quad-port Serrated Boundary Fractal Patch (SBFP) MIMO antenna, developed for high-performance work-
ing in the 5G/6G mm-Wave bands, is presented in Fig 1. The novelty of this design lies in its fractal patch geometry with
discrete serrated boundaries, incorporating both primary and secondary serrations to enhance multiband performance.

A tuning-fork-shaped slot is modelled at the center of the SBFPA to enhance impedance matching and suppress mutual
coupling. Furthermore, the orthogonal arrangement of the four SBFP elements is centered around a peripherally-notched
octagonal parasitic disc, which contributes to bandwidth broadening, improved isolation, and stabilized radiation patterns.
The top and bottom layers of the design are introduced in Fig 1(a) and 1(b), while the detailed dimensions and 3D isomet-
ric view are illustrated in Fig 1(c) and 1(d). The antenna is developed on a Rogers RT5880 laminate with a laminate height
of 1.575mm, and a relative permittivity ¢, = 2.2, with a loss tangent tan 6=0.0009, and is excited using a 50-Q microstrip
feed line for proper impedance matching. The key design parameters are recorded in Table 1, and the description for all
geometries is seen in Table 2. With compact overall sizes of 30 %30 x 0.8 mm?, the antenna is highly suitable for
next-generation mm-Wave systems.

The proposed antenna resonates at 24.5 GHz (n258: 24.25-27.5 GHz), 33.5 GHz (emerging 6G exploratory band),
38.0 GHz (n260: 37-40 GHz), and 44.0 GHz (candidate 6G band), thereby covering key portions of the 5G spectrum
while extending into future 6G allocations. The simulated S-parameters, as shown in Fig 2, confirm excellent impedance
matching with S, values of —42 dB, —32 dB, -39 dB, and —22 dB at the respective resonant frequencies. In addition, the
design demonstrates strong isolation performance with inter-port isolation levels of 48 dB at 24.5 GHz, 35 dB at 33.5 GHz,
36 dB at 38.0 GHz, and 28 dB at 44.0 GHz, consistently exceeding the 20 dB benchmark. These results highlight the
antenna’s ability to provide multiband operation, low mutual coupling, and robust MIMO performance.

2.1 MIMO antenna evolution process

The architecture of the modelled quad-port antenna Serrated Boundary Fractal Patch (SBFP) MIMO antenna is carried
out through three stages, as shown in Fig 3, with each stage focused on enhancing key performance metrics such as
return loss, impedance bandwidth, isolation and gain. The introduction of discrete primary and secondary serrations along
with a peripherally notched octagonal parasitic disc progressively improves the antenna’s multiband response and overall
radiation performance.

Fig 3(a) presents Antenna #1, a four-port orthogonally oriented rectangular patch antenna designed using the standard
transmission-line model equations for microstrip patches [30]. This configuration is developed as the fundamental struc-
ture for the proposed design.
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Fig 1. The configuration MIMO antenna, (a) front layer, (b) back layer, (c) with parameters and (d) 3D-Dimetric view.

https://doi.org/10.1371/journal.pone.0349601.9001

Width of the radiating patch is computed using

2fr 6r+ 1 (1)

Where,
¢ = velocity of light
¢, = relative permittivity of the substrate
f. = resonant frequency of the antenna
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Table 1. Geometrical parameters of the suggested MIMO antenna (Units: mm).

Variables A B C D E
Magnitude 2.2 5 4.2 2 3
Variables F G H 1 J
Magnitude 6.4 0.6 0.5 3 6
Variables K L M N (0]
Magnitude 6.5 1 14 8 3
Variables P L W, a b
Magnitude 0.5 30 30 12 4

https://doi.org/10.1371/journal.pone.0349601.t001

Table 2. Description of all MIMO antenna design.

Variables Specification Magnitude (mm)
A Width of the Feed Line 2.2
B Length of the Feed Line 5
Cc Width of the Radiating Patch 4.2
D Width of the Outer Serration 2
E Depth of Outer Serration 3
F Width of the Radiator up to Primary Serrations 6.4
G Width of the Secondary Serrations 0.6
H Width of the Stem of Tuning Fork Slot 0.5
| Length of the Yoke of Tuning Fork Slot 3

J Length of the Stem of Tuning Fork Slot 6
K Length of the Prongs of Tuning Fork Slot 6.5
L Width of the Prongs of Tuning Fork Slot 1
M Length of the Radiator 14
N Width of the Radiator 8
o Spacing between the Radiators 3
P Width of the Yoke of Tuning Fork Slot 0.5
L Length of the Substrate 30
W, Width of the Substrate 30
a Length of Rectangular Patch 12
b Width of Rectangular Patch 4
g Spacing between the prongs

https://doi.org/10.1371/journal.pone.0349601.t002

Length of the radiating patch is calculated by using the following equation

L= Leff— 2AL (2)
Where,
Les = effective length of the antenna
AL = extended length of the antenna
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1
N
n
LA

S-Parameters (dB)
A oh b
h S S

T‘-‘n
-\N)\(\‘
0
- a,
==
Fin
|
4

¢
L
Wy
'ﬁﬂ ;
o= Simul3d S,, === Simulated S, === Simulated S,
Sp T s

0
20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
Frequency (GHz)

Fig 2. MIMO antenna S-parameter simulation results.
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(a) layout #1 (b) layout #2 (c) layout #3

Fig 3. MIMO antenna parametric stages.

https://doi.org/10.1371/journal.pone.0349601.9003

The effective length of the antenna at the specified frequency is evaluated using the following equation

c

Leffz—

2fr\/eefr (3)
Where,
eeofr = effective dielectric constant of the antenna, quantified using
e+t1 -1 1
€eff— +
2 2 1+ 2h

v (4)
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The extended length of the radiating rectangular patch is determined by using the equation

(e +0.3) (¥ +0.264)
(eerr—0.258) (¥ +0.8) (5)

AL =h=0.412 x

Antenna #1 exhibits five distinct resonances at 21.35 GHz, 24.70 GHz, 31.93 GHz, 35.96 GHz, and 43.95 GHz, with
return loss values ranging from —11.80 dB to —20.85 dB. The associated impedance bandwidths fall between 0.52 GHz
and 2.85 GHz, and inter-element isolation remains better than 24 dB across all operating bands. Despite its multiband
behaviour, the achieved resonances are not fully aligned with the intended 5G and emerging 6G mmWave spectrum allo-
cations, indicating the need for additional design refinement.

As shown in Fig 3(b), Antenna #2 employs a two-stage serration strategy. In the first stage, inward triangular serrations
are patterned along the radiator edges to form the primary modification. In the second stage, additional outward notches
are introduced at the tips of the primary serrations, creating the secondary serration profile. This multi-level serrated
structure results in three distinct resonances at 32.82 GHz, 39.45 GHz, and 44.73 GHz, with return loss values between
—13.15 dB and —18.00 dB. Bandwidths increase up to 3.47 GHz, and isolation remains above 25 dB. Although the design
shifts the resonances toward higher frequencies and improves bandwidth, it does not generate additional lower-band
resonances required for comprehensive coverage. Antenna #3, shown in Fig 3(c), integrates a tuning-fork-shaped slot
etched at the center of the four radiators and a peripherally notched octagonal parasitic disc at the center of the config-
uration. This modification enables stable quad-band operation at 24.5 GHz, 33.5 GHz, 38.0 GHz, and 44.0 GHz. The
achieved return loss values are significantly improved (-19.49 dB to —32.25 dB), with bandwidths ranging from 0.39 GHz
to 3.50 GHz. Importantly, isolation performance is also enhanced, remaining above 26 dB across all four bands. These
results confirm that Antenna #3 provides superior impedance matching and isolation, ensuring reliable operation in both
5G mmWave and transitional 6G frequency ranges.

The resonant frequencies of the three antenna configurations, along with their corresponding return loss values and
bandwidths and high isolation levels are recorded in Table 3 and listed in Fig 4.

2.2 Influence of geometrical parameters on MIMO antenna performance

To further estimate the performance of the suggested Quad-port SBFP MIMO antenna, a parametric study is carried out
by varying key geometrical parameters. The study mainly focuses on the influence of serration depth, serration width, the

Table 3. Performance comparison of Antenna #1, 2 & 3.

Antenna f, (GHz) S41 (dB) Bandwidth (GHz) Isolation (dB) (S,,)
Antenna # 1 21.35 -18.07 0.92 37.40
24.70 -11.80 0.52 2415
31.93 -20.85 1.23 24.82
35.96 -14.97 2.85 27.71
43.95 -16.37 2.50 30.31
Antenna # 2 32.82 -13.15 1.07 25.20
39.45 -13.86 1.92 26.35
44.73 -18.00 3.47 28.29
Antenna # 3 24.5 -32.01 0.39 29.80
33.5 -21.88 1.40 26.25
38.0 -32.25 1.50 30.80
44.0 -19.49 3.50 31.15

https://doi.org/10.1371/journal.pone.0349601.t003
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Fig 4. S-parameter of MIMO antenna design stages.
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tuning-fork slot length, and the dimensions of the central peripherally notched octagonal disc on the antenna’s character-
istics. These parameters directly affect the resonant frequencies, impedance bandwidth, isolation levels, and radiation effi-
ciency. The analysis provides critical insights into design sensitivity, ensuring optimized performance across the targeted
5G and transitional 6G mmWave bands.

2.2.1 Effect of width of the feed (A). The width of the microstrip feed line plays a vital role in determining the
characteristic impedance and ensuring proper impedance matching with the antenna. Variations in feed width directly
influence the return loss, resonant frequencies, and overall bandwidth performance. Fig 5(a) offers the simulated return
loss characteristics when the feed width (A) is varied as 1.7mm, 2.2mm, and 2.7mm. It is observed that the optimal
feed width of 2.2 mm provides superior impedance matching, with deeper return loss levels across the resonant bands. A
narrower feed width of 1.7 mm results in impedance mismatch at higher bands, leading to performance degradation, while
a wider feed width of 2.7 mm shifts the resonances and weakens matching, particularly around 38—44 GHz. Hence, proper
feed width selection is essential for achieving 50 Q matching, stable multiband operation, and enhanced bandwidth in the
designated 5G and transitional 6G mmWave bands. An optimal feed width of 2.2mm ensures a balanced trade-off between
impedance matching and bandwidth, thereby making it the most suitable choice for the proposed antenna design.

2.2.2 Effect of outer serration width (D). The outer serration width (D) significantly influences the impedance
characteristics and resonance behavior of the suggested antenna. Fig 5(b) illustrates the predicated return loss response
for three various values of D=1.5mm, 2.0mm, and 2.5mm. It is observed that the optimal serration width of D=2.0mm
provides deeper return loss values and better impedance matching across the three resonant bands, especially at
24.6 GHz and 38 GHz, thereby ensuring stable multiband operation. A narrower serration width of 1.5mm results in
a frequency shift and poor impedance matching at the higher band, indicating inadequate coupling due to reduced
slot interaction. Conversely, a wider serration width of 2.5mm causes over-coupling, leading to distorted impedance
characteristics and degraded return loss performance, particularly around 32—-36 GHz.

2.2.3 Effect of outer serration depth (E). The outer serration depth (E) strongly influences the antenna’s impedance
matching by altering the balance between edge capacitance and path inductance. Increased edge area enhances fringing
fields and raises capacitance, while deeper serrations force longer, irregular current paths that increase inductance. With
a minimal serration (E=2.5mm), weaker fringing fields and shorter current paths yield lower capacitance and inductance,
favouring higher-frequency resonance and improved matching in the 44—46 GHz band. In contrast, a pronounced
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serration (E=3.5mm) introduces excessive discontinuities, elevating inductance and disturbing the capacitance—
inductance balance, which degrades performance across most bands. The optimized case, E=3.0mm as depicted in Fig
5(c), provides the right balance delivering strong impedance matching across all key operating frequencies.

2.2.4 Effect of stem width of tuning fork slot (H). The stem width H of the tuning fork slot controls the coupling

between the prongs and the radiator. As shown in Fig 5(d), the optimal width of H=0.5mm achieves the deepest return
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loss and strong impedance matching at the operating bands 24.5 GHz, 33.5 GHz, 38 GHz, and 44 GHz. Increasing H to
1.0mm and 1.5mm weakens the resonances, particularly at 33.5 GHz and 38 GHz, due to over-coupling and resonance
shifts. Hence, H=0.5mm is the most suitable choice for stable multiband performance and enhanced bandwidth in the 5G
and transitional 6G mmWave bands.

2.2.5 Effect of yoke width of tuning fork slot (P). The yoke width (P) is a critical coupling parameter, which is
fundamentally important in tuning the resonances of the antenna because it directly controls both the effective current
path length and the slot capacitance at the junction (yoke) of the tuning fork prongs. The tuning fork slot can be modelled
as a parallel LC resonator, with the resonant frequency given by

1

fix ————
"7 2m\/LetCott (6)
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Where,
Ls is the effective inductance associated with the current path around the slot
C.rr is the capacitance across the gap.

The capacitance is approximately proportional to

EeffL
o—

Where,

L is the slot width and

g is the spacing between the prongs

At smaller values of P, the electric fields are highly confined at the yoke, which increases the effective capacitance Ces
and lengthens the current path Leg, lowering the resonances beyond the desired bands. Conversely, larger values of P
reduce both capacitance and effective length, shifting the resonances upward and weakening the impedance match. At
P=0.5mm, the balance between capacitance and inductive current path satisfies the LC condition such that the reso-
nances align precisely with the target bands at 24.5, 33.5, 38, and 44 GHz, giving deeper return loss and stable perfor-
mance as illustrated in Fig 5(e).

2.2.6 Effect of length and width of central parasitic patch (a & b). The central parasitic patch is constructed
by superimposing a rectangular patch of length a and width b, rotated at angles 0°, 45°, 90°, and 135° with respect to
the reference axis. This arrangement produces an peripherally notched octagonal-shaped parasitic disc with discrete
serrated-like edges. The overlapping geometry introduces multiple current paths and controlled edge perturbations, which
enhance the effective electrical length of the radiator and improve bandwidth. The parameters a (octagon side length) and
b (serration width) thus serve as critical tuning variables for the resonant behaviour of the antenna.

As shown in Fig 5(f), increasing a enlarges the current path, lowering the resonant frequencies. For a=11mm, the res-
onances shift upward, while a=13mm lowers the resonances excessively, degrading return loss. The optimum a=12mm
provides strong impedance matching with resonances aligned at 24.5 GHz, 33.5 GHz, 38 GHz, and 44 GHz. Fig 5(qg)
shows the effect of serration width b. A smaller b=2mm produces insufficient perturbation, leading to shallow return loss
at higher bands, while a larger b=6mm causes excessive perturbation, distorting resonances around 33-38 GHz. The
optimum b=4mm achieves the best balance, enhancing bandwidth and maintaining stable return loss across all bands.
Thus, the combination of a=12mm and b=4 mm ensures that the central octagonal parasitic patch resonates efficiently,
enabling stable multiband performance and deeper return loss in the desired 5G and transitional 6G mmWave spectrum.

2.3 MIMO antenna SCD response

Fig 6 provides the 2D and 3D surface current distributions of the suggested MIMO antenna at its four resonant frequen-
cies. In Fig 6(a), at 24.5 GHz, strong current density is concentrated around the feed line, tuning fork yoke, indicating that
these regions dominate the excitation of the fundamental resonance. The currents remain largely confined to the radiator.
which directly corresponds to the high isolation of 29.8 dB observed at this frequency. This validates that the antenna
geometry effectively suppresses coupling in the lower band by restricting the excitation primarily to the driven element.

As represented in Fig 6(b), at 33.5 GHz, the currents are highly concentrated around the feed line, tuning fork slot and
tips of the secondary serrations and adjacent radiator. This mutual interaction results in an isolation of 26.15 dB at the
observed resonance.

As portrayed in Fig 6(c), at 38 GHz, strong currents appear along the feed line, tuning fork slot, spacing between the
prongs, and the tips of both primary and secondary serrations, while the central disc carries relatively weaker currents.
Regions of maximum current density near the prongs and serrations extend partly toward the adjacent element. The high

PLOS One | https://doi.org/10.1371/journal.pone.0349601 June 3, 2026 11/25




Jsurf [A/n] [a/ml
7.2626€+001 7. 2626E401
6.7785€+001 6.7785E+01
6. 2945E+001 6.2945E+01
5. 8104E+01 5.8104E+01
5.3263E+001 5.3263E+01
4. 8422€+001 4. B422E+1
4. 3562E+001 4. 3582E+01
3.8741E+801 3. 8741E+01
3. 3900E+001 3. 3900E+01
2. 9960E+001 2. 9060E+B1
2.4219E+801 2. 42196401
1.9378€+001 1.9378E+01
1. 4538E+001 1. 4538E+81
9. 6I6BE+200 9. 6IBEE+BOD
4. 8561E+000 4. 8561E+400
1. S414E-002 1.5414E-02

Jsurf [A/m]

Jsurf [A/m] JIsurf [A/m]
7.2626E+01 7.2626E+01
6.7785E+01 6.7785E+01
6. 294SE 401 6. 294SE+B1
5.8104E+01 5.8104E+01
5.3263€+01 5.3263E+01
4. 8422E+01 4, B422E+81
4. 3582E+01 4. 35826401
3.8741E401 3. 8741E+BL
3. 3900E+01 3. 3900E+01
2. 9DEBE+DL 2. 9960E+01
2.4219E+01 2. 4219E+81
1.9378E+01 1.9378E+01
1.4538E+81 1. 4538E+01
9. BIBBE+20 9. 6IBBE+BD
4. 8561E+00 4, 8561E+00
1.5414E-82 1.5414E-82

Jsurf [A/m]

7.2626E+81 7.2626E+01
6.7785E+01 6. 7785E+01
6.2945E+@1 6. 2945SE+01
5.8104E+81 7 5.8104E+01
5.3263E+81 5.3263E+01
4. 8422E+01 4. 8422E+01
4. 3582E+@1 4, 3582E+01
3.8741E+01 3. 8741E+01
3.3900E+01 ! 3. 3900E+01
2. 9060 +21 2. 9BEDE+A1
2.4219E+01 2, 4219E+01
1.9378E+01 1.9378E+01
1.4538E+01 1.4538E+01
9. 6968E+00 9. 6968E+00
4. 8561E+00 4, 8561E+00
1. 5414€-82 1. S414E-02

Fig 6. (a)-(d) MIMO antenna surface current distribution analysis.
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(c) 38.0 GHz

https://doi.org

/10.1371/journal.pone.0349601.9006
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isolation of 30.8 dB at 38 GHz is achieved because the antenna geometry effectively suppresses continuous coupling
paths between the radiators.

Fig 6(d) shows the surface current distribution of the antenna at 44 GHz. Strong current concentration is observed
along the feed line, tuning fork slot, and the spacing between the prongs, while the central disc and non-excited regions
carry comparatively weaker currents. The serration tips also support noticeable currents. A portion of current slightly
couples toward the adjacent radiator. However, due to the optimized slot and serration geometry, strong current transfer is
restricted. As a result, the antenna obtains a high isolation of 31.15 dB, ensuring effective suppression of mutual coupling
at this frequency.

2.4 Effect of octagonal disc/stub on gain and impedance matching

Fig 7(a) illustrates the return loss characteristics without and with tuning fork slot and the peripherally notched octagonal
parasitic disc. The antenna with these features exhibits improved impedance matching and reduced reflection losses.
The corresponding peak gain performance is presented in Fig 7(b), where antenna attains gains of 8.45 dBi at 24.5 GHz,
10.01 dBi at 33.5 GHz, 9.23 dBi at 38.0 GHz, and 10.07 dBi at 44.0 GHz. These results clearly demonstrate that the incor-
poration of the tuning fork slot and parasitic disc enhances both impedance matching and radiation efficiency through the
operating bands.

Peak gain values without and with inclusion of peripherally notched octagonal parasitic disc is tabulated in Table 4. At
24.5 GHz, the gain improves from 7.85 dBi to 8.45 dBi, showing that the central disc helps enhance radiation efficiency
in the lower band. At 33.5 GHz, a notable improvement is also observed, with the gain increasing from 9.13 dBi to 10.01
dBi, highlighting the disc’s effectiveness in supporting resonance at this band. At 38 GHz, the gain remains unchanged
at 9.23 dBi, indicating that the central disc has minimal influence on this frequency. Similarly, at 44 GHz, the gain shows
a negligible change (10.15 dBi without disc and 10.07 dBi with disc), suggesting that higher-band performance is largely
unaffected. Overall, the central disc contributes to improved gain in the lower and mid-bands, while maintaining stable
performance in the higher bands.

A v L] v v L] L] L . v 1 1 '0
Without Stub 10.5

10.0

-10F 1

2 sk i s 9.5
9y A

5 £ 85
E st - oo

g < 8.0
30k ¢ L A~

72] L

o N N
o o O,

#

-45 6.0
20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
Frequency (GHz) Frequency (GHz)
(a) (b)

Fig 7. (a)-(b) MIMO antenna octagonal disc effect response.

https://doi.org/10.1371/journal.pone.0349601.9007
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Table 4. Comparison of peak gain values of the antenna at resonant frequencies with and without

the central disc.

Resonant Frequency Peak Gain Peak Gain

(GHz) without Central Disc with Central Disc
24.5 7.85 8.45

33.5 9.13 10.01

38 9.23 9.23

44 10.15 10.07

https://doi.org/10.1371/journal.pone.0349601.t004

3. Results and discussions

3.1 Near field response

The predicted and tested S-parameter characteristics of the finalized MIMO antenna are presented in Fig 8(a), showing
close agreement between results. The antenna exhibits multiple resonant bands at approximately 24.5 GHz, 33.5 GHz,
38 GHz, and 44 GHz, with return loss values well below —10 dB, confirming efficient impedance matching and quad-band

operation. Additionally, the isolation performance, shown in Fig 8(b), S,,, S

217 731

and S,, remains consistently better than 17

dB, demonstrating good suppression of mutual coupling among ports. These results validate the antenna’s design for
reliable high-performance operation in 5G and emerging 6G applications.
The predicted and tested isolation properties of the finalized MIMO antenna show good correlation at all resonant fre-
quencies, demonstrating the reliability of the design as recorded in Table 5. The values remain closely aligned, with only
slight variations observed. These small mismatches arise mainly due to fabrication tolerances, connector losses, substrate
property variations, and measurement setup limitations. Despite these differences, both simulated and measured results
consistently maintain isolation well above 18 dB across all operating bands, confirming effective suppression of mutual
coupling and ensuring stable MIMO performance.

S-Parameters (dB)

==3==Simulation S, =< =

_35 i i i i i i i i i

Teasured S,

Frequency (GHz)

20 22 24 26 28 30 32 34 36 38 40 42 44 46 48

S-Parameters (dB)
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—8—Simulated S,, ==®= Simulated S;, ~*  Simulated S
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P41

210 = Measured S,, - MegsuredS, i\
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Py
g | |
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(b)

Fig 8. MIMO antenna performance comparison (a) S,, Comparison. IMO, and (b) Isolation Comparison.

https://doi.org/10.1371/journal.pone.0349601.9008
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Table 5. Simulated & measured isolation levels.

Frequency (GHz) S,, (dB) S,, (dB) S,, (dB)

Simulated Measured Simulated Measured Simulated Measured
24.5 27.74 28.47 29.80 30.48 27.77 28.59
33.5 19.02 18.93 26.23 25.74 19.03 18.06
38 26.36 25.20 30.80 32.11 26.25 25.47
44 30.60 28.80 31.15 29.00 30.49 29.88

https://doi.org/10.1371/journal.pone.0349601.t005

The prototype of the proposed Quad-port Serrated Boundary Fractal Patch (SBFP) MIMO antenna is presented in
Fig 9. Fig 9(a) depicts the top view and Fig 9(b) illustrates back view of the finalized antenna.

3.2 Far field response

The predicted and tested peak gain values and radiation efficiencies at the corresponding frequencies are represented
in Figs 10(a), 10(b) respectively. The peak gain values of 8.1 dBi, 9.8 dBi, 8.9 dBi and 9.8 dBi and simulated radiation
efficiency values of 92.5%, 95.6%, 95.5% and 97.6% are observed at corresponding resonant frequencies 24.5, 33.5, 38
and 44 GHz.

The MIMO antenna 3D polar plots at the resonant frequencies 24.5 GHz, 33.5 GHz, 38 GHz and 44 GHz are displayed
in Fig 11(a)-11(d).

The predicted and tested 2D radiation plots in E and H planes including co-polarization and cross-polarization compo-
nents at four resonant frequencies 24.5 GHz, 33.5 GHz, 38 GHz and 44 GHz are exhibited in Fig 12(a)-12(d). The final-
ized MIMO antenna in the chamber for testing is shown in Fig 13.

Fig 9. (a) Front prototype, and (b) Back prototype of the finalized fractal MIMO antenna.

https://doi.org/10.1371/journal.pone.0349601.9009
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Fig 10. Sim & Meas MIMO antenna (a) Peak gain (dBi), and (b) Radiation efficiency (abs).

https://doi.org/10.1371/journal.pone.0349601.9010

The performance comparison of the suggested Quad-port SBFP MIMO antenna with the current published antennas in
the literature [31-34,40—42] is outlined in Table 6. The proposed serrated boundary fractal antenna with inclusion of tuning
fork shaped slot and peripherally notched octagonal parasitic disc is the novel structure of the antenna. The orthogonal
orientation of the elements in a compact sized provides good radiation characteristics in the 5G mm-Wave band and tran-
sitional 6G future bands

3.3 MIMO Metrics

The predicted and tested MIMO performance metrics are presented in Figs 14—16. Among these, the Envelope Correla-
tion Coefficient (ECC) is one of the key parameters that quantifies the degree of correlation between adjacent antenna
patches. The ECC in terms of S-parameters [35] is calculated using:

’311*312"'312*322’2
(1= ISu1[* = [S21]*) (1 = [ Sz2[* = S22

where, S,, is the reflection coefficient and
S,, is the isolation
A lower ECC magnitude provides better isolation and diversity performance between MIMO antenna ports, ensuring that
the antenna elements operate more independently, which is essential for reliable MIMO operation. For a practical MIMO
antenna system, the ECC threshold should be <0.5, while for advanced 5G and 6G applications, it is ideally expected to
be <0.1, ensuring better isolation and superior diversity performance. From Fig 14(a), it is evident that simulated ECC val-
ues of 0.0000010, 0.00000085, 0.00000065 and 0.00000050 are observed at 24.5 GHz, 33.5 GHz, 38 GHz and 44 GHz.
Diversity Gain (DG) [36] is another important MIMO performance metric that indicates how effectively multiple antenna
elements improve the overall signal reliability. It is mathematically related to the ECC and is expressed as
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Fig 11. (a)-(d) MIMO antenna 3D-polar plot analysis.

(d) 44.0 GHz

https://doi.org/10.1371/journal.pone.0349601.9011

Ideally, DG values remain close to 10 dB, and when ECC is very low, the DG approaches this maximum value, confirm-
ing superior diversity performance and reliable operation for MIMO systems. Fig 14(b) reveals a consistent DG value of 10
dB across the operating bands, further validating the antenna’s capability to deliver excellent diversity and robust MIMO

performance.
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TARC is another MIMO metric, which represents the reflection behaviour of a MIMO antenna system when all ports are
excited with equal amplitude but different phases. It accounts for both reflection and coupling, making it an important met-
ric to evaluate multi-port antenna performance. In terms of incident and reflected waves TARC [37] is given by the formula

Where,
a; = incident wave at port i

TARC =

ZL ’bi|2

2

Elail”

180

t:: E-Co  (Sim) == E-Co (Mea)
E-Cross (Sim) == E-Cross (Mea]

180

H-Co (Sim) =% H-Co (Mea)
H-Cross (Sim) = H-Cross (Mea

(a) 24.5 GHz

[ 300

-45%70

180

E-Co (Sim) =% E-Co (Mea)
E-Cross (Sim) == E-Cross (Mea)

180

=

H-Co (Sim) = H-Co (Mea)

H-Cross (Sim) = H-Cross (Mea)

(b) 33.5 GHz

(10)
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Fig 12. (a)-(d) MIMO antenna 2D-radiation pattern plot analysis.

https://doi.org/10.1371/journal.pone.0349601.9012

b; = incident wave at port i

N = No. of antenna ports
From Fig 15(a), the simulated TARC values are —32 dB, —18 dB, —28 dB and —16 dB at the four resonant frequencies 24.5
GHz, 33.5, 38 and 44 GHz.

CCL is another metric, which measures the loss in channel capacity due to correlation between antenna patches in a
MIMO system. A lower value indicates better diversity and higher system capacity. CCL [38] is given by

N
cCL==3"log; (1= |pel’)
= (11)
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https://doi.org/10.1371/journal.pone.0349601.9013

Table 6. Comparison with relate works.

Ref Band No. of Substrate | Resonant Frequencies (GHz) | Fractal Structure Isolation (dB) Gain (dBi)
Elements | withe,

[28] Tri-Band 1 Cotton 16.5, 24.5, 36.5 Arrow - 4.5
=16

[31] Single 1 FR4 27 Minkowski - 5.8
=44

[32] Dual-Band |4 FR4 29.81, 34.29 Fractal Loaded 30 6.4,53
=44

[33] Single 4 - 23.56-28.25 - 21 6.65

[34] Tri-Band 4 Rogers 28, 37,48 Minkowski <-10 for all bands 6.9,7.5,6
&¢=22

[40] Multi-Band 2 FR4 9.5,11.1,13.4, 15.8, 21.1, 26.6 | Tweaked Spherical <-16 for all bands Max gain 8.46
e¢=4.4

[41] Multi-Band | 4 FR4 22.4,34.5,42.4,48.8, 50.6 Cross Fractal <-17 for all bands Max gain 5.72
e¢=4.4

[42] Quad-Band |4 FR4 2.85,4.75,6.3, 7.81 Koch Fractal <-15 for all bands 1.7,2.6,4.1,3.9
e¢=4.4

Proposed | Quad-Band |4 Rogers 24.5, 33.5, 38, 44 Serrated Boundary | 29.8, 26.2, 30.8,31.1 |8.1,9.8,8.9,9.8
€=2.2

https://doi.org/10.1371/journal.pone.0349601.t006

Where,

pe,i = Envelope Correlation Coefficient (ECC) between antenna elements.

Fig. 15(b) presents the simulated CCL values are 0.02 bits/s/Hz, 0.12 bits/s/Hz, 0.05 bits/s/Hz, and 0.18 bits/s/Hz at
24.5, 33.5, 38, and 44 GHz, respectively, all of which are well below the acceptable threshold of 0.4 bits/s/Hz, confirming
negligible channel capacity loss and excellent diversity performance of the modelled MIMO antenna.

Fig 16 illustrates the Mean Effective Gain (MEG) performance of the proposed MIMO antenna system, comparing both
predicated and tested outcomes across the frequency range of 2048 GHz. MEG [39] represents the sum of transmitted

PLOS One | https://doi.org/10.1371/journal.pone.0349601

June 3, 2026

20/25



PLO\S\% One

0.000010 manmap T o 7 P e et e o
: "ECCn(Siﬂ:‘T ECCy(Sim) ——=ECC(Sim)
0.000009 -} - b =ECC,(Mflh et ECC,(Mea) = - =ECCy,(Mea) ] 10 ‘
0.000008 | | o L of  —=DGu(Sim) —e— DGy (Sim) DG, (sim)
] [} d X‘%’ = =< =DGy(Mea) DGy (Mea)  ~ DG, (Mea)
0.000007-5-———— 5? ~= g s B o [ B
_Eo.ooooos i i — «% ] = .} IS 50 S I
-t Lot Ly L o 50
S 0.000005 ”}: : s :
= 0.000004 F o+ 5 i E z
0.000003 i "‘ ; Jl.’ !7 || | .2 5 | | ‘ ! ! ! ! } - ! —
g a0 »“ b 2 ‘
0.000002 }% & Ly i Y O I ﬁ I
b S [ : bt ] >
0.000001 =G PR f Y S R S «ﬁ =1 |
- " - ,‘.} i
0.000000 Load i Ot dfS o0 o g I et
20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
Frequency (GHz) Frequency (GHz)
(a) (b)

Fig 14. Sim and meas MIMO antenna (a) ECC, and (b) DG responses.
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Fig 15. Sim and Meas MIMO Antenna (a) TARC, and (b) CCL responses.

https://doi.org/10.137 1/journal.pone.0349601.9015

power of an antenna patch in a multipath environment, normalized to the incident power. It is a crucial diversity parameter
employed to calculate the practical performance of MIMO systems. MEG is formulated as

N

MEG,-=% -3 Isf* | i=12....N
J=1, 7 (12)

For the sake of high performance of the MIMO system, the MEG difference between antenna patches should be within
3 dB. The predicated Mean Effective Gain (MEG) magnitudes of the suggested MIMO antenna are approximately —3.2 dB,
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https://doi.org/10.1371/journal.pone.0349601.9016

—4.0 dB, —4.5 dB, and 4.2 dB at 24.5, 33.5, 38, and 44 GHz, respectively. These magnitudes fall within the acceptable
range of —3 dB to —5 dB, with only minimal variation among the antenna elements. Since the MEG difference is well below
the 3 dB limit, the results confirm balanced power reception across all ports, ensuring efficient diversity performance and
reliable operation of the MIMO antenna in multipath environments.

4 Conclusion

A 4-element compact MIMO antenna employing serrated boundary fractal geometry along with tuning fork slot. and a
peripherally notched octagonal parasitic disc at the center has been designed and validated for quad-band operation at
24.5, 33.5, 38, and 44 GHz, targeting 5G and transitional 6G applications. The antenna achieves efficient impedance
matching with return loss values below —10 dB and high isolation above 17 dB between elements, confirming effective
suppression of mutual coupling. Diversity analysis further validates its performance: ECC values on the order of 10 result
in a consistent diversity gain close to 10 dB, while TARC values remain below —10 dB, ensuring efficient multi-port exci-
tation. In addition, CCL values are well below the 0.4 bits/s/Hz threshold, confirming negligible channel capacity loss, and
MEG values within —3 to —5 dB with variations under 3 dB demonstrate balanced power reception across all elements.
The antenna also exhibits peak gains of 8.45 dBi at 24.5 GHz, 10.01i dB at 33.5 GHz, 9.23 dBi at 38 GHz, and 10.47 dBi
at 44 GHz, highlighting its capability to deliver strong radiation performance. Overall, the combination of serrated fractal
boundaries tuning fork slot and the central notched octagonal disc enhance impedance bandwidth, gain, isolation, and
diversity performance, making the suggested 4-element MIMO antenna a highly reliable candidate for next-generation
high-capacity modern wireless communication networks.
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