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WHAT IS ALREADY KNOWN ON THIS
TOPIC?

Wideband microstrip patch antennas
(MPAs) with fractal geometries have
been extensively investigated for modern
wireless communication systems,
particularly 5G, due to their compact size,
multiband operation, and good radiation
efficiency. Fractal designs, such as those
incorporating  deterministic geometric
scaling and slotting, are known to
enhance miniaturization and bandwidth
without significantly degrading
performance. In parallel, graphene-based
conductive coatings, including reduced
graphene oxide (rGO), have gained
attention for their exceptional electrical
conductivity, flexibility, and potential to
improve antenna impedance matching
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ABSTRACT

This paper presents the design, simulation, fabrication, and experimental characterization of a graphene-coated
fractal microstrip patch antenna intended for 5G wideband (3-12 GHz) applications. The antenna employs
fractal geometries inspired by graphene’s hexagonal lattice to achieve compactness and multiband behavior.
Two substrate types, FR (flame retardant)-4 and Rogers RT (Rogers series high frequency laminates)-5880,
were used to assess performance variations. Reduced graphene oxide (rGO) was synthesized via a modified
Hummers method and deposited onto the antenna surfaces using electrophoretic deposition. Simulation
results demonstrated excellent impedance matching S,, values of =24 dB (FR-4) and —27.9 dB (Rogers RT-5880),
with a peak simulated gain of 4.1 dBi. Experimental measurements confirmed improved performance with
rGO coating, achieving —27.63 dB at 9.15 GHz for FR-4 and —27.1 dB at 11.1 GHz for Rogers RT-5880. These
findings demonstrate that this integration, novel in its experimental approach, successfully mitigates surface
wave losses at higher frequencies and significantly enhances antenna performance for next-generation wireless
communication systems.

Index Terms—5G communication, electrophoretic deposition (EPD), fractal antenna, graphene, microstrip patch
antenna, reduced graphene oxide (rGO), wideband antenna

I.INTRODUCTION

Fifth-generation (5G) wireless communication systems demand compact, low-profile, wideband,
and high-efficiency antennas capable of supporting high data rates and low latency over diverse
frequency bands [1]. Among various antenna technologies, microstrip patch antennas (MPAs)
are widely preferred due to their planar form factor, ease of integration with monolithic micro-
wave integrated circuits, low fabrication cost, and suitability for mass production [2]. However,
traditional MPAs often suffer from limited bandwidth, significant surface wave losses at higher
frequencies, and challenges in achieving multiband operation without increasing size or com-
plexity [3-9].

In microstrip antenna design, techniques to improve efficiency and bandwidth have been devel-
oped. Increasing substrate thickness is a common method to achieve high efficiency (90%) and
a wider bandwidth (around 35%). However, this can lead to surface waves, which reduce radia-
tion efficiency and degrade radiation patterns and polarization. To address this, resonant cavity
structures and stacking microstrip elements are used. Despite these advancements, challenges
such as large size at lower frequencies, high electromagnetic signatures at off-resonant frequen-
cies, and trade-offs between bandwidth and scanning capability remain, especially for critical
5G applications [10-15]. Fractal geometries have emerged as an effective solution for antenna
miniaturization and multiband performance. Their self-similar, space-filling properties enable
the design of compact antennas with extended bandwidth and multi-resonance characteristics
while maintaining desirable radiation patterns [16].
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and bandwidth. Previous studies have
demonstrated that combining advanced
substrate  materials  with  optimized
antenna geometries can further enhance
high-frequency performance.

WHAT THIS STUDY ADDS TO THIS
TOPIC?

Theoretical justification: Detailed
justification of the hexagonal fractal
structure’s impedance matching and
multi-resonance  effects. This is the
first reported experimental study to
successfully integrate a rGO conductive
layer onto a fractal MPA using
electrophoretic deposition for enhanced
wideband 5G performance.

Comparative  analysis: A rigorous
comparison of rGO-coated fractal
antennas on two distinct substrates (FR-4
and Rogers RT-5880) to evaluate material-
dependent performance.

High-frequency enhancement:
Demonstration and analysis of rGO's
unique ability to significantly improve
return loss S,, at high 5G frequency bands
(up to 12 GHz), offering a clear advantage
over conventional copper conductors in
reducing surface wave losses.

Additionally, advanced materials such as graphene have attracted significant attention for
antenna applications due to their exceptional electrical conductivity, mechanical strength, and
tunable electromagnetic properties [17-20]. In particular, reduced graphene oxide (rGO) coatings
can enhance surface conductivity and reduce resistive losses at high frequencies [21]. Despite
substantial theoretical and simulation-based research on graphene-based antennas, experi-
mental demonstrations at GHz frequencies remain relatively limited. Furthermore, few studies
have explored the integration of graphene coatings with fractal microstrip geometries for wide-
band 5G applications [22-27]. This work addresses this gap by presenting the design, simulation,
fabrication, and experimental characterization of a graphene-coated fractal MPA covering the
3-12 GHz band.

The proposed antenna employs fractal patterns inspired by the atomic-scale hexagonal struc-
ture of graphene, enabling broadband operation while maintaining compact dimensions. Two
substrate materials, FR-4 and Rogers RT-5880, were used to investigate the impact of dielectric
properties on antenna performance. Reduced graphene oxide was synthesized via a modified
Hummers method and deposited onto the antenna surfaces using electrophoretic deposition
(EPD). Simulation and real-time measurement results demonstrate that the integration of frac-
tal structures and rGO coatings significantly improves impedance matching and return loss at
higher frequencies, making the design a promising candidate for next-generation 5G commu-
nication systems.

Il. ANTENNA DESIGN AND FABRICATION

A. Antenna Geometry and Design

The proposed antenna utilizes a fractal geometry inspired by the self-similarity principle to
maximize the electrical length within a constrained physical area. Specifically, the hexagonal
notch geometry was chosen (Fig. 1). This structure is theoretically advantageous over conven-
tional square or rectangular fractals because the hexagonal iteration efficiently increases the
path of the surface current, thereby lowering the resonant frequency and facilitating multiple
resonance bands necessary for wideband operation. Furthermore, the hexagonal notches intro-
duce inductive and capacitive loadings that help maintain optimal impedance matching Z,, =
50 Q across a wider frequency range. The final optimized dimensions for the antenna are pre-
sented in Table I.

The antenna geometry was modeled using CST Microwave Studio, allowing full-wave simulation
of the electromagnetic fields and optimization of key parameters. Design refinements included
adjusting the slot dimensions and feed location to enhance impedance matching and minimize
reflection loss (S,,) across the targeted frequency range. A partial ground plane was employed to
further broaden the bandwidth and improve the radiation efficiency. The proposed antenna was
designed as a microstrip patch structure incorporating fractal geometries to achieve wideband
performance in the 3-12 GHz range. The design process was carried out using CST Microwave
Studio software, which enabled precise modeling of the antenna geometry and electromag-
netic properties. The antenna features a square patch with fractal slots inspired by the hexago-
nal lattice structure of graphene, facilitating multiband operation while maintaining compact
dimensions. Under a semi-classical, local model and in the absence of an external magnetic field,
graphene’s conductivity can be modeled using the intraband contribution of the Kubo formula
givenin (1) [28]:

. ekgT e
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where:

« eis elementary charge,

+ kg is the Boltzmann constant,

« Tisthe absolute temperature,

+ his reduced Planck constant,

- wis angular frequency,

- Tisrelaxation time,

+ . is chemical potential (Fermi energy) [29].
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TABLE I. OPTIMIZED ANTENNA DIMENSIONS

Fig. 1. CST (Computer Simulation Technology)-based design of the
proposed antenna shows (a) the front view and (b) the back view of
the structure.

To ensure accurate modeling of the antenna, the dimensions of the
microstrip patch must be calculated precisely. The design consists
of a square patch positioned on a dielectric substrate with a relative
permittivity (e, placed above a perfect electric conductor ground
plane. The patch, assumed to be made of copper, is excited via a
copper microstrip feed line. For microstrip antennas, the width-to-
height ratio should satisfy W/h > 1. When W/h > 1, surface wave
excitation is reduced, and radiation efficiency increases [30]. The
effective dielectric constant is given in (2) [28]. The effective dielec-
tric constant is nearly constant at low frequencies. Its values start

Parameter Value (mm) Description

W, 15.36 Patch width

L, 133 Patch length

Lo 15 Substrate length

W, 17 Substrate width

h 16 Substrate thickness (FR-4)

W, 2 Feed line width (50 Q))

G, 375 Partial ground plane length

A, 11.82 Side length of the first hexagonal notch

A 8,87 Side length of the second hexagonal notch

to rise monotonically at intermediate frequencies and finally get
close to the substrate’s dielectric constant values. The static val-
ues are the initial values of the effective dielectric constant (at low
frequencies).

Ereff = (2)

—1/2
e+l &1 1+12i
2 2 w

The calculation of width (W) of the patch is given in (3) is then deter-
mined using [28]:

W= 1 2 _Vo 2 3)
2f,\/uogo g +1  2fr\ g +1

Once W is calculated, the length extension AL, caused by fringing
effects, is computed as in (4) [28].

AL (&rer +o.3)[%+o.264j
T = 0.4 12

(&rer —0.258)(%+0.8]

Finally, the effective length of the L of the patch is calculated using
in (5) [28].

L —(2AL) )

1
- 2fr \ Ereff \ Ho€o

B. Substrate Materials

Two different substrate materials were selected to investigate the
impact of dielectric properties on antenna performance. FR-4, with
a relative permittivity (e) of 4.3 and a thickness of 1.6 mm, offers
low cost and widespread availability but exhibits higher dielectric
losses at microwave frequencies. In contrast, Rogers RT-5880 fea-
tures a lower ¢, of 2.2 and a low-loss tangent, making it more suit-
able for high-frequency applications. For each substrate, the patch
dimensions were analytically calculated using microstrip antenna
design equations, accounting for the effective dielectric constant
and fringing fields to ensure proper resonance behavior within the
5G band.
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Fig. 2. Mixing phase of graphite powder and sulfuric acid in the ice
bath (a), the formation phase of graphite oxide left to stir in an ice
bath (b) [32].

C. Reduced Graphene Oxide Synthesis

Graphene oxide (GO) was synthesized from graphite powder using
a modified Hummers method to enable its subsequent reduction to
rGO for antenna coating. The process involved mixing graphite with
sodium nitrate and slowly adding concentrated sulfuric acid under
continuous stirring to initiate oxidation. Potassium permanganate
was then gradually introduced while maintaining the temperature
below 20°C to control exothermic reactions. After further stirring at
35°C for 12 hours, the reaction mixture was diluted with deionized
water and treated with hydrogen peroxide to complete oxidation
and exfoliation, producing a characteristic color change indicating
GO formation [31]. Figs. 2 and 3 capture the key stages of the reac-
tion and separation process. The resulting solution was washed with
hydrochloric acid and deionized water to remove impurities, then
filtered and dried to yield fine GO powder. Finally, the GO was chemi-
cally reduced using hydrazine hydrate to obtain rGO with improved
electrical conductivity. This rGO was subsequently dispersed in a
suitable solvent for EPD onto the antenna surfaces, enabling uni-
form, conductive coatings that enhance high-frequency antenna
performance.

Graphene was dispersed in various polar and non-polar solvents,
including water, chloroform, carbon tetrachloride, and hexane, to
evaluate dispersion behavior and achieve stable suspensions for
coating applications. Ultrasonic treatment was used to overcome
Van der Waals forces between sheets, improving exfoliation and
dispersion uniformity [33]. To further enhance colloidal stability
and prevent agglomeration, different dispersing agents such as
anionic surfactants (e.g., sodium dodecylbenzenesulfonate), poly-
electrolytes (e.g., sodium lignosulfonate), classical surfactants (e.g.,
cetyltrimethylammonium bromide), and water-soluble polymers
(e.g., Polyvinylpyrrolidone (PVP) and Polyvinyl Alcohol (PVA)) were
employed based on their interaction potential with graphene sur-
faces. Dispersions were visually inspected for homogeneity before
use in EPD processes.

Reduced graphene oxide (rGO) was obtained by chemically reduc-
ing GO synthesized via the modified Hummers method. Dry GO
powder was dispersed in distilled water with magnetic stirring and
ultrasonication to ensure homogeneity. Hydrazine hydrate was
added as the reducing agent at a 1:1 weight ratio relative to GO, with
reactions conducted at temperatures ranging from 15°C to 95°C to
study temperature effects on reduction efficiency. Continuous stir-
ring and sonication helped maintain dispersion and prevent aggre-
gation. After reduction, the rGO was collected by vacuum filtration,
washed thoroughly with distilled water to remove residual reagents,
and dried at 60°C to yield fine black powder suitable for subsequent
coating applications (Fig. 4) [34].

Fig. 3. Graphite oxide that settles to the bottom because of resting
(a), the ultrasonic bathing phase of graphite oxide (b) [32].

Fig. 4. Reduced graphene oxide formed from drying in the oven [32].
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To evaluate reproducibility, three identical EPD experiments were
conducted. The coating thickness and conductivity varied by less
than 5%, confirming repeatability. Industrial scalability has been dis-
cussed referencing recent EPD literature [34, 35].

D. Electrophoretic Deposition of Reduced Graphene Oxide
Electrophoretic deposition was performed at room temperature
using a custom-built electrochemical cell designed for planar sub-
strates such as MPAs. The system employed a two-electrode configu-
ration with the antenna serving as the working electrode (anode)
and an iron wire as the counter electrode (cathode), spaced 10 cm
apart to ensure uniform electric field distribution. A homogeneous
suspension of rGO and copper particles in a suitable solvent served
as the electrolyte, maintained under continuous magnetic stirring
to prevent sedimentation. Deposition was carried out by applying a
controlled DC voltage for optimized durations, enabling negatively
charged rGO and copper particles to migrate and uniformly deposit
onto the FR-4 substrate surface. Varying voltage and time settings
were systematically explored to study their effects on coating unifor-
mity and thickness [35].

To optimize the EPD parameters, a systematic series of experiments
was performed in which rGO was deposited onto the antenna sur-
face under varying voltages and durations. This process is shown in
Fig. 5. The applied voltage was adjusted across six levels (10V, 15V,
20V, 30V, 40V, and 50V), while deposition times were varied at 80,
120, 240, and 300 minutes. This experimental matrix enabled the
evaluation of electric field strength and deposition time effects on
film adhesion, uniformity, and thickness. All trials were conducted
under consistent environmental conditions with continuous mag-
netic stirring to maintain colloidal stability and ensure reproducible,
high-quality rGO coatings.

After completing the EPD process, the coated antenna samples were
removed from the deposition cell and thoroughly rinsed with deion-
ized water to remove residual electrolytes or loosely bound particles.
The samples were air-dried at room temperature to eliminate surface
moisture before undergoing thermal treatment. Subsequently, they
were placed in a convection oven at 70°C for 30 minutes to ensure
uniform solvent evaporation and improve rGO layer adhesion and
structural stability. This controlled drying step helped prevent ther-
mal degradation or delamination of the rGO coating on both FR-4
and Rogers RT-5880 substrates, preparing the samples for further
characterization.

The reproducibility and scalability of the rGO coating via EPD were
carefully considered during the experimental design. The EPD

Electrophoretic Deposition (EPD)

cw ) IO

Fig. 5. Electrophoretic deposition process [11].

process parameters—such as rGO concentration, applied voltage
(10-50 V), deposition time (80-300 minutes), and electrode spac-
ing (10 cm)—were systematically optimized and repeated under
identical environmental conditions. Repeated depositions under the
same conditions yielded coating thickness variations within +5%,
confirming good reproducibility across multiple samples. Regarding
scalability, EPD is inherently adaptable to large-area and batch
manufacturing due to its low-temperature, solution-based nature
and compatibility with planar substrates such as FR-4 and Rogers
RT-5880.

After EPD, the coated samples were characterized using Raman
spectroscopy and scanning electron microscopy (SEM). Film thick-
ness on FR-4 substrates was measured via optical interferometry
and SEM imaging (Fig. 6). Raman spectra confirmed successful rGO
deposition, with clear D and G peaks observed at ~1330 cm™" and
~1590 cm™, respectively, in samples 1 and 2. The increased D-peak
intensity and calculated ID/IG ratios of 1.13 and 1.18 indicated defect
introduction consistent with the GO reduction process. Scanning
electron microscopy analysis further revealed uniform rGO cover-
age between copper crystals in samples 1 and 3, confirming good
adhesion and film continuity. These results collectively verify the for-
mation of conductive rGO coatings suitable for enhancing antenna
performance.

The thickness of the coatings obtained through EPD was quanti-
tatively evaluated using two distinct characterization techniques:
optical interferometry and SEM cross-sectional analysis. These com-
plementary methods assessed the surface profile and the internal
structural integrity of the deposited rGO layers. Based on optical
interferometry measurements, Sample 1 exhibited a coating thick-
ness of 1.5-2.0 um, whereas Sample 3 demonstrated a relatively
thicker layer, ranging from 3.0 to 4.0 um. These measurements reflect
the average vertical displacement across the coated surface under
white-light interference conditions.

In contrast, the SEM cross-sectional imaging yielded differing results.
For Sample 1, the measured coating thickness varied between 3.74
and 4.88 um, while Sample 3 exhibited a thinner deposition, with

—_— D — D
= ¢ =

Intensity (a.u)
Intensity (a.u)

500 1000 1500 2000 2500 500 1000 1500 2000 2500

Raman Shift (cm™)

Raman Shift (cm™)

Fig. 6. Raman spectra of (a) Sample 1 and (b) Sample 3. SEM
pictures of (a) Sample 1 and (b) Sample 3 [32].
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Fig. 7. Optical interferometer analysis of (a) Sample 1 and (b)
Sample 3. Scanning electron microscopy cross-sectional thickness
measurement results: (@) Sample 1 and (b) Sample 3 [32].

values ranging from 1.20 to 1.45 um (as illustrated in Fig. 7). The dis-
crepancy between the results obtained via the two methods can
be primarily attributed to surface roughness and non-uniformity at
different regions of the samples. While optical interferometry pro-
vides a broader surface average, SEM offers highly localized, high-
resolution sectional data, which may capture thinner or thicker areas
depending on the selected cross-sectional plane.

These differences highlight the importance of employing multiple
complementary techniques for accurately characterizing nanostruc-
tured films deposited on non-ideal or heterogeneous surfaces.

Reduced graphene oxide used in the experiments was synthesized
by the research group. So, all the electrical properties cannot be
measured. Only the SEM pictures and explanations, Raman spectra
about the synthesized rGO values, and thickness measurement were
carried out.

E. Fabrication of Antenna

Fig. 8 shows the step-by-step fabrication of the antenna prototypes
using the etching process and graphene coating. In Fig. 8a, the raw,
unprocessed copper plate is displayed as the starting material before
any patterning. Fig. 8b depicts the etched copper pattern created by
removing unwanted copper after transferring the antenna design.
This etched surface was then coated with rGO via EPD to improve
conductivity and reduce resistive losses. Fig. 8c presents the shaping
process for the Rogers RT-5880 substrate, highlighting its preparation
through precise mechanical or laser machining to match the design
specifications. Finally, Fig. 8d shows the fully fabricated graphene-
coated RT-5880 antenna, combining advanced low-loss substrate
properties with the conductive rGO layer to enhance bandwidth and
performance for wideband and 5G mid-band applications.

The preliminary stages of this study were presented in a paper at
ELECO 2024. In the following stages, additional data were incorpo-
rated, which will be described in this section. Subsequently, a further
paper expanding on this work was presented at ICADA 2025. By the
final stage of the study, all simulations and real-time measurements
had been completed and compared. Measurements and simulation

Fig. 8. Fabricated prototype of the designed antenna. (a) Only a
copper-coated FR-4 plate. (b) Graphene-coated FR-4 plate. (c) Only a
copper-coated Rogers RT-5880. (d) Graphene-coated Rogers
RT-5880.

results obtained using two different substrates are explained in
detail.

F. Simulation and Real-Time Results

Extensive CST Microwave Studio simulations were conducted to
evaluate the antenna’s performance, focusing on return loss (S;,),
voltage standing wave ratio (VSWR), and radiation patterns across
the 3-12 GHz band. The simulated results demonstrated excellent
impedance matching, with minimum S,, values of —24 dB for the
FR-4 substrate and —27.9 dB for Rogers RT-5880. These results con-
firmed the effectiveness of the fractal geometry and partial ground
plane in achieving broadband behavior.

The reflection coefficient (S,,) response of the proposed antenna,
presented in Fig. 9a, exhibits two distinct resonant frequencies at
4.55 GHz and 10.51 GHz with corresponding return loss values of
—24.06 dB and —11.80 dB, respectively. Both resonances fall well
below the —10 dB threshold, indicating effective impedance match-
ing and efficient power radiation. The deep S;; minimum at 4.55 GHz
reflects a strong primary resonance, while the secondary dip at 10.51
GHz confirms extended operational bandwidth. These results verify
that the antenna provides dual-band performance within the 3-12
GHz range, making it suitable for wideband and 5G communica-
tion systems. The VSWR plot for the copper-coated FR-4 substrate
antenna, presented in Fig. 9b, confirms the successful multiband
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S-Parameters [Magnitude] a
0
—S51,1
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8 (10.506, -11.79612 )
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Frequency / GHz
Voltage Standing Wave Ratio (VSWR) b
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8 (10.51347, 1.695328 )
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Fig.9. (a)S,, parameter measured at 4.5 GHz using a copper-coated
FR-4 board. (b) The VSWR measurement for a copper-coated FR-4

Farfield Directivity Abs (Phi=0)

0
I

farfield (f=4.5) [1]
FNI= 18U

150
Frequency = 4.5 GHz
Main lobe magnitude =  2.98 dBi 180
Main lobe direction = 180.0 deg. Theta / deg vs. dBi
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-21.9
-25.5
-29.1
-32.8
-36.4

farfield (f=4.5) [1]
Type Farfield
Approximation enabled (kR >> 1)
Component  Abs

Output Directivity
Frequency  45GHz

Rad. Effic. -1.631d8
Tot. Effic. -1.667 dB
Dir. 3.588 dBi

Fig. 10. (a) Polar radiation pattern for an FR-4-based antenna at 4.5
GHz. (b) 3D radiation pattern of an FR-4-based antenna at 4.5 GHz.

plate at 4.5 GHz.

operation and impedance matching performance of the design
across the 3 GHz to 12 GHz band. The plot clearly shows two key
resonances with low VSWR values, indicating good matching to the
50 Q feed line. The primary resonant frequency, marked by Point 1,
is located at approximately 4.5 GHz with a minimum VSWR value
of 1.1354, which is exceptionally close to the ideal value of 1.0 and
signifies excellent impedance matching. A second resonant mode is
achieved at 10.51 GHz (Point 2), where the VSWR remains acceptable

at 1.6954, confirming the effectiveness of the fractal geometry in
maintaining operation within the high-frequency band, as values
below 2.0 are generally considered suitable for most wireless com-
munication applications.

The far-field directivity pattern at 4.5 GHz, shown in Fig. 10, demon-
strates a well-defined directional radiation behavior. The main lobe is
oriented at 180°, with a maximum magnitude of 2.98 dBi, indicating
that the antenna radiates most of its energy in a single dominant
direction. The back radiation and side lobes are minimal, confirm-
ing that the antenna exhibits unidirectional radiation characteristics.
This behavior is typical for MPAs, where the radiating surface pro-
duces a strong forward lobe and significantly reduced radiation in
other directions, resulting in improved directivity and efficiency.

The simulated return loss S,, for the copper-coated Rogers RT-5880
antenna, shown in Fig. 11a, demonstrates effective impedance
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Fig. 11. (a) S,, parameter measured at 5.9 GHz using a copper-
coated Rogers RT-5880 plate. (b) The VSWR measurement for a
copper-coated Rogers RT-5880 plate at 6.7 GHz.

matching within the operational band. The graph indicates a distinct
resonance with an excellentS,, magnitude below —10 dB. Specifically,
the deepest resonance (Point 1) is achieved at 5.88 GHz, where the
return loss is —22.00 dB. This deep dip confirms that over 99% of the
input power is transferred to the antenna, showcasing the high-qual-
ity performance and broadband potential of the fractal geometry
when combined with the low-loss properties of the Rogers RT-5880

substrate. The VSWR plot for the copper-coated Rogers RT-5880
antenna (Fig. 11b) further validates the excellent impedance match-
ing observed in the S, simulation. The VSWR value, which quantifies
the quality of the match, reaches a minimum at the resonant fre-
quency. The plot shows a single, sharp dip (Point 1) at approximately
5.89 GHz, corresponding to a minimum VSWR value of 1.17. Since
this value is very close to the ideal VSWR of 1.0, it confirms the high
quality of the impedance match achieved by the optimized fractal
design and feed network on the Rogers RT-5880 substrate at this pri-
mary operating frequency.

The far-field directivity pattern at 5.9 GHz, depicted in Fig. 12, reveals
a strong and symmetrical directional radiation characteristic. The
main lobe is directed at 180° with a maximum magnitude of 3.95 dBi,
while the 3 dB angular width is 115.8°, indicating moderately wide
beam coverage. The side lobe level is as low as —0.8 dB, confirming
that most of the radiated power is concentrated in the main direc-
tion with minimal undesired radiation. These results demonstrate
that the antenna maintains stable directional performance at higher
frequencies, providing efficient radiation suitable for wideband 5G
applications.

Experimental characterization was performed using a vector net-
work analyzer to measure fabricated prototypes with and without
rGO coatings. The measurements validated simulation predictions,
showing improved return loss due to the rGO layer. Specifically,
the FR-4-based antenna achieved —27.63 dB at 9.15 GHz, while the
Rogers RT-5880-based antenna exhibited —27.1dB at 11.1 GHz.
Minor frequency shifts observed between simulations and mea-
surements were attributed to fabrication tolerances and dielectric
property variations. Overall, the results demonstrate that integrating
fractal design with rGO coatings significantly enhances wideband
performance for 5G applications.

Fig. 13 compares simulated (red curve) and measured (blue curve)
return loss (S11) results for the copper-coated FR-4 antenna.
Simulations show resonant dips at ~4.5 GHz (—24.4 dB) and 10.5 GHz
(—=11.8 dB), indicating strong impedance matching in the model.
Measurements reveal slightly higher-frequency shifts, with dips at
~5.7 GHz (-23.4 dB) and 9.1 GHz (—11.5 dB). These shifts likely result
from fabrication tolerances and material variations. Despite the fre-
quency offsets, the measured S11 levels remain close to simulated
values, confirming that the antenna maintains good impedance
matching in practical conditions while highlighting expected differ-
ences between ideal simulations and real-world prototypes.

Fig. 14 compares simulated and measured return loss (S,,) for the
copper-coated Rogers RT-5880 antenna. The simulation predicts a
single resonance at ~5.9 GHz with good matching (-22 dB). In con-
trast, measurements show two resonances at ~4.8 GHz (-23 dB)
and 11.1 GHz (—14.2 dB), indicating a lower-frequency shift and an
unexpectedly higher-frequency mode. These discrepancies likely
stem from fabrication tolerances, substrate anisotropy, or unmod-
eled parasitic effects. Despite the differences, the results suggest
the fabricated antenna offers a broader bandwidth than simulated,
emphasizing the need for experimental validation to capture real-
world behavior.

Fig. 15 compares measured return loss (S,,) for FR-4 substrates
coated with copper and rGO. Both show resonances near 5.7 GHz
and 9 GHz, but their S,; magnitudes differ. Copper-coated FR-4 has
better matching at ~5.7 GHz (-23.4dB vs. —11 dB for rGO), while
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Fig. 12. (a) Polar radiation pattern for a Rogers RT-5880-based
antenna at 5.9 GHz. (b) 3D radiation pattern of a Rogers RT-5880
based antenna at 5.9 GHz.

rGO-coated FR-4 outperforms at ~9.15 GHz (-27.6 dB vs. —11.5 dB).
These results suggest that rGO coatings significantly improve high-
frequency impedance matching and absorption, offering enhanced
performance and broader operational bandwidth for advanced
antenna applications.

Fig. 16 compares the measured return loss (S,,) for Rogers
RT-5880 substrates with copper and rGO coatings. The copper-
coated sample shows resonances at ~4.82 GHz (-22.8 dB) and
11.1 GHz (-14.2 dB), indicating good matching at these points.
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Fig. 13. Comparison of simulation and real-time S,, measurements
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Fig. 14. Comparison of simulation and real-time S,, measurements
with Rogers RT-5880 substrate.
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Fig. 16. S, comparison for copper-coated Rogers RT-5880 and rGO-coated Rogers RT-5880.

The rGO-coated version demonstrates broader, deeper reso-
nances, especially at ~11.1 GHz with a much lower S,, of —27.1 dB.
It also introduces an additional resonance at ~8.5 GHz (-11.6 dB).
These results highlight that rGO coatings improve high-frequency
impedance matching, reduce reflections, and effectively extend
operational bandwidth, making them advantageous for advanced
broadband antenna applications.

Fig. 17 compares measured return loss (S,,) for rGO-coated FR-4 and
Rogers RT-5880 substrates. The FR-4 sample shows resonances at
~5.68 GHz (—11 dB) and 9.15 GHz (—27.6 dB), indicating moderate to
excellent matching. In contrast, the Rogers RT-5880 version exhibits
broader, deeper resonances at ~8.51 GHz (-11.6 dB) and 11.1 GHz
(=27.2 dB), extending the operational bandwidth into higher fre-
quencies. These results demonstrate that rGO-coated Rogers
RT-5880 provides superior high-frequency performance, offering
improved impedance matching and a wider usable frequency range
for advanced broadband antenna applications.

Table Il shows the return loss (S,,) performance of different layer
materials based on simulation results. The copper-coated FR-4 mate-
rial achieves a very low S,, value of —24 dB at 4.5 GHz, indicating
excellent impedance matching at that frequency, while this value
increases to —11.8dB at 10.5 GHz, suggesting a gradual degrada-
tion in matching with higher frequency. The copper-coated Rogers
RT-5880 material demonstrates an S, value of —22 dB at 5.9 GHz,
also indicating good performance. Overall, the simulation results
reveal that Rogers RT-5880 may maintain more stable characteristics
at higher frequencies, and that both materials can achieve low return
loss within certain frequency bands when coated with copper.

Table Ill presents real measurement results, offering a more detailed
view of how coating types affect performance. The copper-coated
FR-4 sample achieves S,, values ranging from —23.3dB to —11.5dB

o Comparison of rGO-coated FR-4 plate and rGO-coated Rogers RT-5880 S;; measurements
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Fig. 17. S,, comparison for rGO-coated FR-4 and rGO-coated
Rogers RT-5880.

across the 5.7-9 GHz band, indicating good impedance matching. In
comparison, rGO-coated FR-4 shows S,, values varying from —11 dB
to —27.63 dB in nearly the same frequency range, with especially
lower (better) return loss at higher frequencies. Similarly, the copper-
coated Rogers RT-5880 performs across 4.8-10.1 GHz with S,, val-
ues between —22.99 dB and —14.1 dB, while the rGO-coated Rogers
RT-5880 achieves —11.6 dB to —27.1 dB over a broader 8.5-11.1 GHz
range. These results demonstrate that rGO coating not only expands
the operational bandwidth but also improves return loss at higher fre-
quencies, making it an advantageous alternative for antenna design.

The simulated maximum gain plot (Fig. 18) for the FR-4 antenna
demonstrates two primary operational peaks across the wideband.
The maximum gain of 2.01 dBi is achieved at the main resonance

TABLE II. ANALYSIS OF ALTERNATIVE LAYER TYPES AND RETURN LOSS WITH FREQUENCY VALUES (SIMULATION RESULTS)

Minimum Frequency

Maximum Frequency

S,, (dB) at Minimum S,, (dB) at Maximum

Material (GHz) (GHz) Frequency Frequency
Copper-coated FR-4 45 10.5 -24 -11.8
Copper-coated Rogers RT-5880 59 - =22 -
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TABLE Ill. ANALYSIS OF ALTERNATIVE LAYER TYPES AND RETURN LOSS WITH FREQUENCY VALUES (REAL-TIME RESULTS)

Minimum Frequency

Maximum Frequency

S,, (dB) at Minimum S,, (dB) at Maximum

Material (GHz) (GHz) Frequency Frequency
Copper-coated FR-4 5.7 9.0 -233 =115
rGO-coated FR-4 5.7 9.15 -11.0 -27.63
Copper-coated Rogers RT-5880 48 10.1 -22.99 -14.1
rGO-coated Rogers RT-5880 8.5 1.1 -11.6 —27.1

rGO, reduced graphene oxide.

frequency of 4.53 GHz, with a strong secondary peak of approxi-
mately 2.0 dBi observed near 10 GHz. Although the design achieves
positive gain at its resonant points, the gain drops sharply below -3
dBiin the mid-range of the spectrum (around 6 GHz), which is consis-
tent with the increased dielectric loss exhibited by the FR-4 substrate
at higher frequencies.

The simulated maximum gain plot (Fig. 19) for the Rogers RT-5880
antenna shows superior and more stable gain across the spectrum
compared to the FR-4 substrate. The peak gain (Point 1) is achieved
at 5.88 GHz with a high value of 3.55 dBi, closely matching the pri-
mary resonance point. The gain remains positive and generally high
(above 2 dBi) throughout the 4 GHz to 7.5 GHz range. While the gain
drops below 0 dBi above 9 GHz, the overall high performance vali-
dates the selection of Rogers RT-5880 for reduced dielectric losses
and enhanced radiation efficiency in 5G wideband applications.

Table IV summarizes measured gain, efficiency, and radiation param-
eters for both substrates.

The Rogers RT-5880 substrate, possessing significantly lower dielec-
tric losses and a lower dielectric constant compared to FR-4, provides

Max Gain over Frequency

%

Max Gain over Frequency I

Frequency / GHz

Fig. 18. Gain over frequency for FR-4.

higher radiation efficiency across the entire frequency range (espe-
cially above 6 GHz). This validates Rogers as a technically superior
choice compared to FR-4 for 5G wideband applications.

Table V benchmarks the proposed design against recent 2022-2025
studies. The results confirm the novelty and superior high-frequency
performance of antennas.

The benchmark comparison with recent state-of-the-art designs
highlights the competitive performance of the proposed Graphene
patch fractal antenna, particularly in terms of reflection loss. The work

Wlax Gain over Frequency
4 T ; ; T ; ;

Max Gain over Frequency |

3 4 5 6 7 8 9
Frequency / GHz

Fig. 19. Gain over frequency for RT-5880.

TABLE IV. GAIN, EFFICIENCY, AND RADIATION PARAMETERS FOR FR-4 AND

RT-5880
Gain Efficiency
Substrate (dBi) (%) Polarization
FR-4 2.00 dBi 79.8 Directional radiation
Rogers RT-5880  3.55 dBi 912 Symmetrical directional radiation
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TABLE V. BENCHMARK COMPARISON WITH RECENT STATE-OF-THE-ART

(REAL-TIME)
Bandwidth S,
Reference Antenna Type/Material (GHz) (dB)
[23] Kumar et al,, 2022 Graphene patch on 45-85 =22
photonic crystal

[24] Paun et al,, 2025 Koch fractal microstrip 5-10 =25
[36] Xin-Lei Lv et al, 2023 Graphene nanoplate 9.5-12.5 -30
[37] Junfeng Li et al, 2024 Graphene pattern 22 -198
This work Graphene patch fractal 4.8-8.5 -27.63

antenna

achieves an S,, value of —27.63 dB within a 4.8 GHz to 8.5 GHz band-
width. This high level of impedance matching is notably superior to
the conventional Koch fractal microstrip design by [24] (-25 dB) and
the Graphene patch design by Kumar et al. (=22 dB). While the —30
dB resonance reported by [36] remains deeper, their bandwidth is
restricted to a higher-frequency range (9.5-12.5 GHz). Overall, the
table validates that the integration of rGO and fractal geometry in
this work delivers a robust, high-performance solution for the critical
5G mid-band spectrum.

11l. CONCLUSION

This work presented the design, simulation, fabrication, and experi-
mental validation of a graphene-based fractal MPA for wideband 5G
applications. The proposed antenna operated across the 3-12 GHz
range, employing fractal geometries to achieve size reduction and
multiband behavior while maintaining good radiation character-
istics. The chosen hexagonal fractal design was analytically shown
to increase the electrical length and enhance impedance match-
ing by introducing specific inductive/capacitive loadings across
the wideband. Reduced graphene oxide coatings were successfully
synthesized and deposited onto FR-4 and Rogers RT-5880 substrates
via EPD, improving surface conductivity. Simulation and measure-
ment results showed strong agreement, with graphene-coated
samples demonstrating superior high-frequency performance and
enhanced impedance matching—particularly the Rogers RT-5880
version achieving an S,, of =27.1 dB at 11.1 GHz. These results con-
firm that integrating fractal designs with rGO coatings effectively
extends operational bandwidth and reduces reflection loss, making
this approach highly promising for next-generation broadband and
5G communication systems. This study is the first to experimentally
demonstrate that the rGO layer significantly mitigates surface wave
losses at high frequencies (>8 GHz), offering a compelling perfor-
mance advantage over conventional copper in this band. Potential
limitations for large-scale production must be acknowledged; the
batch nature of EPD and the high precision required for the fractal
geometry may increase unit costs. Future work will focus on opti-
mizing the EPD process for continuous manufacturing and explor-
ing flexible substrates to realize high-performance, cost-effective
wearable 5G devices.
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