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ABSTRACT: This paper presents a wideband four-port microstrip antenna operating from 2.75 GHz to 6.75 GHz with frequency recon-
figurability and controllable notch characteristics. The antenna employs an asymmetric radiating structure to realize circular polariza-
tion around 5.5 GHz, while multilayer graphene (MLG) pads are introduced to enable bias-controlled frequency tuning and adjustable
band rejection. The four-port configuration, implemented on an RT/Duroid 5880 substrate (¢, = 2.2, thickness = 1.6 mm), achieves
inter-element isolation better than 20 dB without additional decoupling structures. The proposed design also exhibits strong diversity
performance with an envelope correlation coefficient below 0.02 and diversity gain above 9.97 dB. The results demonstrate that the pro-
posed antenna provides a compact and low-complexity solution for wideband and reconfigurable sub-6 GHz wireless communication

applications.

1. INTRODUCTION

unable and reconfigurable antennas have become essen-

tial for modern wireless communication systems because
of their ability to efficiently utilize the limited frequency spec-
trum. Unlike conventional antennas with fixed operating char-
acteristics, tunable antennas can dynamically modify their op-
erating frequency, radiation pattern, or polarization in real
time [1-3]. However, achieving reconfigurability introduces
several design challenges, including impedance matching, ra-
diation stability, and gain preservation, which require careful
investigation [4].

Various techniques have been reported to realize antenna
reconfigurability, including PIN diodes, varactor diodes,
micro-electromechanical switches (MEMSs), photoconductive
switches, liquid crystals, liquid metals, mechanical tuning,
and other adaptive materials [5]. Metallic posts placed along
orthogonal axes enable independent frequency tuning and cir-
cular polarization through dimensional variation of perturbing
elements [6]. Frequency-agile microstrip antennas employing
varactor-loaded circular patches connected to annular rings
have demonstrated frequency tuning capability [7]. Other
reported structures include truncated circular radiators with
parasitic elements, compound unit-cell antennas loaded with
PIN diodes, and orthohexagonal patch antennas incorporating
parasitic patches and varactors for simultaneous frequency and
polarization reconfiguration [8,9]. Field programmable gate
array (FPGA)-controlled antennas using switchable feeding
ports and lumped capacitors have also been explored for
tunable operation [10]. Pixel-based parasitic surfaces with
multiple PIN diodes enable multifunctional reconfigurability,
including frequency tuning, beam steering, and polarization
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switching [11]. In addition, liquid-metal-based reconfigurable
apertures embedded in elastomeric substrates have demon-
strated continuous frequency tuning over a wide operating
range [12].

Tunability has also been extended beyond antennas to in-
clude microwave components, such as diplexers and filters.
Varactor and PIN diode-based tunable diplexers with indepen-
dently controlled channels have been reported, offering wide
tuning capability and stable return loss characteristics [13, 14].

Recently, graphene has attracted significant attention for
microwave and radio frequency (RF) applications owing to
its electrically tunable surface conductivity. Initially inves-
tigated at terahertz frequencies, graphene has progressively
been investigated for microwave-band devices. Its unique lin-
ear energy-momentum dispersion and low-energy Fermi level
modulation enable conductivity control through external bi-
asing [15]. Graphene-integrated tunable attenuators, filters,
power dividers, antennas, and absorbers have been demon-
strated, highlighting its suitability for adaptive microwave sys-
tems [16-20]. In particular, graphene has been employed as
a tunable lossy element in bandpass duplexers, where bias-
controlled sheet resistance enables adjustable attenuation by
absorbing concentrated electric fields [21-24]. Furthermore,
antennas incorporating graphene-based switches placed along
slotted radiators have achieved reconfigurability by modulat-
ing the surface conductivity, thereby enabling dynamic control
of the amplitude and phase characteristics [25, 26].

Despite these developments, most reported tunable antennas
rely on multiple active components, such as varactor diodes,
PIN diodes, MEMSs, and photoconductive switches, result-
ing in increased circuit complexity, biasing requirements, and
power consumption. For instance, the designs reported in [13]
and [14] employ a large number of varactor diodes, leading to
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FIGURE 1. Geometry of the proposed antenna: (a) Front view and (b) back view.
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FIGURE 2. Optimization process of the antenna. (a) Phase-1, (b) Phase-2, (c) Phase-3, (d) Phase-4.

complex biasing networks and bulky implementations. The ex-
tensive use of active components also increases implementation
difficulty and may affect the overall system reliability.

To address these limitations, the proposed design employs
compact multilayer graphene pads with controllable resistance
to achieve frequency tunability and adjustable attenuation. The
reduced pad size minimizes surface resistance and insertion
losses compared with previously reported graphene-based
implementations. Moreover, the simplified architecture and
straightforward biasing scheme enable low-power operation
while maintaining effective tunable performance. These
features make the proposed antenna suitable for compact and
adaptive sub-6 GHz wireless communication systems.

The organization of this manuscript is as follows. Section 2
presents the optimized antenna design procedure. Section 3 dis-
cusses the fabrication and incorporation of multilayer graphene
pads. Section 4 validates the simulation results through mea-
surements. Finally, Section 5 summarizes the work.

2. ANTENNA GEOMETRY AND DESIGN

The proposed antenna was developed on an RT/Duroid 5880
substrate with a thickness of 1.6 mm and physical dimensions of
18 x 20 mm?. Figures 1(a) and 1(b) illustrate the front and back

34

TABLE 1. Geometrical parameters of the proposed single antenna.

Parameter w L w1l | W2 | W3 | W4
Values (mm) 18 20 2.5 1.5 2.5 2.5
Parameter W5 | We | W7 | W8 | L1 L2
Values (mm) 1 3 0.5 1 5.5 2
Parameter L3 L4 L5 L6 L7 L8
Values (mm) | 11 1 1.5 | 35 7 0.5
Parameter pP1 | P2 | S1 S2 S3 S4
Values (mm) 2 2 2 10 2 1
Parameter H2 | H3 H1 | H4 | D1
Values (mm) 2 1 8 2 4 14
Parameter D2 | D3 | D4
Values (mm) 7 2 4

views of the antenna structure, which was excited using a half-
wavelength (\/2) feed line. The optimized design parameters
of the antenna are summarized in Table 1.
Figure 2 shows the antenna optimization process and the cor-
responding simulated results for each step shown in Figure 3.
The initial antenna, Phase-1, comprises a rectangular patch
with a 50 2 microstrip feed, as shown in Figure 2(a), and oper-
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FIGURE 3. Simulated results. (a) S11 parameter. (b) Axial ratio.

ates over 5 GHz-7.67 GHz (Figure 3(a)). The analytical formu-
lation of the proposed antenna is based on classical microstrip
transmission-line theory combined with the fringing-field cor-
rection models. The resonant arm of the radiator uses an effec-
tive patch width of 6 mm and a physical length of L3 = 11 mm,
placed on an RT/Duroid 5880 substrate with ¢, = 2.2 and
h = 1.6 mm. The corresponding effective dielectric constant is
obtained from the standard microstrip approximation as given
in Eq. (1).

ET—|-1+ET—1 1
Eeff(patch) =
Y = 2112k

w

~1.803 (1)

The electrical length is further increased by the fringing fields,
computed using the Hammerstad extension model, as given in

Eq. (2).

(ee+0.3) (52 4 0.264)

ALpgen = 0.412h
Y (e — 0.258) (%2 +0.8)

~ 0.779

2

A similar analysis is applied to the feed strip with a width of
2.5mm and length of 6 mm, for which the effective permittiv-
ity and fringing extension are found to be e.5.ca ~ 1.803 and
Apeq = 0.69 mm, respectively. The dominant resonant current
path in Phase-1 is formed by the combined length of the radi-
ating arm and the feed, providing a total physical path of the
antenna L3 + Lg.q = 1146 = 17 mm. Because these two sec-
tions support different field distributions, an averaged effective
permittivity of ¢4 = 1.89311.803 _ 1 848 and an averaged
fringing extension of ALg,, = %2009 — 0.7345 mm are
adopted for a first-order approximation. The resulting effective
electrical length obtained using Eq. (3) is

Loy = (L3 + Lywea) + 2ALpg = 18.469mm  (3)

Using the half-wavelength open resonator model, the funda-
mental resonance frequency is predicted using Eq. (4).

c

Leg\/Eor

which aligns well with the simulated value of 6 GHz. This con-
firms that the analytical formulation accurately captures the res-
onant behavior of the antenna in Phase-1.

In Phase-2, as shown in Figure 2(b), a folded T-shaped slot
(W5 = 1mm, W6 = 3mm, L5 = 1.5mm) is etched into

1, ~ 5.68 GHz )
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the radiating patch, perturbing the surface-current distribution.
The slot interrupts the dominant current path and forces current
detouring, reducing the effective electrical length to approxi-
mately Ly = 8.28 mm and improving the impedance perfor-
mance across the operating band, as illustrated in Figure 3(a).

In Phase-3, as depicted in Figure 2(c), an asymmetric cut [28]
of 2.85 x 2.5 mm? is introduced on one radiating arm, which
breaks the structural symmetry [27] and alters the surface cur-
rent distribution. This perturbation lifts the degeneracy of the
orthogonal resonant modes [29] originally occurring near the
fundamental frequency, resulting in mode splitting. The split
modes can be expressed [31] as fox = fr — Afl and fy =
fr + Af2, where the frequency shifts depend on the pertur-
bation introduced by the asymmetric cut. The frequency devi-
ation (A f) is estimated [32] using the first-order perturbation
relation Eq. (5)

Af AL

5L
where AL =~ 2.5 mm represents the effective perturbation in-
troduced by the asymmetric cut, and L3 = 11 mm is the effec-
tive resonant length. This yields a frequency shift of approxi-

mately A f =~ 1.36 GHz. The circular polarization frequency is
therefore given by Eq. (6)

®)

fot+ 1y

. ©)

fer =
which results in fcp &~ 5.2 GHz, closely matching the observed
circular polarization around 5.5 GHz as shown in Figure 3(b).
The superposition of these closely spaced orthogonal modes
produces equal field magnitudes with a quadrature phase re-
lationship, satisfying | Ez| ~ |Ey| and A¢ =~ £90°.

In Phase-4, as shown in Figure 2(d), a shallow ground corner
slot and a folded L-shaped parasitic element introduce a small
admittance perturbation that smooths the feed-ground interface.
This reduces impedance transitions, lowers local Q)-factors, and
stabilizes the axial ratio without affecting the fundamental fre-
quency. Combined with the Phase-3 asymmetry, this improves
circular polarization stability around 5.5 GHz, as illustrated in
Figure 3(b).

2.1. Equivalent Circuit

The equivalent circuit in Figure 4 illustrates the impedance
behavior of the proposed antenna. The equivalent-circuit pa-
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FIGURE 4. RLC equivalent circuit for the proposed design.

rameters for the proposed antenna were extracted using stan-
dard transmission-line and resonant-mode formulations widely
adopted in microwave engineering. For each resonant branch,
the target resonant frequency f,- and quality factor ), were re-
lated through the classical RLC resonance relations obtained
using Egs. (7) and (8).

1
fr = QW\/E (7)
_
Q= g ®)

as described [30] and in the RLC antenna models presented by
Balanis [31] and Garg et al. [32]. Using the chosen series loss
resistance R ~ 502, the modal inductance and capacitance
were computed using Egs. (9) and (10).

R
1
C = 7 (10)

T

following the S-parameter-based equivalent-circuit extraction
approach of Amari et al. [33]. For the feed line, a 6-mm mi-
crostrip section on RT/Duroid 5880 (¢, = 2.2) was mod-
eled as a quasi-TEM transmission line. The effective dielectric
constant .4 ~ 1.8 and propagation velocity predicted using

Eq. (11).
C
VEef

V:

=2.24 x 105m/s (11)

were determined using the Hammerstad-Jensen microstrip
model [34]. For a lossless line, unit length inductance and
capacitance are derived using Eq. (12) and Eq. (13).

Zo

L=7% (12)
1

C = V7 (13)

This is a standard result from microstrip transmission-line the-
ory [30,35]. Multiplying the inductance and capacitance per
unit length by the 6-mm feed length yields the total feed induc-
tance and capacitance, expressed as

Lf = L« (length of feed) = 1.34nH/m (14)
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Cf = Il(length of feed) = 0.53 pF (15)

Applying the above relations to the observed resonances in
Phase-4, the extracted R, L, C' values are listed in Table 2.

The coupling branch (Rc, Cc) follows the slot-coupled res-
onator modeling used in Hong and Lancaster’s filter theory [36]
and the notch-band circuit models for ultra-wideband (UWB)
antennas in [37,38] by Mandal et al. and Lee et al.

In Phase-1, the antenna consists of a single radiating patch
supporting a dominant surface current path, producing a fun-
damental resonance at approximately 6 GHz. This behavior is
modeled by the first RLC branch (R1, L1, C1).

In Phases 2 and 3, the introduction of a folded T-shaped
slot and asymmetric modification alters the effective electri-
cal length and introduces additional current paths, improving
impedance matching. These effects are represented by addi-
tional parallel RLC branches (R2, L2, C2) and (R3, L3,C3),
respectively, with coupling modeled by Rc and Cc. The pro-
posed equivalent circuit is validated through the close agree-
ment between the advanced design system (ADS) circuit results
and full-wave simulations.

The Smith chart obtained from the ADS equivalent circuit
in Figure 5, based on the transmission line model parameters,
shows a similar impedance trend to the High Frequency Struc-
ture Simulator (HFSS) results with minor deviations at lower
frequencies owing to modeling simplifications.

FIGURE 5. ADS impedance matching verification.

3. IMPLEMENTATION OF MLG PADS

Multilayer graphene (MLG) pads are strategically integrated
along the asymmetric edges of the radiating patch to facilitate
tunable operation. Due to graphene’s linear energy-momentum
dispersion near the Dirac point, its surface conductivity can be
effectively controlled by adjusting the Fermi level through ex-
ternal biasing. By varying the sheet resistance of the MLG, the
surface current distribution and input impedance are modified,
thereby altering the electromagnetic coupling between the ra-
diating patch and parasitic element. This mechanism enables
frequency tunability and reconfigurable antenna performance.
To obtain the desired tuning characteristics, the dimensions of
the graphene pads are optimized to 1 x 2.5mm? for MLG-1
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TABLE 2. Extracted RLC parameters for the resonance modes observed in Phase-4.

Element Role/Mode Value (approx.)
Lf 50 2 microstrip feed (6 mm) 1.34nH
Ccf Feed distributed capacitance 0.53 pF
R1 Fundamental mode loss (~6 GHz) 5092
L1 Fundamental inductance 4.0nH
C1 Fundamental capacitance 0.18 pF
R2 Loss due to slot 50Q
L2 Inductance due to slot 1.77nH
C2 Capacitance due to slot 0.079 pF
R3 Loss due to asymmetric cut and parasitic element 50Q
L3 Inductance due to asymmetric cut and parasitic element 1.40nH
C3 Capacitance due to asymmetric cut and parasitic element 0.062 pF
Rc Coupling/notch loss 200 2
Cc Coupling/notch capacitance 0.02 pF
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FIGURE 6. Configuration of the proposed MLG-based tunable antenna. (a) The schematic with integrated graphene pads. (b) Return loss character-

istics. (c) Axial ratio characteristics.

and 0.85 x 2 mm? for MLG-2. The top view of the antenna and
its corresponding responses under different graphene resistance
states are presented in Figures 6(a) and 6(b).

Furthermore, as shown in Figure 6(c), the introduction of
graphene pads perturbs the degeneracy between orthogonal
resonant modes, leading to degradation in axial ratio perfor-
mance. Consequently, the circularly polarized mode at 5.5 GHz
is suppressed in the graphene-loaded configuration, indicating
a trade-off between circular polarization and frequency tunabil-

ity.

37

3.1. Development and Deposition of MLG Pads

High-purity, commercially sourced multilayer graphene
(MLG) with flake sizes of 1-5 um is used to form the graphene
pads. To achieve a stable and homogeneous dispersion, the
MLG powder is mixed with isopropyl alcohol (IPA) at a
concentration of 10 mg/mL and ultrasonicated for 30 min. The
resulting suspension is deposited at the interface between the
asymmetric radiating patch and the parasitic element using a
controlled drop-casting technique, as shown in Figures 7(a)
and 7(b).

WWwWw.jpier.org
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FIGURE 7. (a) Multilayer graphene powder and isopropyl alcohol. (b) Ultrasonic agitation by sonicator. (c) Top view of the fabricated antenna. (d)

Bottom view of the fabricated antenna.

This drop-casting method provides a simple and cost-
effective fabrication method with acceptable repeatability.
After deposition, the IPA evaporates at room temperature,
forming a thin multilayer graphene film that acts as a resistive
sheet. The deposited graphene exhibits stable and controllable
sheet resistance, enabling consistent and reliable tunable
performance.

To investigate the effect of graphene resistance variation,
multiple antenna prototypes are typically required. In this
work, a four-port multiple-input multiple-output (MIMO) an-
tenna configuration is adopted to avoid multiple fabrications.
The antenna elements are arranged diagonally within a 38 x
38 mm? area to achieve sufficient isolation, as shown in Fig-
ures 7(c) and 7(d). This approach enables efficient evaluation
of impedance tuning under different resistance states, while
also allowing the analysis of inter-element coupling and iso-
lation in closely spaced configurations.

3.2. Bias-Controlled Electrical Characterization of Graphene
Pads

The deposited graphene pads exhibit an initial resistance of
approximately 250 €) for the selected dimensions. A variable
DC bias, as shown in Figure 8, is used to modulate the resis-
tance. The electrical characteristics in Figure 9(a) present the
measured [-V behavior and corresponding resistance variation.

38

FIGURE 8. Test setup of proposed antenna with graphene pads.

Electrical failure is observed when the bias exceeds 6 V due to
material breakdown.

The graphene pads provide resistive tuning with minimal
bias current and very low power consumption. This is be-
cause the electrical characteristics of multilayer graphene al-
low resistance modulation through carrier density variation un-
der applied DC bias, rather than through forward current con-
duction. Unlike semiconductor diodes, graphene behaves as
a voltage-controlled resistive sheet with relatively high resis-
tance, and therefore, only a small bias current flows during op-
eration. Consequently, the required biasing power remains very
low. In contrast, PIN diodes require continuous forward-bias
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FIGURE 9. (a) Experimental current-voltage behavior and corresponding resistance variation of the MLG pad. (b) Repeatability of measured return

loss for MLG pads at two different time intervals.
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FIGURE 11. Simulated and measured S-parameters when only MLG-1

placed and biased.

current, while varactor diodes exhibit low P1dB and higher in-
termodulation distortion due to nonlinear capacitance-voltage
characteristics. The quasi-ohmic behavior of the graphene pads
enables higher power handling and reduced distortion, making
them suitable for tunable antenna applications.

To evaluate repeatability and long-term stability, measure-
ments were repeated on the same sample after approximately
four months under ambient laboratory conditions. The results
in Figure 9(b) show no significant deviation, remaining within
measurement uncertainty, indicating good stability of the drop-
cast MLG pads against oxidation and environmental variations.

4. EXPERIMENTAL SETUP FOR ANTENNA CHARAC-
TERIZATION

The antenna is characterized using a vector network analyzer
(VNA) by exciting the ports with a 50 €2 load impedance. Ra-
diation characteristics are measured in an anechoic chamber, as
shown in Figure 10.
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FIGURE 12. Simulated and measured S-parameters when only MLG-2
placed and biased.

The measured results indicate that the proposed antenna
exhibits an impedance bandwidth (S1; < —10dB) from
2.75 GHz to 6.75 GHz.

When the graphene pad corresponding to MLG-1 is biased
from 0 to 6V, its resistance decreases from approximately
250 €2 to 68 (), introducing controlled attenuation and modify-
ing the antenna impedance. This does not produce a significant
frequency shift; instead, it results in a progressive narrowing
of the operating bandwidth, as observed in the simulated and
measured S-parameter responses in Figure 11.

In contrast, biasing MLG-2 produces variable attenuation
that shifts the operating band toward lower frequencies. To
examine the limiting case, a copper plate is inserted between
the patch and the parasitic element, representing an effective
zero-ohm condition. The corresponding responses are shown
in Figure 12.

To analyze the combined effect, both graphene pads are con-
sidered simultaneously. In the first case, the resistance of
MLG-1 is fixed at 250 2 while MLG-2 is varied (150 €2, 100 €2,
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FIGURE 15. Simulated and measured S-parameters when MLG-1 and

MLG-2 placed and biased equally.

and 50 €2), resulting in a progressive extension of the operating
band toward lower frequencies (2.8 GHz—7.0 GHz), as shown
in Figure 13. A similar trend is observed when MLG-2 is
fixed, and MLG-1 is varied, confirming their reciprocal influ-
ence. However, due to asymmetric placement, MLG-1 mainly
affects the resonance near 5.5 GHz, whereas MLG-2 influences
the lower-frequency resonance around 3.75 GHz as shown in
Figure 14.

In the third case, the two graphene pad resistances are varied
simultaneously from 2502 to 0 ). This results in the forma-
tion of a bias-controlled tunable notch band in the 4.8 GHz—
5.25 GHz range, where the notch frequency and depth depend
on the graphene resistance, as shown in Figure 15. This demon-
strates that the proposed design enables both frequency tun-
ability and controllable notch-band characteristics, enhancing
its suitability for adaptive and interference-mitigation applica-
tions.

The small deviation between simulated and measured results
is attributed to fabrication tolerances and measurement uncer-
tainties. Minor variations in graphene pad placement, SMA
connector soldering, and cable losses during measurement may
contribute to these differences. Nevertheless, the deviation re-
mains within acceptable limits, demonstrating the robustness of
the proposed antenna design.

4.1. Isolation Analysis

To enhance mutual isolation, the antenna elements are posi-
tioned in a mutually orthogonal orientation. The influence of
graphene-pad resistance on the antenna characteristics is inves-
tigated by varying the resistance values, where each resistance
case is validated using one antenna within the MIMO config-
uration. For every arrangement, the mutual coupling between
the antenna elements is carefully evaluated, and the correspond-
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FIGURE 16. Comparison of simulated and measured isolation charac-
teristics of the antenna configuration.

ing isolation characteristics are presented in Figure 16. The
worst-case isolation is observed at the minimum resistance of
the graphene pads,which was < —20 dB, whereas all other re-
sistance conditions exhibited improved isolation performance.
These results confirm that the proposed diagonal antenna ar-
rangement, without any additional decoupling structures, main-
tains good isolation and does not significantly affect the indi-
vidual antenna characteristics.

4.2. Peak Gain and Radiation Efficiency

The variations in the simulated and experimentally obtained
peak gains of the proposed antenna over the operational fre-
quency range are depicted in Figure 17(a). The results indicate
stable radiation performance across the entire band, with the
peak gain reaching a maximum value of 5.5 dBi at 6.5 GHz.

In addition, Figure 17(b) illustrates the simulated and mea-
sured radiation efficiency characteristics, demonstrating that
the antenna maintains high efficiency levels ranging from 80%
to 95% throughout the operating band.

4.3. Radiation Pattern

The radiation characteristics of the proposed antenna were
evaluated through both simulations and experimental measure-
ments, as depicted in Figures 18(a) and (b) for the E-plane
(¢ = 0°) and H-plane (¢ = 90°) at 3.75 and 5.25 GHz.

At 3.75 GHz, the antenna exhibited a quasi-omnidirectional
radiation behavior, whereas a clearly directional radiation pat-
tern was observed at 5.25 GHz. This transition in the radiation
behavior indicates the antenna’s capability to support diversity-
oriented performance. Furthermore, the strong correlation be-
tween the simulated and measured radiation patterns validates
the effectiveness and accuracy of the proposed antenna design.
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FIGURE 17. Measured and simulated results. (a) Peak gain and (b) radiation efficiency.
TABLE 3. Performance comparison of the proposed antenna with previously reported designs.
Ref Original Tuning Size of Gain R.E | Tuning/Reconfigurable | Tuning/Reconfigurable
efs.
Bandwidth Elements Tuning Elements (dBi) (%) Parameter Range
3.5-3.56 GHz . Frequency
[6] 4—M.S N/A 13.3-14dBi |91-95 3.4-3.5GHz
3.65-3.75GHz tunable
3.56-3.64 GHz . Pattern
[8] 5—PD N/A 1.1-5.8 dBi | 70-86 0to 30°
5.75-5.83 GHz tunable
F
requ:;rllcy 2.3-3.04GHz
[11] 2.45-2.77GHz 4—PD N/A 4-6.1dBi |45-55 tunable
Pattern
—30°—+30°
reconfigurable
0.5-1 GHz Frequency
[13] 18— VD N/A N/A N/A 0.485-1.78 GHz
1.2-1.78 GHz tunable
RF.1—1.315GHz ) Frequency 1.25-1.5GHz
[23] 2—G.P 5.15 x 10 mm N/A N/A
R.F.2—2.315GHz tunable 2.25-2.5GHz
R.F.1—2.41GHz 0.65 x 1 mm?> Frequency 2.45-2.6 GHz
[24] 2—G.P N/A N/A
R.F.2 —3.45GHz 1.2 x 1mm’ tunable 3.3-3.6GHz
1,2 —55 x 55 um?
0.68 THz-0.72 THz 3,5—76 x 76 umz . Frequency 0.77-0.8 THz
[25] ] 7—G.P 1.3-3.6dBi [45-58
(Only Simulated Results) 4—81 x 81 pm? tunable 0.88-0.92 THz
6,7 — 60 x 60 um?
1 x 0.3mm’
[26] 6.5-7.4 GHz 2—G.P N/A N/A N/A 5.6-7.9GHz
0.81 x 0.3 mm’
1 x 2.5 mm? . Frequency
PW 4.8-7GHz 2—G.P 3-5.5dBi |80-95 2.75-6.75 GHz
0.85 x 2mm? tunable

* Refs. — References, R.E — Radiation efficiency, M.S — Metal Screws, P.D — PIN Diode, V.D — Varactor Diode,
G.P — Graphene Pad, P.W — Proposed Work, R.F — Resonant Frequency, N/A — Not available

4.4. Performance Comparison

A comparative analysis of recently reported frequency-tunable
antennas, highlighting the tuning range, tuning mechanisms,
physical size of the tuning elements, gain, and radiation effi-
ciency, is presented in Table 3.

4.5. Diversity Performance

The level of interaction between antenna elements in a multi-
element configuration is commonly assessed using the enve-

41

lope correlation coefficient (ECC). For a MIMO system to per-
form effectively, the ECC value should remain low, typically
below 0.5. The diversity gain (DG), which reflects the ability
of the antenna system to mitigate fading, remains close to 10 dB
for the proposed antenna system.

Figure 19(a) presents the ECC calculated from both simu-
lated and measured S-parameters. Across the operating fre-
quency band, the ECC remained below 0.02. Figure 19(b)
shows that the DG consistently exceeds 9.97, indicating excel-
lent diversity performance.
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FIGURE 18. Measured and simulated radiation patterns at (a) 3.75 GHz, (b) 5.25 GHz.

2 3 4 5 6 7 8
@ o021 J2 l—e— ECC-Simulated
% o— ECC-Measured [ —
-3
0.020 438
]
0.019 -%
s
0.018 {3 b
= Frequency [GHz]
0.017 -E' T T T T T 1
2 3 4 5 6 7 8

2 3 4 5 6 7 8
(b) 10.000 r ' . i i X
9.995 4@ [—e— DiversityGain-Simualted
1= |—c— DiversityGain-Measured
9.990 15 _ _
9.985 { > B ’ \
1£ ¥ /\
9.980 4 & T
12
9.975 {8 #: N
9.970 =" Frequency [GHz]
T T T T T 1

2 3 4 5 6 7 8

FIGURE 19. Simulated and measured (a) envelope correlation coefficients, (b) diversity gains.

5. CONCLUSIONS

This work presents a compact approach for achieving fre-
quency reconfigurability and controllable notch characteristics
in a wideband microstrip antenna operating from 2.75 GHz to
6.75 GHz. By employing bias-controlled multilayer graphene
pads, the antenna response is effectively tuned through resis-
tance variation without increasing system complexity. The
asymmetric placement of graphene pads enables selective con-
trol of resonant modes, while their combined operation pro-
duces a tunable notch band in the 4.8 GHz—5.25 GHz range.
The proposed configuration maintains stable MIMO perfor-
mance with good agreement between simulated and measured
results. Overall, the design offers a low-complexity and flex-
ible solution for adaptive and interference-resilient sub-6 GHz
wireless communication systems.

Future work will focus on integrating on-substrate bias cir-
cuitry and exploring graphene inkjet printing for scalable fabri-
cation. Hybrid tuning using graphene pads with varactor diodes
will be investigated for a wider tuning range and improved lin-
earity. Additionally, emerging materials, such as MXene and
black phosphorus, and real-world deployment aspects across
sub-6 GHz applications will be explored.
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