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ABSTRACT: This paper presents a reconfigurable multilayer graphene antenna for terahertz sensing, machine learning-based frequency,
and bandwidth estimation. The antenna utilizes the tunable electromagnetic properties of graphene, enabling dynamic reconfiguration
of the resonant frequency and bandwidth. By adjusting key physical parameters including chemical potential, relaxation time, and
temperature, the antenna achieves frequency tuning from 1.542 THz to 1.562 THz, with an improved return loss reaching −30.8 dB and
a bandwidth range from 91GHz to 96GHz. Furthermore, the resonance frequency and bandwidth are predicted using machine learning
algorithms, including Random Forest and XGBoost, with results that closely match simulation data. These results highlight the potential
of the proposed structure not only for adaptive communication systems but also for terahertz sensing platforms requiring frequency agility
and environmental responsiveness.

1. INTRODUCTION

The rapid evolution of wireless communication systems is
progressively steering technologies toward the terahertz

(THz) frequency spectrum, particularly in the 1–2 THz range,
which holds immense potential for next-generation high-speed
data transmission, sensing, and high-resolution imaging [1, 2].
Within this frequency band, antennas play a pivotal role, serv-
ing as the primary interface for transmitting and receiving elec-
tromagnetic waves that carry information [3]. However, oper-
ating in the THz domain introduces critical design challenges
for conventional antennas, particularly in terms of radiation ef-
ficiency, impedance bandwidth, and dynamic adaptability to
varying application requirements [4, 5].
To overcome the inherent challenges of THz antenna design

and fully harness the capabilities offered by this spectral win-
dow, current research is increasingly focused on the integra-
tion of advanced nanomaterials [6]. Among them, graphene
has gained significant attention due to its tunable conductiv-
ity, high carrier mobility, and plasmonic behavior at terahertz
frequencies [7]. These properties make it a strong candidate
for enabling novel antenna architectures. In particular, embed-
ding graphenewithinmultilayer structures opens up new design
pathways to achieve improved reconfigurability [8], compact-
ness, and adaptability [9, 10], which are essential for high per-
formance THz sensing and imaging systems [11, 12].
Recently, multilayer antenna designs have attracted consid-

erable attention due to their ability to enhance key performance
metrics [13]. In the terahertz frequency range, where tradi-
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tional antenna solutions often face constraints, multilayer struc-
tures offer promising avenues to overcome challenges such
as impedance matching, radiation efficiency, and beam steer-
ing [14, 15]. By carefully stacking layers with distinct elec-
tromagnetic characteristics, these antennas enable tailored re-
sponses to THz waves, facilitating precise control over radia-
tion patterns and polarization states [4].
Central to this innovative approach is graphene, a two-

dimensional carbon allotrope distinguished by exceptional
electrical, thermal, and mechanical properties. Its notably high
carrier mobility and electrically tunable conductivity offer new
opportunities in antenna design [16, 17]. Moreover, graphene’s
ultra-wideband response extending into the terahertz range
makes it particularly well-suited to overcoming the bandwidth
limitations typically encountered by conventional antennas at
these frequencies [18].
The development of hybrid structures that combine the ad-

vantages of diverse materials has driven significant progress
across multiple disciplines [19]. In the realm of terahertz an-
tennas, integrating graphene with conventional metals creates a
synergistic platform that leverages the high electrical conduc-
tivity and mechanical stability of metals alongside the excep-
tional tunability of graphene. Such hybridization not only en-
hances the overall performance but also introduces new func-
tionalities that are difficult to achieve with a single material.
Specifically, incorporating graphene within a multilayer an-
tenna design allows for precise modulation of its surface con-
ductivity through external stimuli, such as chemical potential
variation or applied gate voltage [20]. This capability enables
dynamic tuning of the antenna’s resonance frequency, band-
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width, and radiation properties, making it well-suited for re-
configurable THz systems and adaptive sensing platforms [7].
The proposed hybrid approach combines the tunable electronic
properties of graphene with the high conductivity and mechan-
ical robustness of metallic layers, offering enhanced adaptabil-
ity. Through external biasing of the graphene layer, it becomes
possible to precisely control the resonance frequency, band-
width, and impedance matching. As a result, the antenna can
be reconfigured in real time without physical alterations, mini-
mizing downtime and improving operational efficiency. This is
particularly beneficial for THz communication systems, where
varying channel conditions demand rapid frequency agility.
Additionally, the architecture supports multifunctional oper-
ation, including high-resolution imaging and accurate gas or
biomolecular detection. Overall, the metal-graphene hybrid
structure establishes a flexible and reliable platform that meets
the performance demands of next-generation THz devices [21].
Recently, deep learning has shown strong potential in mod-

eling complex THz systems by predicting device responses
from design parameters such as chemical potential, relaxation
time, and temperature. These models reduce reliance on
full-wave simulations and enable real-time parameter sweeps.
Once trained, they can rapidly identify optimal configurations
for tunable and reconfigurable graphene-based devices. This
physics-informed, data-driven approach accelerates design
workflows for THz applications [22, 23]. Additionally, ensem-
ble learning methods such as XGBoost and Random Forest
have been effectively applied to estimate key parameters
resonance frequency and bandwidth considering variations in
chemical potential, temperature, and relaxation time. These
data driven approaches offer efficient alternatives to traditional
simulations, accelerating the design of reconfigurable THz
components [24].
Although significant progress has been made on graphene-

based antennas, most reported works remain confined to single-
layer designs, with limited exploration of multilayer configura-
tions such as Graphene, Al2O3 and SiO2 that could enhance
tunability and efficiency. The application of machine learning
in this field is also relatively scarce, and existing studies often
restrict their predictions to a single parameter, typically the res-
onance frequency. Moreover, the combined influence of chem-
ical potential, relaxation time, and temperature on both reso-
nance frequency and bandwidth has not been systematically
addressed. At the same time, the potential of hybrid copper
graphene architectures to provide stable radiation performance
while enabling dynamic reconfigurability is still underexplored.
To fill these gaps, this work proposes a multilayer reconfig-
urable antenna that integrates a copper patch with graphene
layers, while employing ensemble learning models (Random
Forest and XGBoost) to accurately predict both frequency and
bandwidth. This approach not only offers an efficient and ver-
satile platform for next generation terahertz communication and
sensing applications, but also significantly reduces the compu-
tational cost by saving considerable simulation time.
The organization of this paper unfolds as follows. Section 2

outlines the presented antenna design. Section 3 is devoted to
the modeling of graphene surface conductivity, while Section 4

provides a detailed comparison of the proposed structure using
different 2D materials, followed by a discussion of the results
obtained from the main multilayer antenna based on graphene
and its reconfiguration using the chemical potential. Section 5
is dedicated to the prediction of the resonance frequency and
bandwidth using machine learning techniques, where two al-
gorithms, namely Random Forest and XGBoost are compared
based on their ability to estimate the frequency and bandwidth
response. Finally, the concluding section encapsulates the pri-
mary insights and conclusions derived from this study.

2. DESIGN OF THE PROPOSED ANTENNA
The proposed antenna is a reconfigurable multilayer structure
integrating both graphene and copper. It is composed of a SiO2

substrate with a relative permittivity of µr = 3.9, followed by
anAl2O3 substrate withµr = 9.9. An atomically thin graphene
layer (0.01µm) is deposited on top of the Al2O3 substrate, serv-
ing as the active tunable element. Finally, a circular copper
patch is placed above the graphene layer, acting as the main ra-
diating element. In this hybrid configuration, the copper patch
ensures stable radiation patterns, while the graphene layer en-
ables dynamic reconfiguration of the antenna’s resonance fre-
quency and bandwidth by tuning its surface conductivity. This
combination allows the structure to efficiently adapt to different
operating conditions without compromising radiation stability.
Figure 1 illustrates the schematic diagram of the proposed mul-
tilayer reconfigurable THz antenna.

FIGURE 1. Schematic views of the proposed multilayer reconfigurable
THz antenna in side view and top view.

The optimized structural dimensions of the proposed THz re-
configurable antenna are summarized in Table 1.

TABLE 1. Design parameters of the THz reconfigurable antenna.

Parameters h1 h2 h3 W L d

Values (µm) 40.15 20 20 80 80 40

3. MODELING OF GRAPHENE SURFACE CONDUCTIV-
ITY
Graphene’s surface conductivity, denoted by σ(ω), plays a fun-
damental role in its interaction with electromagnetic waves, es-
pecially in the terahertz frequency range. This complex quan-
tity arises from two distinct quantum contributions: intraband
and interband electronic transitions. The conductivity is highly
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sensitive to the chemical potential µc), which can be externally
modulated through gate voltage, electrostatic biasing, substrate
engineering, or chemical doping. As µc varies, both the real
and imaginary parts of σ(ω) experience significant changes,
making graphene an excellent candidate for reconfigurable THz
components [25, 26]. When graphene is considered as a two-
dimensional conductive sheet, the total surface conductivity of
graphene is typically expressed as [27, 28]:

σ(ω) = σintra(ω) + σinter(ω) (1)

In the THz frequency range, the intraband contribution usually
dominates and can be formulated as:

σintra(ω) = −j
e2kBT

πh̄
2
(ω − j2γ)[

µc

kBT
+ 2 ln

(
1 + e−µc/(kBT )

)]
(2)

In the low-temperature limit (kBT ≪ µc), this can be further
approximated by a Drude like model:

σDrude(ω) =
e2µc

πh̄
2 · 1

γ − jω
(3)

While interband transitions are negligible at low THz frequen-
cies, they are included here for completeness. The simplified
expression reads:

σinter(ω) = −j
e2

4πh̄

[
2|µc| − h̄(ω − j2γ)

2|µc|+ h̄(ω − j2γ)

]
(4)

Since σ(ω) is a complex quantity, it corresponds to a surface
impedance Zs(ω), given by:

Zs(ω) =
1

σ(ω)
= Rs + jXs (5)

where:

Rs = ℜ
(

1

σ(ω)

)
(6)

Xs = ℑ
(

1

σ(ω)

)
(7)

Here,Rs andXs represent the surface resistance and reactance,
respectively. These parameters are essential in full-wave elec-
tromagnetic solvers such as Computer Simulation Technology
(CST) and High Frequency Structure Simulator (HFSS), where
accurate material modeling is crucial. The physical constants
and variables are defined as follows: µc is the chemical poten-
tial (eV), kB the Boltzmann’s constant, T the absolute tempera-
ture (K), γ = 1/τ the scattering rate (s−1), h̄ the reduced Planck
constant, ω the angular frequency (rad/s), and e the elementary
charge.
These relations highlight how the optical and electronic prop-

erties of graphene can be finely tuned to realize highly adap-
tive THz devices. Figure 2 illustrate the real and imaginary

FIGURE 2. Refial and imaginary part of the graphene conductivity ver-
sus frequency for different chemical potential values.

parts of the graphene surface conductivity σ(ω) as a function
of frequency for five different chemical potentials: 0 eV, 0.1 eV,
0.2 eV, 0.3 eV, and 0.4 eV. The simulations were carried out at
a constant temperature of 300K and a relaxation time of 0.1 ps.
The results clearly demonstrate how tuning the chemical poten-
tial alters both components of the conductivity, enabling effec-
tive control of the electromagnetic response. The relationship
between the applied gate voltage Vg and chemical potential µc

is given by:

Vg =
hµ2

ce

ν2fε0εrh
2

(8)

where εr is the substrate’s relative permittivity, ε0 the vacuum
permittivity, h the substrate thickness, and νf the Fermi veloc-
ity in graphene.
Figure 3 illustrates the nonlinear relationship between the ap-

plied gate voltage and the chemical potential in graphene, high-
lighting the stronger electric fields required for higher chemi-
cal potentials. This electrostatic tunability is a cornerstone of
reconfigurable THz graphene-based devices.

FIGURE 3. Voltage applied to graphene.

4. EVALUATION OF 2D MATERIAL-BASED ANTENNA
STRUCTURES AND GRAPHENE RECONFIGURABILITY

4.1. Comparative Analysis of 2D Materials
To better evaluate the performance of the proposed structure,
a comparative analysis was conducted among the proposed an-
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FIGURE 4. Reflection coefficient S11 curves for no-doped graphene,
WS2, and MoSe2 based antennas in the THz frequency range.

tenna using CSTMicrowave Studio, no-doped graphene, WS2,
and MoSe2, which are commonly used two-dimensional (2D)
materials in the THz region. All simulations were performed
under identical conditions. The performance of the antennas
was assessed using a key parameter, namely the reflection co-
efficient (S11) as shown in Figure 4. Specifically, the no-doped
graphene-based antenna achieved a return loss of −28.2 dB,
while WS2 and MoSe2 reached −14 dB and −10 dB, respec-
tively.

4.2. Results and Discussion on the Graphene-Based Multilayer
Antenna
The antenna illustrated in Figure 1 was designed and simulated
using CST. To enable reconfigurability of both the bandwidth
and the resonance frequency, different values of the chemical
potential were applied: µc = 0 eV, 0.2 eV, 0.3 eV, and 0.4 eV.
A monolayer of graphene, matching the substrate surface and
with a thickness of 0.01µm, served as the active element. A
broadband source was used to excite the structure, with a cir-
cular copper patch placed above the graphene layer thickness
0.15µm. Figure 5 shows the simulated reflection coefficients

FIGURE 5. Reflection coefficient S11 for various chemical potential
values.

FIGURE 6. Resonant frequency and bandwidth versus different values
of chemical potential.

for the four values ofµc. The corresponding resonance frequen-
cies were 1.542 THz, 1.547 THz, 1.560 THz, and 1.562 THz,
respectively. The bandwidth varied between 91 and 96GHz.
As shown in Figure 6, tuning the chemical potential effec-

tively reconfigures the antenna’s spectral characteristics. At
µc = 0 eV, the resonance occurs at fr1 = 1.542THz, with
a bandwidth of 91GHz (1.487–1.578 THz). Increasing µc to
0.2 eV shifts the resonance to 1.547 THz, with a wider band-
width of 94GHz. At 0.3 eV and 0.4 eV, the resonance further
shifts to 1.560 THz and 1.562 THz, respectively, with respec-
tive bandwidths of 92GHz and 96GHz. These shifts demon-
strate an effective tuning mechanism for both bandwidth and
resonance frequency. Moreover, the return loss improves from
−28.2 dB at µc = 0 eV to −30.8 dB at µc = 0.4 eV, indicating
enhanced impedance matching.
Table 2 confirms the observed spectral reconfigurability.

The resonance frequency increases by about 1.36% from 1.541
to 1.562 THz, while the bandwidth enhances by nearly 5.5%.
The best performance is obtained at µc = 0.4 eV, showing the
lowest return loss and widest bandwidth. Figure 7 and Figure 8
explore the influence of temperature and relaxation time on the
antenna performance. As the temperature increases from 200K
to 400K, the resonance frequency shifts from 1.540 THz to
1.548 THz, and the bandwidth grows from 89GHz to 94GHz.
This indicates that temperature can be used as a secondary
control variable for spectral tuning. For the relaxation time
variation from 0.1 ps to 0.9 ps yields a resonance shift from
1.542 THz to 1.548 THz and a bandwidth increase from 91 to
95GHz. This highlights the strong dependence of antenna per-
formance on carrier scattering dynamics in graphene. These
findings demonstrate that multiple parameters chemical poten-
tial, temperature, and relaxation time can be employed to finely
tune the electromagnetic response of the proposed graphene-
based THz antenna. The resonance frequency can be adjusted
by approximately 0.52% through temperature variation and
0.39% through relaxation time tuning, while chemical poten-
tial modulation achieves the largest shift, up to 1.36%. Re-
garding bandwidth, temperature and relaxation time lead to in-
creases of about 5.62% and 4.40%, respectively, whereas chem-
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FIGURE 7. Impact of temperature on resonance frequency and band-
width.

FIGURE 8. Impact of relaxation time on resonance frequency and band-
width.

TABLE 2. Performance of the proposed antenna for various chemical potential values.

Chemical Potential (µc) Resonant Frequency fr (THz) Bandwidth (GHz) Reflection Coefficient S11 (dB)
0.0 eV 1.542 91 −28.2

0.2 eV 1.547 94 −27.5

0.3 eV 1.560 92 −28.5

0.4 eV 1.562 96 −30.8

TABLE 3. Comparative performance analysis of graphene based THz antennas.

Ref. Resonance frequency (THz) Bandwidth (GHz) Return Loss (dB) Feature
[29] 5.825 110 −44 Patch array on photonic crystal substrate
[30] 0.263 < 90 (narrow) −33 Hybrid on-chip graphene patch

This work 1.562 96 −30.8 Hybrid Copper-Graphene multilayer

ical potential tuning provides the highest enhancement, up to
5.49%. These results confirm that chemical potential is the
most effective parameter for achieving significant reconfigu-
ration in both resonance frequency and bandwidth. Table 3
summarizes a comparative analysis of representative graphene-
based THz antennas. The design in [29] achieves a resonance
frequency around 5.8THz with a bandwidth of 110GHz and
a return loss of −44 dB, whereas the integrated on-chip patch
in [30] provides a tunability of about 38GHz but remains nar-
rowband (< 90GHz) with a return loss of about −33 dB. In
contrast, our hybrid Copper-graphene multilayer antenna oper-
ates at 1.562THz with a bandwidth of 96GHz and a return loss
of−30.8 dB, which is comparable to or better than prior works
in terms of wideband performance while keeping a competitive
impedance matching. More importantly, unlike previous stud-
ies that rely exclusively on full wave electromagnetic simula-
tions, our approach incorporates machine learning prediction of
resonance frequency and bandwidth. This predictive capabil-
ity enables accurate performance estimation with fewer simula-
tions, significantly reducing computational cost and highlight-
ing the novelty of the proposed methodology. To accelerate the

structure design workflow, we integrate electromagnetic simu-
lations with machine learning algorithms that predict key per-
formance metrics such as resonance frequency and bandwidth.
Traditional approaches, such as exhaustive full-wave sweeps,
typically require over 30 hours for 300 configurations due to
high mesh resolution and iterative solver convergence [31]. In
contrast, our trained machine learning (ML) models (Random
Forest, XGBoost) offer near-instantaneous predictions, signifi-
cantly reducing design time. Despite their speed, these models
maintain strong agreement with simulated data. This hybrid
strategy, combining physics based modeling with data-driven
learning, ensures both efficiency and reliability. Similar ML-
driven accelerations have gained traction in recent metasurface
optimization studies [32]. The following section presents the
implementation and performance of our ML based framework.

5. PREDICTION OF RESONANT FREQUENCY AND
BANDWIDTH
Machine learning models were employed to support the recon-
figurability analysis by predicting the resonant frequency and
bandwidth from the key parameters (chemical potential, tem-
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TABLE 4. Performance comparison of Random Forest and XGBoost models for fr and BW prediction.

Model Target MSE RMSE R2

Random Forest Resonant Frequency 2.13× 10−6 0.00146 0.9924

Random Forest Bandwidth 4.37× 10−7 0.00066 0.9952

XGBoost Resonant Frequency 1.26× 10−6 0.00112 0.9955

XGBoost Bandwidth 4.48× 10−7 0.00067 0.9951

FIGURE 9. Overview of the proposedmachine learning-based approach
for THz antenna prediction.

perature, and relaxation time). A dataset of 300 CST simula-
tions was generated and randomly split into 80% for training
and 20% for testing. Performance was evaluated using stan-
dard regression metrics (mean square error (MSE), root mean
square error (RMSE), and R2). Two ensemble methods were
implemented: Random Forest (200 estimators, depth = 10)
and XGBoost (300 estimators, depth = 6, learning rate = 0.1),
with five-fold cross-validation to ensure robustness. Random
Forest offers efficiency and stability by averaging multiple par-
allel decision trees, while XGBoost achieves higher accuracy
through sequential gradient-based optimization, albeit at higher
computational cost. These algorithms were chosen over deep
learning, which typically requires much larger datasets. Both
models achieved excellent accuracy (R2 > 0.99), confirm-
ing strong agreement with CST simulations and demonstrating
their suitability for fast and reliable antenna performance pre-
diction. Figure 9 presents the overall workflow of the proposed
ML-based method for predicting the resonance frequency and
bandwidth of the THz graphene based antenna. The dataset is
generated from simulations, preprocessed (normalization, cor-

FIGURE 10. Correlation heatmap between input parameters and target
values (fr , BW).

relation, train/test split), and used to train Random Forest and
XGBoost models with cross-validation. Model performance is
assessed by RMSE andR2, while feature importance highlights
the influence of physical parameters (µc, T , τ ) on device be-
havior. Figure 10 shows that the chemical potential has the
strongest correlation with the resonant frequency (0.55) and the
highest positive link to the bandwidth (0.21). Temperature ex-
hibits a moderate negative correlation with both outputs, while
the relaxation time has only a weak influence (0.13). These re-
sults confirm that µc is the key parameter for jointly optimizing
fr and bandwidth (BW). Two regression models were imple-
mented and evaluated: Random Forest (RF) and eXtreme Gra-
dient Boosting (XGBoost). The dataset was randomly split into
80% for training and 20% for testing. The performance of each
model was assessed using standard regression metrics, includ-
ing MSE, RMSE, and the coefficient of determination (R2), as
summarized in Table 4.
Figures 11 and 12 show the predicted versus actual values

for resonant frequency and bandwidth, respectively, obtained
from the Random Forest (RF) model. Similarly, Figures 13
and 14 present the predicted versus actual values for resonant
frequency and bandwidth, respectively, obtained from the XG-
Boost model. A strong agreement is observed in both cases,
with XGBoost exhibiting slightly better generalization perfor-
mance. These results confirm that machine learningmodels can
accurately predict the antenna’s performance metrics, thereby
enabling efficient design space exploration. The strong influ-
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FIGURE 11. Correlation between predicted and true resonance fre-
quency values using the Random Forest model.

FIGURE 12. Correlation between predicted and true bandwidth values
using the Random Forest model.

FIGURE 13. Correlation between predicted and true resonance fre-
quency values using the XGBoost model.

FIGURE 14. Correlation between predicted and true bandwidth values
using XGBoost model.

ence of the chemical potential on the resonant frequency further
highlights the high tunability potential of graphene in terahertz
applications.

6. CONCLUSION
In this work, we present a reconfigurable multilayer graphene-
based antenna for terahertz sensing, supported by machine
learning-assisted estimation of resonance frequency and band-
width. Compared to other two-dimensional materials such as
Al2O3 and SiO2, graphene demonstrated superior electromag-
netic tunability. The proposed antenna achieved a resonance
shift from 1.542 to 1.562 THz (a 96GHz range), which rep-
resents a remarkable variation at terahertz scales. This recon-
figurability enables selective sensing, dynamic operation, and
enhanced adaptability of future wireless systems. Improve-
ments in bandwidth and return loss were also observed. The
correctness of the presented results was ensured through CST
full-wave simulations consistent with the Kubo conductivity
model of graphene. Machine learning models (Random For-

est and XGBoost) trained on the generated dataset achieved
R2 > 0.99, showing excellent agreement with CST predic-
tions. These findings, in line with recent studies [33–35], con-
firm the reliability of the proposed approach and highlight its
potential for future terahertz applications. It should be empha-
sized that this study is based on full-wave CST simulations
combined with ML-assisted predictions. While this approach
provides valuable insights into the reconfigurability of the pro-
posed antenna, experimental validation through prototype fab-
rication and measurements remains as future work. The practi-
cal implementation at terahertz frequencies is challenging due
to graphene fabrication, multilayer integration, and biasing cir-
cuitry for chemical potential tuning. Addressing these chal-
lenges will be the focus of future research.
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