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ABSTRACT: This work demonstrates the design of a terahertz (THz) antenna that uses graphene to achieve frequency-reconfigurable
multiband operation. The proposed design integrates electrically controlled graphene switches within precisely defined slots to dynami-
cally modify the distribution of surface currents, enabling a highly multi-band, frequency-reconfigurable antenna. The antenna consists
of perpendicular (vertical and horizontal) slots, supported by six graphene switches, whose operating frequencies are adjusted by con-
trolling the graphene’s chemical potential. The proposed antenna covers a wide frequency range from 0.288 to 2.501 THz, operating at
63 resonant frequencies and 58 impedance bands, achieved through 11 reconfiguration states (C1-C11). The proposed antenna is created
on a 10 um-thick Rogers RO3003 substrate with overall dimensions of 268 um x 240 um x 10 pm. The performance of the proposed
antenna, including the reflection coefficient, gain, and radiation efficiency, was evaluated under different operating conditions. Due to its
ability to reconfigure multiple frequency bands, this antenna is an ideal solution for dynamically adjustable, tunable THz communication

systems.

1. INTRODUCTION

econfigurable antennas keep pace with the rapid growth
Rof wireless communication systems, making them a ma-
jor focus of contemporary scientific research. Reconfigurable
antennas are characterized by their ability to dynamically mod-
ify frequency, radiation patterns, or polarization with no no-
ticeable delay in response. In contrast, conventional anten-
nas are limited to fixed and predetermined frequency bands,
radiation characteristics, and polarizations [1-3]. Frequency-
reconfigurable antennas occupy a prominent place in con-
temporary research, as they offer high adaptability in fre-
quency management and enhanced efficiency in spectrum uti-
lization [4, 5].

There are many methods used for frequency reconfiguration,
and among them, the technique of integrating PIN diodes stands
out as one of the common solutions; these diodes are integrated
into the antenna’s radiation elements, feed network, or ground
plane, and their characteristics are controlled by adjusting their
switching states [6,7]. Researchers proposed an antenna inte-
grating three semi-circular defected ground structures (DGS)
[8], triple-intersecting DGS [9], and a circular DGS [10], each
integrated with different numbers of switches to enable multiple
frequency bands. In [11], PIN diodes integrated into triangular
monopoles with a partial ground plane containing etched par-
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asitic strips enabled switching between narrowband and ultra-
wideband (UWB).

As wireless devices continue to evolve and demand for
high-data-rate communication increases, congestion within mi-
crowave and millimeter-wave (mmWave) frequency bands has
accelerated research into THz communications. THz waves
have emerged as a promising solution for terabit-per-second
communication systems [12].

Many antenna types, such as dipole, bow-tie, Yagi, dielec-
tric resonator, fractal, and patch antennas, have been proposed
and studied for THz systems [13, 14]. For contemporary com-
munication systems that demand both flexibility and excellent
performance, the capacity to dynamically alter antenna proper-
ties, such as operating frequency and radiation pattern, is cru-
cial [13]. However, traditional reconfiguration mechanisms
based on PIN diodes face fundamental obstacles at THz fre-
quencies, specifically in the transition band between THz and
infrared; these limitations are metal diffusion, impedance mis-
match between the antenna and diode, and deterioration of the
rectifier diode’s operational performance [15]. Accordingly,
THz applications require developing alternative switching tech-
nologies; graphene stands out as a promising and ideal choice
among available materials, thanks to its complex conductivity,
which can be precisely tuned, enabling an effective and effi-
cient switching mechanism in THz devices [16].

Graphene, a single-layer carbon material with a hexagonal
crystal lattice, has exceptional electrical properties that help
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TABLE 1. Geometrical parameters of the suggested antenna (pm).
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Value 268 240 154

120

24 69 110 1025 81

Parameter 15 16 17 a

b ¢ d [

(&

Value 55 85 55 31
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overcome multiple technical obstacles facing THz technol-
ogy. Graphene facilitates the propagation of surface plasmon-
polariton waves in the THz band because of its strong field-
effect behavior and high electron mobility. In THz reconfig-
urable antenna systems, these features are very advantageous
for electrical tuning [17]. Graphene has multiple uses in THz
antennas; it can be employed as a ground layer, a radiating
element, or a switching layer. Its variable surface conductiv-
ity, controlled by the applied chemical potential (x.), offers
broad reconfiguration opportunities, as adjusting the bias volt-
age applied to the graphene enables dynamic control of the an-
tenna’s operating frequency, radiation pattern, and polarization
[18]. In the literature, studies on THz antenna designs, in-
cluding single-band [18], dual-band [19], and multi-band [12],
confirm graphene’s essential role in reconfigurability in THz
communication devices. By regulating graphene conductiv-
ity in electrical means, several graphene-assisted THz anten-
nas, including Yagi-Uda, ring, planar-slot, and bow-tie struc-
tures, demonstrated frequency tunability and pattern reconfig-
uration [19-23]. In addition, [24] demonstrated a reconfig-
urable Vivaldi antenna based on graphene that operates over
0.5-2 THz, enabling dynamic impedance and bandwidth con-
trol via graphene-silicon structures.

This work illustrates a graphene-based frequency-
reconfigurable terahertz antenna (FRTA) operating over a
wide frequency range of 0.2-2.5 THz. Frequency reconfigura-
tion is achieved by electrically tuning the chemical potential of
integrated graphene switches, enabling effective control of the
antenna resonant frequencies.

2. APPROACH TO THE DESIGN OF THE PROPOSED
ANTENNA

The suggested antenna is displayed in Fig. 1, occupying an area
of 240 um in length (L), 268 um in width (W), and 10 um in
thickness (h), based on the Rogers RO3003 substrate thick-
ness. The employed substrate has a relative dielectric constant
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FIGURE 1. The configuration of the proposed THz patch antenna.
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FIGURE 2. Development stages of the proposed FRTA from S1 to S8:
(a) conventional patch antenna (S1), (b) S2, (¢) S3, (d) S4, (e) S5, (f)
S6, (g) S7, and (h) S8.
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of 3 and a loss tangent of 0.001. The feed line has a length
of Lf = 69 um and a width of W f = 24 um. The proposed
antenna is a patch antenna with longitudinal and vertical slots.
Table 1 presents the complete set of antenna parameters. Based
on the structural framework shown in Fig. 1, Figs. 2(a)—(h) il-
lustrate the developmental stages of the proposed antenna de-
sign. The development of this framework was primarily based
on an optimized aperture-distribution methodology for the ra-
diating patch. These carefully planned apertures enhance the
antenna’s frequency response, enabling multiple resonant fre-
quencies while maintaining the framework’s compact dimen-
sions.

In Figs. 2(a)—(h), the evolution of the proposed antenna
is through eight stages (S1-S8). In the primary stage (S1),
a conventional rectangular microstrip patch antenna with the
previously mentioned dimensions is designed on a Rogers
RO3003 substrate. The antenna resonates at 0.689 THz with
an impedance bandwidth of 0.025 THz over 0.677-0.702 THz,
equivalent to a fractional bandwidth of 3.63%. The obtained
reflection coefficient is —25.28 dB, while the realized gain and
radiation efficiency are 3.27 dB and 44%, respectively. To
change the effective surface current distribution and produce
more resonant modes, vertical and horizontal slots are gradually
added to the radiating patch in stages S2—S8. Improvements in
radiation efficiency, bandwidth, gain, and impedance match-
ing are attained as the antenna structure changes. Additionally,
multiband operation is enabled while preserving small antenna
dimensions by progressive slot inclusion.

Figures 3(a)—(c) compare stages S1-S8 in terms of reflection
coefficient, gain, and radiation efficiency. The peak gain values
of the antenna throughout the evolution stages are as follows:
3.27dB at 0.6896 THz for stage S1, 6.87dB at 3.3977 THz
for stage S2, 9.21dB at 2.6123 THz for stage S3, 7.57dB at
2.3054 THz for stage S4, 7.30dB at 3.1403 THz for stage S5,
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FIGURE 3. Simulated results of antenna stages 1-8: (a) S11, (b) radiation efficiency (linear scale), and (c) gain (dB).

7.30dB at 2.0117 THz for stage S6, 7.60dB at 1.5563 THz for
stage S7, and 7.87dB at 1.929 THz for stage S8, as shown in
Fig. 3(b). The radiation efficiencies obtained for the proposed
antenna throughout the operating bands vary according to the
design stage and resonant frequency, reaching maximum val-
ues of approximately 44%, 70.44%, 71.21%, 68.20%, 68.39%,
65.08%, 70.90%, and 70.58%, respectively, as illustrated in
Fig. 3(c).

2.1. Graphene-Based Frequency Reconfiguration Mechanism
and Modeling

The resonant frequency of the proposed FRTA is controlled
using six graphene switches (wl-w6), embedded within slots
e, 12,13, 14, 17, and f, respectively, as illustrated in Fig. 1.
Switches w1l and w6 are positioned 5 um and 15 um away
from the left and right edges of the patch antenna within slots
e and f, respectively. Meanwhile, switches w2—wb5 are lo-
cated at the centers of slots (2, [3, [4, and [7. The correspond-
ing slot lengths are e = 20 um, {2 = 103 um, {3 = 81 um,
{4 = 81 um, [7 = 40 um, and f = 55 um. Multiple frequency-
reconfigurable modes are achieved by integrating graphene-
based switching elements into the patch structure. Electrostatic
biasing is used to implement the switching process, in which an
external DC bias voltage controls the graphene chemical poten-
tial (). Changes in the chemical potential control the modifi-
cation of graphene’s surface conductivity according to the Kubo
model, leading to changes in the actual current distribution and
the antenna resonant characteristics. Graphene switches adjust
the resonant frequencies and operating modes by electrically
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connecting or disconnecting specific regions of the metal patch,
enabling 11 distinct operating states (ON/OFF).

Graphene occupies a leading position in fast electronics and
electromagnetic systems research thanks to its exceptional elec-
trical properties; its unique band structure and supercharged
carrier mobility form a key foundation for increasing the effi-
ciency of THz devices, interconnect lines, and field-effect tran-
sistors (FETs). The angular frequency w, chemical potential
e, temperature 7', and scattering rate I' all affect graphene’s
surface conductivity, o4 (w, fe, I', T'). The formula for the
relaxation time 7 is 7 = 1/(2T") [25].

Graphene conductivity can be described using the Kubo
formula, which comprises intraband (o;,¢-,) and interband
(0inter) conductivity components. The intraband contribution
is mainly associated with free-carrier transport, whereas the
interband contribution corresponds to electron transitions be-
tween the valence and conduction bands. In the THz frequency
range, graphene’s conductivity is predominantly intraband, and
the interband contribution becomes more significant at higher
frequencies [26].

The proposed antenna primarily operates using discrete
ON/OFF switching states corresponding to different graphene
conductivity conditions. In addition, continuous conductivity
tuning is investigated by varying the chemical potential (p.)
to analyze resonance redistribution and impedance variations
under intermediate bias conditions. The present work mainly
focuses on the electromagnetic behavior of the graphene-
enabled antenna structure; therefore, the detailed biasing
network and its associated parasitic effects are beyond the
scope of the current study. In practice, high-impedance or
minimally invasive biasing structures may be employed to
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reduce disturbances to THz radiation characteristics.

Og = Ointra + Ointer (1)
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where e denotes the electron charge; 7 is the reduced Planck’s
constant (A = 1.055 x 10734 J-5s); kp is the Boltzmann con-
stant (kp = 1.38 x 10723 J/K); and j = v/—1. The chemical
potential (1) can be controlled by applying an electrostatic bias
field, particularly at THz frequencies. As . increases, the real
and imaginary parts of graphene’s complex surface impedance
(Zs = 1/0) decrease. Consequently, graphene’s conductiv-
ity and surface impedance can be dynamically tuned by vary-
ing p.. Due to its dynamic surface response in the THz band
and exceptionally high carrier mobility, graphene is considered
a promising material for THz reconfigurable antenna applica-
tions and high-speed signal-processing systems [26].

3. RESULTS AND ANALYSIS OF THE PROPOSED FRTA

The proposed FRTA was analyzed using Computer Simulation
Technology (CST) Studio Suite 2022. Impedance matching
is governed by the material wave impedance, which depends
on the combined effects of permittivity (¢) and permeability
(). In this work, Rogers RO3003 was selected as the substrate
material due to its nonmagnetic nature (1, = 1). Therefore,
the effect of permeability on impedance matching is negligi-
ble. Instead, impedance tuning is achieved through the electri-
cally controllable surface conductivity of graphene integrated
into the antenna structure. Graphene’s electrical tunability en-
ables frequency reconfiguration without modifying the sub-
strate properties.

By leveraging graphene’s plasmonic properties, the proposed
antenna achieves exceptional electromagnetic field exclusivity
and dynamically tunable electrical features. Dynamic mod-
ulation of graphene’s chemical potential controls its surface
conductivity, enabling frequency reconfiguration and improved
impedance matching. Furthermore, due to its lower energy loss
rate compared to conventional metallic structures at THz fre-
quencies, graphene is an ideal choice for reconfigurable THz
antenna applications [12].

Given that graphene’s surface conductivity is related to its
chemical potential, any change in p. directly leads to modi-
fying resistive and reactive components of the graphene layer.
When the chemical potential is high, the graphene sheet has low
impedance and minimal loss, showing ON-state behavior. On
the other hand, at low chemical potential, the graphene layer
exhibits higher impedance and reduced surface current density,
representing the OFF state. This switching operation closely
resembles the operation of PIN diodes in conventional radio
frequency (RF) reconfigurable antennas [18].

Since graphene’s surface conductivity depends on its chem-
ical potential (1), tuning p. modifies its resistive and reactive
characteristics. High . results in a low-impedance, low-loss
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ON state, whereas low pi. produces a high-impedance OFF state
with reduced surface current density. This behavior is analo-
gous to the switching operation of PIN diodes in conventional
RF reconfigurable antennas [18]. Accordingly, two chemical
potential levels, p.; = 0eV and po = 4 eV, were employed
to realize OFF and ON states, respectively. A 5 x 5 x 5 um3
graphene sheet was used for simulations at a temperature of
300 K with a relaxation time (7) of 0.1 ps. To enable frequency
reconfigurability, six single-layer graphene switches were in-
tegrated into the slotted patch structure. Resonant frequencies
can be changed by dynamically adjusting the antenna’s effec-
tive electrical length and surface-current distribution by switch-
ing graphene elements between ON and OFF states.

The proposed antenna demonstrates simultaneous multiband
and multimode operation across all 11 switching configurations
(C1-Cl11), generated through different ON/OFF combinations
of the six graphene switches. Over a broad frequency range
from 0.288 to 2.501 THz, the antenna achieves dynamically re-
configurable resonances. Graphene-loaded slots with normal-
ized dimensions (e = 0.019)\g, lo = 0.0987 g, I3 = 0.078\q,
ly = 0.078)\g, I7 = 0.0529)\, and f = 0.0385)\) offer a broad
frequency tuning range surpassing 158.6% with regard to the
lowest operational frequency of 0.288 THz. These slots mod-
ify the effective electrical length and, as a result, vary the res-
onant modes through bias-controlled modulation of graphene
conductivity.

The suggested antenna enables multiband operation and
wide-range frequency reconfiguration from lower THz bands
up to 2.5 THz, as demonstrated by S1; characteristics summa-
rized in Tables 2 and 3, supporting adaptive and multi-standard
THz communication systems.

Effective frequency reconfigurability is achieved by inten-
tionally keeping slot (I5) uncovered by graphene. This passive
slot provides a stable resonant element, whereas covering all
slots with graphene would cause simultaneous resonance shifts
during biasing, resulting in mixed or unstable multiband re-
sponses. The interaction between the fixed resonance gener-
ated by the passive slot and the tunable resonances produced
by the graphene-covered slots enables distinct multiband op-
erating states. From a plasmonic perspective, the uncovered
slot does not support tunable graphene-induced resonances and
therefore maintains a bias-independent resonance that acts as
a stable reference interacting with tunable surface plasmon po-
lariton modes.

According to Table 3, the proposed FRTA operates in multi-
ple resonant states for configurations C1-C11, spanning a fre-
quency range from 0.288 to 2.501 THz and featuring several
multiband operating modes. The reflection coefficient ranges
from —49.56dB to —11.17dB, indicating adequate to good
impedance matching, whereas the simulated impedance band-
width spans from 1.52% to 29.72%. Radiation efficiency varies
with switching mode because each graphene state reshapes the
antenna’s effective electrical length, resonant mode, and cur-
rent distribution, leading to different impedance-matching con-
ditions. Furthermore, graphene’s finite conductivity causes sig-
nificant ohmic losses that reduce radiation efficiency in some
modes.
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TABLE 2. ON/OFF states of graphene switches (d1-d6) for configurations C1-C11.

Case No. wl | w2 | w3 | wd | wh | w6 | Operating frequencies
Cl1 0 0 0 0 0 1 0.372, 0.682, 0.790, 0.867, 1.731, 2.028, 2.482
C2 0 0 0 0 1 0 | 0.684,1.568, 1.745, 1.944,2.165, 2.446
C3 0 0 1 1 0 0 | 0.341,0.999, 1.474, 1.584, 1.772, 2.043
C4 0 1 1 1 0 0 0.401, 1.071, 1.472, 1.700, 2.048
Cs 1o o1 1 | 0 | 0.660,0.723, 1.474, 1.592, 1.798, 1.997, 2.228
C6 1 0 1 0 0 1 1.712, 1.973, 2.093
Cc7 1 1 0 1 0 0 | 1.169, 1.364, 1.575, 1.625, 1.812, 1.964, 2.172
C8 1 1 0 1 0 1 0.368, 0.694, 1.359, 1.604, 1.817, 2.192, 2.499
Cc9 1 1 0 1 1 1 0.370, 0.694, 1.606, 1.827, 2.201, 2.501
C10 1 1 1 0 1 0 | 0.288,0.540,0.792, 1.364, 1.452, 1.678, 1.752, 2.108
Cll 1 1 1 1 1 0 | 0.320,0.790, 1.061, 1.457, 1.678, 2.067
Switch status 0 = OFF state (uc1 = 0eV); 1 = ON state (uc2 = 4¢V)
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FIGURE 4. Simulated gains for configurations C1-C11.
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FIGURE 5. Simulated gains for configurations: (a) C1-C6 and (b) C7-C11.

The simulated S} response is employed to assess the FRTA’s
frequency tunability. The resonance characteristics for all
configurations are summarized in Table 3 and illustrated in
Fig. 4, while the corresponding gain responses are presented
in Fig. 5. Furthermore, the proposed antenna achieves a gain
ranging from —14.81dB to 7.41 dB across the tuning range.
Among all configurations, C9 achieves the highest resonance
frequency of 2.501 THz, whereas C10 exhibits the lowest res-
onance frequency of 0.288 THz. Finally, based on graphene
patch impedance states, the antenna supports 11 distinct operat-
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ing configurations. The radiation efficiency varies from 1.16%
in C10 to 74% in CS.

To avoid redundancy and unnecessary increases in content
size from reviewing radiation diagrams and surface current dis-
tributions for (63) resonant frequencies (distributed across (11)
switching cases of the proposed antenna), only six representa-
tive switching models were selected.

Figures 6(a)—(f) show simulated radiation patterns of the
proposed FRTA for configurations C1, C3, C4, C6, C10, and
Cl11 in the E-plane (Y Z) and H-plane (X Z2). These config-
urations correspond to resonant frequencies of 0.372, 0.999,
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TABLE 3. Summary of the simulated performance characteristics of configurations C1-C11.

No. fr (THz) S11 (dB) BW Range BW% Gain (dB) Eff. (%)
(0.368-0.380),
(0.670-0.692),
0.372, 0.682, __1155'9231’ __1152'281’ (0.780-0.800), | 3.21,3.23,2.53, __1104298’32'3137’ f'g‘gfzg‘g’
C1 0.790, 0.867, 3313 3367, | (0:860-0.874), | 1.62,14.23,10.94, 480,581 024 6180,
1.731, 2.028, 2.482 Tlssy | (1.580-1.822), 3.09 Cest o500
‘ (1.970-2.198), ‘ '
(2.424-2.500)
(0.674-0.692),
0.684, 1.568, —28.43, —17.60, Eig;gjgggg 564 6.63.9.75 0.56,7.17, 33.00, 54.90,
C2 1745, 1.944, —30.93,=28.83, | \"er0 006y, | 7.01,5.45 3.83 6.67,7.41, 64.70, 67.00,
2.165, 2.446 —1143, 1427 | 006 2204), 6.48, 6.80 67.00, 55.40
(2.406-2.500)
(0.336-0.348),
0.341, 0.999, =22.65,-20.75, | (0.990-1.010), | o, . o) —10.37, -0.27, 2.70, 19.82,
C3 1.474, 1.584, —12.44, —13.89, | (1.448-1.676), 77 1083 3.17,7.02, 47.00, 57.00,
1.772,2.043 —13.77, -25.88 | (1.716-1.817), e 6.90, 5.84 66.46, 62.56
(1.884-2.100)
(0.396-0.406),
0.401, 1.071, —33.99, —14.68, | (1.061-1.083), 2.39,2.24, —12.50, —2.19, 7.60, 32.00,
c4 1,472, 1.700, —12.51, —40.59, | (1.445-1.505), 4.06, 12.34, 3.94,7.24, 47.46,73.83,
2.048 —21.86 (1.582-1.788), 9.86 6.30 60.00
(1.906-2.105)
0.660, 0.723, —13.07, =23.56, | (0.654-0.666), 28.52,41.41,
s 1.474,1.592, —22.73,-19.8, | (0.714-0.734), 122? %472’2 é’é‘l" é?;’ ;g; 47.00, 52.50,
1.7984, 1.997, —26.61, —36.30, | (1.412-1.638), 20752072 e | 62:00,74.00,
2.228 —16.20 (1.714-2.312) e ‘ 69.50
4874 3365, | (1.619-1.784),
C6 | 1.712,1.973,2.093 sy | (1.920-2.021), | 974,513,599 | 5.70,5.35,5.75 |59.00,60.94, 67.83
‘ (2.046-2.173)
122 1173 | (L154-1180),
1169, 1.364, 1.575, |~ 57 7 | (1350-1.382), 2.23,2.34, 5.45,5.62,6.88, |  39.65,60.85,
C7 | 1.625,1812,1.964, | 27 Vo | (14321728, 18.73, 3.86, 6.97,7.33,6.53, | 54.7,57, 66.00,
2.172 aoa | (1.780-1.850), 22.90 6.20 66.56, 64.00
' (1.896-2.386)
(0.363-0.375),
0368, 0.694, 1359, | —22.49, —30.04, | (0-660°0-711). 3.36,7.35, 279,334, 318, 46.73,
C8 | 1.604,1817,2192, | —10.90, ~22.47, | (1-347-1376). 2.11, 15.78, 270, 5.8, 5185, 48.78,
5 490 3456 1635 | (1:428-1.673), 28.56. 4.0 5.95,5.84, 66.43, 63.91,
(1.757-2.343), ’ 6.45 56.94
(2.456-2.556)
(0.363-0.375),
(0.654-0.712),
0370, 0.694, 1.606, | ~2371 73589 |\ ey 674y, 14.15, 8.50, —9.52,3.69, 3.37,50.82,
CO | ka7 2000 2501 | ~20:58 2848 o0 goey 15.87, 12.10, 5.83,7.22, 48.00, 68.40,
—46.43,-1680 | 036 2346, 14.15,4.21 5.91,6.51 65.50, 57.00
(2.456-2.561)
(0.284-0.291),
—16.73, —17.78, | (0.536-0.546), 2.50, 1.85, —14.81, —2.69, 116, 15.0,
1o ?jgi’ (1):24512’ ?;Zé’ —30.72, —13.16, | (0.784-0.800), 2.02, 10.83, —4.00, 5.95, 9.64, 62.00,
750 5108 | —20.85,-21.30, | (1.344-1.498), 10.83, 13.05, 4.89, 6.00, 53.00, 44.00,
e —16.76, —13.71 | (1.632-1.860), 5.77 5.98,5.92 48.00, 66.62
(2.052-2.174)
(0.315-0.324),
—16.84, —31.11,
e[ 0300 L0sl, |GG Gy | Sadsasn s T Gl
S oy agse | (1:412-1.498), | SRR A 6.12, 6.69 45.67, 66.65
e (1.635-2.127)
Switch status 0 = OFF State = pc1 = 0eV, 1 = ON State = pco = 4eV
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FIGURE 6. Simulated two-dimensional radiation patterns in the E (o = 0°, in blue) and H (p = 90°, in red) planes. The figure shows the
selected configurations (C1, C3, C4, C6, C10, C11) at their corresponding resonant frequencies as follows: (a) configuration C1 at 0.372 THz, (b)
configuration C3 at 0.999 THz, (c) configuration C4 at 1.472 THz, (d) configuration C6 at 1.712 THz, (e) configuration C10 at 2.108 THz, and (f)

configuration C11 at 2.067 THz.
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FIGURE 7. Surface-current distributions on top of the FRTA for the selected configurations C1, C3, C4, C6, C10 and C11, respectively: (a) C1 at
0.372 THz, (b) C3 at 0.999 THz, (c) C4 at 1.472 THz, (d) C6 at 1.712 THz, (¢) C10 at 2.108 THz, and (f) C11 at 2.067 THz.

1.472,1.712, 2.067, and 2.108 THz and show different switch-
ing states. The antenna mainly exhibits linear polarization. It
keeps stable broadside radiation during frequency reconfigura-
tion.

Figure 7 shows simulated surface-current distributions of the
proposed FRTA for configurations C1, C3, C4, C6, C10, and
Cl11 at chosen resonant frequencies of 0.372, 0.999, 1.472,
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1.712, 2.067, and 2.108 THz. Graphene layers control the res-
onant current paths by reshaping the conductivity distribution
on the radiating patch. Surface-current paths change based on
graphene’s conductivity changes, generating resonant frequen-
cies specific to each switching state.

The influence of graphene chemical potential on the
frequency-reconfigurable behavior of the proposed antenna
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FIGURE 8. Effect of graphene bias potential on |S11|: () variation of yc1 from 0 to 0.8 eV with pee2 = 4 eV for configuration C1 and (b) variation
of 2 from 2 to 8 eV for configuration C11, with p.1 fixed at 0 eV except for the case pe1 = 0.2eV and peo = 4eV.

TABLE 4. FRTA response of configuration C1 under different graphene chemical potentials (0-0.8) eV.

State/Chemical

Frequenc S11 (dB BW BW (% Gain (dB
Potential p. (eV) q y 11 (dB) (%) (dB)

(0.368-0.380),
(0.670-0.692),

0.372, 0.682, —15.93, —15.21, 3.21,3.23, ~10.28,2.17,
(0.780-0.800),
0.790, 0.867, —15.21, —12.8, 2.53,1.62, —1.49,3.33,
Cl, pre1 = 0, prez = 4 (0.860-0.874),
1.731, 2.028, —33.13, —33.67, 14.23, 10.94, 4.80, 5.81,
(1.580-1.822),
2.482 ~18.52 3.09 6.51

(1.970-2.198),
(2.424-2.500)
(0.701-0.728),

0.713,0.778, —19.68, —11.69, (0.773-0.785), 3.69, 1.54, —0.96, —5.53,
1.047, 1.460, —13.77, —16.92, (1.035-1.059), 2.29,5.08, —2.75,5.13,
ClL, pe1 = 0.2, e = 4
1.685, 2.000, —32.82, —16.15, (1.426-1.500), 23.89, 23.89, 6.62,4.91,
2.1824 —16.10 (1.618-2.057), 3.08 4.92

(2.148-2.216)
(0.704-0.728),

0.716, 0.783, —17.34, —12.64, (0.776-0.788), 3.35,1.53, —0.44, —4.99,
1,054, 1.462, —15.17, —16.83, (1.042-1.066), 2.28,5.08, ~230,5.18,
C1> el = 0.4, He2 = 4
1.688, 2.004, —32.82, —15.80, (1.426-1.500), 23.76, 23.76, 6.73, 5.20,
2.184 —15.93 (1.620-2.057), 2.97 5.05

(2.153-2.218)
(0.704-0.728),
(0.776-0.790),

0.716, 0.783, —16.88, —13.46, 3.35, 1.84, —0.19, —4.51,
(1.044-1.068),
1.056, 1.462, —15.71, —16.93, 2.27,4.92, —2.16,5.22,
Cl, fe1 = 0.6, prez = 4 (1.428-1.500),
1.688, 2.004, —32.94, —15.66, 8.50, 14.38, 6.75,5.20,
(1.623-1.767),
2.184 ~15.82 2.85 5.15

(1.781-2.057),
(2.156-2.218)
(0.704-0.728),
(0.778-0.792),

0.716, 0.785, —16.53, —14.36, 3.35,1.83, —0.10, —4.48,
(1.047-1.071),
1.059, 1.462, —16.36, —17.07, 2.27,4.92, —0.53,5.23,
Cl, pre1 = 0.8, pez = 4 (1.428-1.500),
1.690, 2.007, —32.32, —15.56, 8.50, 14.38, 6.79, 5.35,
(1.623-1.767),
2.184 —15.88 2.85 5.20

(1.781-2.057),
(2.156-2.218)
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TABLE 5. FRTA response in configuration C11 under different graphene chemical potentials (2-8) eV.
State/Chemical
e emiea Frequency Si1 (dB) BW BW (%) Gain (dB)
Potential . (eV)
(0.315-0.324),
0.320, 0.550, —20.27, —10.84, (0.548-0.550), 3.00, 0.44, —11.47, =2.40,
0.790, 1.059, —34.94, —13.26, (0.783-0.795), 1.52,1.81, —5,95, 1.65,
Cll, per = 0, pre2 = 2
1.457, 1.678, ~20.08, —25.21, (1.049-1.068), 5.94, 26.64, 4.74,6.07,
2.067 —43.79 (1.412-1.498), 26.64 6.65
(1.632-2.129)
(0.315-0.324),
0.320, 0.790, —16.84, —31.11, (0.785-0.797), 3,1.52, —11.32, —5.74,
Cl1, pe1 =0, pe2 = 4 1.061, 1.457, —13.44, —20.00, (1.052-1.071), 1.81,5.94, 1.77,4.8,
1.678, 2.067 —24.72, —49.56 (1.412-1.498), 26.16, 26.16 6.12, 6.69
(1.635-2.127)
(0.315-0.324),
0.320, 0.550, —16.51, —11.83, (0.548-0.552), 3.00, 0.87, —11.35, =2.19,
0.790, 1.061, —26.74, —13.58, (0.785-0.797), 1.52,1.58, —5,53, 1.8,
Cll, per = 0, pe2 = 6
1.457, 1.678, ~20.00, —24.29, (1.054-1.071), 5.94,26.26, 4.83,6.01,
2.067 —47.13 (1.412-1.498), 26.26 6.66
(1.635-2.129)
(0.315-0.324),
0.320, 0.550, —16.69, —11.64, (0.548-0.552), 3.00, 0.87, —11.27, =2.21,
0.790, 1.061, —24.37, —13.67, (0.785-0.797), 1.52,1.58, —5,51, 1.79,
CIL, pte1 = 0, pe2 = 8
1.457, 1.678, —19.97, —23.99, (1.054-1.071), 5.94, 26.26, 4.50,5.97,
2.067 —53.46 (1.412-1.498), 26.26 6.65
(1.635-2.129)
(0.701-0.725),
(0.780-0.795),
0.713, 0.788, —17.77, —19.03, —0.88, —4.19, 26, 11,
(1.054-1.076),
1.064, 1.462, —18.73, —17.39, —1.62,5.23, 16, 53,
Cll, pre1 = 0.2, pie2 = 4 (1.428-1.500),
1.690, 2.007, —29.83, —15.94, 6.74, 5.39, 60.67, 56.71,
(1.628-1.760),
2.187 —16.40 5.24 65.27
(1.793-2.057),
(2.156-2.218)

was further investigated by varying the graphene bias beyond
conventional ON/OFF states. The results indicate that small
variations in the low-bias chemical potential (1) produce
noticeable resonance shifts and changes in the number of
operating bands, demonstrating high sensitivity to variations
in graphene conductivity. In contrast, further increases in
te1 beyond 0.2 eV result in only minor resonance variations,
indicating near-saturation behavior of graphene switching
elements, as shown in Fig. 8(a) and Table 4 for configuration
Cl. Similarly, variations in the high-bias chemical potential
(tc2) mainly affect the impedance bandwidth and resonance
behavior, whereas the resonant frequencies remain nearly
unchanged at elevated bias levels, as illustrated in Fig. 8(b)
and Table 5 for configuration C11.

To avoid excessive repetition, we present the detailed
graphene chemical-potential analysis for representative con-
figurations C1 and C11, while Table 6 summarizes responses
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of configurations C2—C10. It was found that identical tun-
ing properties exist in configurations extending from C2 to
C10 under various bias conditions of the graphene material.
Modifying .1 from 0 to 0.2 eV across several configurations
resulted in redistributing resonant frequencies, including
frequency shifting up and down, the emergence of new
resonant peaks, and variations in the total number of operating
bands. It can be inferred from graphical patterns shown in
Figs. 9(a)—(i) for configurations C2—C10 that the antenna’s
frequency response is closely related to graphene conductivity
in the low-bias region, before the control shifts to saturation
effects at high chemical potential levels.

The resonant displacement behavior is closely related to
graphene position and its interaction with surrounding electro-
magnetic fields. In some configurations, increasing fi.; pro-
duces downward resonance shifts due to enhanced capacitive-
coupling effects. In other cases, upward or nonuniform reso-
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FIGURE 9. Simulated |S11| responses of configurations C2—C10 for pc1 = 0 and 0.2 eV with .o fixed at 4 eV, illustrating resonance redistribution
and variations in the operating bands under different graphene-bias conditions.
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TABLE 6. Effect of graphene chemical-potential variation on the reconfigurable performance of configurations (C2—-C10).

Config. Bias Condition No. of Bands | Max BW (%) | Max Gain (dB)
C2 te1 =0, ez =4 6 9.75 7.41
C2 pe1 = 0.2, o =4 7 13.84 6.54
C3 te1 =0, pre2 =4 5 14.71 7.02
C3 ter = 0.2, pe2 = 4 6 23.49 6.61
C4 ter =0, 2 =4 5 12.34 7.24
C4 pe1 = 0.2, i =4 6 23.60 6.69
C5 fe1 =0, pre2 =4 4 29.72 7.27
C5 pe1 = 0.2, o = 4 7 13.84 6.59
C6 fe1 =0, ple2 =4 3 9.74 5.75
C6 e1 = 0.2, 2 = 4 7 23.60 6.70
C7 te1 =0, ez =4 5 22.90 7.33
C7 pe1 = 0.2, i =4 6 24.13 6.60
C8 el =0, ez =4 6 28.56 6.45
C8 te1 = 0.2, ez =4 6 24.01 6.73
C9 fe1 =0, pre2 =4 6 15.87 7.22
C9 el = 0.2, 2 =4 6 13.84 6.79
C10 pe1 =0, ez = 4 6 13.05 5.98
C10 pe1 = 0.2, i =4 7 13.58 6.72

nance shifts are observed, which may be attributed to reduced
capacitive coupling, altered current paths, and the increasing
influence of inductive plasmonic effects.

In practice, a DC-biased network controls graphene
switches by modulating their chemical potential to switch
between ON/OFF states. Furthermore, these lines must be as
short and narrow as possible, and located away from radiation
edges to avoid parasitic coupling and unwanted secondary
radiation.

Although simulation results of the proposed antenna are ac-
ceptable, its real-world implementation faces several manufac-
turing challenges, most notably growing graphene sheets using
chemical vapor deposition, then transporting and shaping them
by lithography before integrating them with metal conductors
for electrical power. However, the difference in thermal expan-
sion between graphene and the copper substrate during trans-
port leads to defects such as wrinkles and cracks, which reduce
charge-carrier flow and decrease antenna efficiency. Moreover,
nanofabrication techniques used for terahertz antennas are char-
acterized by their high cost, complexity, and the long time re-
quired to meet the required accuracy standards [27].

Table 7 compares the proposed reconfigurable THz antenna
with several previously published reconfigurable THz anten-
nas. The proposed antenna offers an ideal balance between
structural complexity and frequency reconfigurability. Com-
pared to a graphene-based terahertz antenna, the proposed an-
tenna uses a moderate number of graphene switches, compara-
ble to other highly reconfigurable designs. Although increasing
the number of graphene switches doubles the complexity of the
continuous bias (DC) network compared to systems with lim-
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ited switching elements, it provides a wider tuning range and
unique frequency options that surpass those in the referenced
studies. Since all compared antennas rely on electrically con-
trolled graphene conductivity, they are expected to show sim-
ilar low-power electronic tuning characteristics. At the same
time, practical switching speed is primarily determined by the
bias circuitry rather than the antenna structure.

The proposed antenna demonstrates excellent reconfigura-
tion flexibility and frequency agility. Most existing designs
have a frequency-tuning capability below 120% and support
fewer than 30 discrete operating frequencies or bandwidth re-
gions. For example, the hybrid ring and Yagi-Uda antennas
achieve tuning capabilities of only 27.9% and 58.5%, respec-
tively, because of their limited tuning ranges and reduced re-
configuration flexibility. Although some reported THz anten-
nas achieve higher peak gains, such as the graphene-loaded pla-
nar Vivaldi THz antenna in [24] with a gain of 11.5 dB, these
improvements are generally achieved at the expense of larger
size and increased structural complexity. In contrast, the pro-
posed antenna maintains a compact size of 268 x 240 x 20 um
while providing extensive frequency reconfigurability. In addi-
tion, the proposed antenna employs six graphene switching ele-
ments to achieve 63 unique operating frequencies and 58 band-
width regions. This results in a frequency-tuning capability of
158.6%, which is the highest among the compared gaphene-
based THz antennas, and enables an ultra-wide tuning range
from 0.288 to 2.501 THz. The antenna also shows stable radi-
ation characteristics with a maximum gain of 7.41 dB. Further-
more, the proposed antenna showed that radiation efficiency
varied across reconfiguration conditions and reached moderate-
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TABLE 7. Performance comparison of the proposed graphene-based THz frequency-reconfigurable antenna with previously reported works.

Dimensions Operating Tuning Freq. Tuning | Max. .
] o ] Reconfiguration
Ref. Antenna type (LxW x h) Frequencies/BW | Substrate Range Capability Gain Method
etho
(pm) Regions (THz) (%) (dB)
Graphene-
Rogers . .
[12] reconfigurable 268 x 240 x 20 29/30 0.52-2.06 119.7 7.8 | Electrical biasing
RO3003
slot antenna
Graphene-based
[19] microstrip 50 x 50 x 0.834 5/5 Quartz 2.80-4.20 40 2 Electrical biasing
patch antenna
Planar Yagi- . . .
[20] 500 x 700 x 10 5/5 SiO2 0.243-0.444 58.5 4.53 | Electrical biasing
Uda antenna
Graphene bow-tie
[21] | dipole antenna with | 80 x 80 x 10.8 12/12 SiO, 2.08-3.10 394 7 Electrical biasing
AMC metasurface
Graphene-based . .
[23] o 50 x 50 x 7 17/16 FR-4 3.82-5.06 27.9 6 Electrical biasing
hybrid ring antenna
Graphene-loaded
[24] planar Vivaldi 500 x 440 x 10.02 N/A/4 Quartz 0.50-2.00 120 11.5 | Electrical biasing
THz antenna
. Copper slot
This o Rogers . ..
antenna with six 268 x 240 x 20 63/58 0.288-2.501 158.6 7.41 | Electrical biasing
work RO3003
graphene sheets
Note: The reported operating frequencies correspond to the unique resonance frequencies obtained after excluding repeated or overlapping
resonances across different configurations listed in Table 2.
N/A: Indicates that the corresponding parameter was not reported in the referenced work.
AMC: Artificial Magnetic Conductor.

to-high values for most resonant frequencies. These results
demonstrate that wide frequency tunability can be achieved
while keeping acceptable radiation performance. For this rea-
son, the proposed antenna is highly suitable for THz commu-
nication applications that require adaptive multiband operation
and multi-state frequency reconfigurability.

Although ultra-wideband THz antennas can provide continu-
ous spectral coverage, multiband frequency-reconfigurable an-
tennas offer several important advantages for adaptive THz
communication systems. Reconfigurable multiband operation
enables selective activation of frequency bands, improving in-
terference mitigation, reducing unnecessary spectral occupa-
tion, and enhancing spectral efficiency. In addition, discrete,
tunable operating bands enable dynamic channel selection and
adaptive spectrum utilization based on communication require-
ments and propagation conditions. Wideband THz antennas
may also experience increased noise reception, stronger mu-
tual interference, and more complex front-end filtering require-
ments across extremely large bandwidths. Therefore, the pro-
posed graphene-based multiband reconfigurable antenna pro-
vides a flexible and energy-efficient alternative for future tun-
able THz communication systems.
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4. CONCLUSION

The proposed graphene-based THz antenna demonstrated
that tuning the graphene chemical potential can successfully
achieve multiband frequency reconfigurability across a wide
THz range. By integrating multiple graphene switches into
the antenna structure, we realized several operating conditions
while maintaining satisfactory impedance matching and
radiation performance. The results indicate that graphene
is a promising reconfiguration material for THz antennas,
particularly at frequencies where conventional switching
approaches become impractical. In addition, the proposed
antenna provides a compact and structurally simple design
while offering wide frequency tunability and a large number of
operating conditions. Therefore, the antenna is well suited for
adaptive beyond-6G THz communication systems requiring
flexible multiband operation and frequency reconfigurability.
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