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Abstract: Fifth-generation mobile communication systems must connect to multiple wireless net-
works. In order to enable a single device to match the frequency bands of multiple wireless networks,
it is usually necessary to use multiple single-band or multi-band antennas, which occupy a large
amount of space inside a given device. Using frequency-reconfigurable antennas to replace multiple
single-function antennas is an effective way to solve this problem. In this paper, we propose a
frequency-reconfigurable microstrip patch antenna based on graphene film, which fills the slot of
the radiating patch with graphene film. It was found that the surface current of the antenna can be
changed by changing the conductivity of graphene through bias voltage, which allows the operating
mode of the antenna to switch between a nearly slotted antenna and a nearly unslotted antenna
to achieve frequency reconfigurability. By changing the bias voltage from 0 V to 9 V, the resonant
frequency of the antenna can be switched from 29.6 GHz to 40 GHz, and the center frequency can by
altered by 10.4 GHz, corresponding to the reflection coefficients of −26 dB and −20.8 dB, respectively.
The antenna achieves good matching in both operating modes.

Keywords: frequency-reconfigurable antenna; graphene; tunable conductivity; voltage control

1. Introduction

Fifth-generation (5G) mobile communication systems, constituting the main direction
of next-generation mobile communication technology, features high speed, low latency,
and wide connectivity [1]. 5G communication devices must be equipped with many
single-band or multi-band antennas in order to comply with multiple wireless networks,
thereby filling the limited space available in the device [2]. Reconfigurable antennas can be
used to achieve multiple objectives with one antenna instead of two or more antennas [3].
Frequency-reconfigurable antennas utilize the same antenna to meet the required multiple
communication bands and do not use multiple antennas operating at different frequencies
for signal transmission or reception, which not only saves space and cost but also improves
the performance of a device [4–6]. Therefore, the use of reconfigurable antennas instead of
single-function antennas is an effective approach to solving such problems.

In 1979, “reconfigurability” was defined as “the ability to adjust the beam shape on
command” [7]. Four main types of techniques are generally used to achieve reconfigurable
antennas: switching structures, mechanically movable components, antenna arrays, and
variable materials [8]. The most commonly used switching structures are electronically
controlled switching structures such as PIN (positive-intrinsic-negative) diodes [9,10],
variable capacitors [11], and radio frequency microelectromechanical system (RF-MEMS)
switches [12,13]. However, RF-MEMS switches are costly [14], PIN diodes affect overall
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system performance [15] and have mechanical movable parts [16–18], and array anten-
nas [19,20] are hindered by their large size. So, new methods of developing reconfigurable
antennas still need to be developed. Graphene was first prepared in a laboratory in 2004 [21]
and has since been employed in various applications to improve the performance of devices
due to its excellent properties such as good electrical conductivity and high mechanical
strength [22–26]. In addition, graphene is also attractive in the field of reconfigurable
antennas because of its tunable conductivity [27–31].

In 2008, Hanson performed a theoretical analysis of the electrical conductivity of
graphene and concluded that the conductivity of graphene changed with the application
of a biased electric or biased magnetic field [32]. This property of graphene allows it to
be employed as a theoretical basis for reconfigurable antennas. As early as 2012, Julien
Perruisseau-Carrier’s team had applied graphene in the field of frequency-reconfigurable
antennas. They applied graphene to a microstrip patch antenna in the terahertz band,
replacing the patch of the antenna with graphene while retaining the metallic composition
of the microstrip line, and investigated the antenna’s performance [33]. The results of
the study indicated that the resonant frequencies of the antenna corresponded to 12 THz,
17 THz, and 21 THz for graphene chemical potentials of 0.25 eV, 0.5 eV, and 0.75 eV,
respectively. The resonant frequency of the antenna increased with the increase in the
graphene chemical potential, presenting an approximately linear increase.

In 2015, Dragoman’s team designed and tested a microwave slot antenna based on
a graphene coplanar structure. They transferred graphene grown via the chemical vapor
deposition (CVD) method to a silicon wafer and combined it with a metal coplanar surface
to fabricate the antenna [34]. Consequently, the reflection coefficient changed, and a 24 MHz
shift in the center frequency was achieved after imposing the bias voltage. In addition, the
radiation efficiency of the graphene antenna was lower than that of the metal antenna, but
the bandwidth of the graphene antenna was much larger than that of the metal antenna
with the same geometry and operating frequency. In the same year, the research team
also designed a slit antenna operating in the X-band [35], where a square graphene film
was loaded in the upper slit and the reflection coefficient of the antenna was modulated
by applying a bias voltage of −20–0 V to the graphene film, which altered the reflection
coefficient by 20 dB, although the center frequency was only shifted by 7.5 MHz.

In 2017, Yasir et al. attached a graphene film to the short stub above a patch antenna,
and the access state of the short stub was changed by applying bias voltage to change the
antenna’s input impedance, thus shifting the center frequency of the antenna by 550 MHz [36].
In the same year, Christian et al. proposed a structural model of graphene conductivity
regulation [37]. They analyzed the role of graphene in reconfigurable antennas at microwave
frequency bands and designed two frequency-reconfigurable antennas, using copper as the
body of the antenna and graphene as the switching structure of the antenna to provide
reconfigurability of the antenna. The high-impedance state of graphene was simulated as a
switched-off state, while the low-impedance mode was simulated as a switched-on state. One
of the antennas was used for WI-FI systems with operating bands covering 2.4 GHz, 3.6 GHz,
and 5 GHz, and the other antenna was used for LTE systems with operating bands including
1.7 GHz, 2.5 GHz, and 3.6 GHz. In 2022, Khatereh Moradi et al. used a metal ring as radiator,
graphene film as rectangular strip, and two L-shaped elements in the central metal ring to
change the chemical potential of graphene. The center frequency of the antenna could be
adjusted between 3.82 THz and 5.93 THz [38].

In this paper, a frequency-reconfigurable microstrip patch antenna is designed accord-
ing to the tunable conductivity property of graphene film. The antenna has a rectangular
slot in its patch, and its slot is filled with graphene film. The frequency reconfigurability of
the antenna is achieved by applying bias voltage to the graphene film. The bias voltage can
adjust the conductivity of graphene and change the current distribution on the antenna’s
surface. Then, the frequency-reconfigurable antenna is fabricated and tested. The results
show that the center frequency of the antenna was offset up to 10.4 GHz and that the
antenna is well matched in both operating bands.
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2. Experimental Methods
2.1. Preparation of Graphene Film

Monolayer graphene films were prepared via chemical meteorological deposition.
Copper foil was placed in a CVD tube furnace (BTF-1200C, Beiyike Equipment Technology,
Hefei, China) under a mixed atmosphere of 100 sccm (standard cubic centimeters per
minute) of H2 and 500 sccm Ar, and the temperature was increased to 1035 ◦C, while the
air pressure inside the furnace was kept below 400 Pa. After reaching 1035 ◦C, 30 sccm of
CH4 was introduced as the carbon source to grow graphene films. After 15 min, the flow of
CH4 was stopped, and the copper foil was allowed to cool to room temperature under an
atmosphere of 10 sccm H2 and 500 sccm Ar. A schematic diagram of graphene growth via
CVD can be seen in Figure S1.

The copper foil with a monolayer of graphene was spin-coated with PMMA solution
(4% by mass), dried, and heated at 120 ◦C for 30 min. Subsequently, the copper foil was
etched using ammonium persulfate solution (0.5 mol/L), and then the graphene with
PMMA support layer was transferred to the copper foil with monolayer graphene film.
Finally, stacked bilayer graphene film was obtained. A schematic diagram of the graphene
transfer process can be seen in Figure S2.

2.2. Antenna Fabrication

The substrate of the antenna is a Si wafer with 10 nm of SiO2, and the metal layer is
copper. The graphene film was firstly transferred to the Si wafer via PMMA wet transfer;
then, the graphene film was processed using a laser-etching machine (SC-K600, Shengxiong
Laser, Dongguan, China) to create a rectangle of 2 mm × 0.7 mm. Subsequently, a 1 µm
thick copper sheet was vaporized on the surface using a vacuum coater (DZ-350, Chinese
Academy of Sciences Shenyang Scientific Instruments, Shenyang, China); finally, the copper
structure of the antenna was fabricated via UV lithography (ABM/6/350/NUV/DCCD/M,
ABM, Silicon Valley, CA, USA).

2.3. Characterization and Testing

The prepared graphene films were characterized using Raman spectroscopy (Renishaw
in Via Reflex, laser excitation energy of 532 nm, Renishaw, London, UK). The antennas were
tested using a vector network analyzer (E5080B, Keysight Technologies, Santa Rosa, CA, USA).

3. Tunable Conductivity of Graphene Film
3.1. Graphene Film Characterization

The Raman spectra of graphene on the Si/SiO2 substrate are presented in Figure 1.
Figure 1a shows the Raman spectra of monolayer graphene. The intensity of the D peak
located at the 1350 cm−1 peak position is very weak, which indicates that the prepared
CVD-grown monolayer graphene has fewer defects. The intensity of the 2D peak located
at the peak position of 2700 cm−1 is much larger than that of the G peak located at the
1580 cm−1 peak position, and the ratio between them is about 2.6, which is a significant
characteristic of the Raman spectrum curve of monolayer graphene [39]. This result proves
that the prepared graphene is monolayer graphene. The Raman spectra of the stacked
bilayer graphene are shown in Figure 1b. The characteristics of the Raman spectra of
stacked bilayer graphene are almost the same as those of monolayer graphene [40]. The D
peak intensity of stacked bilayer graphene is slightly increased, which may be explained by
the fact that the stacking process may introduce impurities or cause graphene breakage.

The Raman spectrum results have demonstrated that the stacked bilayer graphene has
the same Raman spectra characteristics as monolayer graphene, so Raman surface scanning
was only applied to monolayer graphene. As can be seen in Figure 1c, the intensity ratio
of the 2D and G peaks is larger than 2.25, which corresponds to monolayer graphene
film. There are several small regions with smaller ratios, indicating that there are more
graphene film layers in these regions than in the single layers, which is probably because
this is the nucleation point during graphene’s growth and the growth time is longer. From
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Figure 1d, we observe that the intensity ratio of the D and G peaks is less than 0.25, and the
entire surface is more uniform, indicating that the prepared monolayer graphene has fewer
defects, is highly intact, and possesses good homogeneity.

Electronics 2023, 12, x FOR PEER REVIEW 4 of 14 
 

 

 

Figure 1. (a) Raman spectrum of monolayer graphene; (b) Raman spectrum of stacked bilayer gra-

phene; (c) I2D/IG Raman surface scanning; (d) ID/IG Raman surface scanning. 

The Raman spectrum results have demonstrated that the stacked bilayer graphene 

has the same Raman spectra characteristics as monolayer graphene, so Raman surface 

scanning was only applied to monolayer graphene. As can be seen in Figure 1c, the inten-

sity ratio of the 2D and G peaks is larger than 2.25, which corresponds to monolayer gra-

phene film. There are several small regions with smaller ratios, indicating that there are 

more graphene film layers in these regions than in the single layers, which is probably 

because this is the nucleation point during graphene’s growth and the growth time is 

longer. From Figure 1d, we observe that the intensity ratio of the D and G peaks is less 

than 0.25, and the entire surface is more uniform, indicating that the prepared monolayer 

graphene has fewer defects, is highly intact, and possesses good homogeneity. 

3.2. Conductivity Model of Graphene Film 

As a two-dimensional material, we can consider graphene as a thin film with com-

plex surface conductivity, whose conductivity ( s ) can be calculated using the Kubo for-

mula [41]: 

( )
( )

( )
( )

  
  

   

     − −  −  
 = + − + +     

− + −          

2 2

2

2 2
, , , 2 ln exp 1 ln

4 2 22

c sc cB
s c s

B B c ss

jje K T je
T

K T K T jj
 

(1) 

where   is the angular frequency, c  is the chemical potential of graphene,  s  is the 

carrier-scattering rate, T  is the temperature in Kelvin, B
K  is the Boltzmann constant, 

 is the approximate Planck constant, and e  is the electron charge constant, for which 

the scattering rate is inversely proportional to the relaxation time ( ( ) = 1/ 2
s

 ). In For-

mula (1), the first term represents the intra-band conductivity of graphene, and the second 

term represents the inter-band conductivity of graphene. In the microwave and terahertz 

Figure 1. (a) Raman spectrum of monolayer graphene; (b) Raman spectrum of stacked bilayer
graphene; (c) I2D/IG Raman surface scanning; (d) ID/IG Raman surface scanning.

3.2. Conductivity Model of Graphene Film

As a two-dimensional material, we can consider graphene as a thin film with complex
surface conductivity, whose conductivity (σs) can be calculated using the Kubo formula [41]:

σs(ω, µc, Γs, T) =
−je2KBT

π}2(ω− 2jΓs)

{
µc

KBT
+ 2 ln

[
exp

(
− µc

KBT

)
+ 1
]}

+
je2

4π} ln
[

2|µc| − (ω− 2jΓs)}
2|µc| − (ω + 2jΓs)}

]
(1)

where ω is the angular frequency, µc is the chemical potential of graphene, Γs is the carrier-
scattering rate, T is the temperature in Kelvin, KB is the Boltzmann constant, } is the
approximate Planck constant, and e is the electron charge constant, for which the scattering
rate is inversely proportional to the relaxation time (Γs = 1/(2τ)). In Formula (1), the first
term represents the intra-band conductivity of graphene, and the second term represents
the inter-band conductivity of graphene. In the microwave and terahertz bands, the intra-
band conductivity of graphene is the dominant form of graphene conductivity, while in the
near-infrared and visible spectra, the inter-band conductivity plays a dominant role [42].
Therefore, the conductivity of graphene in the microwave and terahertz bands can be
approximated by referencing the first term [43].

In addition, the chemical potential of graphene can be controlled by applying bias
voltage [44]. The relationship between the bias voltage and the chemical potential of
graphene is shown in Formula (2):

µc = }υ f

√
πε0εr

et0
Vb (2)
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where υ f is the Fermi velocity, t0 is the thickness of the dielectric layer between the graphene
and the bias electrode, Vb is the magnitude of the bias voltage, and ε0 and εr are the vacuum
dielectric constant and the dielectric layer dielectric constant, respectively. By employing
T = 300 K, τ = 3 ps, υ f = 106 m/s, and t0 = 10 nm, the results of Figure 1 can be
derived. Figure 2a shows the relationship between graphene’s conductivity and chemical
potential in the microwave band frequency. From the figure, it can be seen that both the real
and imaginary parts of graphene conductivity increase with the increase in the chemical
potential at the same frequency point, and the change in the real part is more significant
than that of the imaginary part. The real part of the graphene conductivity at the same
chemical potential does not vary much with the frequencies in the microwave band, and the
imaginary part varies, but the value of the imaginary part is small and can thus be ignored.
So, the conductivity of graphene in the microwave band can be approximated as a form of
frequency-independent pure resistance, and the change in graphene conductivity due to
frequencies can be ignored in the subsequent simulation. Figure 2b shows the graphene
chemical potential versus bias voltage, which increases as the bias voltage rises [45,46].
Therefore, we can increase the conductivity of graphene by increasing the graphene bias
voltage. In the microwave band, the change in the real part of the conductivity is mainly
considered [47], while the change in the imaginary part is small and can thus be neglected.
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3.3. Adjustable Range Test Regarding Graphene Film’s Square Resistance

The graphene films on the Si/SiO2 substrate were used for the regulation of conduc-
tivity to explore the range of tunable conductivity. According to Zs = 1/σs, the square
resistance of graphene is inversely related to the conductivity of graphene, and the change
of square resistance can reflect the change of conductivity under certain conditions. There-
fore, the method of testing the square resistance of graphene is used in this study instead of
testing the conductivity of graphene, and the square resistance of graphene can also be set
as the input parameter in the subsequent simulation.

Figure 3a shows the experimental sample used to test the graphene resistance tuning
range, showing the graphene film (presented in the dashed box), a silver paste (which was
used as the electrode material), and a silicon wafer with an oxide layer thickness of 10 nm
and a total thickness of 500 µm (which was used as the substrate). The graphene is located
in the middle of the silicon wafer and its size is 0.5 cm × 1 cm. There are three electrodes
on both sides and in the middle of the graphene film. The electrodes on both sides are used
to connect to the test equipment in order to test the square resistance of graphene, and
the middle electrode is used to apply a bias voltage to regulate the square resistance of
graphene. The test model of graphene’s structure with adjustable conductivity is shown in
Figure 3b, where a DC power supply is connected between the graphene and the silicon
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wafer. The graphene film is connected to the positive pole of the power source, and the
silicon substrate is connected to the negative pole of the power source. The conductivity
of graphene is regulated by applying bias voltage. The square resistance of graphene is
calculated using Ohm’s law.
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Figure 4a shows that when the bias voltage is 0 V, the square resistance of the mono-
layer graphene film is 1165 Ω/sq. When the bias voltage is 5 V, the square resistance drops
to 445 Ω/sq, amounting to a 61.8% decrease. Figure 4b shows the measured square resis-
tance of the stacked bilayer graphene. When the bias voltage is 0 V, the square resistance
of the stacked bilayer graphene film is 416 Ω/sq. When the bias voltage is 5 V, the square
resistance decreases to 208 Ω/sq, which corresponds to a decrease of 50%. When the bias
voltage reaches 10 V, the square resistance decreases to 83 Ω/sq, constituting a decrease of
80%. From the above test results, it can be seen that the monolayer graphene film is more
sensitive to the applied bias voltage than the stacked bilayer graphene film. However, in
the actual test, the oxide layer of the silicon wafer was broken down in both models when
the bias voltage was too high, and the regulation effect of the square resistance was lost.
The maximum bias voltage of the stacked bilayer graphene film is greater than that of the
monolayer graphene film. Although the tunability of stacked bilayer graphene film is not
as good as that of the monolayer graphene film, the actual tuning range of square resistance
is larger than that of the monolayer graphene film.
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4. Frequency-Reconfigurable Antenna Based on Graphene Film
4.1. Antenna Structure Design

The schematic structure of the frequency-reconfigurable antenna based on graphene
film is shown in Figure 5. The specific size parameters of the antenna are shown in Table 1.
The antenna is composed of a slotted patch antenna and slot-filled graphene film. The
graphene film is in direct contact with the Si/SiO2 substrate, and copper is coated on the
bottom of the substrate as the antenna’s ground. An external DC power supply is used as
the bias voltage. The graphene film connects to the positive pole of the power source, while
the Si substrate connects to the negative pole of the power source. Adjusting the bias voltage
changes the chemical potential of graphene, and the change in the chemical potential of
graphene film will affect its surface impedance, while the change of graphene’s impedance
will induce a change in antenna surface current, thereby achieving the reconfigurability
of antenna.
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Figure 5. Antenna structure. (a) Front schematic; (b) overall schematic.

Table 1. Antenna size parameters.

Parameter Value (mm) Parameter Value (mm)

W 10 L 6
W1 4 L1 3
Ws 2 Ls 0.7
W2 1.3 L2 2.27

4.2. Antenna Simulation Results

The designed antenna was simulated in HFSS (High Frequency Structure Simulator,
Ansoft). Using the impedance boundary in HFSS, the graphene film was simulated as a
pure resistor with fixed resistance. The adjustable range of square resistance of the two
graphene films was used to simulate the graphene film. The parameters of the monolayer
graphene film were set to 1100 Ω/sq and 500 Ω/sq to simulate the presence and absence
of bias voltage, respectively, while the parameters of the stacked bilayer graphene film
were set to 400 Ω/sq and 100 Ω/sq to simulate the presence and absence of bias voltage,
respectively. The results of the simulated reflection coefficients are shown in Figure 6.

As shown in Figure 6, when the square resistance of graphene is 1100 Ω/sq and 500 Ω/sq,
the center frequency of the antenna corresponds to 29.9 GHz and 30.3 GHz, and the change in
frequency is only 0.4 GHz. When the square resistance of graphene is 400 Ω/sq and 100 Ω/sq,
the center frequency of the antenna corresponds to 30.4 GHz and 39.1 GHz, and the change in
frequency is 8.7 GHz. The simulation results indicate that the frequency-reconfigurable antenna
using the stacked bilayer graphene film is more effective than the monolayer graphene film.
Therefore, the stacked bilayer graphene films were used as the graphene component of the
antenna in the subsequent experiments.
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Figure 6. Simulation S11 of monolayer graphene and stacked bilayer graphene frequency-
reconfigurable antenna.

Figure 7 shows the simulation results of the frequency-reconfigurable antenna incorpo-
rating stacked bilayer graphene. The simulation results of the antenna reflection coefficient
are shown in Figure 7a; they show that the square resistance of graphene decreased from
400 Ω/sq to 100 Ω/sq, while the center frequency of the antenna increased from 30.4 GHz
to 39.1 GHz, with a frequency change of 8.7 GHz. The corresponding reflection coefficients
under the two operating bands are −39 dB and −31.9 dB, and the antenna is well matched.
Figure 7b shows the radiation pattern of the antenna in the yoz plane at the two frequency
bands. When the square resistance of the graphene film is 400 Ω/sq, the direction of the
radiation of the antenna in the radiation pattern at 30.4 GHz is more dispersed and the gain
is−0.4 dBi, while when the square resistance of the graphene film is 100 Ω/sq, the direction
of radiation of the antenna is more concentrated at 39.1 GHz and the gain is 3.1 dBi.
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The surface current distribution on the antenna patch under the two operating bands is
shown in Figure 8. Figure 8a,b show the current distributions of the antenna at 30.4 GHz, and
Figure 8c,d show the current distributions at 39.1 GHz. As shown in Figure 8a,b, when the
square resistance of the graphene film is 400 Ω/sq, the current enters different phases, the
surface current of the graphene part does not change greatly, and the current density is lower
than that of the copper part. Since the square resistance of the graphene film is higher and its
conductivity is lower, the current flows to a greater extent in the copper part of the antenna,
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the graphene part does not influence the radiation of the antenna, and the radiation pattern
of the antenna is close to the slotted patch antenna. The results in Figure 8c,d show that the
phase of the current varies when the square resistance of the graphene film is 100 Ω/sq, and
the surface current distribution of the graphene component is similar to the surrounding
copper component. The surface current distribution changes with the phase change. The
square resistance of the graphene film is low, and the corresponding conductivity is high, so
the current flows uniformly in the copper and graphene components of the antenna. This
result indicates that the graphene film is deeply involved in the radiation of the antenna and
that the radiation pattern of the antenna is close to that of the patch antenna without slotting.
The change in the square resistance of the graphene film leads to a change in the surface
current distribution of the antenna at the two operating bands. The radiation mode of the
antenna switches between the nearly slotted antenna and the nearly unslotted antenna, so
the center frequency of the antenna also changes. Finally, the frequency reconfigurability of
the antenna is realized. The variable radiation performance of the graphene component at
the two operating bands is also the reason why the radiation direction map of the antenna is
more concentrated when the graphene square resistance is 100 Ω/sq than when the graphene
square resistance is 400 Ω/sq.
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4.3. Antenna Performance

In order to verify the frequency reconfigurability of the designed antenna, an antenna
prototype was fabricated, as shown in Figure 9a. Figure 9b shows the antenna with bias
voltage. A DC voltage source was used to apply a bias voltage to the graphene film.
The positive electrode of the power sources connects to the copper part of the antenna,
and the negative electrode of the power sources connects to the housing of the connector.
Bias voltage was applied to the ground plane of the antenna and the graphene film of
the antenna patch according to the above connection method to change the graphene
conductivity. The test environment of the antenna is shown in Figure 9c.
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A comparison of the reflection coefficients between the measurement and simulation for
the antenna is shown in Figure 10. The square resistance of the graphene film is 400 Ω/sq and
100 Ω/sq when applying a bias voltage of 0 V and 9 V, respectively. There are slight deviations
between the simulated and tested results, but the overall trend of the curves remains consistent.
When the bias voltage of 0 V is applied to the graphene, the center frequency of the antenna
is 29.6 GHz, and the corresponding reflection coefficient is −26 dB. When a bias voltage
of 9 V is applied to the graphene, the center frequency of the antenna increases to 40 GHz,
and the corresponding reflection coefficient is −20.8 dB. Under the two bias voltages, the
center frequency of the antenna is shifted by 10.4 GHz, and frequency reconfigurability is
achieved. Thus, the frequency-reconfigurable function has been achieved, and the antenna is
well matched at both bias voltages.

The antenna-measured and -simulated yoz-plane radiation patterns are shown in
Figure 11. Figure 11a shows the simulated results of the antenna with 400 Ω/sq of graphene
impedance at 30.4 GHz and the measured results of the antenna with 0 V bias voltage at
29.6 GHz. Figure 11b shows the simulated results of the antenna with 100 Ω/sq graphene
impedance at 39.1 GHz and the measured results of the antenna with 9 V bias voltage at
40 GHz. It can be seen that the measured results basically match the simulated results: the
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gain of the antenna at 29.6 GHz is −0.79 dBi, and the efficiency of the antenna is 32% in this
mode, while the gain of the antenna at 40 GHz is 2.7 dBi, and the efficiency of the antenna
is 25% at this mode.
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Table 2 shows the performance of the antennas in this paper compared to antennas
developed in previously published studies. These references utilize four methods to achieve
antenna frequency reconfigurability. As can be seen from the table, the antenna in this
paper achieves the maximum frequency shift. Compared to the antenna in reference [48],
the antenna in this work is smaller despite operating at similar frequency bands. Although
the antennas in reference [49] and reference [50] can be tuned to more operating bands by
using two switches, this increases costs and design complexity. The bias voltage used in
reference [34] is up to 200 V, while it was only 9 V in this work.
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Table 2. Antenna performance comparison.

Ref. Reconfigurable
Method Size (mm2)

Operation
Frequency (GHz) Frequency Shift (GHz) Publication Years

[48] Variable Capacitor 9.88 × 20.4 27.8, 28.8 1 2020
[49] RF-MEMS 3 × 4.8 28, 29.2, 31.5, 35 7 2008
[50] PIN 36.5 × 10 0.9, 2.0, 2.4 1.3 2015
[34] Graphene 23 × 23 8.7, 11.3 2.6 2015

This work Graphene 6 × 10 29.6, 40 10.4

5. Conclusions

In summary, a frequency-reconfigurable microstrip patch antenna based on the tunable
conductive properties of graphene has been proposed. High-quality monolayer graphene
films were prepared using CVD and were stacked layer by layer to obtain stacked bilayer
graphene films. The stacked bilayer graphene films were placed in the antenna radiation
patch slot. The graphene’s conductivity was changed by applying bias voltage to further
change the surface current of the antenna. As a result, the operating mode of the antenna
could be switched between a nearly slotted antenna and a nearly unslotted antenna to
achieve frequency reconfigurability. The results of the square resistance adjustable range
test conducted on graphene film show that the monolayer graphene film and stacked bilayer
graphene film have square resistance adjustable ranges of 1165–445 Ω/sq and 416–83 Ω/sq,
respectively. The HFSS simulation results show that the antenna incorporating the stacked
bilayer graphene film has a larger center frequency adjustment range than the antenna
incorporating the monolayer graphene film. To verify the frequency reconfigurability of
the designed antenna, a prototype antenna was fabricated using stacked bilayer graphene
film. The test results show that the center frequency of the antenna is 29.6 GHz when the
bias voltage is 0 V and 40 GHz when the bias voltage is 9 V. The corresponding reflection
coefficients are −26 dB and −20.8 dB, respectively.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/electronics12102307/s1, Figure S1: Schematic diagram of graphene
growth by CVD; Figure S2: Schematic diagram of graphene transfer process; Figure S3: Antenna
group delay; Figure S4: Antenna equivalent circuit model.
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