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ABSTRACT: This article addresses the challenges associated with poor tunability and the single absorption function in absorbers. To
address these challenges, we designed a dual-band switchable tunable absorber utilizing graphene and vanadium dioxide. The proposed
absorber exploits the phase transition characteristics of vanadium dioxide to achieve absorption in the low-frequency band when it is in
the dielectric state and absorption switching in the high-frequency band after phase transition. Furthermore, the Fermi level is altered by
applying a bias voltage to the graphene, resulting in reduced square resistance. This mechanism allows tuning of the absorption frequency
when the vanadium dioxide is in the dielectric state and adjustment of the absorption bandwidth when it is in the metallic state. Simulation
results reveal that when the vanadium dioxide is in the dielectric state, the absorption rate exceeds 90% within the 20.0–27.7GHz range.
At this time, increasing the Fermi level of the graphene alters the absorption frequencies to 11GHz and 42GHz, respectively. Conversely,
when the vanadium dioxide is in the metallic state, the absorption rate exceeds 90% within the 31.1–48.7GHz range. Thus, elevating
the Fermi level of the graphene leads to absorption band tuning at higher frequencies. This absorber demonstrates strong tunability and
multifunctional absorption capabilities, offering outstanding practical application value.

1. INTRODUCTION

Traditional absorbers suffer from the limitation of fixed ab-
sorption frequencies, requiring structural reconfiguration

for operation across various frequency ranges [1]. This not
only increases system complexity and cost, but also prevents
them from meeting dynamic electromagnetic control require-
ments — particularly those demanding intelligent adaptation
in complex electromagnetic environments. To address this is-
sue, adjustable absorbers have been explored, applying ther-
mal sensitivity [2], photosensitivity, active devices [3], and
graphenematerials [4]. While electrically tunable lumped com-
ponents offer advantages in switching speed and fabrication
simplicity, they exhibit fundamental limitations in achieving
multifunctional switching across broad operational ranges. In
contrast, graphene and vanadium dioxide (VO2) demonstrate
marked and continuous variations in conductivity/permittivity
under external stimuli, proving that they are more effective
for realizing tunable broadband absorption and multifunctional
switching capabilities. Graphene is a two-dimensional material
with excellent electrical properties. By applying a bias volt-
age, the impedance can be changed, allowing graphene to be
used as a material for adjustable absorbers. Vanadium diox-
ide stands out as an excellent phase-change material [5]. By
altering the ambient temperature to 68◦, it undergoes a phase
change and tunes the absorption rate of the absorbers. Cur-
rently, existing research on vanadium dioxide tunable absorbers
mainly focuses on the terahertz band [6–8]. Their tunability is
manifested in two aspects. First, at room temperature, vana-
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dium dioxide medium state achieves a total reflection func-
tion. However, at a high temperature, after transforming into a
metal state, it achieves a multi-frequency or broadband absorp-
tion function [9–11]. The second aspect is to achieve tuning of
the absorption rate of the absorber by regulating the conduc-
tivity of the vanadium dioxide [12–16]. Some scholars have
used adjustable absorbers constructed with vanadium dioxide
to realize multi-frequency absorption effects when the vana-
dium dioxide is in the dielectric state. These absorbers achieve
broadband absorption when the vanadium dioxide transitions
to the metallic state [17, 18], greatly improving the tunable ab-
sorption ability. Recently, some researchers have simultane-
ously used vanadium dioxide and graphene materials to de-
sign tunable absorbers [13, 19, 20]. Although the absorption
frequency can be tuned before and after the vanadium diox-
ide phase transition, there are considerable limitations. The
graphene must be loaded with voltage to work properly, result-
ing in reduced practical application capabilities. While exist-
ing tunable absorbers predominantly function in the terahertz
regime, we propose a dual-band switchable absorber based on
vanadium dioxide (VO2) and graphene, operating primarily
within the K-band (18–27GHz) and Ka-band (27–40GHz). In
the medium state of vanadium dioxide at room temperature, the
absorber achieves low-frequency broadband absorption. Fol-
lowing the high-temperature phase transition of the vanadium
dioxide, the absorber switches to high-frequency broadband ab-
sorption. Moreover, increasing the Fermi level of graphene en-
ables a frequency shift in the absorber’s response. Addition-
ally, elevating graphene’s Fermi level induces a controllable
frequency shift in the absorption response. This approach ac-
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FIGURE 1. Overall structure diagram and views of each part of the absorber unit structure. (a) Unit structure diagram. (b) Side view. (c) Pattern
fossil graphene surface. (d) Patterned vanadium dioxide diagram.

tively combines thermal control of VO2 states with electrostatic
tuning of graphene’s Fermi level, offering significant potential
for 5G/6G interference suppression (e.g., 28/39GHz channels)
and dynamic radar camouflage applications.

2. DESIGN, SIMULATION, AND ANALYSIS

2.1. Design of the Absorber
The absorber unit structure designed in this article is presented
in Fig. 1. The unit consists of five layers, arranged from top to
bottom as structured graphene, PET dielectric layer, structured
vanadium dioxide, PET dielectric layer, andmetal ground layer.

2.2. Analysis and Simulation of Absorber
The square resistance of the vanadium dioxide used in this ar-
ticle is 0.5MΩ/□ in the medium state, while the resistance af-
ter phase transition is 75Ω/□ [3]. Ref. [4] states that in the
centimeter band, the resistance of graphene is approximately
equivalent to a resistive surface with a resistance of 2370Ω/□.
However, after entering the millimeter wave band, the imagi-
nary part of the graphene impedance gradually increases, which
has a substantial impact on the equivalent impedance. In Unit
1 of Fig. 1, the patterned vanadium dioxide film and graphene
surface are both designed as composite structures containing
square rings, crosses, and squares. This type of structure maxi-
mizes the stability of the real part of the equivalent impedance.
The difference between the two patterns is that the cross-shaped
arms on the graphene surface are not wrapped by square rings.
This allows adjacent unit structures to be connected to the
graphene, facilitating the application of bias voltage to regu-
late the Fermi level of the graphene. Additionally, the PET
medium between the graphene and vanadium dioxide provides
a substrate for graphene processing and also separates the two,
thus avoiding direct contact and mutual interference as a loss
material. The lower layer of PET serves as a loss medium, sup-
porting and dissipating electromagnetic wave energy.
According to the theory of equivalent circuits, an equivalent

circuit model is constructed for the designed unit. Thematerials
of each part of the unit structure are equivalent to the series-
parallel form of RLC components [21–23]. Fig. 2 displays the
equivalent circuit model of the vanadium dioxide metal state in
this design.
When the patterned VO2 is in the dielectric state, it is equiv-

alent to a special transmission line model. In the metallic

FIGURE 2. Equivalent circuit model of the vanadium dioxide metal
state.

state, the square ring and cross are equivalent to inductance
Lv and capacitance Cv1 between adjacent units, and its resis-
tance Rv = RV Av/Sv is determined by the area ratio of the
square resistance occupied, while Cv2 represents the capaci-
tance among the square ring, the cross, and the block inside the
unit. The equivalent resistance of the patterned graphene de-
pends on the proportion of the actual area A to the square S,
with a value of Rgs = RGAg/Sg . The surface cross arm and
square ring are equivalent to the parallel inductance Lgs, and
the capacitance between unit structures is Cgs1. Additionally,
Cgs2 represents the capacitance between the square ring and
cross with the square inside the unit.
The two-layer PET medium is equivalent to a transmission

line with impedances of ZP1 and ZP2, which are dependent on
its characteristic impedance ZPET and transmission constant
kPET [6]. They can be expressed as in(1)–(4):

ZP1 = jZPET tan(kPET t1). (1)
ZP2 = jZPET tan(kPET t2). (2)

Among them, ZPET can be represented as:

ZPET = ωµ0/kFR4. (3)

kPET can be expressed as:

kPET = ω
√
µ0εPET ε0. (4)

When the vanadium dioxide is in a metallic state, the inter-
action between the graphene and vanadium dioxide layers gen-
erates capacitance, which is equivalent to Cgv . The metal sub-
strate is used to reduce the transmission coefficient, ignoring
its impedance characteristics. The input impedance of the unit
structure is equivalent to Zin

Zin = R+ jX. (5)
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FIGURE 3. (a) Input impedance results of absorber before and after phase transition. (b) Curves of absorber absorption and reflection coefficient
before and after phase transition.

When electromagnetic waves are incident from free space on
the surface of the absorbing structure, the reflection coefficient
can be determined as follows:

S11 = Zin−Z0/Zin+Z0. (6)

Here, Z0 is the free-space characteristic impedance, which is
approximately:

Z0 =
√

µ0/ε0 = 120π≈ 377Ω. (7)

The absorption rate can be calculated using (8):

Abs = 1− |S11|2. (8)

Furthermore, the structure undergoes optimization using
simulation software, employing periodic boundary conditions
and Floquet port excitation. An open boundary is set along
the Z-axis, using a frequency domain solver. The optimized
unit structure features a side length of P = 8mm, a square
side length of s = 2mm for the graphene patterns, and a
strip width of n = 0.5mm. The outer side length of the
square ring structure ism = 5.8mm, and the inner side length
is a = 4.8mm. The upper PET layer possesses a relative
dielectric of 2.8(1− j0.02), with a thickness of t1 = 0.05mm.
The patterned VO2 square side length f = 1.7mm and strip
width n1 = 0.5mm. The lower PET layer has a thickness of
t2 = 1.2mm, and the metal substrate is composed of copper
with a thickness of 0.016mm. The proposed absorber structure
has a thickness of 0.0844λL, where λL denotes the wavelength
at the lowest frequency within the absorption bandwidth.
The parameters at the resonance points of the vanadium diox-

ide in the two states after optimization are shown in Table 1.
There is one resonance peak in the dielectric state and two res-
onance peaks in the metallic state. The input impedance results
of the absorber in the two vanadium dioxide states after opti-
mization are presented in Fig. 3(a).
The curve of absorber absorptivity and reflection coefficient

before and after the phase transition is shown in Fig. 3(b). The
black curves represent the reflection coefficient and absorption

TABLE 1. Equivalent capacitance and inductance at resonance of the
two states of the vanadium.

L (nH) C (pF) frequency
Dielectric state 0.511 82.17 24.8GHz
Metal state 1 0.1287 165.6 34.48GHz
Metal state 2 0.03254 449 41.64GHz

rate prior to the phase transition, while the red curves corre-
spond to the post-transition state. When the vanadium dioxide
is in a high-resistance state, broadband with a reflection coeffi-
cient of less than −10 dB in the low-frequency range of 20.0–
27.7GHz is obtained. This is because vanadium dioxide acts as
a special medium in its dielectric state, with its impedance real
part approaching zero and hardly participating in absorption
frequency selection. Thus, the patterned graphene acts as a fre-
quency selector, stabilizing the real impedance of the graphene
at 500Ω between 20.0GHz and 27.7GHz. After the phase tran-
sition of the vanadium dioxide to a low-resistance state, a wide
band with a reflection coefficient of less than 10 dB in the high-
frequency range of 31.1–48.7GHz is obtained. The vanadium
dioxide is in a metallic state and participates in frequency se-
lection with the graphene, generating double resonance. There-
fore, when the vanadium dioxide is in a high-resistance state,
it can be used as a low-frequency broadband absorber. When
the vanadium dioxide undergoes a phase transition, it acts as a
high-frequency broadband absorber.

2.3. The Regulation of Absorbers by Graphene

In addition to serving as a frequency-selective surface and ab-
sorption material, graphene also changes the carrier concentra-
tion, increases the Fermi level, and reduces its square resistance
value by applying a bias voltage. This achieves the effect of
managing the real part of the input impedance of the absorber,
which consequently regulates the absorption frequency. By in-
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FIGURE 4. Reflection coefficient curves under different blocking states and different graphene Fermi levels. (a) High impedance state. (b) Low
resistance state.

creasing its Fermi level, the square resistance of the graphene
decreases, resulting only in a decrease in the real part resistance
of the input impedance. As Fig. 3(a) reveals, the absorption fre-
quency shifts toward a direction higher than the real part of the
original impedance.
Figure 4 indicates the relationship between the Fermi level

of the graphene (EF ) and the reflection coefficient of the ab-
sorber before and after phase transition. When EF = 0 eV,
the normal reflection coefficient result occurs. At EF = 1 eV,
before the phase transition of the vanadium dioxide, the reflec-
tion coefficient is the smallest at 11.4GHz, while there is also
a reflection coefficient below 10 dB at 41GHz. After the phase
transition of the vanadium dioxide, the overall reflection co-
efficient increases, and the absorption effect deteriorates. As
the Fermi level continues to rise, before the phase transition of
vanadium dioxide, the reflection coefficient at 11.4GHz gradu-
ally increases. Moreover, above 41GHz, the reflection coeffi-
cient steadily falls. More specifically, the reflection coefficient
of EF = 5 eV at 42.5GHz is 54.67 dB. After the phase tran-
sition of the vanadium dioxide, the resonant frequency shifts
blue, and the bandwidth below −10 dB increases by 4GHz.
However, due to the overall increase in the reflection coeffi-
cient, the absorption effect is slightly worse. Therefore, ac-
cording to Fig. 3(a) and Fig. 4, before the phase transition of
the vanadium dioxide, an increase in the Fermi level of the
graphene reduces the square resistance. This causes the ab-
sorption frequency to shift toward the higher impedance real
part on both sides, achieving a tunable absorption frequency for
the absorber. After the phase transition of the vanadium diox-
ide, an increase in the Fermi level of the graphene amplifies the
absorption bandwidth and blue shifts the resonant frequency.
However, because of the increase in the reflection coefficient,
the absorption rate falls.
In summary, the tunability of the graphene greatly increases

the absorption capacity and application potential of absorbers.

2.4. Analysis of Angular Stability
To enhance the practicality of the absorber in this study, the ab-
sorber unit is designed with a symmetrical structure. Fig. 5 ver-

FIGURE 5. Reflection coefficient curves before and after phase transi-
tion under TE and TM.

ifies that in both TE and TM polarization modes, the reflection
coefficient of the absorber remains unchanged before and after
the vanadium dioxide phase transition. Therefore, the absorber
possesses excellent polarization insensitivity.
The incident angle of the incident electromagnetic wave sig-

nificantly impacts the reflection coefficient of the absorber, as
Fig. 6 reveals. The reflection coefficient of the absorber is sta-
ble within 40◦ before the vanadium dioxide phase transition.
After the phase transition of the vanadium dioxide, the incident
angle is within the range of 0◦–60◦, and it has a stable reflection
coefficient.

3. COMPARISON OF RESULTS
To further demonstrate the superiority of our dual-band
switched tunable absorber, Table 2 presents a performance
comparison of recently developed absorbers with similar
adjustable functions. The proposed absorber in this study uses
dual tunable materials of vanadium dioxide and graphene.
Compared with most existing absorbers that realize broadband
absorption in the metal state of vanadium dioxide and total
reflection tunable function in the medium state, our design
achieves broadband switchable absorption between the metal
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TABLE 2. Performance comparison of recently developed absorbers with similar adjustable functions.

Tunable material Absorption band (relative bandwidth) Graphene µ thickness
1 VO2 3.06–7.61 THz (84.55%) Four frequency bands 0.1415λL

14 VO2 3.1–7.45 THz (82.46%) / 0.0889λL

16 VO2 3.52–10.78 THz (101.54%) / 0.0945λL

17 VO2 0.66–1.84 THz (94.4%) / 0.0889λL

18 VO2 and Graphene 3.74–6.96 THz (60.19%) / 0.8 eV 0.1622λL

28 VO2 2.82–9.17 THz (105.92%) / 0.079λL

29 VO2 and Graphene 4.28–7.55 THz (55.28%) 5.5 THz and 7.5 THz 0.1/0.5 eV 0.1297λL

30 VO2 1.27–2.64 THz (70.08%) / 0.0789λL

This work VO2 and Graphene 31.1–52.27GHz (50.79%) 20–27.7 (32.3%)/11.4 and 41GHz 0–5 eV 0.0844λL

(a) (b)

FIGURE 6. Relationship between the reflection coefficient and incident angle before and after the phase transition. (a) High impedance state. (b)
Low resistance state.

state and medium state of vanadium dioxide. The advantage
of our proposed absorber is that broadband absorption can
also be achieved in the medium state, offering absorption
ability at normal temperatures, rather than the total reflection
surface function described in [10, 14], etc. The tunability of
graphene enables absorbers to achieve tuning of the absorption
frequency and bandwidth, thereby increasing the application
capability of the absorber. Compared with the specific Fermi
level in [13] and [16], the absorber designed in this paper
regulates the Fermi level of the graphene over a wide range to
achieve various absorption effects and enhance its application
capabilities.

4. CONCLUSION
The dual-band switchable tunable absorber designed in this ar-
ticle is analyzed by constructing an equivalent circuit model
and conducting a preliminary analysis of the unit structure. Af-
ter simulation optimization, the specific parameters of the unit
structure are determined. Based on the phase transition charac-
teristics of the vanadium dioxide, with an absorption rate ex-
ceeding 90% at 20.0–27.7GHz. After the high-temperature

phase transition, the absorption rate exceeds 90% at 31.1–
48.7GHz. By increasing the Fermi level of the graphene, tun-
ing the absorption frequency up to 11.4GHz and 42.5GHz can
be achieved when the vanadium dioxide is in the dielectric
state. Furthermore, tuning of the absorption bandwidth can be
achieved when the vanadium dioxide is in the metallic state,
with a maximum broadening of 4GHz. The absorber designed
in this study has an ultra-wide absorption frequency band, ex-
cellent tunability, and multifunctional absorption ability, which
gives it broad application prospects.
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