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Graphene-based metasurfaces have the excellent advantage of
radiation-heat dissipation multifunctional integration.
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ABSTRACT

In active reconfigurable polarization conversion metasurfaces, the integration of electromagnetic radiation performance and heat dissipation

efficiency presents two critical challenges. In this work, we proposed a graphene-based reconfigurable polarization metasurface that

integrates heat dissipation and electromagnetic regulation functions. The proposed graphene metasurface modulates the polarization state of

the reflected wave at multiple frequency bands via the on-off switching of PIN diodes. When the PIN diode is in the ON state, the metaurface

can modulate the incident linear polarization wave into its cross-polarization wave in 5.73 - 6.15 GHz and 11.25 - 13.1 GHz, and into a circular

polarization wave in 6.27 - 10.18 GHz. When the PIN diode is switched to the off state, the cross-polarization transitions are achieved in 5.75

- 7.32 GHz and 12.83 - 14.24 GHz, with full reflection in the band of 7.92 - 10.15 GHz, and circular polarization in 12.83 - 14.24 GHz. In

addition, when the graphene metasurface system worked after a long period of operation, the temperature of the graphene metasurface is

21.3 °C, which is 34.2 °C lower than that of the copper metasurface, this has less impact on the temperature drift effect of the PIN diode. The

integrated graphene polarized reconfigurable metasurface for radiation and heat dissipation addresses the performance, volume, and

thermal management limitations of traditional systems through multifunctional integration and dynamic tunability, offering significant potential

for future smart electromagnetic devices application in communication, radar, and Internet of Things.
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1 Instruction
With the rapid development of wireless communication,

radar detection and satellite navigation, the demand for
dynamic regulation of electromagnetic wavefront is
increasingly urgent. As an emerging artificial electromagnetic
metasurface, reconfigurable polarization conversion
metasurface (RPCM) is capable of realizing dynamic switching
of reflected wave polarization state by real-time modulation of
the equivalent electromagnetic parameters of the unit
structure [1, 2], which provides a revolutionary solution to
break through the functional limitations of traditional
metasurfaces. However, with the extension of the operating
frequency to the millimeter wave ban [3, 4] and the continuous
increase of the system power density, such devices face two
mutually constraining challenges. Firstly, under dense
integration and high-power operation, the thermal
accumulation effect triggered by the Joule loss and conductor

loss of the semiconductor devices leads to the performance
degradation such as resonance frequency shift [5] and the
decrease of the polarization conversion efficiency [6]. In
addition, the traditional separated heat dissipation design
leads to the system volume [7, 8], the traditional separated heat
dissipation design leads to the expansion of system volume,
which is in fundamental contradiction with the sub-wavelength
cell size required for the metasurface [9]. This
“thermal-electrical-structural” multi-physical field coupling
problem has become a key bottleneck in restricting highly
reliable active metasurfaces [10, 11].
Currently, two types of technology routes are mainly used to

address these challenges. One approach is to optimize the
semiconductor device to reduce the conduction loss [12, 13],
however, this method has the challenges of high material cost
and complex processing [14, 15]. The other approach is based
on the microfluidic embedded substrate passive heat
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dissipation scheme[16, 17], however, this type of design
introduces additional RF signal attenuation and restricts the
density of the cell row [18, 19]. It is worth noting that in recent
years, the materials science breakthroughs for this problem
provides a new solution to the graphene film [20-22] because
of its compatibility with ultra-high electrical conductivity
(1.59×106 S/m) and thermal conductivity (1400.3 W / (m·K)
[23, 24], which lays a physical foundation for its application in
multi-functional integrated electromagnetic devices [25, 26].
Graphene possesses extremely excellent thermal, electrical,

and mechanical properties [20-22]. In an ideal state, graphene
is globally recognized as a material with high thermal
conductivity, lightweight texture[27, 28], and environmental
friendliness [21], and its electrical conductivity is even
comparable to that of metals [23, 24]. Currently, some
researchers have already applied graphene-based heat
dissipation materials in practice. For example, in reference [29],
a heat-dissipating mobile antenna was proposed. By using
novel graphene with high electrical conductivity to design the
antenna, its high thermal conductivity also facilitates heat
dissipation [30, 31], achieving the sharing of materials and
space between the antenna and heat dissipation, and greatly
expanding the space for both. The experimental data shows
that, compared with the traditional heat dissipation design,
after adopting this scheme, the maximum temperatures of the
heat sources of the system-on-chip and the camera have both
decreased significantly. This concept can simultaneously
reduce the requirement for antenna clearance and cool down
the terminal without any compromise, thereby strongly
confirming the powerful substitutability of graphene materials
in the field of electromagnetic-thermal synergy.
This paper proposes a RPCM, aiming to address the thermal

accumulation effect caused by multi-device integration. This
effect exacerbates the temperature drift of the PIN diode [32,
33], which in turn leads to problems such as frequency shift
and decline in polarization conversion efficiency [34, 35]. The
RPCM uses graphene materials with high thermal conductivity
and high electrical conductivity to replace the traditional metal
material, copper, providing an ideal carrier material for
high-density integrated electronic systems. In the designed
structure, graphene is used for the top layer structure of the
metamaterial and the ground plane that reflects
electromagnetic waves, effectively dissipating the heat
generated by active devices. The proposed RPCM realizes the
conversion from linear polarization (LP) to cross polarization
(CRP), from LP to left-hand circular polarization (LHCP), and
from LP to full reflection co-polarization (COP) in seven
different frequency bands by adjusting the state of the
embedded PIN diodes. When the PIN diodes are in the ON state,
the metasurface can not only achieve CRP conversion in lower
and higher frequency bands but also realize the conversion
from LP to LHCP in the middle frequency band. When the PIN
diodes are in the OFF state, the metasurface realizes the
conversion from LP to CRP, COP, and LHCP in other frequency
bands. In addition, in order to verify that the graphene based
RPCM has a stronger heat dissipation capability than the
copper based RPCM under high-power and long-term working
conditions [36, 37], we tested the maximum temperatures on
the surface of the RPCM at the initial working stage and the

long-term working stage when the PIN diode is in the on or off
state. The results show that the surface temperature of the
graphene based RPCM under long term steady state operation
is 21.3 °C, while that of the copper based RPCM is 55.5 °C. The
former is 34.2 °C lower than the latter, fully demonstrating the
excellent heat dissipation performance of high thermal
conductivity graphene materials.

2 Experimental
2.1 Fabrication of Graphene Film
The fabrication of highly thermally conductive and

electrically conductive graphene film involves a multistep
process combining high-temperature graphitization and
mechanical densification23. Initially, a graphene oxide (GO)
suspension (15 mg/mL) is uniformly deposited onto a flexible
polyethylene terephthalate (PET) substrate through
blade-coating, followed by low-temperature drying at 70–80°C
to form a uniform precursor film. To achieve enhanced
crystallinity and conductivity, the GO film undergoes a
two-stage ultrahigh-temperature annealing protocol: first at
1300°C for 2 hours under argon atmosphere to remove oxygen
functional groups, followed by a critical graphitization step at
2850°C for 1 hour to reconstruct the sp² carbon network.
Subsequent mechanical consolidation via high-pressure rolling
(200 MPa) eliminates interlayer voids. Finally, the graphene
film undergoes re-annealing at 2850°C and high-pressure
rolling (200 MPa) to further to optimize the interlayer stacking
order.
2.2 Fabrication of RPCM
The laser engraver (LPKF Protolaser U4) is employed to

pattern graphene films, adjusting the laserpower and scanning
speed to ensure optimal depth of cut and edge quality of the
graphene metasurface unit and the unwanted parts are
delicately removed. Subsequently, we use a spray coating
technique to uniformly apply an aerosol layer onto the F4B
surface. We then laminated the pre-peeled graphene pattern
onto the F4B surface, removing any air bubbles through roller
pressing. Finally, the sample was heated to cure the aerosol.
Then, the heating process enabled the successful transfer of the
graphene pattern to the F4B substrate. Finally, a silver glue
(double bonding chemical DB2013) is used to form a robust
and effective electrical connection by sequentially connecting
the PIN diode (SMP1320-040LF) to the bias linear positive and
negative terminals of the designed metasurface top structure.

3 Results and discussion
3.1 Characterization of Graphene Film
Figure 1(a) shows the digital photo of graphene film with

physical size of 50 cm × 50 cm. In addition, the illustration in
Figure 1(a) illustrates that graphene film has excellent thermal
conductivity properties. Graphene film exhibits anisotropic
structures, characterized by a dense, continuous layered
morphology in the cross-sectional direction, as illustrated in
Figures 1(b) and 1(c). The high-temperature reduction process,
which involves the removal of oxygen-containing functional
groups and the rearrangement of carbon atoms, results in the
formation of surface wrinkles (Figure 1(d)). These wrinkles
facilitate the ability of graphene film to fully recover its original
structure and properties after repeated deformation, thereby
enhancing the mechanical flexibility of graphene films. As
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illustrated in Figures 1(e) and 1(f), the white light interference
microscopy reveals a surface roughness of 0.65 μm for the
graphene film. In the Raman spectrum, the D peak at 1347
cm⁻¹ is nearly absent and the ID/IG ratio is 0.0024, suggesting
that the precursor defects have been effectively repaired and a
graphitized structure has been achieved (Figure 1(g)). The
X-ray diffraction (XRD) pattern exhibits sharp diffraction peaks
(002) centered at approximately 26.5°, indicating that the
graphene film has a stacking of graphene layers and with an
interlayer spacing of ~0.34 nm. In addition, the diffraction peak

(004) indicates the graphene film has a high degree of
graphitization (Figure 1(h)). High-resolution transmission
electron microscopy (HRTEM) image reveals that the lattice
spacing of the graphene film along the 002 direction is 0.34 nm
(Figure 1(i)), consistent with the theoretically predicted
graphite interlayer spacing. The characterization results
indicate that the graphene films exhibit a high degree of
graphitization and excellent crystallinity, both of which
facilitate efficient electron and phonon transport.

Figure 1 Structural Characterization of graphene film. (a) Digital photograph of graphene film and measured thermal results when using copper foil and
graphene film. (b) Schematic diagram of the structural model of the graphene film. (c) Cross-section SEM image of graphene film. (d) Surface SEM image of
graphene film. (e, f) Surface morphology and roughness analysis of graphene film. Raman spectrum (g), XRD pattern (h), and HRTEM image (i) of graphene
film.

3.2 Design and working principles of RPCM
The proposed structure is a reflective reconfigurable

polarization conversion metasurface with polarization
conversion functionalities as illustrated in Figure 2(a). When
the PIN diodes are forward-biased (as shown in Figure 2(a)),
the incident linear polarization wave oriented at φ+90° (φ=45°)
relative to the x-axis undergoes distinct polarization
transformations across three operational bands, and Figure S(1)
shows the reflection coefficient and phase difference in this
case. CRP reflected wave dominates in the 5.73 - 6.15 GHz and
11.25 - 13.1 GHz frequency ranges, while efficient conversion
to LHCP reflection occurs between 6.27 - 10.18 GHz. Under
reverse-biased PIN diode conditions, the RPCM exhibits
enhanced diversity of polarization mode across four frequency
bands, while Figure S(2) simulates the reflection coefficient
and the phase difference. CRP reflected wave is achieved in
dual bands spanning 5.75 - 7.32 GHz and 12.83 - 14.24 GHz.
Notably, full reflective COP is maintained in 7.92 - 10.15 GHz,
while a LHCP conversion band emerges between 11.5 GHz and
12.14 GHz. This three-state reconfiguration capability enables

dynamic polarization manipulation through bias control,
demonstrating broadband performance with multiple
functional bands in both linear and circular polarization
domains. The frequency dependent polarization transitions are
achieved through the integration of PIN diodes that modulate
the electromagnetic response of the RPCM. The operational
bandwidths and polarization conversion ratios are optimized
through geometric parameter engineering of the unit cells,
ensuring stable phase gradient control across specified
frequency ranges during state switching.
As illustrated in Figure 2(b) and 2(c), the proposed RPCM

unit cell consists of three fundamental components: a top
patterned layer, a ground plane, and a dielectric substrate. The
top layer features periodically arranged butterfly-shaped
patches loaded with PIN diodes, whose distinctive dual-wing
geometry is oriented along the ±45° directions relative to the
x-axis to enable polarization manipulation. Two dedicated DC
bias linear are integrated on the top layer to provide precise
voltage control for the PIN diodes, ensuring stable switching
characteristics. The substrate is composed of low-loss F4B with
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a height of h, a relative permittivity of εr = 2.2 and loss tangent
tanδ = 0.0015, selected for its excellent high-frequency stability.
Both the top radiating structure and bottom ground plane are
fabricated using graphene film. Embedded in the center of the
top structure is a PIN diode, which can be equated to an RLC
series circuit, which is equivalent to a series connection of
resistor Roff and capacitor Coff in the closed state of the PIN

diode, and a series connection of resistor Ron and inductor Lon
in the open state of the PIN diode, lumped elements are Roff =
6.12ohm, Coff = 0.22pF, Ron = 2.2ohm, Lon = 0.25nH. The software
CST 2021 is used to simulate and analyze the RPCM using
Floquet port and periodic boundary conditions. The optimized
unit structure parameters are given in Table 1.

Figure 2 Structural schematic of the proposed RPCM. (a) Functional diagram. (b) RPCM unit cell structure. (c) Top view of unit cell.

Table 1 Parameters of the proposed RPCM

Parameters l1 l2 l3 l4 l5 R1 R2

Values
(mm) 1.6 1.2 1.28 0.8 1.8 7.2 3

Parameters w1 w2 w3 w4 h P

Values
(mm) 0.5 0.8 0.5 0.4 4 15

In order to explain the working principle of RPCM, the
mechanism can be clarified by the current distribution of the
incident wave excitation. The current density distributions
during PIN diode turn off at resonant frequencies 6, 8.57 and
13.54 GHz are shown in Figure 3. According to Figure 3(a), an
incident LP wave at an angle of -45° along the x-axis can be

decomposed into the u-axis or the v-axis. To verify this
characteristic, we simulated the reflection amplitude and phase
difference in the uv coordinate system, and the simulation
results are shown in Figures S(3) and S(4), which indicates that
within the operating frequency range, |Ruu| and |Rvv| are almost
equal to 1, which fully demonstrates that the RPCM has the
characteristic of a low loss factor. In addition, the CRP
conversion frequency bands are marked in gray, while the
phase difference between the reflected waves in the u and v
directions is close to ±180°, achieving perfect cross -
polarization conversion. The LHCP is marked in pink. When the
phase difference between the u and v directions is close to -90°,
a well performing LHCP reflected wave is obtained. The COP
conversion bands are marked in blue. At this time, the phase
difference between the u and v directions is neither close to
±90° nor ±180°, so the incident wave is totally reflected.

Figure 3 (a) Schematic of the decomposition of the incident and reflected electric fields. (b)-(d), The surface current density distributions of the top and
bottom layers at (b) 6GHz, (c) 13.54GHz and (d) 8.57GHz for an incident linear polarization wave oriented at φ + 90° (φ = 45°) relative to the x-axis. (e)-(h)
The induced currents in the top layer at 9 GHz corresponding to the different phases are distributed as (e) 0 °, (f) 90 °, (g)180 ° and (h) 270°.

In the u-axis, as shown in Figure 3(b), at 6 GHz, the currents on the top (red arrows) and bottom (black arrows) are
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reversed and parallel, and then a magnetic dipole resonance is
formed along the v-direction. As a result, the equivalent
permeability of the electric field in the v-direction is
significantly larger, leading to a higher impedance surface and
an inconsistent phase of the reflected electric field along the
v-direction. However, in the u-direction, there is no dipole
resonance and the reflected electric field is in phase with the
incident electric field. Because of this, the synthesized reflected
field is at an angle of + 45° along the x-axis at 6 GHz. As shown
in Figure 3(c), the currents in the top and bottom layers at
13.54 GHz induce parallel in-phase currents in the u-direction,
forming an electric dipole resonance. Then, the equivalent
dielectric constant of the electric field in the corresponding
direction is large, resulting in a low impedance surface. This
means that the reflected wave is in phase with the incident
wave. Since the electric field radiated by the electric dipole is in
phase with respect to the dipole moment, the reflected wave
along the dipole direction is also in phase as in the case of the
magnetic dipole resonance. Thus, the CRP transition is also
achieved. As shown in Figure 3(d), the surface current of the
upper mechanism at 13.54 GHz is at an angle of -45° along the
x-axis, and the direction of the electric field radiated by it is in
the same direction as the current oscillation direction, so the
polarization of the reflected wave remains at the angle of -45°
along the x-axis. For the linear to circular polarization
transition of the loaded PIN diode, the current distributions in
the top layer at different excitation phases at a resonant
frequency of 9 GHz are shown in Fig. 3e-h. The purple arrow
represents the direction of the induced current in the top layer.
As the phase of the incident electric field varies from 0° to 270°,
the surface current rotates in the counterclockwise direction,
verifying that the reflected wave is an LHCP wave.
3.3 Measurement results and analysis
The multi-frequency RPCM measurement system is shown in

Figure 4(a). The whole system includes a Vector Network

Analyzer (VNA) and a microwave darkroom. We fabricated and
measured a 15 × 15 prototype based on the RPCM structural
unit in Figure 2(b), and the experimental structures and
fabricated prototypes for graphene metasurfaces and copper
metasurfaces are shown in Figure 4(b-e), with a fabricated
sample period of 225 mm. The RPCM to be tested was fixed in
the center of the platform with a absorber, and was secured
with non-conductive tape to minimize parasitic coupling. The
platform was placed at a distance of 2 m from the EM wave
transmitting antenna to ensure that the far-field test
requirements could be achieved, and the receiving antenna was
placed next to the transmitting antenna. The RPCM was placed
at the mid-pituitary line in the horizontal direction of the
transmitting and receiving antennas, which ensured that the
angle of the incident wave and the reflected wave was not more
than 5°, reducing the measurement error. Both the transmitting
and receiving antennas are connected to the vector network
analyzer with coaxial cables, and their reflection coefficients
can be measured after calibration, and measure the data of the
copper plate for calibration (as shown in figure S(5)). Free
space measurements were used for the measures and a time
domain gate was added to filter out the clutter.
All simulation and measurement results are shown in Figure

4(f–i). The black realization indicates the simulation results,
the pink line indicates the base graphene RPCM measured
results, and the blue dashed line indicates the base copper
RPCM measured results. The gray shaded area represents the
linear-to-cross-polarization conversion band and the
linear-to-left-handed circular polarization conversion band,
while the pink shaded area represents the co-polarization
total reflection band. The measured and simulated results of
RPCM fabricated by graphene and copper are in good
agreement in the frequency bands with polarization conversion
ratio (PCR) > 90% and axial ratio (AR) < 3 dB, indicating that
graphene can be used as an alternative to copper for fabricating
the metasurfaces in terms of electromagnetic properties.

Table 2 Comparison with previous RPCM

Ref.
PIN State Incident

Pol. Output Pol. Bands (GHz)
PCR Cell size(mm3)

[38]
ON
OFF

LP
LP

LP
Cross LP

3.83-4.74
3.39-5.01

/
88%

24.5×24.5×5.1

[39]
ON
OFF

LP
LP

Cross LP
CP

10.5-13.9/17.7-27.2
11.8-24.1

90%
/

8×8×2

[40]

ON
ON
OFF
OFF

LP
CP
LP
CP

LP
Cross CP
Cross LP

CP

7.4-12
8-12
7.4-12
8-12

/
80%
/
/

17×17×2.9

[41]

ON
ON
OFF
OFF

LP
LP
LP
LP

Cross LP
LHCP
RHCP
LP

3.77-6.2
7.75-8.6
5.2-6.1

2-3.66/8.42-9.52

90%
/
/
/

15×15×5.6
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This
work

ON
ON
OFF
OFF
OFF

LP
LP
LP
LP
LP

Cross LP
LHCP

Cross LP
LHCP
Co LP

5.73-6.15/11.25-13.1
6.27-10.18

5.75-7.32/12.83-14.24
11.5-12.14
7.92-10.15

90%
/

90%
/

90%

15×15×4

Figure 4 Performance of the proposed RPCM. (a)Multiband reconfigurable polarization metasurface measurement system. (b) experimental configuration of
the graphene metasurface. (c) experimental configuration of the copper metasurface. (d) photograph of the graphene metasurface prototype. (e) photograph
of the copper metasurface prototype. Comparison of experimental and simulation results: (f) PCR, PIN off. (g) PCR, PIN on. (h) AR, PIN off. (i) AR, PIN on.

To demonstrate the good performance of the proposed RPCM,
Table 2 compares the functionality of the proposed
metasurfaces with the state-of-the-art features, including
operating modes and frequency bands. All the designs are
reflective active metasurfaces controlled by the state of the PIN
diode. As can be seen from the table, the designed metasurface
antenna not only achieves a polarization conversion efficiency
of more than 90% for multi-frequency multimode
reconfigurable polarization the operating band, but also has a
low profile of 0.08 λ0.
3.4 Investigation of thermal performance of graphene and
copper RPCM
The core of the proposed RPCM to dynamically regulate the

electromagnetic wave polarization state through the on or off
state of PIN diodes. This active device consumes power when it
is forward biased and carries RF signals at the same time, and
its internal resistance converts part of the input power into
heat. Meanwhile, the PIN diodes generates dynamic losses

when switching on and off, which also leads to an increase in
its temperature. When the metasurface integrated with
multiple active devices is in a high-power operating state, the
energy loss of each unit increases, leading to a local
temperature increase, which affects the temperature drift of
the PIN diode due to its temperature sensitivity, resulting in
changes in the PIN diode equivalent resistance inductance and
capacitance, which leads to a weakening of the polarization
conversion efficiency of the metasurface, as well as a shift in
the resonance frequency.
In order to demonstrate that graphene-based metasurfaces

have good integrated electromagnetic radiation and heat
dissipation capabilities, the copper-based and graphene-based
metasurfaces are investigated here under a 5 V positive feed
constant voltage provided by a DC regulated power supply,
model KEYSIGHT B2901, and observed using an infrared
camera, model HM-TP76-25SVFW. This thermal imaging
camera has 640×512 pixels and has a temperature test range of

Ju
st

 A
cc

ep
te

d



Nano Res. 7

-20° to 650° with an accuracy of 2%. During the test, the
thermal imaging camera was kept parallel to the metasurface
and at a distance of 25 mm from it. The thermal imaging
camera displayed the temperature distribution as well as the
center temperature of the image. The cross- PCR and AR of
both were also tested by VNA for long time operation.
Figures 5(a-d) show the surface temperatures of the RPCM

made of copper and graphene at the initial time of operation
and at an operation time of t = 1 h. From Figs. 5a and 5b, it can
be seen that the surface temperatures of the copper fabricated
RPCM and graphene fabricated RPCM are lower at the initial
working time, which are both around 12.9 °C, and the PIN
diodes do not show any significant temperature drift effect.
While Fig. 5c and Fig. 5d show that the surface temperature of
the graphene super-surface is 21.3 °C when the power is
continuously turned on for 1 h, the surface temperature of the
RPCM made of copper reaches 55.5 °C, which is 34.2 °C higher
than that of the RPCM made of graphene, indicating that the
RPCM made of graphene, has a superior heat dissipation ability,
and the Joule heat generated by the PIN diode can be dissipated
through the graphene material. Joule heat energy generated by

the PIN diode is better transmitted to the surrounding
environment through the graphene structure.
Figure 5(e-h) shows the PCR and AR of the copper RPCM and

graphene RPCM in the PIN-off and PIN-on states measured by
the VNA during 1 h. It can be clearly observed that the copper
RPCM has a narrower frequency band and resonance frequency
shift in the PIN-off state, and the low-frequency polarization
conversion efficiency decreases to below 80%, the PCR >90%
bandwidth gets narrower of high frequency bands in the
PIN-on state. The polarization conversion efficiency in the
low-frequency band decreases to below 80% in the open state
of the PIN diode, the operating bandwidth of more than 90% of
the PCR in the high-frequency band has been narrowed, the
bandwidth of the AR<3 dB decreases, and the undesired
operating band appears in the high frequency. The measured
PCR and AR of RPCM made of graphene in both on and off state
of PIN diodes fit the simulation curves, which proves that the
temperature drift effect of heat dissipation PIN diode is lower
when it works for a long time, and the influence on the
electromagnetic performance of the RPCM is lower.

Figure 5 Comparison of the thermal performance of graphene metasurface and copper metasurface initially and after 1h of applied voltage of 5 V. (a)
Infrared imaging of graphene metasurface under short-time applied voltage. (b) Infrared imaging of copper metasurface under short-time applied voltage. (c)
Infrared imaging of graphene metasurface under long-time applied voltage. (d) Infrared imaging of copper metasurface under long-time applied voltage.
Polarization conversion performance of RPCM after applying voltage to the PIN diode for 1 h. (e) Comparison of PCR simulation of PIN diode in closed state
with actual measurement. (f) Comparison of PCR simulation of PIN diode in open state with actual measurement. (g) Comparison of AR simulation of PIN
tube in closed state with actual measurement. (h) Comparison between AR simulation and real test in the open state of the PIN diode.

4 Conclusions
In conclusion, this work proposes a

radiation-heat-integrated reconfigurable polarization
conversion metasurface based on high thermal conductivity
and high conductive graphene film. The excellent heat
dissipation capability of graphene film provides a stable
working environment for the electromagnetic performance of
the PIN diode modulated metasurface. When the embedded
PIN diodes are in the ON state, the incident LP incident wave
will be converted into CRP reflected wave in 5.73 - 6.15 GHz
and 11.25 - 13.1 GHz, and LHCP in the 6.27 - 10.18 GHz band. If
the PIN diodes are turned off, CRP conversion occurs in the
5.75 - 7.32 GHz and 12.83 - 14.24 GHz, COP is achieved in 7.92 -
10.15 GHz, and the conversion from LP to LHCP is obtained in
the 12.83 - 14.24 GHz. The experimental results are in good

agreement with the simulation results. In addition, the heat
dissipation experiments based on graphene and copper
metasurfaces further demonstrate that the graphene film with
high thermal conductivity will diffuse the heat generated from
the PIN diode operation as well as the radiation of the top
structure to the surroundings faster, which contributes to
avoiding the temperature drift effect of the PIN diodes, and
ensures the stability of the system. This integrated design
concept applies not only to reconfigurable polarization
conversion metasurfaces but also to beam scanning antennas,
stealth suits, etc. It offers a new path for 6G, quantum radar,
and radar detection, enhancing communication system design
and promoting multifunctional integrated devices from lab to
engineering.
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Figure S1. Simulated reflection magnitudes and phase difference when the PIN diode is reverse biased for an incident linear polarization wave oriented at φ
+ 90° (φ = 45°) relative to the x-axis.
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Figure S2 Simulated reflection magnitudes and phase difference when the PIN diode is forward biased for an incident linear polarization wave oriented at φ
+ 90° (φ = 45°) relative to the x-axis.

Ju
st

 A
cc

ep
te

d



Nano Res.

Figure S3 The reflection amplitudes and phase differences of the u and v polarization incident waves when the PIN diode is reverse biased.
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Figure S4 The reflection amplitudes and phase differences of the u and v polarization incident waves when the PIN diode is forward biased.
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Figure S5 Copper-based Microwave Anechoic Chamber Testing System.
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