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Dynamic manipulation of microwave polarization based
on anisotropic graphene meta-device
Jin Zhang1, Zhenfei Li1, Chiben Zhang1,2, Linda Shao1 and Weiren Zhu 1✉

As a unique two-dimensional atomic material, graphene offers excellent mechanical properties, dynamically tunable surface
conductivity, ultra-high carrier mobility, and optical transparency, making it great potential for novel electromagnetic devices.
However, dynamic manipulation of microwave polarization has not been experimentally realized in a graphene-assisted
metasurface. In this paper, we present a general strategy for designing graphene-based active meta-device for achieving dynamic
polarization control at microwave frequencies. When illuminated by a linear-polarized incident wave, the polarization angle of the
reflected wave can be dynamically controlled by shifting the bias voltage applied to graphene. The simulated and measured results
reveal that the proposed graphene-based meta-device offers a novel approach to the manipulation of microwave polarization and
has potential applications in antenna, sensing, and communications.
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INTRODUCTION
During the past decades, metasurfaces, referred to as the two-
dimensional (2D) version of metamaterials, have experienced a
great upsurge in various scientific and engineering disciplines due
to their intriguing and tailorable properties that are not naturally
available1–3. In contrast to the traditional bulk metamaterials,
metasurfaces possess many attractive features such as easy
fabrication, low profile, and low loss that triggered an enormous
outburst of novel research in electromagnetic cloaking4, holo-
graphic imaging5,6, information processing7,8, to name a few. By
designing and arranging the individual sub-wavelength meta-
atoms in desired ways, metasurfaces provide an unprecedented
degree of freedom in engineering light-matter interactions at the
sub-wavelength scale, achieving complete control over the phase,
amplitude, frequency, polarization, and propagation direction of
electromagnetic waves9–12. In particular, polarization state is one
of the intrinsic characteristics of electromagnetic waves which
plays a role of paramount importance in many areas, such as
display optics13, quantum computation14, chemical sensing15, and
so on. Due to the invariance and independence of polarization on
time and frequency domains, polarization modulation is compa-
tible with other modulation techniques that are of central interest
in wireless communication and radar systems16. Standard
approaches for traditional polarization control technology involve
the Faraday effect and natural birefringent crystals17,18. Due to the
extremely weak electromagnetic responses from natural materials,
high thickness or external magnetic field is usually required to
obtain phase accumulation, which is confronted with limited
bandwidth and bulky volume. In contrast, metasurfaces have
shown unparalleled capabilities for flexibly controlling polarization
in a planar and integrated manner, providing a novel platform for
versatile polarization transformations19,20, polarization gratings21,
holography and imaging22,23, etc.
The manipulation of polarization using metasurfaces generally

relies on the structurally varying anisotropy, i.e., shape, size, and
orientation of the comprised meta-atoms, which can modify the two
orthogonally polarized components of the incident electromagnetic

wave independently and thus generate desired output polarization
via vector superposition. In recent years, metasurface-assisted
polarization modulators/converters have been intensively investi-
gated from gigahertz24,25, terahertz26,27, to optical regions28,29.
However, the functionalities of metasurfaces are fixed once the
geometric structures are designed and fabricated, limiting their
practical applications. An effective way to overcome such limitation is
to employ tunable metasurfaces, whose electromagnetic responses
can be actively controlled through integration with active materials
or elements. Various types of tunable metasurfaces have been
experimentally realized at microwave frequencies with active
elements such as PIN diodes, varactors, or semiconductors for real-
time control of the meta-atoms by external bias voltages30–32.
However, complex bias network, welding deformations, poor
flexibility, and high cost of loading active components still face
tremendous challenges in practical applications33. Fortunately, as a
2D material consisting of carbon atoms arranged in a honeycomb
lattice, graphene is a promising candidate for reconfigurable devices,
owing to its surface conductivity enables dynamically controlled in a
wide band by electrical biasing or chemical doping34–36. Thus, the
integration of graphene in metasurfaces has been successfully
enforced into universal devices for polarization modulation in
terahertz or infrared frequencies37–40. The basic idea of these works
is attributed to the anisotropic patterns of graphene or hybrid
graphene/metal structures that support tunable plasmonic eigen-
modes along the two orthogonal polarization directions, relying on
the dynamic shifts of resonances. Shvet et al. proposed a novel
method for measuring the polarization state of incident light using
graphene-integrated anisotropic metasurfaces in the far-infrared
region41. While in the microwave region, graphene behaves more
like a purely resistive film and its reactance is fixed to nearly zero. As
a consequence, the realization of tunable resonances at microwave
frequencies is significantly different from that at higher frequen-
cies42–44. Until now, only a few attempts have been devoted to the
passive polarization modulation of microwaves using graphene.
Grande et al. achieved SOCL2-doped multilayer graphene with a
sheet resistance value below 30Ω□−1 and exploited it for the
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realization of an optically transparent polarizer45. Chen et al.
demonstrated a microwave polarization converter based on
graphene ribbon metasurface, where the full polarization transfor-
mation including linear-to-linear, linear-to-circular, and linear-to-
elliptical conversions are realized by properly selecting the surface
impedance of graphene46. Recently, Zhang et al. proposed a
graphene-based meta-filter in microwave band enabling decom-
position and manipulation of arbitrary incoming polarized states
such as linear-, circular-, and even elliptical polarization47. However,
only passive control of polarization has been experimentally realized
in these works without taking advantage of graphene’s electrical
tunability. Until now, graphene-based microwave metasurfaces with
real-time polarization tunability have not been reported yet.
In this paper, we present a novel design of graphene-based

meta-device with a dynamically tunable polarization state at
microwave frequencies for the first time to our best knowledge.
Combining metallic resonators with graphene-based sandwich
layers (GSL), the anisotropic amplitude modulation accompanied
by zero phase difference between x- and y-polarized reflected
waves is achieved, which enables dynamical manipulation of
polarization controlled by the tunable sheet resistance of
graphene. Moreover, experimental results demonstrate the
relationship between the polarization angle and the varying
biasing voltage applied to the graphene layers, showing that
graphene has great potential for microwave polarization manip-
ulations, which has great prospects in antennas and wireless
communications.

RESULTS AND DISCUSSION
Design of graphene-based meta-device
The working principle of the proposed graphene-based meta-
device is illustrated in Fig. 1. Gate-controlled GSL and metallic
resonators are employed to construct the proposed meta-device.
In contrast to the conventional scheme of active electronic
elements driven by a field-programmable gate array, graphene is
introduced to realize the anisotropic amplitude modulation of
electromagnetic waves in a simpler manner. Therefore, the
proposed meta-device is capable of dynamically rotating the
polarization angle of incident waves. By applying a different bias
voltage to the graphene layers, the polarization angle of the
reflected wave θp can be continuously and dynamically rotated
from tuned from 0° to 45°.
The proposed meta-device, as shown in Fig. 2a, consists of five

layers: a GSL on the top, a foam layer, a patterned layer of metallic
resonator, a substrate layer, and a metallic ground at the bottom.
The GSL is composed of two monolayer graphene sheets
transferred on a 0.2-mm-thick polyethylene terephthalate (PET)

substrate and a 0.05-mm-thick diaphragm paper soaked with ionic
liquid electrolyte (1-butyl-3-methylimidazolium hexafluoropho-
sphate) between them48,49. This configuration indeed improves
the gating feature of graphene50. The metallic pattern layer is
printed on a 0.762-mm-thick grounded dielectric substrate (Rogers
4350b, ϵs= 3.6, tanδ= 0.0037). To achieve the arbitrary phase
coverage and negligible cross-polarized effect in an anisotropic
structure, the metallic resonator is designed as a combination of
Jerusalem crosses and square loops as shown in Fig. 2b. The four
resonant arms and central square loop increase the phase
coverage by strengthening the corresponding electric field
resonance to achieve additional phase accumulation. Final
geometrical parameters of the metal pattern are shown as follows:
p= 6mm, w= 0.5 mm, a= 1.25mm, b= 0.85mm, d1= 2.6mm,
and d2= 1.4 mm. The bottom metallic ground is copper with a
conductivity of 5.8 × 107 Sm−1 and a thickness of 0.035mm. The 2-
mm-thick Teflon foam (ϵf= 1.05) is set under the graphene layer to
avoid direct contact with metal. Because the thickness of the foam
in the middle is much larger than graphene and metallic layers, the
whole proposed structure works as an analog of Fabry–Perot cavity
that hardly supports the surface plasmon polaritons effect between
graphene and metallic layers. The electric property of graphene
can be described in terms of a surface conductivity σg as given by
the well-known Kubo formula51,52:

σg ¼ σintra ω; EF; Γ; Tð Þ þ σinter ω; EF; Γ; Tð Þ; (1)

σintra ¼ �i
e2kbT

π2 ω� iτ�1ð Þ
EF
kBT

þ 2 ln e
EF
kBT þ 1

� �� �
; (2)

σinter ’ �i
e2

4π
ln

2 EFj j � ω� i2Γð Þ
2 EFj j þ ω� i2Γð Þ
� �

; (3)

where kB and ℏ are the Boltzmann constant and the reduced Plank
constant (Dirac constant). e is the electron charge, ω is the angular
frequency, T is the temperature and is fixed to 300 K. Γ= (2τ)−1 is
the carrier scattering rate in graphene, τ is the relaxation time, and
EF is the Fermi energy. In microwave band, the value of σg is
mainly defined by the intra-band transitions. Moreover, the
resistance term of graphene impedance keeps almost constant
and its reactance term tends to zero. Hence, graphene is generally
modeled as a resistive planar sheet at the microwave frequencies
of our interest and can be characterized by sheet resistance Rg:

Rg ¼ 1
σg

� π2 ωþ i2Γð Þ
ie2kBT

EF
kBT

þ 2 ln 1þ e
EF
kBT

� �� ��1

: (4)
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Fig. 1 Working principle of the proposed graphene-based meta-
device. The proposed meta-device is capable of dynamically
rotating the polarization angle of incident waves.
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Fig. 2 Schematic diagram of the proposed graphene-based meta-
device. a Schematic view of the proposed meta-device. b Side view
of GSL and c top view of metallic periodic cross-shaped resonator.
Geometric parameters are p= 6mm, w= 0.4 mm, a= 3.6 mm,
b= 1.2 mm, d1= 2.6 mm, and d1= 1.4 mm.
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The sheet resistance of graphene Rg is determined by the
Fermi energy EF and the relaxation time τ. We assumed τ= 0.2 ps
in this contribution, which is in agreement with measured data
of chemical-vapor-deposited (CVD) graphene. On the other
hand, when the electrostatic field bias (U) is applied to the
graphene sandwich structure, the ions in the electrolyte with
opposite polarization would be concentrated on the interfaces
of the graphene electrodes that enables the electrostatically
doping of graphene. Therefore, the Fermi energies of graphene
will be dynamically controlled, thus resulting in the variation of
sheet resistance50.

Polarization transformation
To theoretically analyze the operating principle of polarization
manipulation in the proposed meta-device, we consider a linearly
polarized electromagnetic wave that normally illuminates on the
planar structure along the −z direction, whose electric field can
be decomposed into two orthogonal components in the
Cartesian base:

Ei r; tð Þ ¼ Ix
Iy

� �
ej ωtþkzð Þ; (5)

where ω is the angular frequency, k represents the wave vector, Ix
and Iy are complex amplitudes of incident electric fields along x

and y axis, respectively. The Jones vector expressed as Ix ; Iy
� 	T ¼

Eij j cos θi; Eij j sin θi½ �T determines the state of polarization and the
total intensity of the electromagnetic wave, with θi representing
the angle between x axis and the direction of the electric field.
Similarly, the reflected electromagnetic waves are depicted as:

Er r; tð Þ ¼ Rx
Ry

� �
ej ωt�kzð Þ; (6)

According to the Jones matrix J53, the relationship between the
incident and reflected electric fields can be expressed as:

Rx
Ry

� �
¼ Jxx Jxy

Jyx Jyy

� �
Ix
Iy

� �
: (7)

Here, Jxy and Jyx are cross-polarized reflection coefficients, Jxx
and Jyy represent the co-polarized reflection coefficients in x and y
direction, respectively. We confirmed that the cross-polarized
reflections in our proposed structure are much smaller than the
co-polarized reflections (full data are provided in Supplementary
Fig. 1 and Supplementary Note 1). Therefore, On the condition
without cross-polarization effects (Jxy= Jyx= 0), the reflected field
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Fig. 3 Simulated results of graphene-based meta-device. Simulated reflected amplitude (a, b) and phase spectra (d, e) of the metasurface
with a different sheet resistance of graphene under x- and y-polarized incident waves. Simulated amplitude (c) and phase difference (f) spectra
as a function of sheet graphene's resistance. g The intensity spectra of the reflected electric field. h The tunable polarization angle for sheet
graphene's resistance. i Simulated amplitude and phase response of the proposed meta-device without graphene layer.

J. Zhang et al.

3

Published in partnership with FCT NOVA with the support of E-MRS npj 2D Materials and Applications (2022)    47 



can be expressed as:

Rx
Ry

� �
¼ Jxx 0

0 Jyy

� �
Ix
Iy

� �
¼ rxxe�jφxx Ix

ryye�jφyy Iy

 !
; (8)

where rmm and φmm are the amplitude and phase of the reflection
coefficient in m direction. The Jones vector of a linear-polarized
plane wave with θi= 45° can be written as 1; 1½ �T and the reflected
field can be written as:

Rx
Ry

� �
¼ rxxe�jφxx Ix

ryye�jφyy Iy

 !
: (9)

According to Eq. (8), the polarization state of the resultant
reflected electromagnetic wave depends on the amplitude and
phase differences of the reflection coefficients between two
orthogonal directions, if the Jones vector of the incident wave is
set to 1; 1½ �T (θi= 45°). For example, the reflected wave is
converted to circular polarization when the phase difference
between φxx and φyy equals 0.5nπ, where n represents an odd
number. When satisfying the equation of φxx= φyy, the polariza-
tion state of the reflected wave will be the same as that of the
incident wave. In this case, the intensity of reflected field Erj j and
polarization angle θp are determined by amplitude coefficients,
which can be expressed as follows:

Erj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rxj j2 þ Rxj j2

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rxxj j2 þ ryy

�� ��2q
(10)

θp ¼ arctan
ryy
rxx

(11)

Therefore, dynamic polarization manipulation of the reflected
electromagnetic wave can be realized by utilizing an active
metasurface if the amplitude or phase components in Jones
matrix could be dynamically controlled.

Simulations
The reflection spectra of the proposed metasurface are simulated
and characterized using commercial time-domain software CST
Microwave Studio. Unit cell boundary conditions and Floquet
ports were set along the x and y directions representing a
periodical structure, and an open boundary was defined in

z direction for electromagnetic wave incidence and reflection. The
simulated amplitude and phase components of the co-polarized
reflection coefficients along x and y directions are displayed in
Fig. 3a, b, d, e. It can be seen that the reflected amplitude for y
polarization ryy gradually increases from 0 to nearly 0.9 at the
working frequency 14.6 GHz when the sheet resistance of
graphene Rg varies from 800 to 50Ω□−1, while the reflected
amplitude for x polarization rxx always keeps on exceeding 0.9 at
14.6 GHz. On the other hand, the reflected phase for both x and y
polarization (ϕxx and ϕyy) are nearly equal to π at 14.6 GHz,
showing insensitivity to the sheet resistance Rg. It should be noted
that although φyy changes dramatically when Rg increases over
800Ω□−1, it has little impact on the final resultant reflected wave
due to the weak amplitude response (ryy close to zero) in this case.
Furthermore, Fig. 3c, f depicts the amplitude difference (Δr) and
phase difference (Δφ) between co-polarized reflection coefficients
for x and y polarization, where Δr= rxx− ryy and Δφ= φyy− φxx. It
is seen in Fig. 3f that the phase difference is exactly equal to 0 at
14.6 GHz in the sheet resistance range from 800 to 50Ω□−1,
thereby fulfilling the phase condition required for manipulating
the polarization angle of linear polarization. Figure 3c demon-
strates a wide range of amplitude modulation from 0 to 0.96 at
14.6 GHz when the sheet resistance of graphene varies from 800
to 50Ω□−1. However, this polarization selective modulation only
works in the reflection mode of the proposed meta-device.
According to Eqs. (10) and (11), the normalized intensity of the
reflected electric field Erj j and polarization angle θp as functions of
sheet resistance of graphene are calculated and depicted in
Fig. 3g, h. Figure 3g shows that the normalized intensity of the
reflected electric field is higher than 0.7 at 14.6 GHz no matter how
the sheet resistance varies. It is seen in Fig. 3h that the polarization
angle θp experiences a considerable shift from 45° to 0° when
increasing the sheet resistance from 50 to 800Ω□−1. The
proposed meta-device shows a tunable range of polarization
angle that operates at room temperature (T= 300 K). It should be
noted that extremely low or high temperature will deteriorate the
polarization performance due to the effect of graphene and ionic
liquid (see Supplementary Fig. 2 and Supplementary Note 2).
We also simulated amplitude and phase responses of the
proposed structure without graphene layers. It is seen in Fig. 3i
that the amplitude responses for x and y polarization are nearly
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equal to 0.9 at the working frequency of 14.6 GHz while the phase
difference is about 110°. According to electromagnetic theory, the
metallic Jerusalem cross-metasurface only reflects untunable
elliptical polarized waves. Compared with this structure, introduc-
tion of a graphene layer enables a dynamically tunable anisotropic
amplitude response that leads to the polarization rotation of
reflected linear waves. Considering a linearly polarized electro-
magnetic wave with a polarization angle of 45° illuminates onto
the graphene-based metasurface, the polarization state of the
reflected wave can be dynamically modulated by continuously
tuning Rg.
To further elaborate the operation principle of the proposed

meta-device, the device function as a continuous variation of Rg
can be visualized on the fundamental Poincaré sphere as shown in
Fig. 4, which is mapped by representing the Stokes parameters in
the spherical Cartesian coordinates, defined as54:

S0 ¼ rxxj j2 þ ryy
�� ��2;

S1 ¼ 2 rxxj j ryy
�� �� cosΔφ;

S2 ¼ 2 rxxj j ryy
�� �� sinΔφ;

S3 ¼ rxxj j2 � ryy
�� ��2; :

8>>>>><
>>>>>:

(12)

Here, S0 is the unit radius of the Poincaré sphere and S1,2,3 are
the sphere’s Cartesian coordinates. Therefore, an arbitrary

polarization state can be characterized by one point on the
surface of the Poincaré sphere. For instance, the north and south
poles represent right and left circular polarization. The equator
denotes the azimuthally varying linear polarization, while
intermediate points in the northern and southern hemispheres
correspond to elliptical polarization. It is seen in Fig. 4 that the
variation of Rg forms a continuous path on the equator of the
Poincaré sphere. It starts at the (0,0) and ends near (0.5π,0),
indicating that the polarization angle of the reflected linear-
polarized wave sweeps from 0° to 45° when the sheet resistance
of graphene increases from 800 to 50Ω□−1. To validate the
performance of polarization modulations, we propose four
typical polarization states as examples shown in Fig. 4. The
normalized values of electromagnetic energies for x and y
polarizations are presented in green and blue colors, respec-
tively, and the resulting polarization vector is plotted as a red
arrow. By shifting the sheet resistance of graphene to 800, 550,
300, and 50Ω□−1, the normalized reflected amplitude for x
polarization is effectively modulated as 0.01, 0.17, 0.43, and 0.87,
while that for y polarization remains close to 0.9. Therefore, the
polarization angles θp of the resultant vectors are obtained as
0.68°, 10.19°, 24.89°, and 45°. It should be noted that the
reflection amplitudes in these cases are all close to 0.7, which
shows considerable high efficiency.
In order to get a comprehensive insight into the mechanism

of the polarization modulation in our proposed meta-device,

Fig. 5 Electric fields and induced currents in graphene-based meta-device. Simulated electric fields (a–c) and induced surface-current
distributions (d–f) of the designed meta-device under y-polarized incidence with different sheet resistances of 800, 300, and 50Ω□−1.
Induced surface-current distributions under x-polarized incidence with different sheet resistances of g 800Ω□−1, h 300Ω□−1, and i 50Ω□−1.
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the distribution of the electric field and surface current on a
unit cell of the metal pattern with different sheet resistances of
800, 300, and 50 Ω□−1 are illustrated in Fig. 5. We consider a y-
polarized electromagnetic wave impinges normally on the
structure, and the results in Fig. 5a–f are monitored at the
working frequency of 14.6 GHz. Figure 5a shows that, for
Rg= 800 Ω□−1, the electric fields are strongly concentrated in
the upper and lower arms of the metal patterns. Thus, opposite
charges accumulate in the adjacent unit cells of meta-devices
along the y direction, producing capacitive behaviors. To
determine the resonance type (electric or magnetic), the
surface-current distributions of the proposed meta-devices are
plotted in Fig. 5d. The induced currents are mainly distributed
on the connections between long arms and the central square
loop, and the directions of current along −y direction are
opposite to that on the top graphene layer and bottom ground
plane, which can be considered as the magnetic dipole
resonances. The strong resonance can effectively trap the
incoming power and provide an opportunity to be dissipated
by the graphene losses. Furthermore, the intensities of electric
field energy and induced current distributed on the metal
pattern are gradually reduced as Rg decreases and even
weakened to be ignored when Rg= 50 Ω□−1. Accordingly, it
can be found that the resonance can be controlled by the sheet
resistance of graphene that leads to the reflected amplitude
modulation. In contrast, the induced surface-current distribu-
tions for x polarization illumination have different results. As
shown in Fig. 5g–i, it is obviously seen that the induced currents
are always weak in any case of Rg, indicating that no resonance
is excited about x polarization. Based on these results, the
mechanism of the polarization modulation method we present
is fully demonstrated.

Measurements
To further verify the meta-device performance by experiments, we
fabricated a prototype composed of 32 × 32 unit cells, as shown in
Fig. 6a, b. The overall size of the prototype is 192 × 192 mm2. The
metallic patterns and ground plate are made of 17-μm-thick
copper etched on both sides of the Rogers 4350b substrate by
conventional printed circuit board technique. The measured
relation between sheet resistance of graphene and the bias
voltage is exhibited in Fig. 6d. It is seen that the sheet resistance of
graphene decreases monotonously from nearly 700 to 350Ω□−1

while the voltage increases from 0 to 5 V. Furthermore, the
responding fitting curve is also provided in Fig. 6d, from which,
the approximate values of Rg under different bias voltage can be
obtained easily and rapidly. Besides, the low bias voltage enables
avoiding the break-down effect of the dielectric layers such as PET
and foam. Measurement of the scattering field is conducted using
the free-space wave method40, as shown in Fig. 6c.
Figure 7 shows the measured amplitude and phase compo-

nents of reflection coefficients for both x- and y-polarized
incidence. Here, five typical voltages 0, 0.5, 1, 2, 3, and 5 V are
applied to graphene layers, corresponding approximately to sheet
resistances of 680, 620, 540, 460, 400, and 340Ω□−1, respectively.
It is seen in Fig. 7a, c that, at the frequency of 15.3 GHz (blue zone),
the measured reflected amplitude for y polarization keeps almost
unchanged (less than 1 dB) when gradually increasing the bias
voltage U from 0 to 5 V, whiles for x polarization the reflected
amplitude experiences dramatic shifts. On the other hand, the
measured reflected phases for x and y polarizations are all nearly
equal to 10° no matter how bias voltage changes as shown in
Fig. 7b, d. Therefore, according to Eq. (11), the polarization angle
θp can be experimentally shifted from 3.72° to 23.34°. In detail, the
measured polarization angle corresponding to bias voltage of 0,
0.5, 1, 2, 3, and 5 V are 3.72°, 7.79°, 11.71°, 14.91°, 18.07°, and

Fig. 6 Prototype and measurement setup. Photograph of a patterned metallic layer, b graphene-based sandwich structure connected to bias
voltage, and c measurement setup. d Relation between the bias voltage and sheet resistance of graphene.
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23.34°, respectively. The slight deviation between the measured
and simulated working frequencies may be caused by the
inconsistency in the dielectric constant and thickness of the
substrate and foam layers in practice. Besides, the tunable range
of polarization angle fails to meet the simulated expectation that
is mainly due to the limited range of graphene’s sheet resistance
available in practical. Although the minimum sheet resistance can
be effectively reduced by stacking a multilayer structure, but the
maximum value correspondingly decreases either, which makes
no sense for improvement of polarization performance (full data
are provided in the Supplementary Fig. 3 and Supplementary Note
3). Improving the quality of pristine monolayer graphene and
utilizing ionic liquid with a higher ionization degree are two
executable solutions for extending the tunable range of
graphene’s sheet resistance.
In summary, we have experimentally presented a novel design

of graphene-based meta-device for dynamical polarization manip-
ulation of electromagnetic waves. In contrast to the conventional
scheme of changing the geometrical parameters of the structure
or loading active electronic elements such PINs and varactors,
graphene is introduced to realize anisotropic amplitude modula-
tion of microwaves operating in a reflective mode in a simpler
manner. Therefore, the proposed meta-device is capable of
dynamically and continuously rotating polarization angle by
applying different bias voltages to graphene layers. The relation-
ship between polarization states and sheet resistance of graphene

has also been analyzed in detail. Our results advance the state-of-
the-art polarization manipulation achievable by CVD graphene
and represent a step towards real and practical applications of
integrated graphene-based devices or systems.

METHODS
Fabrication of graphene-based meta-device
Graphene monolayers are synthesized on the 20-μm-thick copper sheet
using CVD method and transferred onto the PET substrate through the
dry transfer method55–57. It is noted that these procedures are finished
by Ningbo Soft Carbon Electronic Technology Co., Ltd. Subsequently, a
graphene sandwich structure was fabricated consisting of two graphene
monolayers on the PET substrate and a diaphragm paper in the
middle soaked with ionic liquid as discussed in refs. 48–50. Finally,
the graphene sandwich structure is pasted to the Teflon foam slab, and
then aligned together to the metal patterned substrate.

Setup of measurement
Two standard linearly polarized horn antennas connected to a vector
network serve as transmitter and receiver to measure the reflection
parameters of the sample. The voltage applied to the graphene layer is
offered by a direct current voltage source. The distance between antennas
and the sample is set to be far enough to avoid the near-field effect. Before
the measurement, calibration was carried out against the open aperture
and copper metal plate on the sample holder. This arrangement minimizes
measurement errors, such as scattering and diffraction.

U
U
U

U
U
U
U
U
U

U
U

U
U
U

U

U
U

U
U
U
U
U
U

UU
U
U
U
U
U

Fig. 7 Measurement results. Measured reflected amplitude and phase spectra of the proposed meta-device under a, b x- and c, d y-polarized
incidence for different bias voltages of 0–5 V.
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