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Abstract—A graphene–based multifunctional polarization con-
verter for the mid–THz band is proposed in this work and its
electromagnetic behavior is explained with the help of the physics
behind it and the circuital theory. The novelty of the proposed
reflector lies in the fact that a linear–to–linear (LL) polarization
conversion takes place for a chemical potential in 0.3–0.6 eV and
a linear–to–circular (LC) in 0.7–1.0 eV across the mono–layered
graphene over a large oblique angle (≈ 40◦) of the incident wave.
The fractional 3 dB axial ratio bandwidth in the case of LC polariza-
tion conversion is 81%. Moreover, for LL polarization conversion
it gives 31% fractional bandwidth for polarization conversion ratio
(PCR) more than 85%. The structure maintains a thickness of
λ/7.5 and a lattice size of λ/18. The proposed multi–functional
polarization converter can act as a promising candidate for THz
indoor communication.

Index Terms—Axial ratio, graphene, metasurface, multi-mode
polarization converter, THz, unit cell.

I. INTRODUCTION

IN THE past few years polarization of EM wave has become
a key aspect in communication for hassle free receiving

of wave. Keeping in mind there are several approaches have
been made to design polarization converters, in the initial days
of making EM wave polarizer, they were bulky in nature [1].
In this view, due to constitutive parameter flexibility, light
weight and wide frequency band applicability, metasurface has
attracted a great attention of the researchers in the last two
decade [2], [3], [4], [5]. Since then, different approaches have
been made to design a metasurface based absorbers, polariz-
ers, filters, cloacking devices, and wave-front manipulator [3],
[6], [7], [8]. The metal based metasurface devices, due to its
structural robustness are frequency tunable to a very limited
band. The linear–to–circular (LC) polarization converter after
incorporating active devices and switching can work upto a
certain frequency band. A linear–to–linear (LL) polarization
converter has achieved a significant frequency band of tunability
after applying switches. Some approach have been made to
design polarization switching with the help of p-i-n diode and
parasitic capacitance. Multi-mode polarization conversion using
PIN diodes have been proposed to push the limit of polarization
converters [9]. A circular split ring polarization conversion
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metasurface (PCM) employing plasmon resonance has achieved
cross polarization in the band 2.42–3.52 GHz when the diode is
ON and co–polarization in OFF condition [10]. But due to the
limited frequency of operation and their integrity issue at higher
frequency they are not preferred [11]. To overcome this issue,
some material which can work as conductive surface over tuning
the temperature and doping i.e. VO2 and graphene are used [12].

The graphene due to its unique property of change in con-
ductivity with altering its applied biasing has very vast area
of interest [13], [14], [15]. The tunable polarization converter,
absorbers, filters have been proposed till now. A graphene
based metasurface LL polarization converter giving 31.1% have
been proposed. A frequency tunable LC polarization converter
operating in sub-terahertz frequency regime giving fractional
3 dB axial ratio bandwidth (FARBW) of 46.5% is proposed.
A graphene-metal metasurface working as a bi-functional with
switchable property to attain the linear to linear and linear
to circular polarization state by changing the chemical poten-
tial from 0-1.0eV. The bi-functional operating band is from
1.38–1.72 THz [16]. A graphene-VO2 based metasurface linear
to linear polarization converter operating in transmitting and
reflecting mode depending on the bias voltage to the graphene
and temperature of VO2 is proposed. In this design two pa-
rameters, viz. chemical potential and temperature, are variable.
The frequency of operation in transmitting state is 3.0-6.0 THz
and in reflecting state is 3.76–4.15 THz [17]. The graphene
chemical potential and VO2 are used to control the polarization
state of metasurface as LL in transmissive mode and LC in
reflective mode [12]. A two layered stacked graphene based
45◦ transmittive type LL polarization converter is designed. The
state of polarization is changed by altering the Fermi level of the
graphene [18]. In article [19], a graphene patch metasurface and
a graphene hole metasurface based multi-band and bi-functional
polarization converter is presented. On altering the chemical po-
tential of graphene layer, the graphene hole and graphene patch
based metasurface give LL and LC polarization conversion in the
frequency band 2.69-4.19 THz and 4.96-6.52 THz, respectively.
But still the research is going on to get a better performance
and wide-band multi-functional polarization converter with less
design complexity.

In this paper, A multi–functional polarization converter using
a graphene based double L-shaped perforated structure on top
of a metal (gold) backed substrate (SiO2) is proposed. The L-
shaped perforated structure is made on a uniform mono-layered
graphene. An external biasing is given to the graphene layer with
respect to the ground layer to change the chemical potential
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of graphene layer. Upon altering the chemical potential, the
structure gives a broadband of LC polarization conversion from
2.9 THz to 6.9 THz with axial ratio below 3 dB for chemical
potential of 0.9 eV and it maintains a the bandwidth for 0.7ėV
to 1.0 eV. Further altering the chemical potential from 0.3 eV
to 0.6 eV, it gives a wide-band of LL polarization conversion
and at 0.45eV the fractional polarization conversion is 31.5%
over the frequency band from 3.6 THz to 5 THz. Moreover,
the polarization converter is giving broadband performance
for oblique incidence up to 40◦. Due to the lack of facility,
the proposed polarization converter is not fabricated, but has
been verified with the help of surface current distribution and
equivalent circuit model (ECM). Further, the performance of
the polarization converter is observed by varying the angle of
oblique incidence and Fermi level of graphene. The switchable
polarization converters at high frequency find applications in po-
larization sensor, polarization switches, integrated polarization
converters and photo-detectors [20], [21].

The unavailability of the facility of fabrication and measure-
ment at our institute, the paper lacks this part. But, it is possible to
fabricate and test the proposed structure by using the established
fabrication methods. The proposed structure is so thin that a
silicon wafer can be used to provide mechanical support. With
the use of the e-gun evaporation technology, a silicon wafer
can be developed into the metallic plate at the bottom of the
structure. Additionally, a 10 µm thick layer of spin-coated silicon
dioxide can be created atop a gold metallic layer [22]. However,
it must be subjected to ultraviolet (UV) radiation for an hour
at 300 ◦C. Then, using a chemical vapor deposition process at
atmospheric pressure, graphene can be produced and deposited
onto the silicon dioxide layer [23]. An ion gel can be deposited
on the patterned graphene layer to give equipotential (through
biasing) to the graphene layer. Due to its low charge mobility at
high frequency, it will not affect the resonance [24].

II. GRAPHENE LAYER AND ITS CONDUCTIVITY

The properties of single layer graphene can be altered by
changing the applied chemical potential, operating temperature,
scattering time constant, and operating frequency. The surface
conductivity relation is given as [25]:
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e, τ , and Γ are the charge, scattering constant, and scattering
rate of electron, respectively. The T is temperature and ω is the

Fig. 1. Schematic view of the proposed graphene based metasurface polariza-
tion converter.

angular frequency in the operating band.
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vf = 106m/s is the Fermi velocity, Vg is the potential applied,
εd = 2.2 is for SiO2. Drude’s conductivity formula for surface
conductivity of graphene:

σg (ω) =
e2Ef

π�

i

(ω + iτ−1)
(5)

The relative permittivity of graphene, a function of frequency
can be given as

ε (ω) = 1 + i
σg (ω)

tgε0ω
(6)

III. UNIT CELL DESIGN AND WORKING PRINCIPLE

The schematic view of the proposed multi-functional reflec-
tive type polarization converter is shown in Fig. 1. The meta-
surface is consist of 5 × 5 unit cell, capable of reflecting the
vertically polarized incident EM wave to linearly or circularly
polarized EM wave. The unit cell of the proposed metasurface
based polarization converter is shown in Fig. 2. The unit cell
consist of graphene layer on the top with symmetrical L-shaped
pattern perforated on it. The middle layer is substrate SiO 2

with thickness 10 μm and backed with a bottom layer of gold
with thickness 1 μm and conductivity 4.56 × 107 S/m. The
design parameter of the proposed unit cell are determined after
a comprehensive study of the reflection coefficients and phases
of the EM wave at different values of chemical potential and
scattering time constants. The optimized value of the design
parameters are l1 = 1.37 μm, l2 = 0.6 μm, w1 = 0.26 μm,
w2 = 0.15 μm, and p = 3.25 μm.

The unit cell is simulated in a commercially available software
CST Microwave Studio, using full wave EM solver. Unit cell
boundary conditions are given in x and y direction of the unit
cell and Floquet mode excitation is given at top and bottom of the
unit cell at λ/4 distance away. Initially, the chemical potential of
the graphene is kept at 0.45 eV. The incident wave is considered
to be y-polarized and coming from +z-direction. The wave is
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Fig. 2. Design of unit cell. (a) Top view of the unit cell. (b) Side profile of the
unit cell operating in mid-Terahertz frequency band.

Fig. 3. Reflected co– and cross–polarized coefficient and phase difference at
Fermi level 0.45 eV.

reflected in +z-direction and the x-polarized and y-polarized
reflection magnitudes are denoted as rxy and ryy, which are
termed as cross-polarized and co-polarized reflections, respec-
tively. The magnitude of the reflections coefficient of co- and
cross-polarized wave and phase difference between them are
shown in Fig. 3. From the figure it can be evident that the co po-
larized reflection coefficient is below−10 dB over the frequency
band from 3.6 THz to 4.7 THz and the phase difference between
them is odd multiple of±90◦. From the figure, it can also be seen
that there is an insertion loss of around 1 dB. This is due to the
graphene layer has some conductive loss and multiple reflections
of the wave in the substrate, between ground metallic layer and
graphene layer is also responsible for this loss. Fig. 4 shows the
polarization conversion ratio (PCR) of the proposed graphene
based polarization conversion metasurface with change in the
incident angle. At normal incident the fractional bandwidth is
31% for PCR more than 85%. The incident angle is changed from
0◦ to 60◦, it is found that the PCR is above 0.85 upto the incident
angle of 40◦, reveals a good LL polarization conversion. The
substrate’s corresponding thickness from the incident wave’s
point of view increases with angle, which is the primary factor

Fig. 4. PCR of the proposed metasurface under linearly polarized wave with
different angle of incident at Fermi level 0.45 eV.

Fig. 5. Magnitude of the co- and cross-polarized reflection coefficient and
their phase difference at Fermi level 0.9 eV.

contributing to the PCR’s decline at high frequencies and a
decrease in performance. Nonetheless, the degradation is visible
at roughly 4.5 THz when the oblique incident wave notices the
shortening of one arm of the L-shaped perforated patches.

The PCR can be calculated using reflected co– and cross–
polarized reflection coefficients’ magnitude and phase. The PCR
can be calculated by:

PCR =
|rxy|2

|ryy|2 + |rxy|2
(7)

where, |ryy| and |rxy| are the co-polarized and cross-polarized
coefficients of reflected wave. Further, the value of chemical
potential is changed to 0.9 eV. The co and cross polarized
reflection coefficients and the phase difference between them
is shown in Fig. 5. From the figure, it is evident that they are
almost equal to -3 dB and the phase difference is odd multiple of
±90◦ with small variation in the frequency range from 2.9 THz
to 6.9 THz.
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Fig. 6. AR with change in inclination angle of the linearly polarized incident
wave at Fermi level 0.9 eV.

Fig. 7. Polarization Ellipses of the reflected circularly polarized EM wave
upon linearly polarized incident, Ef = 0.9 eV.

From the magnitude and phase response, the AR can easily
be calculated by using:

Axial Ratio =

√
(|ryy|2 + |rxy|2 +

√
α)

(|ryy|2 + |rxy|2 −
√
α)

(8)

where, α = |ryy|4 + |rxy|4 + 2|ryy|2|rxy|2cos(2Δφ). Δφ is
the corresponding phase difference between the co-polarized
and cross-polarized reflected EM wave.

The axial ratio of the reflected wave is shown in Fig. 6. At
normal incident, the axial ratio is below 3 dB over 2.9 THz to
6.9 THz with the fractional bandwidth of 81% with respect to the
center frequency. Further, the incident angle is changed from 0◦

to 60◦, the axial ratio is maintained below 3 dB over the range of
3.2 THz to 6.7 THz upto the incident angle of 40◦. As the incident
angle increases the AR starts worsening at higher frequencies.
The reason of deterioration of AR is same as discussed for
the LL polarization conversion. For additional confirmation
of the accuracy of polarization of the reflected electromagnetic
wave, the polarization ellipses have been drawn in Fig. 7 at
various frequencies. The figure shows that the reflected wave is
circularly polarized when the axial ratio approaches 0 dB.

Fig. 8. Surface current distribution of the proposed metasurface unit cell at
the top (a) & (b) and bottom (c) & (d) at resonance frequencies 3.78 THz and
4.47 THz, respectively for Fermi level 0.45 eV.

The equation for incident and reflected EM waves can be rep-
resented as 	Ei = (Eiy)e

jkz and 	Er =
(
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For the linearly polarized incident wave, the circularly polarized
reflected wave can be expressed as(
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where, the subscripts + and - represents the left hand and right
hand polarization of the reflected wave. The linear to circular
reflection matrix contains the coefficients, which are responsible
for the polarization of the EM wave. To obtain the circular
polarization, one circularly polarized wave is much greater (or
smaller) than the other one, i.e. r+y >> r−y or r−y >> r+y .

IV. RESULTS AND DISCUSSIONS

The behavior of the polarization converter can easily be ana-
lyzed with the help of incident and reflected EM wave at resonant
frequencies. The two components u−and v−, are decomposed
field of incident electric field. In the u−direction, as shown
in Fig. 8(a) and (b) at resonance frequency 3.78 THz, the top
surface current (Fig. 8(a)) and bottom surface currents (Fig. 8(b))
are anti-parallel, resulting in magnetic dipole along v−direction.
As a result, the permeability of the electric field become higher



YADAV AND PATNAIK: BROADBAND GRAPHENE BASED MULTI-FUNCTIONAL MID-THZ POLARIZATION CONVERTER 4600908

Fig. 9. Inducde surface current on the top of proposed metasurface unit cell
corresponding to different phases at 3.97 THz: (a) 0◦, (b) 90◦, (c) 180◦, and
(d) 270◦.

resulting in a high surface impedance and the reflected E-field
is out of phase to the incident E-field for v− polarized incident.
However, the reflected field in the u−direction is along the
incident field. The reflected x−polarized wave is produced
by the synthesized reflected field. The top surface current
(Fig. 8(c)) and bottom surface current (Fig. 8(d)) are parallel
along v−direction at resonant frequency 4.47 THz, forming
a electric dipole resonance in v−direction. This causes the
resultant reflected electric field in x−direction.

The circular polarization and its behavior can be observed in
Fig. 9. Upon different incident phase of the linearly polarized
wave, the orientation of resultant current represented by white
arrow, at resonant frequency 4 THz, is observed. The phase is
changed from 0◦ to 270◦. The current is progressively chang-
ing its direction in clockwise direction. This represents LHCP
behavior of the reflected wave.

The incident electric field Ei can be decomposed into two
orthogonal components along u and v axis, viz. Eiu and Eiv ,
shown in Fig. 10(a). Then the incident wave can be given as:
Ei = Eiu + Eiv . As the unit cell is symmetric along u and v
axis, thereby under u− and v− polarized incident electric field,
there will be only co-polarized reflection coefficients.

Er = Eru + Erv

Er = ruuEiu + rvvEiv (12)

where, ruu and rvv are the reflection coefficients along u and
v axis under u− and v−polarized incidences, respectively. The
proposed unit cell is symmetric, so the reflection coefficients ruu
and rvv are nearly equal in magnitude with phase difference Δφ
over the frequency or ruu = rvve

jΔφ. Then (IV) can be written
as:

Er = rvve
jΔφEiu + rvvEiv (13)

If the value of phase difference |Δφ| = 180◦, the resultant
reflected electric field of the components Eru and Erv is

Fig. 10. (a) Unit cell under u− and v− polarized incidences (b) u− and v−
polarized reflection coefficients and their phase difference at Ef = 0.5 eV and
(c) at Ef = 0.9 eV.

Fig. 11. (a) Schematic transmission line model of the proposed metasurface
unit cell (b) Circuit model approach of the the proposed metasurface unit cell
for u- and v- polarized incident wave at Fermi level 0.9 eV.

orthogonal to the incident electric fieldEi. So the reflected wave
is x−polarized. If |Δφ| = 90◦, the reflected wave components
Eru and Erv are out of phase by π/2, and a reflected circularly
polarized wave is formed.

The equivalent circuit diagram is given in Fig. 11 to observe
the operation of the proposed device in LC polarization mode.
The characteristic impedance of free space and the substrate
are given as Zo and Zd, respectively. The metal layer at the
bottom of the unit cell is represented as short circuit impedance.
The anisotropic top graphene layer’s tensor sheet impedance is
denoted by Zg [28]. It exhibits a distinct impedance for u and v
polarized occurrences because of the anisotropy of the top layer.
The u and v polarized wave is illuminated on a free-standing
top layer in order to determine the sheet impedance of the top
layer for u and v polarization. Further, full wave EM simulation
is performed using CST microwave studio to extract the sheet
impedance as shown in Fig. 12. To eliminate the circuit effect
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Fig. 12. Extracted sheet impedances of the metasurface under u- and v-
polarized incident wave.

which is phase in our case, due to distant port at the input, we
de-embedded the port to the top surface of unit cell. Moreover,
an equivalent circuit model is drawn by examining the geometry
of the unit cell and the extracted sheet impedance. A resonance
that can be detected in the extracted sheet impedance under both
u and v polarized occurrences indicates a parallel LC circuit.
Therefore, for u and v polarized incidences the equivalent circuit
diagram is similar with different parameter values as shown in
Fig. 11(b). The resistive element (rs) has been incorporated
to address the losses resulting from the periodic slotting of
graphene metasurface. The coupling capacitance (C2) between
the bottom gold layer and the top graphene metasurface is also
included in the circuit model. Since the graphene layer on the
SiO2 substrate is continuous, the parasitic capacitance is not
considered. The parameters of the designed circuit diagram
is further optimized to map with the full wave simulation re-
sult, the value of circuit parameters for u-polarized incidence
are given as Lu = 3.2 pH , Cu1 = 2.29 fF , rus = 0.71Ω and
Cu2 = 0.86 fF . For v-polarized incidence the optimized equiv-
alent circuit diagram is given as Lv = 3.11 pH , Cv1 = 1.5 fF ,
rvs = 0.72Ω, and Cv2 = 0.86 fF . The reflection coefficients
of the two orthogonal polarized incident wave under full wave
simulation and equivalent circuit model is shown in Fig. 13.
The cross polarized reflection coefficients are also shown in the
figure which is very low. From this, it is evident that the coupling
between u and v components is very low. The results show that
there is a strong agreement between the full wave simulated
results and the ECM results.

Altering the Fermi level across the graphene layer and bottom
gold by external biasing or doping leads to change in the surface
conductivity given by 2. To observe the operating range of the
proposed device, the Fermi level has been varied. From the
Fig. 14, it can be seen that the Fermi level varied from 0.3 eV to
0.6 eV. The PCR is above 90% for 0.4 eV to 0.5 eV. Further, the
Fermi level is altered from 0.7 eV to 1.0 eV, the AR is calculated
from the reflection coefficients using 8 is drawn in Fig. 15. We
have investigated the results for chemical potential upto 1 eV, as
beyond this practically not realized till date [29].

Fig. 13. Reflection coefficients of the ECM simulation compared with the Full
wave simulation for u− and v−components of the y-polarized incident wave.

Fig. 14. Change in PCR of the proposed graphene based metasurface with
altering the chemical potential across graphene and bottom gold from 0.3 eV to
0.6 eV.

Fig. 15. AR of the reflected circularly polarized wave by altering the the
chemical potential across graphene and bottom gold layer from 0.7 eV to 1.0 eV.
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TABLE I
COMPARISON OF THE PROPOSED DESIGN WITH OTHER POLARIZATION CONVERTERS

Further, the proposed graphene based multi-function metasur-
face polarization converter is compared with the available multi-
function polarization converter. Although, there are literature
available related to polarization converter, we have compared a
few on them. The limitation with the other structure is that they
have more than one parameter to achieve the multi-functional
polarization conversion. Even if one parameter is used in that
case, the structure is multi-layer with narrow band response.
From the comparison Table I, It is evident that, in the case of LC
polarization conversion, the bandwidth of the proposed device
is better than that found in the literature.. Moreover, from the
fabrication and switching point of view, the complexity of the
proposed structure is very less than the available.

V. CONCLUSION

In the forgoing, a reconfigurable broadband polarization con-
version metasurface is proposed. By altering the Fermi level of
the single layered graphene, the reflected polarization character-
istic of the metasurface is changed from LL to LC polarization
converter. It gives LL polarization conversion with 31% frac-
tional bandwidth for 0.3 eV to 0.6 eV. On the other hand, it
gives LC polarization with maximum fractional bandwidth of
81% for Fermi level of 0.7 to 1.0 eV. The current distribution
and polarization ellipses are drawn to show the polarization
conversion. The equivalent circuit diagram is also drawn to
support the fact. The results of ECM are in good agreement with
the full wave simulated results. The device finds application in
switching devices, polarization manipulation of THz waves.
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