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ABSTRACT In this paper, a wideband tunable reflectarray consisting of a graphene-based metamaterial
structure has been developed to generate an orbital angular momentum (OAM) vortex wave in terahertz.
In the proposed reflectarray, a multi-layer graphene metamaterial unit cell is designed, and through varying
chemical potentials of the graphene sheets, reflection phase range of 360◦ and reflection magnitude better
than −2.5 dB can be achieved. By suitably choosing the chemical potentials of the graphene layers,
the designed reflectarray can produce the OAM vortex waves with l = ±1, ±2, and ±3 modes. Moreover,
theOAMbeams operating in awide frequency band from 1.8 to 2.8 THz can be generatedwith the adjustment
of the chemical potentials. Simulation results demonstrate good performance of the proposed reflectarray
in the efficient generation and manipulation of the OAM vortex waves, which is promising to be used in
wireless communication.

INDEX TERMS Graphene, orbital angular momentum (OAM), wideband, tunable.

I. INTRODUCTION
Nowadays, rapid development of wireless communication is
facing serious challenges due to scarce spectrum resources
and limited polarization modes. How to efficiently improve
channel capacity of communication systems has been con-
cerned. Orbital angular momentum (OAM) vortex waves
have attracted much attentions since Allen et al. found that
light beam with an azimuthal phase dependence of exp(ilϕ)
carries an OAM, in which ϕ represents the azimuthal angle
and l is the topological charge [1]. With a theoretically unlim-
ited range of orthogonal eigenstates, the OAM is regarded
as a promising way to increase communication capacity and
spectral efficiency.

Variousmethods have been proposed to generate the vortex
waves carrying the OAM, for instance antenna array [2],
spiral phase plate (SPP) [3], [4], holographic plate [5], and
angular gratings [6], etc. Among them, metamaterials have
been used to generate the OAM beams from microwave to
optical frequencies due to their unusual properties not found
in natural media. A plasmonic metasurface composed of
V-sharp antennas, which was first proposed in [7], has been
used to generate optical OAM [8]. More recently, a single

OAM beam was generated by some metamaterial structures
including a tri-dipole unit cell [9], a circular patch with metal-
lic via holes [10], a dielectric drilled by air holes [11], and
multiple spiral phase surfaces [12], etc. In addition, a square-
patch metasurface was proposed to generate multiple OAM
beams at 5.8GHz [13]. However, to the best of our knowl-
edge, the OAM vortex waves have been generated, in all the
reported references, with fixed mode operation.

In recent years, interest in graphene has rapidly grown due
to its remarkable properties. Graphene is an allotrope of car-
bon in the form of a two-dimensional, atomic-scale, hexag-
onal lattice. By controlling voltage applied to the graphene
via external gate, the chemical potential of the graphene
can be flexibly adjusted, and thus its surface impedance can
be controlled. With these unique properties, graphene-based
reflectarray antenna [14], tunable absorber [15], and nonlin-
ear optical device [16] have been developed. In this paper,
we use the graphene to design a reflectarray for generating
wideband OAM vortex waves with tunable modes. A mul-
tilayer metamaterial unit cell consisting of SiO2, Al2O3,
graphene and Au materials is proposed to achieve a reflection
phase of 360◦. With the adjustment of the chemical potential
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of the graphene, the proposed reflectarray can generate OAM
beams with l = ±1, ±2 and ±3 modes, and furthermore
the resultant OAM beams can operate in a wide band from
1.8THz to 2.8THz. Simulation results are given to validate
the proposed design.

II. DESIGN OF GRAPHENE-BASED
METAMATERIAL REFLECTARRAY
In terahertz, a monolayer graphene is regarded as an
infinitesimally thin conductive layer, whose surface con-
ductive can be written according to the semiclassical Kubo
formula [17]–[19]:

σ (ω,µc, 0,T ) = σintra(ω,µc, 0,T )+ σinter (ω,µc, 0,T )

(1)

where intra-band conductivity σintra and inter-band conduc-
tivity σinter are defined as, respectively

σintra (ω, µc, 0,T ) ≈ i
e2kBT

π}2 (ω + i20)
×

[
µc

kBT
+ 2 ln

(
e−

µc
kBT + 1

)]
,

σinter (ω, µc, 0,T ) ≈ i
e2

4π}
ln
[
2 |µc| − (ω + i20) }
2 |µc| + (ω + i20) }

]
.

(2)

Here e is electron charge, kB is Boltzmann constant,
} is reduced Planck’s constant, ω is radian frequency,
0 = 0.32 meV represents charged particle scattering rate,
T = 300 K is room temperature, and µc is defined as
chemical potential of graphene.

According to Pauli exclusion principle, the inter-band con-
tribution of the graphene conductivity can be neglected safely
in the case of lower THz frequency and room temperature.
Hence, the surface impedance of the graphene can be cal-
culated approximately as Z ≈ 1/σintra. In order to tune
the surface impedance of the graphene sheet, an external
gate voltage VA is applied to the graphene. With the external
voltage, the chemical potential µc of the graphene can be
estimated by the following formula [20]:

|µc| ≈ }vF {πa0 |VA − VDirac|}1/2 , (3)

in which the Fermi velocity of the Dirac fermions is vF ≈
9×105 m/s, the constant estimated through a single capacitor
model is a0 ≈ 9×1016 m−2V−1, and the Dirac voltage offset
caused by the natural doping is VDirac = 0.8 V .
In order to convert a plane wave into an OAM beam with

the lth mode using a reflectarray, an ideal helical phase
profile exp(ilϕ) on the reflection surface is desired. Here
we uniformly divide the whole reflectarray into N regions
along the azimuthal angle. In ith region, the correspond-
ing sub-reflectarray provides the reflection phase of 2π li/N
(i = 1, · · · ,N ) so that the whole reflectarray can approx-
imately achieve the helical phase profile of exp(ilϕ). It is
worthwhile noting that the number of the regions is cho-
sen to guarantee the approximately continuous variation of
the reflection phase. In the proposed reflectarray shown

y

x

FIGURE 1. Reflectarray for generation of the OAM beam. (a) Structure of
reflectarray. (b) Graphene-based unit cell.

in Fig. 1(a), we use N = 12. To obtain desirable reflec-
tion phase in each region, a novel metamaterial unit cell is
designed. As shown in Fig. 1(b), the proposed unit cell is a
multilayer sandwich structure with a period of P = 20 µm.
Each sandwich structure consists of graphene/Al2O3/SiO2
materials from the top to the bottom. An insulating layer
of Al2O3 material is placed between two adjacent sandwich
structures. The thicknesses of SiO2 and Al2O3 materials are
12 µm and 10 nm, respectively. The bottom of the unit cell
is an Au material as a reflective ground. Thickness of the
Aumaterial is chosen as 5µm,which is larger than the largest
skin depth in THz. In order to adjust the chemical potentials
of the graphenematerials in the proposed unit cell, an external
DC voltage is applied between the graphene layer and the
SiO2 layer in each sandwich structure. Hence three chemical
potentials and the three corresponding surface impedances
of the graphene layers in the unit cell can be controlled.
For convenience, we denote the chemical potentials of the
graphene layers from the top to the bottom as ‘µc1’, ‘µc2’
and ‘µc3’, respectively.
To demonstrate the performance of the proposed unit

cell, we use a full-wave finite-element solver to simulate its

5342 VOLUME 6, 2018



Y. Shi, Y. Zhang: Generation of Wideband Tunable OAM Vortex Waves

FIGURE 2. Variation of reflection phases with the frequency and the
chemical potentials of the graphene.

FIGURE 3. Equivalent network of the proposed unit cell.

reflection phase [22]. As shown in Fig. 1(b), the periodic
boundary conditions (PBCs) are employed to simulate the
infinite periodic cells. In the simulation, 1st-order vector basis
functions are used. Fig. 2 demonstrates the variation of the
reflection phases of the proposed unit cell with the frequency
and the chemical potentials of three graphene layers. It can
be seen from Fig. 2 that at 2.3THz, the reflection phase range
of the unit cell approximately reaches 360◦ as the chemical
potentials vary. Moreover, when the change of the operating
frequency is in a small range, i.e., from 2.2 THz to 2.4 THz,
the reflection phases approximately keep unchanged with the
fixed chemical potentials of three graphene layers.

In order to further explore the performance of the proposed
unit cell, a transmission line equivalent network is developed,
as shown in Fig. 3. In the designed unit cell, each sandwich
structure composed of graphene/Al2O3/SiO2 materials from
the top to the bottom can be equivalent to a transmission
line segment with a shunt admittance of Ysi (i = 1, 2, 3).
Considering that the thickness of the Al2O3 material is much
smaller than that of the SiO2 material, the effect of the Al2O3
material can be neglected. Hence the propagation constant
of the transmission line segment βd is the phase constant
in the SiO2 material and the length of the transmission line
segment h becomes the thickness of the SiO2 material. The
graphene material is characterized as the shunt admittance.
The whole equivalent network can be obtained by cascading
the equivalent network of each sandwich structure.

Following the microwave network analysis [23], we have

S11 =
Y0 − Y1,in
Y0 + Y1,in

, (4)

FIGURE 4. Performance comparison between the equivalent network and
the full-wave simulation. (a) Magnitude of S11. (b) Phase of S11.

where

Yi,in = Ysi + Yd ·
Yi+1,in + jYd tan(βdh)
Yd + jYi+1,in tan(βdh)

(i = 1, 2), (5)

Y3,in = Ys3 − jYd cot(βdh). (6)

Fig. 4 shows the comparison of the S parameter obtained
by the equivalent network and the full-wave simulation.
Good agreement between two results validates the proposed
equivalent network. With the use of the proposed equivalent
network, we study the wideband performance of the proposed
unit cell. The reflection phases of the proposed unit cell are
solved from 1.8THz to 2.8 THz, as the chemical potential
of each graphene layer varies from 0 eV to 1 eV. As shown
in Fig. 5, when the chemical potentials of three graphene
layers are suitably chosen, the resultant reflection phase range
can well cover 360◦ in the wide frequency band.
With the designed unit cell, the reflectarray is constructed,

as shown in Fig. 6(a). In each region of the reflectarray,
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FIGURE 5. Reflection phase range for all possible chemical potentials of
three graphene layers in a wide frequency band from 1.8THz to 2.8THz.

TABLE 1. Design parameters in each different region.

the same metamaterial unit cell is used. Meanwhile, in order
to ensure the insulation between two adjacent regions, a small
height difference 1h is introduced, as shown in Fig. 6(b).
The whole size of the designed reflectarray is set as
10λ × 10λ, where λ is the wavelength in free space at the
center frequency of 2.3 THz. Note that the reflectarray size
of 10λ is large enough to neglect the effect of the edge
diffraction. In order to generate an OAM beam with the l = 1
mode at 2.3THz, the chemical potentials of the graphene
layers in each region are shown in Table 1. The reflection
magnitude and phase of the resultant metamaterial unit cell
are given in Table 1. It can be seen that the difference of the
reflection phases between two adjacent regions is 30◦, and
thus the reflection phase approximately achieves a continu-
ous 2π change from −189◦ to 141◦ in a counterclockwise
direction. The reflection magnitudes of all regions are better
than−2.5dB. Here a wideband horn antenna as the excitation
is used to generate a wave incident on the reflectarray. The
horn antenna is located at center of the reflectarray. The dis-
tance between the horn antenna and the reflectarray is chosen
as 8λ. Numerical results shown in Fig. 7(a) demonstrate the
simulated OAM vortex waves with the l = 1 mode generated
by the proposed reflectarray. The spiral phase distributions
are observed. Furthermore, when the chemical potentials

FIGURE 6. Schematic diagram of the designed reflectarray. (a) The whole
array divided into twelve regions, each of which is filled by the same
metamaterial unit cells. (b) The side view of the reflectarray.

FIGURE 7. Simulated OAM beams with the l = ±1 mode by using the
reflectarray. (a) l = 1. (b) l = −1.

of the graphene layers in twelve regions are re-arrayed
in a clockwise direction, the OAM vortex wave with the
l = −1 mode is generated, as shown in Fig. 7(b).

In order to generate the OAM beams with the higher
modes, the difference of the reflection phases between two
adjacent regions increases multiplicatively. For an OAM
beam with the lth mode, the desired reflection phase inter-
val between two adjacent regions is 2π l/N . Considering
N = 12 in this paper, the phase interval becomes lπ/6.
Therefore, the reflection phase intervals for the OAM beams
with the l = ±1, l = ±2, and l = ±3 modes are ±30◦,
±60◦, and ±90◦, respectively. In this scenario, the chemical
potentials of the graphene sheets for the generation of the
OAM beams with the higher modes can be easily obtained
according to those used to generate the OAM beam of the
l = 1 mode. For example, for the OAM beam with l =
2 mode, the chemical potentials of the graphene layers in
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FIGURE 8. The OAM beams with the different modes. (a) l = 1. (b) l = 2.
(c) l = 3. (d) l = −1. (e) l = −2. (f) l = −3.

ith region (i = 1, 2, · · · , 6) are same as those in (2i − 1)th
region of Table 1. The chemical potentials of the graphene
layers in remaining regions are same as those in the former
regions in a rotationally symmetry way. Fig. 8 demonstrates
theOAMvortexwaveswith different modes at 2.3 THz. It can
be seen from Fig. 8 that the spiral phase distributions of the
OAM vortex waves with l = ±1, l = ±2, and l = ±3 modes
can be clearly observed, and the doughnut-shaped intensity
distributions are obtained. The radiation patterns with the
singularity in the center are illustrated in Fig. 8. With this
characteristic, the coupling between the reflective wave and
the feed antenna is greatly weakened.

In order to evaluate the purity of different OAM modes,
spectral analysis of Fourier transform is used [24], [25].
As the azimuthal angle ϕ is a periodic function, its Fourier
conjugate is the OAM spectral, and the linking Fourier rela-
tionship can be described as follows

ψ(ϕ) =
+∞∑
l=−∞

Al exp(ilϕ)

Al =
1
2π

∫ π

−π

dϕψ(ϕ) exp(−ilϕ),

(7)

FIGURE 9. Spectrum decomposing results of different modes at z = 13λ
and f = 2.3THz. (a) l = ±1. (b) l = ±2. (c) l = ±3.

where ψ (ϕ) denotes the sampling phase and exp(ilϕ) is the
spiral harmonics. Fig. 9 shows the different OAM spectra
generated by the proposed reflectarray. Here the spectral
intensities are normalized according to the highest spec-
tral component. The inset is the sampling phase which is
extracted along the black dotted circle perimeter. It can
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FIGURE 10. Simulated OAM beams with the l = 1 mode at different
frequencies.

be observed that the spectral intensities of the dominant
OAM modes including l = ±1, l = ±2, and l = ±3 are
82%, 79%, and 75%, respectively, which are much dominant
than those of other modes, and thus good mode purity char-
acteristic is obtained. Note that the power corresponding to
the 2lth-order OAM mode is second largest one among the
spectral powers. This is because the proposed reflectarray is
of 2-fold rotationally symmetry, which results in a spreading
of the OAM mode [25].

In addition, as shown in Fig. 5, the reflection phase range
of 360◦ can be achieved in a wide frequency band from
1.8THz to 2.8 THz, when the chemical potentials of the
graphene sheets are suitably adjusted. Hence, the OAM vor-
tex waves can be generated by the proposed reflectarray in a
wide frequency band, as shown in Fig. 10. We can observe
that the desirable spiral phase distributions can be obtained
in the whole frequency band.

III. CONCLUSION
In this paper, a novel wideband tunable reflectarray is
designed to generate the OAM vortex waves. The proposed
metamaterial unit cell consisting of the multilayer graphene
structure achieves the reflection phase range of 360◦ by vary-
ing the chemical potentials of the multiple graphene sheets.
With the designed unit cell, the reflectarray easily generates
the OAM beams with different modes including l = ±1,
l = ±2, and l = ±3. With the suitable adjustment of
the chemical potentials, the OAM beam can be generated
in a wide frequency band from 1.8THz to 2.8THz. The
proposed reflectarray provides a feasible way to efficiently
generate the wideband tunable OAM beams for the wireless
communication.
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