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Abstract—The active and dynamic control of the TeraHertz
(THz) waves is highly demanded due to the rapid development of
wireless communication systems. Recently, reconfigurable intel-
ligent surface (RIS) has gained significant attention due to their
tremendous potential in controlling the electromagnetic waves.
Particularly, RIS-based wireless communications are promising
for improving the system’s performance by properly designing
the reflection coefficient of the unit cell. In this work, we
investigate a graphene-based RIS for active and dynamic control
of THz waves. The RIS design consists of rectangular graphene
meta-atoms periodic array placed over a metallic grounded
silicon substrate. An equivalent circuit modeling of the RIS
design and its solution is provided. The RIS performance is
numerically analyzed. The graphene-based RIS achieves nearly
100% reflection in the operational frequency ranging from 0.1 to
4 THz. The perfect reflection is insensitive to the polarization and
the incident angles. Moreover, 100% absorption in the graphene-
based RIS is achieved by electrically reconfiguring the meta-
atom response via the chemical potential of the graphene. The
graphene RIS also achieves the anomalous reflection performance
by controlling the number of unit cells and phase gradient of RIS.
In view of the effective THz wireless communication environment,
this paper finally presents a simple RIS-aided communication
model to study the impact of the proposed graphene-based RIS
on the signal-to-noise ratio. The results reveal that the proposed
THz RIS with graphene meta-atoms is promising for efficient
and intelligent THz wireless communications.

Index Terms—Wave control, terahertz, reconfigurable intelli-
gent surface, graphene, wireless communications

I. INTRODUCTION

The TeraHertz (THz) spectrum has attracted considerable
interest in numerous fields such as spectroscopy, sensing,
imaging, communication, biomedical and space applications
over the past few years [1]-[4]. The THz band (0.1 - 10
THz) in the electromagnetic spectrum lies between millimeter
and far-infrared (IR) band [1]. Recently, the THz spectrum
attracted more attention in wireless communications due to
the large bandwidth and high data rates. The large bandwidth
in the order of THz opens the opportunity to transmit high
data rate in the order of terabits per second (Tbps) [2]. In
the microwave (MW) band, the high data rate achievement is
relatively challenging mainly due to the narrow bandwidth. In
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addition to this inherent benefit of wide bandwidth, when com-
pared to either MW/millimeter or IR systems, THz wireless
communication has other advantages such as (i) more direc-
tional than MW/millimeter links, (ii) smaller attenuation than
IR, (iii) lower scintillation effects than IR, etc. [5]. Despite
the above benefits, THz communications have a couple of
challenges. Specifically, the free space path loss is significant
in the THz band compared to MW frequencies. Moreover, THz
signals experience both spreading and molecular absorption
losses. Therefore, THz wireless communications are promising
for short-range indoor environments.

The THz band also has a great possibility for future sixth-
generation (6G) wireless communication technology. However,
in a wireless environment, the emitted electromagnetic (EM)
waves undergo attenuation on account of material absorption
loss and wave scattering due to the phenomena of reflection,
refraction and diffraction, which lead to multiplicity paths of
propagation between devices. Thus, the environment is un-
controllable and has a detrimental impact on communications.
The attenuation of the signal limits the radius of connectivity
and multi-path propagation results in fading phenomena. At
MW frequencies, large objects such as walls, floors, ceilings,
and doors act as EM wave scatterers, creates multiple paths
between communication endpoints. At THz frequencies, small
objects even act as substantial scatterers, causing acute signal
deterioration. The promising solution for controlled wireless
environment is metasurface (MSF).

MSFs are two-dimensional (2D) version of metamaterials.
They are thin artificial structures with sub-wavelength meta-
atoms (unit cells), which are periodically arranged on a planar
surface [6]. Due to their sub-wavelength periodicity, MSFs
are characterized by surface material parameters, such as
conductivities or impedances. In recent years, MSFs have
attracted tremendous attention due to their ability of tailoring
the characteristics of EM waves and have open up more
possibilities in manipulating the EM characteristics in wave
propagation [7]. Depending on the properties of the unit cells,
MSFs provide attractive properties and unprecedented control
of EM waves [6]. MSFs have potential for the realization
of a wide range of EM functions and applications, such as
anomalous reflection/transmission [8], [9], perfect absorption
[10], polarization control [11], phase control [12], beam split-
ting [13], wavefront shaping [14], imaging [15], holography
[16], energy accumulation [17], wireless power transfer [18],
etc. MSFs have gained significant attention for wireless envi-
ronments due to their wave propagation control ability [19].
Tunable MSFs are realized by incorporating lumped-elements



in the unit cell configuration with appropriate biasing signals.
When all unit cells are controlled collectively by modulation
of bias voltage, the surface impedance of the MSF is uniformly
modified and leading to the tuning of functionality. A reconfig-
urable/tunable MSF can also be realized electrically, mechan-
ically, optically, thermally, and chemically. The response of a
MSF can be switched between perfect absorption and perfect
reflection/transmission by controlling the bias voltage. MSF
structures are distinguished as either 1-port (reflection) or 2-
port (transmission). The complex reflection and transmission
coefficients are used to explain their unit-cell response. A
reflective MSF can operate as a tunable absorber/reflector [20]
and a transmissive MSF is transparent/absorptive [21].

Due to the reconfiguration capability, a tunable MSF is
known as reconfigurable intelligent surface (RIS); it is also
referred to as intelligent reflecting surface. RIS gained con-
siderable attention to improve wireless networks’ capacity and
coverage by intelligently reconfiguring the wave propagation
of the wireless environment. Henceforth, RIS is promising
for the 6G communication networks [22], [23]. In designing
RIS-assisted communication systems, the most significant RIS
parameter is each unit cell’s reflection coefficient. A local or
global control over the complex coefficients can lead to several
tunable functionalities and related applications, for example,
polarizers, absorbers, anomalous reflectors etc.

Many types of MSFs exist in the literature based on
their properties [24]. These includes multi-resonance MSF,
gap-plasmon MSF, Pancharatnam-Berry-Phase (PB Phase)
MSF, Huygens’ MSF, all-dielectric Huygens” MSF, and High-
Contrast MSF . Reconfigurable/tunable MSFs can be further
categorized into several categories based on their approaches,
such as electrically tunable MSF, mechanically switchable
MSF, optically tunable MSF, thermally tunable MSF, and
chemically tunable MSF. For wireless communications, the
RIS hardware architecture designs can be classified into three
categories [25]: the first is concerned with whether an RIS
contains active or passive components, which determines its
overall power consumption, the second is based on whether a
RIS is a contiguous surface or it consists of discrete elements,
and the third is related to the RIS modes of operation in
wireless communication system.

Copper is the commonly used metal in MW MSF implemen-
tation and switching mechanism technique is normally adopted
to achieve reconfigurability. However, the copper material is
not suitable for MSF design when the spectrum is extended
to the THz band. The conventional metal MSF can lack the
adaptability and reconfigurability for THz implementation.
Moreover, the introduction of switchable or tunable elements
increases complexity in THz MSF design. At THz band, novel
nanomaterial graphene has great potential for the design of
MSF by exploiting its unique tunable properties. In the last
decade, nanomaterial graphene has shown great potential in
the design of THz devices. Owing to its novel electronic
properties at THz frequencies, the attraction for graphene has
increased among the THz research community over the past
few years. Due to the conductivity tunability behaviour at THz
band, graphene-based devices enable reconfiguration [26]—
[28]. The EM propagation in graphene-based devices can be

manipulated by dynamically tuning the surface conductivity.
Recently, graphene has gained interest in the design of MSF
[29]-[31]. Graphene enables intelligent MSF and metamaterial
due to the strong optical response of its surface plasmons. With
the capability of being electrically tunable, graphene can be
a suitable candidate for designing the THz MSF. The MSF
design using graphene meta-atom can act as an intelligent
environment for THz wireless communications.

In the literature, there are some works that discuss perfect
absorption of THz wave by using graphene based nanostruc-
ture [30]-[33]. However, the perfect reflection performance
of THz wave is not yet reported. For the practical THz
wireless communication system, the high reflection efficiency
of THz wave is highly desired. In this work, we have designed
an efficient perfect THz reflector using a simple structured
graphene-based RIS. Besides the perfect reflection properties,
graphene-based RIS has the capability to achieve the perfect
absorption of THz wave. The potential for wavefront ma-
nipulation functionality of the THz RIS, exemplified through
anomalous reflection capabilities, is also demonstrated. More-
over, a graphene-based RIS-aided communication model is
presented. To the author’s knowledge, for the first time, this
paper presents THz RIS using graphene meta-atoms as a
perfect reflector of the THz waves. The main contributions
of this paper are summarized as follows.

e« We propose a novel and simple graphene-based RIS
design operating at the THz band, which actively ma-
nipulates the incoming THz waves. Specifically, the RIS
design consists of a rectangular graphene meta-atoms
periodic array placed over a metallic grounded silicon
substrate. An equivalent circuit modeling of the proposed
RIS design and its solution is provided.

o We investigate the performance of the proposed THz
RIS by analyzing the graphene meta-atom response. The
simple structured graphene THz RIS provides the perfect
wideband reflection (nearly 100%) in the operational
frequency ranging from 0.1 to 4 THz. The proposed
graphene-based RIS is larger insensitive to angle of
incidence and angle of polarization. The reflection perfor-
mance of the graphene RIS is evaluated under the normal
and oblique angle of incidences in both transverse electric
(TE) and transverse magnetic (TM) polarization. Also,
the impact of the dimension of the graphene unit cell on
the reflection performance of RIS is studied.

o Furthermore, 100% absorption and anomalous reflection
performance of proposed THz RIS are investigated by
controlling the chemical potential of the graphene meta-
atoms. The capability of dynamically steering the reflec-
tion angle in a wide range by controlling the number
of graphene unit cells and electrically reconfiguring the
graphene chemical potential of the RIS is discussed.

o In view of the smart THz wireless communication envi-
ronment, this paper finally presents a simple RIS-aided
communication model to study the impact of the proposed
graphene-based RIS on the signal-to-noise ratio (SNR).
The results reveal the great potential of the graphene-
based RIS at THz band, which can be promising for



intelligent and efficient environment for THz wireless
communication.

The remainder of this paper is organized as follows. The
material properties of graphene that are important from a
RIS design point of view is briefly discussed in Section II.
Section III presents the design and equivalent circuit model of
a novel graphene-based RIS at THz band, which can actively
manipulate the incoming THz wave. In Section IV, the per-
formance of the proposed graphene-based RIS is numerically
analyzed. Section V presents the graphene-based RIS-aided
THz communication model. Finally, the conclusion is drawn
in Section VI

II. MATERIAL PROPERTIES OF GRAPHENE AT THZ

Two-dimensional nanomaterial graphene is a monolayer of
carbon atoms arranged in a hexagonal lattice. The novel prop-
erties of graphene at the THz band open plenty of applications
in several fields [34]. At THz frequencies, graphene supports
the plasmonic wave propagation, and the surface plasmons
possess strong confinement, low loss, and good tunability [35].

The conductivity of graphene is the sum of the conductivity
from both interband and intraband transition [36]. The intra-
band transition governs the conductivity of graphene in the
THz frequency regime, which can be approximated as
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where j is the imaginary unit, 7" is the temperature, Kp
is the Boltzmann’s constant, e is the charge of electron, A is
the reduced Planck’s constant, scattering rate I' = 1/27, 7 is
the relaxation time, w is the angular frequency, and . is the
chemical potential. At the THz band, graphene-based devices
are enabled solely by intraband transitions [37]-[39].

The graphene conductivity can be tuned by adjusting the
chemical potential p. level of the graphene. By using the
electric field effect through a bias voltage or chemical doping
process, the chemical potential of graphene can be dynamically
controlled, thereby enabling the tunable graphene conductivity.
Then, the chemical potential in terms of the applied bias
voltage V, can be expressed as [40]

7CV,
te = hvy c 2 (2

where C' = ¢,¢y/h is the electrostatic gate capacitance, ¢,
is the relative permittivity of substrate, ey is the absolute
permittivity in free space, h is the height of the substrate,
and vy is Fermi velocity of the graphene. The applied voltage
Vy controls the carrier concentration n ~ C'V,/e.

The graphene permittivity can be obtained by its conduc-
tivity as [41] o
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where t, is the graphene thickness.
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Fig. 1. Schematic of the graphene RIS; (a) 3D view of RIS, (b) unitcell, (c)
top view of RIS with geometrical parameters.

From the above equations, we can notice that the conduc-
tivity and permittivity of the graphene can be dynamically
controlled by an applied bias voltage. This property enables
the reconfiguration ability in graphene-based devices.

III. DESIGN AND ANALYSIS OF
GRAPHENE-BASED THz RIS

A. Design of Graphene RIS

A simple and smart RIS using graphene meta-atoms at
the THz band is investigated. The RIS design consists of
a 2D periodic array of graphene meta-atoms placed over a
metallic grounded silicon substrate. Graphene is modelled as
a thin conductive sheet with thickness ¢, = 1 nm [32]. The
proposed graphene-based RIS structure has been simulated in
the CST Microwave studio, using a frequency-domain solver
with tetrahedral mesh [42]. The number of tetrahedral mesh
cells used to simulate the unit structure is 6604. The Floquet
port is considered for the excitation of the structure. The
Floquet port is positioned around 15.34 um away from the
surface of the structure. Two Floquet modes are excited to
study the response of the proposed model. The response of
the proposed graphene model is studied in wide spectrum from
0.1 to 4 THz.

In the present work, we consider the room temperature T’
= 300 K, the Fermi velocity vy = 10° m/s and mobility of
graphene 1, = 10000 cm?/Vs [43]. Graphene RIS is easily
reconfigured by applying an external gate voltage V, via the
chemical potential ranging from g, =0 eV to p. = 0.6 V.
The relaxation time of graphene is computed as 7 = gt/ evj%.
The dimensions of the RIS and the graphene properties are
chosen for the active control over reflection, absorption, and
anomalous reflection of the THz waves.

Fig. 1 shows the schematic of the proposed graphene-based
RIS design and its unit cell. The graphene meta atom is
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Fig. 2. Equivalent circuit of graphene RIS structure.

placed over the metal-backed silicon substrate. The graphene-
based RIS comprises an array of graphene unit cells with
periodicity D, = 16 um and D, = 24 ym along z- and
y-axis, respectively. The width and length of the graphene
unit cell are G, = 10 pm and Gy = 18 um, respectively.
The operational frequency is ranging from 0.1 to 4 THz.
The substrate thickness is considered as A = 10 um. The
perfect electrical conductor (PEC) is used for ground plane
with thickness ¢ = 1.2 um. The proposed graphene-based RIS
design attains an ultrathin structure at THz band.

The proposed graphene-based RIS design can be experimen-
tally fabricated in the following way. A silicon wafer sample
can be utilized in the mechanical support of graphene-based
structure. A silver film can be deposited on the silicon wafer
using the electron beam evaporation technique [33]. Then,
the silicon dielectric of 10 um thickness can be deposited
on the silver film by using the plasma-enhanced chemical
vapour deposition technique. Finally, graphene sheets can be
transferred to the silicon dielectric substrate by using electron-
beam lithography [44].

B. Circuit Modeling of Graphene RIS

An equivalent circuit model of the proposed graphene-
based RIS structure and its closed-form solution is introduced.
We study the reflection wave properties of graphene-based
THz RIS. A circuit model of the proposed graphene RIS is
illustrated in Fig. 2.

The graphene patch is modelled as a thin resistive sheet
with the surface impedance Z; = 1/05. At the low THz band,
the surface conductivity o of the graphene, given by (1), can
be expressed in the Drude form as

o0
=, 4
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Moreover, the surface impedance of the array of graphene
patches can be expressed as [45]
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Fig. 3. Reflection spectra of the proposed graphene RIS.
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where D is the periodicity in graphene RIS, d is the distance
between graphene patches, €, is the relative permittivity of
substrate, and G = D — d is the width of the graphene patch.
The above equation can be further written as
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where the effective capacitance
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arises from gaps between the graphene patches.

By using the Drude form of the graphene surface conduc-
tivity, the surface impedance Z, of graphene is expressed as

D NwrD 1
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From the above equation, the graphene RIS structure can be
modelled as a resistor-inductor-capacitor (R — L — C) circuit.
The resistance R and the inductance L are due to the graphene
patches, and the capacitance C' is induced by the gap between
the graphene patches. These can be written as

D 7D
R—Gia’o,L—Gio’o,andC—Ceﬁ. (9)

The input impedance of the metal-backed substrate can be
expressed as

ZS = ) (6)

Zs = ®)

Zq = jZ.tan(Bh), (10)

where Z. is the characteristic impedance and  is the wave
number.
The total impedance of graphene RIS can be expressed as

L1, (an
Zin B Zs Zd.
Then, the reflection coefficient S1; of graphene RIS is
Zin — Z,
S A (12)

" Zint 2o’
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Fig. 4. Reflection spectra of graphene RIS at different angle of incidences
from 09 to 60°.

where Zj is the free space impedance.

The transmission coefficient is zero due to metallic
grounded substrate. Finally, the absorption of the graphene
RIS can be expressed as

A=1-|S]. (13)

IV. RESULTS AND ANALYSIS

The proposed graphene-based unit cell and RIS design are
validated in the EM solver CST Microwave Studio [42]. To
excite the impinging plane wave onto the structure, a Floquet
port is applied in the EM simulation of graphene unit cell and
RIS.

A. Perfect Reflection

Fig. 3 shows the reflection efficiency of the proposed
RIS structure. It can be noticed that the proposed graphene
RIS provides nearly 100% reflection in a broad frequency
regime from 0.1 to 4 THz by appropriate selection of unit
cell dimension and graphene material properties. The RIS
design attains zero transmission due to the metallic grounded
substrate in the structure. A RIS with nearly 100% reflection
and zero transmission provides nearly zero absorption.

Fig. 3 further presents the agreement in the results obtained
from analytical circuit modeling and 3D EM solver (CST).
In the analytical model, the reflection of graphene-based RIS
is calculated from (12). In the CST simulation, the graphene
is modelled as a monolayer of thickness {;, = 1 nm with
conductivity o, and permittivity €4, as given in (1) and (3),
respectively.

Graphene THz RIS provides more than 96% efficiency of
reflection over the operational frequency ranging from 0.1 THz
to 4.0 THz. Furthermore, it achieves nearly 100% reflection
in operational THz frequency regime at both normal and
oblique incidence for both TE and TM polarization, which
are discussed in the next sub-sections.
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Fig. 5. (a) Reflection, and (b) phase response of graphene RIS at normal

incidence for both TE and TM polarization.

(i) At Normal and Oblique Incidence

Fig. 4 shows the reflection efficiency of the graphene RIS
at different incidence angles from 0° to 60°. Generally, THz
waves incident in different directions and a high reflection
efficiency performance at both normal and oblique incidences
is significant for real applications. It can be noticed that the
high reflection efficiency over the operating frequency regime
for normal and oblique incidences is more than 92%.

(ii) Under TE and TM Polarization

In order to investigate the reflection performance in a differ-
ent state of polarization, we obtain the reflection efficiency for
TE and TM polarization under normal and oblique incidences.
Fig. 5 shows the reflection efficiency and phase for TE and
TM polarization at normal incidence. It can be seen that the
graphene-based RIS design is insensitive to polarization. For
both cases, the RIS provides more than 90% efficiency of
reflection over the operational frequency range from 0.1 THz
to 4.0 THz. The phase response for both polarization state is
approximately the same from 0.1 to 2.5 THz. Above 2.5 THz,
the phase response slightly changes.
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100
g) 60
=
a ( : 0
0.1 1 2 3
Frequency (THz)
(@
_. 90 ] 180
<
L
o0 60
<
= 3088
n- i B B
O : b a B o = —180
0.1 1 2 3 4
Frequency (THz)
(b)

Fig. 7. (a) Reflection, and (b) phase response of graphene RIS for different
angles of polarization.

Fig. 6 illustrates the performance of the reflection efficiency
for oblique angle of incidences from 10° to 60° in both TE
and TM state of polarization. The high reflection efficiency
maintains under oblique incidences in both polarization states.
Particularly, it can be noticed from Fig. 6 that the reflection
efficiency is more than 95% over the operational frequency
from 0.1 to 4 THz for TE mode. However, especially near
4 THz, reflection efficiency slightly reduces with increase
of incident angle in the TM mode. The minimum reflection
efficiency under oblique incidences for TM mode is 85%.

(iii) At different angle of Polarization

Fig. 7 shows the reflection and phase response of graphene-
based RIS for different angles of polarization from 0° to 90°.
It can be noticed that nearly 100% reflection efficiency is
obtained for all polarization angles ranging from 0° to 90°
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Fig. 8. Reflection of graphene RIS for different lengths of graphene unit cell.
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Fig. 9. Reflection of graphene RIS for different widths of graphene unit cell.

in the frequency range 0.1 - 2.5 THz. Above 2.5 THz, the
reflection efficiency slightly decreases for polarization angles
from 20" to 70°.

(iv) Impact of unit cell’s dimensions

The selection of an appropriate dimension of unit cell is
significant in achieving excellent performance in RIS. Fig. 8
and Fig. 9 show the reflection performance of the graphene
RIS for different length and width of the graphene unit cell. It
can be observed from Fig. 8 that a high reflection efficiency
is maintained if the length of graphene unit cell is considered
from 10 pm to 18 pm. The reflection efficiency decreases,
if the length of the graphene unit-cell is more than 18 um
and less than 10 pm. Similarly, high reflection efficiency is
maintained, if the width of the graphene unit cell is considered
from 10 pm to 15 um, and decreases for the length of more
than 18 pm and less than 10 pum.

(vi) Impact of RIS’s Height

The height of the RIS plays a significant role in achieving
a better performance. We studied the reflection performance
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Fig. 11. Perfect absorption of graphene RIS at 1 THz and 2.5 THz.

of the graphene-based RIS for different heights from 10 um
to 14 um, which is shown in Fig. 10. It can be noticed that
more than 90% of the reflection efficiency is achieved, if the
height of RIS from 10 pm to 14 ym is considered. More than
98% of the reflection efficiency is attained when the height
of 10 um is considered, and the reflection efficiency gradually
decreases when the height increases slightly.

B. Perfect Absorption

Besides the perfect reflection properties, perfect absorption
is another significant function of the RIS. Perfect absorption
means no reflection and no transmission. We target the perfect
absorption in graphene-based RIS by using the electric field
effect via graphene chemical potential by applying a bias
voltage to the graphene layer. Perfect absorption exhibits under
the condition of impedance matching, i.e, when the input
impedance of the MSF is matched to the free space impedance
Zy = 377 . The tunable chemical potential parameter of
graphene is used to match the input impedance of the MSF.
Practically tunable graphene chemical potential is achieved by
applying the different external voltage to graphene. Perfection
absorption (A = 100%) is attained at 1 THz and 2.5 THz
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Fig. 12. Conceptual illustration of the anomalous reflection of RIS.

\

N

180

—

[\

(e
T

N

AN

%\ 60
;6‘0 i \
)
% O I Heg \
% :uL'Z
<= -60H
A Mg
120 4y

0 I I I I I
0.105 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Frequency (THz)

Fig. 13. Phase response at different chemical potentials of graphene.

when the chemical potential of graphene p. is equal to 0.6
eV and 0.5 eV respectively, which is shown in Fig. 11. All
the incident wave power is absorbed by the RIS at 1 THz and
2.5 THz, since there is no transmission and reflection.

C. Tunable Anomalous Reflection

Anomalous reflection means that the angle of reflection is
different from the angle of incidence, i.e, the reflected beam
is steered away from the specular reflection beam, as shown
in Fig. 12. For anomalous reflection, we need a particular
response of several unit cells forming an RIS in order to
steer the reflected wave to the desired directions. The beam
steering capability of the RIS is mainly controlled by the phase
profile of each unit cells that constitute the reflecting surface.
It should be noted that the required phase profile achieved
by distributing the unit cells with different phase responses
can operate well only at a certain frequency. An RIS with
a higher reflection efficiency requires the unit cell to have a
more extensive phase variation range and higher amplitude
response.

According to Huygens principle, each unit can be regarded
as a secondary wave source, with different amplitude and
phase positions; these secondary wave sources are superim-
posed on each other to form a reflected wave. By adjusting
the amplitude and phase response of the RIS element, the
wavefront of the reflected wave can be controlled. In the
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Fig. 14. Phase shift of the graphene unit cell at 1 THz, 2 THz and 2.5 THz.

proposed graphene RIS, the dynamic beam control is achieved
by adjusting the phase profile of the graphene unit cell of the
RIS.

The guidance in determining the required phase profile to
steer the beam into a certain direction is the generalized Snell’s
law [46]. The angle of reflection depends not only on the
frequency of the incident wave, the angle of incidence and the
refractive index of the incidence medium, but also on the phase
gradient of the reflecting surface. The relationship between
the incidence and reflection angle is generalized according to
Snell’s law of reflection [46],

A
nrsinfgr —nrsinf; = 2—V<I>, (14)
T

where 0, is the angle of reflection, 07 is the angle of incidence,
and A is the wavelength of the incident electromagnetic wave,
ny is the refractive index of the incidence medium, and V&
is the phase gradient.

In free space with normal incidence (n; = 1, 6; = 0), the
angle of reflection is simplified as

Op =sin~! </\Vfl>> .
27

The reflected wave is controlled by the phase gradient of the
RIS. With the capability of being electrically tunable, graphene
RIS has manifested itself as a promising candidate to attain
beam steering. The graphene-based RIS has the capability of
dynamically steering the reflection angle in a wide range by
electrically reconfiguring the graphene chemical potential.

15)

In the proposed graphene unit cell, the phase response is
studied for different chemical potential y. of graphene such
as fte1 = 0 eV, peo = 0.12 eV, He3 = 0.25 eV, Heq = 0.4 eV.
Large phase variation with the change of chemical potential
of graphene is illustrated in Fig. 13. As shown, it can be seen
that when the graphene chemical potential changes from 0 to
0.4 eV, the large phase shift of the graphene unit cell can reach
up to 270°. It should be marked that the required phase profile
achieved by distributing the graphene unit cells with different
phase responses can operate well only at a certain frequency.
The phase shift for frequency 1 THz, 2 THz and 2.5 THz is
depicted in Fig. 14. From this figure, it can be observed that

dB(W/m~2)
722

© (d)

Fig. 15. Beam steering using graphene RIS. (a) &1 = 0°, 81 = 0°, (b)
<I>2 = 00, 92 = 450, (C) <I>5 = 00, 95 = 1200, (d) CI)G = 600, 96 = 60°.

the phase shift for 1 THz, 2 THz and 2.5 THz are A®; = 98°,
Ady = 141° and APy 5 = 270°, respectively. The graphene
RIS can realize a continuous change of the reflected wave into
different steering angles, shown in Fig. 15. By designing the
phase distribution, which is controlled by the voltage profile,
graphene RIS can reflect the wave to the desired direction (6,
®), where 0 and ® are the azimuthal angle and the polar angle,
respectively. Experimentally, the beam steering principle is
based on the gate voltage controlled graphene RIS. The gate
voltage V, is applied to each graphene layer to control the
chemical potential of graphene [44].

In order to quantify the beam steering feasibility of the
proposed THz RIS, we set the analysis in the antenna array
theory formalism, where the array of graphene elements is
considered. We obtain the response of graphene RIS in the
form of far-field beam steering produced by normal incident
plane waves. The far-field radiation pattern F' (6, ®) can be
expressed as

F(0,9) = fg(0,P) x AF(0, D), (16)

where 6 and ® are the elevation angle and the azimuth angle
of arbitrary direction, respectively. fg(f, ®) is the element
(unit cell) radiation pattern function and AF (0, ®) is the
array factor. For a 2D configuration, the array factor is given
as [47],

P Q
AF(Q»CI)):ZZAM exp (—jBpq)
p=1qg=1
X exp (—jko(Zpq sin 6 cos @ + y,, sin Osin D)),
A7)

where the double summation represents the positions of row
and column unit cells of 2D array configuration, P and
@ represent the number of elements in row and column
respectively, A,, is the amplitude of each element, ko is
the free space wave number, (3,, represents the progressive



TABLE I
DEPENDENCE OF THE REFLECTION ANGLE ON THE NUMBER OF UNIT
CELLS AND THE LENGTH OF RIS

Angle of | Number of Length of Angle of
Incidence | Unit cells | Graphene RIS | Reflection
01 (Deg) M Ly (um) fr (Deg)

56 898 20

29 458 30

10 18 280 45

13 216 60

12 189 75

59 949 30

20 26 410 45

18 286 60

15 240 75

66 1056 40

35 563 50

30 26 409 60

21 341 70

19 309 80

76 1209 50

40 42 669 60

32 505 70

27 438 80

phase excitation between the elements, x,, and y,, denote
the position of the unit cell along the z-axis and y-axis,
respectively. The reflected wave from unit cells of graphene
RIS directed at the beam steering angle (0, ®). We evaluate
the far-field beam steering process of the graphene RIS of
25 unit cells from an electromagnetic perspective. We study
the graphene RIS to steer the beam at ($; = 0°, ; = 0°),
(02 = 0°, &y = 45°), (04 = 0°, &4 = 120°) and (A4 = 60°,
®, = 60°). Fig. 15 shows the far-field radiation pattern with
graphene RIS geometries. This far-field analysis of graphene
RIS is obtained at 2 THz frequency. Sub-wavelength periodic
structures and MSF are generally simulated as infinite arrays
along with the directions of periodicity by considering a unit
cell with the appropriate boundary conditions. This signif-
icantly reduces the computational effort for simulation and
is a good approximation for most applications. However, all
MSF and related structures are necessarily finite. Hence, in
Fig 15, we modelled 25 elements of a 5x5 array structure.
The appropriate selection of dimension of structure, Floquet
port distance and meshing reduces the truncation effect. The
truncation effect has a negligible impact on the far-field results
of this finite array structure. In the 25 elements periodic array
structure, a small increase of sidelobe level is observed. The
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Fig. 16. (a) Reflection, and (b) phase response of metallic based RIS at

normal and oblique incidence.

radiated wave by the RIS exhibits a highly directive beam and
directing in the desired beam steering direction. Further, the
phase gradient along the y-direction can be expressed as d®/dy
= 2w /L, [48]. Thus, the reflection angle 6 can be written as

. . A
Op =sin~! (511101 + L) .

Y

(18)

The length L, of the graphene RIS can be modified by
changing the number of unit cell, i.e, L, = M x D,. Also,
the reflection angle can be controlled by adjusting the number
of unit cells, which is presented in Table I. It can be noticed
that an RIS of smaller length corresponds to a larger reflection
angle.

V. METALLIC-BASED RIS AT THZ BAND

In order to compare the performance of graphene-based RIS
with PEC-based RIS, we modelled and analysed a metallic RIS
at the THz band. The metallic RIS design consists of a 2D
periodic array of conventional metal copper meta-atoms placed
over a metallic grounded silicon substrate. The dimension of
metallic RIS structure is chosen the same as the proposed
graphene—based RIS structure. The operational frequency of



metallic RIS is considered the same as graphene-based RIS,
i.e., ranging from 0.1 to 4 THz. Fig. 16 shows the reflection
and phase response of the metallic RIS at normal and oblique
incidence angles from 0° to 60°. It can be observed that the
response of metallic based RIS at both normal and oblique
incidences over the operational THz frequency range is inferior
in comparison to graphene-based RIS. It can also be noted
that the same size and same substrate material are considered
for metallic RIS as for graphene-based RIS. The performance
of metallic RIS can be improved by appropriate selection of
dimension, material and frequency regime.

Metallic-based MSFs can manipulate the propagation of
light waves. However, conventional metallic MSFs mainly
work efficiently in the optical frequency regime, since it sup-
ports the surface plasmon resonance at the optical frequency
regime. Metallic-based MSFs also lack sufficient tunability.
The plasmonic response of metallic MSFs become less pro-
nounced at the THz band because of the weaker interaction
between electromagnetic waves and electrons. This limits the
use of noble metals in THz applications.

VI. GRAPHENE-BASED RIS-AIDED THZ
COMMUNICATIONS

In this section, we consider a simple RIS-aided communica-
tion model to study the impact of the proposed graphene-based
RIS on the SNR.

A. System Model

We consider a simple topology, where a base station (BS)
communicates with a user with the assistance of an RIS.
The BS is equipped with a uniform linear array (ULA) of
N antennas, the RIS has M reflecting elements (unit cells)
arranged in a ULA! , whereas the receiver has a single antenna.
It is assumed that a direct link between the transmitter and the
receiver is not available [49]. Since in THz communications,
the line-of-sight (LOS) links are dominant (compared to non-
LOS links), the channel matrix between the BS and the RIS
is written as

H = VNMgga™ (M, $a)a(N,0,), (19)

where gr € C is the complex channel gain and a(N,#6,) is
the array steering vector of the BS given by

9274 sin(0
€ A (0) s

1 .
a(N> 90) = ﬁ 1 eJQﬂ'%(N—l) 51n(90)j|

(20)

where d is the distance between adjacent antenna elements, A
is the wavelength and 6, € [0,27) is the angle of departure
(AoD). The array steering vector a’’ (M, 1)4) at the RIS, is
written similarly to (20), where ¢4 € [0,27) is the angle of
arrival (AoA). Moreover, the channel vector between the RIS
and the user is

h = VMgya(M,vp), (21

'Even though we consider a ULA, the results from the previous section
can still be captured by this model.
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Fig. 17. Average SNR with respect to the number of elements M.

where gy € C is the complex channel gain, a(M, 1p) is given
by (20) and ¢ p € [0,27) is the AoD.
Time is slotted and, at each time slot, the 7-th element rotates

the phase of the incident signal to an angle ¢; € [0,27). As
such, the received signal at the user is
y = vVPh®Hw" + n, (22)

where P is the transmit power, n ~ CA(0, 02) is the additive
white Gaussian noise (AWGN) with variance o2, and w is
the transmit beamforming at the BS, which we assume to be

given by? [50]

w:i{l eJQW%é

VN
where § € U(—1,1). Finally, ® is the diagonal matrix
containing the phase shift variables, written as

& = diag [516J¢1 5261452 5M€J¢M] ,

where §8; € [0,1] is the reflection amplitude at the i-th RIS
element. Based on the above results, we consider 3; = 1, V 1.
Therefore, the user’s instantaneous SNR is

ej27T%(N71)9i| , (23)

(24)

—1
_ Plgrlgv?

- No2

kTR

(25)

where b; = j2mi(sin(6,) — 9) and 1, = ]QW%k(Sin(’lpD) -

sin(¢4)).

B. Average SNR

In what follows, we analytically derive the average SNR,
i.e. ¥ = E[v]. Here, we assume that d = \/2. Based on the
previous section, the maximum reflection angle 0 of a unit
cell is given by (18). Hence, in order for a unit cell to achieve
reflection, we must have

2The choice of random beamforming is done for the sake of simplicity, since
the focus of this work is mainly on the performance of the RIS elements.



A
MD,
This implies that M > A/((1 — sin(f;))D,). To maximize

the received signal, the signals need to be phase aligned with
o = mk(sin(¢p) — sin(tp4)). This requires

Or > (M — 1)(sin(¢p) — sin(va)),

which increases linearly with M when ©¥p # 1 4.

In the following proposition, we provide the average SNR
when the phase shifts are chosen at random, i.e. ¢ €
U(—0r, 0r). However, the analysis can be easily adapted for
other phase shift policies.

< 1—sin(fy). (26)

27)

Proposition 1. Let O be the maximum reflection angle of a
unit cell. Then, under random phase shifts, the average SNR
is

P

v = ;\9R|2|9U\2/@ (28)

where

SiIl2 (93) . . .
k=M+ — Zcos(w(sm(l/)D) —sin(va))(i — k)).
R ik

(29)
Proof. See Appendix. O

It is clear from the above expression that, due to the random
transmit beamforming at the BS, the number of antennas and
the AoD do not affect the average SNR. Obviously, g = 7
results in kK = M, which corresponds to the lowest achievable
average SNR. For a given 0, the average SNR is maximized
at Yp = Y4. Indeed, for 0 = 0 we get Kk = M?2, which
corresponds to the case where the phases are aligned as
described above.

In Fig. 17, we illustrate the average SNR with respect to
the number of elements M. The considered parameters are
P=04dB, 0% =1, ggr =1, and gy = 1. The maximum
reflection angle is given by (18) for 2 THz, with a wavelength
A = 150 pm, periodicity D, = 16 wm and incident angles
0r = w/8,m/4, and 7/3. The top sub-figure shows the case
where the AoA and AoD of the RIS are equal, in particular,
Y4 = 1p = w/2. In this case, the average SNR increases with
the number of elements. A larger incident angle requires more
elements in order for the RIS to reflect the received signal, as
described above. Moreover, a larger incident signal provides
a lower average SNR. Finally, the simulation results (depicted
with markers) match our theoretical expression (depicted with
lines), which confirms our analysis. The bottom sub-figures
shows the case where the AoA and AoD are different. Due to
this difference, the SNR fluctuates as the number of elements
increases. Furthermore, in this case, the best performance in
terms of SNR is provided by the largest value of 6;.

VII. CONCLUSION

An efficient and simple structured RIS using graphene meta-
atoms to control the incoming THz wave is investigated in this
work. An equivalent circuit model and closed-form solution

of the proposed graphene-based RIS structure is presented.
The THz RIS structure provides nearly 100% reflection of
THz wave in an operational frequency ranging from 0.1 to
4 THz. The graphene RIS is insensitive to polarization and
incident angle. In addition to perfect reflection, the structure
has the potential to provide 100% absorption and anomalous
reflection by controlling the chemical potential of graphene.
The reflection angle is dynamically steered in a wide range
by electrically reconfiguring the graphene RIS and controlling
the number of graphene unit cells. Furthermore, the impact of
the proposed graphene-based RIS on the SNR is studied using
a simple RIS-aided communication model. The great potential
of the graphene-based THz RIS is promising for THz wireless
communications.

APPENDIX
The average SNR is 7 = E[]. Therefore,

2

PlgnPlovl g || 5~ o S~ o
5 = E i JPk+TE
[[N-1 |2 M-1 2
P|9R\2\9U|2 b;
— F Z ebi F Z IRt
2
No || =0 k=0

(30)

2
E

The first expectation can be evaluated as
24) et =N, 3D

N-1 N-1
E ebi =E E |ebi
i=0 i=0 itk

which follows from E[|e’|?] = 1 and E[e® %] = 0. The
second expectation can be written as

M-1 2 M-1 2
E ( Z cos(oy, + rk)> +E ( Z sin(¢r + Tk))

k=0 k=0
(32)
In order to derive the above, we need
1 [
E [cos(¢r + k)] = 55— cos(¢ + ry,)d¢
20r J g,
L sin(fg) cos(ry), (33)
Or
and
) 1 1
E [cos®(¢r + )] = 3 1+ 7 sin(fr) cos(fr) cos(2ry) | .
R
(34
Similarly, we have
1
E [sin(¢x + )] = 5 sin(0r) sin(rx), (35)
R
and
.9 1 1
E [sin®(¢r + re)] = 3 1-— . sin(fr) cos(Or) cos(2ry) | .
R
(36)

By substituting the above in (32) and after several manipula-
tions, we get (29) and the result follows.
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