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Abstract

In this paper, the radiation characteristics of frequency
tunable graphene based metamaterial reflectarray have
been investigated. The unit-cell consists of graphene two
gaps split-ring-resonator (SRR) printed on a thick SiO,
substrate. The metamaterial parameters of the unit-cell
have been calculated at different graphene chemical
potentials and different SRR gaps. Using waveguide
simulator, the reflection coefficient phase of the graphene
metamaterial reflectarray unit-cell has been investigated. A
13x13 graphene metamaterial reflectarray antenna fed by a
circular horn antenna is designed and analyzed at different
graphene chemical potentials. Full-wave analysis for the
graphene metamaterial reflectarray antenna has been
applied using the finite integration technique.

1. Introduction

Terahertz (THz) radiation provides many useful
applications for spectroscopy, biomedical imaging, and
security [1]. Metamaterials are artificial composite
structures tailored electromagnetic response.
Metamaterials are of particular interest in the terahertz
regime, where the most nature materials exhibit only weak
electric and magnetic responses and hence cannot be
utilized for controlling the radiation. For practical
applications, devices with large tunability are always
preferred. Several methods have been examined in the
literature to generate dynamic changes in the
metamaterial’s performance. These include direct changes
in the unit cell’s dimensions by varying capacitance or
conductance, using electricity, chemically, thermally, or
optically sensitive materials to change the constituent
material properties of a structure and will change its
electrical response and altering the geometry of the unit cell
through stretching, shifting, or deforming all or parts of the
structure. Some of these techniques, such as varactor
diodes have been applied for operation at particular
wavelengths, while others, such as phase-change materials
have been applied across the electromagnetic spectrum [2].
Geometrical tuning can provide drastic changes in the
metamaterial properties because the shape of the
conducting elements has such a large influence on the
corresponding resonance. While changing the shape of
resonant elements provides a range of opportunities for
tuning, the constituent materials that make up the unit cell
ultimately control the properties of the metamaterial.

At terahertz frequencies, the plasmonic response becomes
weak [3]. This restricts the use of noble metals in many
THz applications [4]. Graphene, a thin layer of carbon
atoms has been as an alternative candidate for plasmonics
at THz band. Graphene is one million times thinner than
paper and about 200 times stronger than steel. SiO; is the
most common overlay material on silicon for enhancing the
graphene layers. The electrical and mechanical properties
of graphene, such as high mobility of electrons, low
resistivity, high optical transparency, tunable conductivity
and extreme mode confinement have made it a substantial
substitution for noble metals in the field of plasmonic
metamaterials [5].

A reflectarray comprises an array of reflective cells,
introducing a given desired phase-shift upon reflection of
the wave on the surface, offering the simplicity and highly
efficient. Reflectarrays have a wide variety of applications
in radar systems, radio astronomy observations and
satellite communications. Tunable electromagnetic
materials can be used as part of the construction of the
reflectarray elements, enabling reflectarray become
powerful beam-forming plate forms that combine the best
features of aperture antennas and phased arrays [6].

In this paper, a tunable graphene metamaterial reflectarray,
GMMRA, is proposed. Two gaps split-ring-resonator
(SRR) element based on a graphene metamaterial at
0.81THz is designed as a unit-cell element in the
reflectarray construction. Full-wave analysis using the
finite integration technique is used to take into account the
inter-element mutual coupling and assuming a local
periodicity [7].

2. Numerical Results and Discussions

The structure of graphene metamaterial unit-cell element
with its dimensions is shown in Fig.1.
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Figure 1. The structure of the graphene metamaterial unit
cell with square SiO; substrate of Lc= 300 pm, L= 244.8
pm, Wg= 18 um, Sg=14.4 pm and Hc= 30 um.



The two gaps split-ring-resonator (SRR) is made from
graphene-dielectric composites. The substrate is 30 pm
thick SiO, with permittivity €=3.9 [8]. It is found that the
electrical conductivity of graphene can be controlled by
changing the applied DC voltage. Graphene can be
modeled as the infinitely thin surface of complex
conductivity o. It is represented by [9]:
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Ointra(w) is intraband term, Oj,;er(w) is the interband
term, j is the imaginary unit, g. is the electron charge, h =
h/2m is the reduced Planck’s constant, Kz is the
Boltzman's constant, 7 is the transport relaxation time, T is
the temperature, w is the operating angular frequency, the
scattering rate I' = 1/27 represents loss mechanism, and
e is the chemical potential. The impedance of graphene
can be efficiency controlled via a perpendicular bias
electric field. The relationship between the applied electric
field and the chemical potential, p., can be calculated by
[10].
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Figure 2.a. The biasing electric field versus the chemical
potential p. b. Real and imaginary conductivity versus the
bias electric field.

Figure 2a. shows the relation between the biasing electric
field and the chemical potential calculated from Eq. (4)
compared with that in Ref. [10]. The relationship between
the complex conductivity and biasing electric field of the
graphene sheet is shown in Fig. 2b. A curve fitting for the
real and imaginary conductivity as a function of applied
electric field is concluded as straight line from Eq. (5) and
Eq. (6) and is given by [11]

Opeat =1 E + 13 Q)

Oimg = P3 E+p, (6)
where p; = 1.0526x10°, p, = 9.6588%107, p3=-3.97x10*,
and ps=-3.6413x107.
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Figure 3. a. The variation of the reflection |S1]>and b. The
transmission |Sy1|> versus frequency of the graphene
metamaterial unit cell.

The variations of the reflection, |S;1|?, and the transmission,
|S21)%, versus frequency of the graphene metamaterial unit
cell are presented in Fig. 3 at different values of p.. The
magnitude of the reflection and its resonance frequency are
increased as the values of . are increased. The S-
parameters are related to both refractive index n and the
impedance z as [12]
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where n, k, and d denote the refractive index, the wave
number of incident wave, and the thickness of the
metamaterial slab, respectively. The permittivity (e;) and
permeability () are then directly calculated from €=n/z
and p. = nxz as shown in Fig. 4. The resonating reflection
maximum shift from 400 GHz to 620 GHz covering a
significant portion of the band. Figure 5 shows the
variations of the same parameters at u.=0.5 eV for different
values of the gap width Sc.
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Figure 4. a. The variation of the refractive index, b. The
impedance, ¢. The permittivity, and d. The permeability
versus frequency of the graphene metamaterial unit cell at

different values of p..
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Figure 5. a. The variation of the refractive index, b. The
impedance, c¢. The permittivity and d. The permeability
versus frequency of the graphene metamaterial unit cell at
different values of gap width Sg at uc=0.5 eV.

To design the graphene metamaterial reflectarray, the unit-
cell element was placed in a waveguide simulator with
perfect electric and magnetic wall boundary conditions to
emulate an infinite periodic structure. A normal plane wave
incident on a periodic infinite array of the reflectarray was
assumed to determine the reflection coefficient of the unit
cell. Figure 6 shows the reflection coefficient phase versus
the gap width Sg at different values of .. The phase range
of beyond 316° is obtained when the gap width varies from
1 pmto 150 pm.
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Figure 6. The variations of reflection coefficient phase
versus the gap width of graphene metamaterial unit-cell
element at different values of .

Figure 7 shows the geometry of a 13x13 GMMRA placed
in x-y plane with total area 3.9x3.9 mm?. A circular horn
antenna located at a distance 3.9 mm (F/D=1) normal to the
array aperture is used to feed the array structure. The phase-

shift required at each unit-cell element in the reflectarray is
calculated from [13],

¢lj (‘xyﬂyz]) = ko (dxj - Siney (xxj COS¢O + .yzj Sin¢0)) (9)
dy = \/(xif =x,) (=) +(z,) (10)
where ¢, is the required reflected phase of the unit-cell at

the position (x;;, y;) to focus the reflected beam at deflection
angles (0,, ¢,) and the is feed located at (x5 3y, zy).
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Figure 7. The structure of 13x13 graphene unit-cell
reflectarray with L=F= 3.9 mm.

Figure 8 shows the 3-D radiation patterns for the
reflectarray at different values of . and operating
frequencies. The gain variations versus frequency for the
different reflectarrays are shown in Fig. 9. The maximum
gain is 22.6 dB, 19 dB and 21.5 dB when p. equals 0.4 eV,
0.5 eV and 0.8 eV, respectively. The E and H-plane for
different reflectarrays, at different values of ., and
operating frequencies are shown in Fig. 10. Approximately
the same radiation patterns in different planes can be
obtained by tuning the chemical potential L.
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Figure 8. 3-D Radiation patterns:
a. | =0.4eV, and /= 0.83 THz, b. pu. =0.5¢V, and f'= 0.84
THz, and ¢. p. =0.8eV, and /= 0.85 THz.
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Figure 10. Radiation patterns a. E-plane and b. H-plane.

3. Conclusions

This paper introduces a design of 13x13 GMMRA fed by
circular horn for terahertz applications. The magnitude of
the reflection and its resonance frequency are increased as
the values of graphene chemical potential, L, are increased.
The unit-cell metamaterial properties, negative & and ., are
achieved in the frequency band from 400 GHz to 620 GHz
for different p. and SRR gap width. The graphene
metamaterial unit-cell element introduces a reflection
coefficient phase variation of 316° for gap variation from 1
pm to 150 um. A maximum gain of 22.6 dB was achieved
at u. =0.4 eV. Approximately, the same radiation patterns
in different planes are obtained by tuning the chemical
potential L.
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