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Abstract. A dual-band independently beam steering THz antenna is presented, which is composed of a
broadband omnidirectional monopole source antenna surrounded by six hexagonal active frequency selective
surface (AFSS) screens with switchable filtering response in two bands. By controlling the chemical potential
from 0eV to 0.5eV, the AFSS screen can achieve the conversion between high transmission (ON state) and
almost total reflection (OFF state) at two frequency ranges independently. Therefore, the radiation beams of the
THz antenna in two bands can be steered from 360° large angle scanning and omnidirectional radiation with

flexible combinations.
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The pattern reconfigurable antenna has been widely
exploited because it not only improves the system capacity
and anti-interference ability, but also reduces the physical
volume and system complexity. Phased array antenna is the
traditional method to implement this technology, however,
the complex feed networks make the antenna system bulky
and expensive [1-3]. Frequency selective surface (F'SS) is a
periodic structure capable of transmitting or reflecting EM
waves at resonance [4]. In recent years, active frequency
selective surfaces [5] have been widely used in the beam
steering antennas [6,7]. However, since most of the tunable
components has problems to be used in the terahertz
frequency ranges, many new materials [8] and technologies
are applied to THz beam scanning antennas [9-12].

As a two-dimensional carbon material [13], graphene
has the unique property that its complex surface
conductivity depends on the carrier density and can be
controlled by gate voltage [14], which makes it a novel
tunable material suitable for the reconfigurable device
design. Therefore, many graphene-based tunable THz
devices such as active frequency selective surface (AFSS)
[15], modulator [16], sensor [17,18], polarization selective
surfaces [19], tunable absorber [20-23| and reconfigurable
antenna [24,25] have been proposed. In the previous work,
we have demonstrated a large angle beam steering THz
antenna using active frequency selective surface based on
hybrid graphene-gold structure [26].

However, most of the traditional AFSS-based pattern
reconfigurable antennas can only dynamically change the
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radiation pattern in a single band. In the multifunctional
THz communication system, the dual-frequency beam
steering antenna becomes important. Recently, some
dual-band beam sweeping antennas in gigahertz [6,7] are
proposed, but it utilizes band-stop FSS or cannot control
independently, which is not suitable for practical
application. Until now, as far as we know, it is still a
challenge to achieve dual-band independently controlla-
ble pattern reconfigurable antennas in the terahertz
regime.

In this paper, we present a dual-band beam steering
THz antenna with flexible beam radiations using graphene-
based AFSS. The antenna consists of a broadband
monopole terahertz source antenna placed in the center
of a hexagonal switchable AFSS screen. By changing the
bias voltages of different parts of the hexagon AFSS screen,
both beam steering and omnidirectional radiation patterns
could be obtained to cover the entire azimuth plane of the
antenna at both frequencies.

The geometry of the proposed dual-band switchable
AFSS unit cell is shown in Figure 1a. Each AFSS unit cell
consists of four layers: gold pattern layer, p-type doped
silicon layer, silicon dioxide layer and graphene pattern
layer. The silicon dioxide layer is chosen as insulating layer
between p-type silicon and the graphene patches. The
relative dielectric constant of p-type silicon and silicon
dioxide is 11.7 and 4, respectively. As shown in Figure 1b,
the designed FSS based on the cross-shaped slot in the
center and the quarter folded slot rings in the four corners
produces two different resonances. The cross-shaped slot is
adopted here due to its simple structure and stable
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Fig. 1. Schematic diagram of (a) 3D view, (b) top view, and (c¢) bottom view of the proposed AFSS unit cell. The relevant geometrical
dimensions are p =60, I; =55, [, =22, 3=16, [, =24, =11, w; =2, wo =2, w3=>5, a=12, all in pm. The thicknesses of the p-type
doped silicon, silicon dioxide substrates are h; =3 pm, hy = 0.3 pm, respectively.

characteristic. To achieve separate feeding of different
graphene patches, we propose a new graphene loading
method as shown in Figure 1c, the square graphene patch is
loaded under the cross-shaped slot, and quarter cross-
shaped graphene patches are loaded under the quarter
folded slot rings, respectively. Two kinds of bias voltages
are applied between the gold pattern layer (DC connected
with the p-type silicon layer) and the graphene pattern
layer, thus controlling the chemical potentials as well as the
surface conductivities of graphene patches. By tuning the
two bias voltages separately on the two shapes of graphene
patches, the transmission and reflection characteristics of
the two passbands can be adjusted independently.

The complex surface conductivity o (o, . I', T) of
monolayer graphene can be derived from the Kubo formula
which includes interband and intraband contributions [27,28]
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where w is the operating angular frequency, . is chemical
potential, eis the charge of an electron, kpis the Boltzmann
constant, f is the reduced Planck constant, I'=1/(27)
represents the scattering rate and T is the relaxation time,
T is the temperature in Kelvin. Based on a theoretical
estimation of the maximum mobility in graphene, we
assume T=300K and 7=100fs [29]. The chemical
potential u. can be tuned by applying a transverse electric
field via a DC biased gating structure [30], it can be
approximately expressed as
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where ¢, and ¢, are the permittivity of substrates and
vacuum respectively, V. is the bias voltage, v;=1.1 x 10°
m/s is the Fermi velocity in graphene. According to
formula (3), it can be calculated that the voltage required
to adjust the graphene chemical potential from 0 to 0.5eV
is 50V. This has been proven achievable in previous
research [31].

The AFSS is a periodic structure which can be analyzed
by the EM simulation softwave ANSYS HFSS. The
graphene patches can be modeled as the impedance
boundary with the complex impedance as Zs=1/c.
Figure 2 shows the current distributions at f; =0.96 THz
and f, =1.21 THz under different chemical potentials. It
can be seen from Figure 2a that when w.=0eV,
neo=0.5eV, fi is generated by the resonance of quarter
folded slot rings with strong current density at the four
corners and the resonance at f; is significantly reduced due
to the loss of graphene. As shown in Figure 2b, when
na=0.5eV, uo=0eV, f; is generated by the resonance of
cross-shaped slot with large current density at the slot end
and the resonance at f; is significantly reduced due to the
loss of quarter cross-shaped graphene patches. There is
almost no interaction between the two frequencies.

The voltages V, and V, control the chemical
potentials u. of the cross-shaped graphene patch and
e of the square graphene patch, respectively. Figure 3a
shows the simulated transmission coefficient with .
changes from 0 to 0.5eV and p. keeps 0eV, while
Figure 3b shows the simulated transmission coefficient as
e remains 0eV and u .o varies from 0 to 0.5eV. It can be
seen that w. controls the transmission amplitude at
fi=0.96 THz while p » dynamically tunes the transmission
amplitude at f, = 1.21 THz. In this way, the proposed AFSS
can achieve the conversion between high transmission (ON
state) and large reflection (OFF state) at two frequency
bands independently. For simplicity, here we use the 2-bit
code with the first code to represent the state of f; and the
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Fig. 2. Surface current distribution of AFSS in different states at frequencies f; =0.96 THz and f, = 1.21 THz, respectively.

second code to represent the state of f5, 0 for the ON state
and 1 for the OFF state. Figure 3c and d show the reflection
and transmission coefficients in the four coded states of 00,
01, 10 and 11, respectively. In the “00” state, the
transmission coefficient is —1.5dB at 0.96 THz and
—1.3dB at 1.21 THz, indicating high transmission (ON)
states appear in two bands. In the “01” state, the
transmission state at 0.96 THz is basically unchanged,
while the transmission coefficient is —10.8 dB at 1.21 THz,
which means the second band switches to OFF state. In the
“10” state, the first band switches to OFF state while the
second band remains ON state. In the “11” state, both
bands switch to OFF states. The robustness of changing
the incident angle of the incidence plane wave under TE
polarization is studied. As shown in Figure 3e and f, the two
transmission bands remain stable with the increased
incident angle.

As shown in Figure 4a, a broadband omnidirectional
monopole antenna is designed as a radiating source and
surrounded by a hexagonal AFSS screen. Each side of the
hexagonal AFSS screen is composed of a 2 x 4 AFSS array
with the unit cell structure described above. And the gold
line structure is designed to apply DC voltage. Figure 4b
shows the structure of the broadband monopole source
antenna, which is composed of an inverted trapezoid
element as a main resonator and a small ground plane on
the bottom of the substrate. This monopole antenna is
constructed on Rogers RO4350B substrate with a relative
dielectric constant of 3.66. It is selected here for its simple
structure and ability to provide an omnidirectional
radiation pattern in the azimuth plane at both 0.96 and
1.21 THz, as shown in Figure 4d. As shown in Figure 4c,
this monopole antenna has a wide bandwidth covering
0.9-1.4 THz. After adding a hexagonal AFSS screen with
filtering characteristics, and by controlling the four coded

states of AFSS, four corresponding antenna states can be
obtained. In the “00” state, two narrow operating bands are
obtained. In the “01” state, the first band remains operating
and the second band switches OFF state. In the “10” state,
the first band switches OFF state and the second band
remains operating. In the “11” state, both bands switch to
OFF states.

As illustrated in Figure 5, four typical operating states
are analyzed in order to verify the proposed THz antenna
can realize beam sweeping at two frequencies independent-
ly. For the convenience of explanation, AFSS in each side is
abstracted to black border rectangles numbered 1-6
represent the cross-shaped graphene patch operating at
0.96 THz and red border rectangles numbered 7-12
represent the square graphene patch works at 1.21 THz.
The yellow color means ON state and blue color indicates
OFF state, which can be adjusted by the bias voltages of
each side independently. The feeding method of each face is
shown in Figure 4a.

Case I: As shown in Figure 5a, for the cross-shaped
graphene patches numbered 1-6, three adjacent sides are
switched to OFF state at 0.96 THz, and the others are
switched to ON state. For the rectangular graphene
patches numbered 7-12, all sides of the AFSS are switched
to ON state at 1.21 THz. As shown in Figure 5e and f, the
radiation pattern has the ability to scan the entire azimuth
plane in six steps at 0.96 THz. Meanwhile, it remain
omnidirectional as the monopole antenna at 1.21 THz.

Case II: As shown in Figure 5b, for the cross-shaped
graphene patches of 1-6, all sides of the AFSS are switched
to ON state at 0.96 THz. For the square graphene patches
numbered 7-12, three adjacent sides are switched to OFF
state at 1.21 THz, and the others are switched to ON
state. The radiation patterns at 1.21 THz realize 360°
beam steering in six steps as shown in Figure 5h. Figure 5g
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Fig. 3. The transmission or reflection spectra of the AFSS unit cell. (a) Transmission with various u . and fixed i . (b) Transmission
with various p. and fixed p.. (¢) Reflection in four coded states. (d) Transmission in four coded states. (e) The reflection and
(f) transmission spectra with various incident angles from 0° to 40° for TE polarizations.

shows the stable omnidirectional radiation patterns at
0.96 THz.

Case III: As shown in Figure 5c, for both the graphene
patches 1-6 and 7-12, three adjacent sides are switched to
OFF state and the others are switched to ON state. The
radiation patterns shown in Figure 5i has the ability to scan
the entire azimuth plane in six steps at both 0.96 and
1.21 THz simultaneously.

Case IV: As shown in Figure 5d, for both the graphene
patches numbered 1-6 and 7-12, the OFF state of the
AFSS on each side is different between every two adjacent
faces. For example, when the number 2-4-6 and 7-9-11 are
on OFF state, and the number 1-3-5 and 8-10-12 are
switched to ON state, the antenna can radiate in three
different directions as shown in Figure 5j at two frequencies
simultaneously.
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Fig. 4. (a) 3D view of the proposed dual-band beam steering THz antenna. (b) Geometry of the broadband omnidirectional monopole
source antenna. The relevant geometrical dimensions are m= 72, n=144, g; = 33.6, go = 43.2, all in pm. (c) Reflection coefficients of
the broadband omnidirectional source antenna and the dual-band beam steering THz antenna under different states. (d) Radiation
patterns of the omnidirectional source antenna on the horizontal plane at two frequencies.

An open question that remains to be answered is the
practical realization of the structures we propose here.
Fortunately, recent advances in the fabrication of
graphene [32-34] let us be optimistic about the feasibility
of such structures in the near future. Additionally,
biasing graphene seems difficult in practice. One can use
self-biased graphene layers [35] connected to opposite
poles of a voltage source. Finally, if bias voltage should
be avoided, graphene layers can be excited optically
[36,37].

In conclusion, a dual-band beam sweeping THz antenna
is achieved by loading a hexagonal AFSS screen around a
broadband omnidirectional monopole antenna. The gra-
phene-based AFSS unit cell consists of aperture-type
frequency selective surface loading graphene patches. By
applying bias voltages separately to the two kinds of

graphene patches, the transmission property in the two
bands can be adjusted independently. Four typical cases of
the antenna with six sides of the AFSS screen operating at
ON/OFF state in two bands are demonstrated to validate
the antenna can achieve beam sweeping in the entire
azimuth plane with six steps and omnidirectional pattern
at 0.96 and 1.21 THz simultaneously. This multifunctional
THz antenna is promising for large angle beam scanning in
terahertz multiband systems.
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