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Abstract: In this letter, a novel 3D multi-beam reconfigurable THz loop antenna capable of steering
its main beam in the semi-sphere space (0 € {0°, £5°, £10°}; ¢ € {0°, 30°, 60°, 90°, 120°, 150°}) is
presented. The antenna is based on a switchable circular high impedance surface (HIS) using the
graphene-metal hybrid approach. The effect of gate voltage on the conductivity of graphene and the
switchable reflection characteristic of the graphene-based HIS are combined in the design. Changing
the chemical potential of different graphene-based HIS units can effectively adjust the beam direction.
The performance of the antenna is analyzed through its reflection coefficients and gain radiation
patterns, and simulated results show that the maximum gain can reach 3.23 dBi at 0.5 THz.
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1. Introduction

Due to the rapid development of wireless communication, reconfigurable antennas have attracted
much attention in recent years [1]. Frequency reconfigurable antennas allow frequency switching
and dynamic spectrum allocation [2], while pattern reconfigurable antennas can be used to filter
in-band interference and increase the channel capacity [3-5]. In the microwave frequency band,
frequency reconfigurability in antennas can be realized by employing switches, such as PIN diodes,
microelectromechanical systems (MEMS), optically controlling microwave switches, and so on [6].
However, in the terahertz (THz) frequency range, these switches are difficult to design.

Graphene is a two-dimensional (2D) planar structure built up by carbon atoms in a honeycomb
lattice, which possesses many unique chemical, thermal, electronic, and optical characteristics [7-9].
In particular, the surface conductivity can be dynamically altered over a wide range by changing
bias voltage, which makes it a promising candidate for THz and infrared frequency bands, such as
antennas [6,10,11], polarizers [12], phase shifters [13], switches [14], some THz modulators [15],
demodulators [16], mixers [17], and THz receivers [18]. In References [10,11], graphene works as a
radiation part of the antennas because of the capability of transmitting the surface plasmon polariton
(SPP) waves. However, its small electrical size and high ohmic loss leads to low radiation efficiency.
To improve the radiation efficiency, graphene-metal hybrid structures have been designed [19,20].
A THz beam reconfigurable loop antenna enhancing the radiation efficiency by graphene—-metal hybrid
is proposed in Reference [19]. In Reference [20], a beam-scanning microstrip quasi-Yagi-Uda antenna
working at 2.6 THz is presented, and the H-plane radiation pattern can be deflected from -70° to
70° by controlling the bias voltage of graphene. This balances the efficiency and miniaturization of
graphene-based antenna.
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Furthermore, the high-impedance surface (HIS) is a periodical structure with the ability to reflect
electromagnetic waves in phase in the resonance frequency bands [21-26]. In many RF devices,
such as filters, antennas, and absorbers, HIS has been employed to enhance gain and efficiency.
In Reference [22], the characteristics of a dipole over PEC or PMC layers and the HIS are compared,
and a low-profile antenna with directional pattern and higher impedance bandwidth is achieved by
using HIS. To further improve the bandwidth and radiation performance, Mikal Askarian Amiri et al.
proposed a circular symmetric HIS in Reference [23], where cylindrical TEM* wave illumination is
used to characterize the reflection characteristics of the surface. When the HIS is used as a ground
plane for loop antennas, the operational bandwidth is about 10% wider than that of the rectangular
surface. Recently, graphene-based HIS with controllable operation modes have been widely studied.
Yi Huang et al. have presented a beam-steering THz antenna with graphene-based HIS, and the
radiation beam can vary in the range of +£30° [27]. Besides this, a graphene-based frequency and beam
reconfigurable leaky-wave antenna in THz frequency band was achieved in Reference [28]. In this
design, a graphene sheet is used as a tuning part of the HIS that acts as the ground plane of such 2-D
LWA (Leaky wave antenna), and by adjusting the graphene conductivity, the reflection phase of the
HIS can be altered effectively.

In addition, the simultaneous beam steering in multiple different planes is an interesting and
challenging area to be explored. In this letter, a novel 3D multi-beam reconfigurable THz antenna is
presented to provide improved performance in wireless systems. The antenna consists of a switchable
circular symmetric HIS based on graphene and a loop antenna over it. Changing the DC bias of
different graphene-based HIS units can effectively adjust the beam direction. Simulation results show
that twenty-five steerable beam directions in the semi-sphere space (6 € {0°, £5°, £10°}; ¢ € {0°, 30°,
60°,90°, 120°, 150°}) are achieved.

2. Antenna Design

2.1. Switchable Graphene-Based High Impedance Surface (HIS)

It is well known that graphene can be modeled as an infinitely thin surface, which is characterized
by a surface conductivity [7-10]. According to Kubo’s formula, in the low THz range (f € [0.3, 1] THz),
and at room temperature T = 300 K, the graphene surface conductivity can be approximated as [13]:
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where e is the electron charge, kp is the Boltzmann constant, T is the temperature, i = h/(27) is the
reduced Plank constant, w is the angular frequency, I' = 1/(27) is the scattering rate, 7 is the relaxation
time, and yi is graphene chemical potential. Graphene chemical potential i can be tuned by applying
a transverse electric field. This makes the adjustability of graphene surface conductivity feasible.
According to Reference [20], the external electric field, DC bias V, can be calculated by
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where Vj is the voltage compensation dependent on the chemical doping, tf and &, are the
thickness and relative permittivity of the dielectric between graphene and electrode, respectively,
and vr = 9.5 x 10° m/s is the Femi velocity. By loading the graphene units under the circular patch
of the HIS, the operative modes of the proposed graphene-based HIS units are expected to be
controlled due to the alterable surface conductivity of the graphene. When the chemical potential of a
graphene-based HIS unit u. equals 0.3 eV, the bias voltage V = 3.48 V can be calculated by Equation (2),
considering Vy =0, t = 10 nm [20], and &, = 3.8, the graphene can be considered as a dielectric-like
material, so the graphene layer has a negligible influence on the HIS performance. At the resonant



Electronics 2019, 8, 1291 30f9

frequency, the reflection phase crosses through 0° and the amplitude of reflection coefficient reaches its
minimum [29]. The proposed HIS unit is still in the high- impedance state. On the contrary, when the
chemical potential y. = 0 eV, the graphene switched to a conductor-like material [29], and efficiently
block the electromagnetic wave penetrating it. There is no resonance within the frequency range of
interest, and the HIS unit is switched to low-impedance state.

2.2. Antenna Structure with the Graphene-Based High Impedance Surface (HIS)

Figures 1 and 2 show the configuration of the loop antenna with the graphene-based HIS.
The circular HIS is based on SiO; substrate with relative permittivity ¢, = 3.8 and a thickness
Hp =1 pm, the bottom surface of which is covered with a gold sheet. The top surface of the dielectric is
the graphene-based HIS units that have periodic gaps in the angular direction. The number of cells N
is 12. The angle of the graphene unit cells is the sum of @ and 8, and the graphene-patch angle a and the
gap angle § of the unit are 27° and 3°, respectively. The HIS over the graphene consists of four single
rings. The radius of the inner ring r is 25 pm, and the radial patch length and the radial gap length of
each ring are w; = 40 pm and g, = 1 pum. The patch angles of each single ring are optimized to 27°,
23.4°,21.6°, and 20.5°, respectively, to make the null phase frequency of each ring almost the same [21].
Each graphene-based HIS unit can be switched between its high-impedance and low-impedance states.

Antenna (gold)
Patch (gold) \ Sif)g
H| !
———— ——H
Ground (gold) Graphene S10;
Figure 1. Side view of the loop antenna with the graphene-based high impedance surface (HIS).
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Figure 2. Top view of the loop antenna with the graphene-based high impedance surface (HIS).

The other layer of SiO; with a thickness of H = 35 um is deposited on the HIS, and height H has an
important effect on the reflection coefficients and gains of the antenna. The loop antenna with radius
R = 60 um is deposited on the SiO, substrate. The perimeter of the loop antenna equals approximately
t0 0.95 A (A is the guided wavelength at 0.5 THz). The numerical analysis software Ansoft HFSS (High
Frequency Structure Simulator) is used to simulate the configuration. The graphene can be modelled
by the impedance boundary, and we can set the value of the resistance and reactance, respectively.
A 50 Q) ideal wave source is used to feed the antenna. The dimensions of wave source d and line width
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w are 4 and 2 um, respectively. Detailed techniques to fabricate these kinds of graphene antennas can
be found in Reference [27,30], supporting the feasibility of our design.

3. Results and Discussion

To demonstrate the antenna operation performance, several different states of the loop antenna
based on the switched HIS are simulated. For convenience of description, the number of high-impedance
unit cells can be represented by m (m =0, 3,7, 12). Take ¢ = 0° plane as an example, when m = 0, all of
the graphene-based HIS units are set to low-impedance state, the beam direction is 6 = 0°. When m =
3 or 7, in the case that HIS units 3-5 or 1-7 in the upper plane are high-impedance states, the beam
direction is 0 = +5° or 6 = +10°. Symmetrically, the beam directions can tilt to 6 = =5° or 8 = —10°. It is
obvious that in case of m = 12, the beam is also 0 = 0°, but the antenna gain increases compared to m =
0. Figure 3 shows the simulated radiation patterns on ¢ = 0° plane with different high impedance unit
cells. The antenna can realize a £10° beam-tilt on ¢ = 0° plane, and the beam-titled angle is smaller
when the number of HIS units in high-impedance state is reduced.
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Figure 3. Simulated radiation patterns (¢ = 0° plane) with different high impedance units at 0.5 THz.
(@Q)0=0°(m=0)and 6 = +5° (m =3). (b) 6 =0° (m =12) and O = £10° (m = 7).

To illustrate the working mechanism, Figure 4 shows the current distribution in case of m = 7.
We can see that the current distribution changes with the different HIS unit states. It can be seen from
Figure 4a that when the HIS units 1-7 in the upper plane are in high-impedance states, the current is
mainly distributed on the loop antenna and the HIS units 7-12. On the contrary, as shown in Figure 4b,
when the HIS units 7-12 in the lower half plane are high-impedance states, the current is mainly
distributed on the loop antenna and the HIS units 1-7. It can be found that the current is mainly
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distributed on the loop antenna and half of the graphene-based HIS units in the low-impedance state.
Taking into account symmetry of the antenna, similarly, the antenna can also be capable of steering its
beam from —10° to +10° on ¢ = 30°, 60°, 90°, 120°, 150° plane. Figure 5 shows the definitions of the
beam-steering angles (6 and ¢). For example, when HIS units 4-6 or 2-8 are high-impedance states,
the beam direction is & = 5° or 0 = +10° on ¢ =30° plane, as shown in Figures 6 and 7.
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Figure 4. Simulated current distribution at 0.5 THz (m = 7), (a) The units 1-7 are high-impedance states;
(b) The units 7-12 are high-impedance states.
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Figure 5. The beam-steering capabilities of the antenna 0 €{0°, +5°, £10°}; ¢ €{0°, 30°, 60°, 90°,
120°, 150°}.
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Figure 7. Simulated radiation patterns (¢ = 30° plane) 8 = 0° (m = 12) and 6 = +£10° (m =7) at 0.5 THz.

The reflection coefficients of the antenna are shown in Figure 8. The S1; becomes lower as m
increases. Therefore, more high-impedance units are beneficial to the antenna impedance matching.
Figure 9 shows the simulated reflection coefficients of the loop antennas with different radius over
circular HIS, which indicates that the resonant frequency decreases with radius R increasing. Also, it is
obvious that the antenna can achieve beam steering in all these frequencies. The gains of the antenna
are shown in Figure 10, the simulated peak gains in different states of m =0, 3,7, 12 at 0.5 THz are 0.65,
1.33,1.99, and 3.23 dBi, respectively.
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Figure 8. Simulated reflection coefficients with different high impedance units.
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Figure 9. Simulated reflection coefficients of the loop antennas with different radius.
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Figure 10. Simulated gains with different high impedance units.

Finally, Table 1 lists the key data of the proposed and those reported graphene antennas. Although
the beam tilt angle in the elevation plane is relatively slighter, the proposed antenna can achieve beam
steering in both the elevation and the azimuth plane.

Table 1. Performance of the proposed graphene antenna.

Resonant . . Beam Scan Azimuth Plane
Ref. Frequency (THz) Gain (dBi) Angle (°) Scan
[6] 1.2 5.6 (—150-150)
[19] 1.1 1.08 (0-360)
[20] 2.6 4 (-=70-70)
[27] 0.9 4 (—-30-30)
Proposed 0.5 3.2 (-10-10) v

4. Conclusions

In this paper, a novel 3D multi-beam steering THz loop antenna based on the switchable circular
HIS is proposed. The antenna can achieve beam steering in both the elevation and the azimuth
plane. Switching the states of the different graphene-based HIS unit cells between the high and
low-impedance, the antenna is capable of steering THz main beam in 25 directions (6 € {0°, +5°,
+10°}; ¢ € {0°, 30°, 60°, 90°, 120°, 150°}). Furthermore, the proposed design may be also applicable to
other complex graphene-based wireless communication systems and graphene-based THz devices for
different applications.
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