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Most of existing metasurfaces usually have limited channel behavior, which seriouslyhinders their development and
application. In this paper, we propose a multi-channel terahertz focused beam generator based on shared-aperture metasur-
face, and the generator consists of a top square metal strip, a middle layer of silica and a metal bottom plate. By changing
the position and size of the shared-aperture array, the designed metasurface can generate any number of multi-channel
focusing beams at different predicted positions. In addition, the energy intensity of focusing beams can be controlled. The
full-wave simulation results show that the metasurface achieves four-channel vortex focused beam generation with different
topological charges, and five-, six-, eight-channel focused beam generation with different energy intensities at a frequency
of 1 THz, which are in good agreement with the theoretically calculated predictions. This work can provide a new idea for

designing the terahertz multichannel devices.

Keywords: terahertz wave, multi-channel, shared-aperture, focused beam
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1. Introduction

As a simple and effective method to control electromag-
netic waves, coding metasurfaces have attracted extensive at-
tention in recent years.!!™* By pre-arranging coding elements
with different amplitudes and phases based on periodic or ape-
riodic laws, coding metasurfaces achieve radar cross section
(RCS) noise reduction,>®! focusing,!”-8] beam splitting, 1%
vortex,!!"1?] etc. For example, in 2020, Han et al. designed
a metasurface composed of an inner rectangular ring and an
outer Jerusalem cross structure combining “C” shaped branch
to realize the RCS reduction function.!'3 Fu et al. proposed a
metasurface based on C-shaped symmetric split ring with the
central cross-shaped metal structure to generate the suppres-
sion of RCS.['*! Shen et al. arranged a silicon column struc-
ture with graphene electrode to realize an adjustable focus-
ing imaging.!">! Zhou et al. also used silicon column structure
with external graphene electrode to generate adjustable the po-
sition and number of focused beams.[!®! In 2021, Gu et al.
demonstrated a multi-layer metasurface made of anisotropic
rectangular patches and cross metal strips to produce split-
ting vortex beam.!!”! Zheng et al. used a silicon dielectric
square column metasurface based on propagation phase and
Pancharatnam—Berry (PB) phase theorem to achieve annular
radiation.['8! In 2022, Zhou and Song employed “I”” shaped
metal structure according to the octagonal spiral sequence
to control the vortex beam topological charges by changing

1191 However, the above-

the Fermi energy level of graphene.
mentioned metasurfaces usually have only a single channel
and limited functions. A few metasurfaces often require com-
plex calculations to achieve multi-channel functionality, and

most of these metasurfaces mainly operate in an infrared or
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microwave frequency band.!?*>? And composite multichan-
nel and multifunctional focused beam generators based on re-
flective metasurface in a terahertz region are rarely reported.
In this article, we propose a coding metasurface with shared-
aperture nesting and parallel connection, which can generate
any number of focused beams at any position. By changing
the size of the shared aperture array, the designed structure
can also control the energy intensity of the focused beam.
Here, the proposed multichannel terahertz focused beam
generator consists of a square metal bar layer and a metallic
bottom plane layer, between which a silica substrate is sand-
wiched. The simulation results shows that complete 27 phase
coverage can be obtained in a frequency ranging from 0.8 THz
to 1.2 THz by independently rotating the metallic strip struc-
tures for normally incident RCP (right circularly polarized)
wave. And then, we design the vortex focus metasurface with
a focus length of F = 1000 um for the topological charges of
| = +1 and [ = 2. Furthermore, we also realize four-channel
focused beam and vortex focused beam generation with dif-
ferent topological charges. Moreover, by replacing part of the
array group with a shared-aperture array method, the designed
metasurface generates five-, six-, and eight-channel focused
beams with different energy intensities. The numerical simu-
lation results are in good agreement with the theoretical pre-
dictions. Our structure provides a new method of designing
terahertz multichannel mesurface-based devices, which can
greatly extend the functions and the application scope of meta-
surface. This structure also provides a new method of manip-

ulating the terahertz wave communication and detection.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Structure design

Figure 1 shows a schematic diagram of the multi-channel
terahertz focused beam generator based on a shared-aperture
principle. When RCP wave is incident along the —z-axis di-
rection, the matasurface produces multiple channels reflected
LCP focusing beams. The unit-cell is composed of a top
square metal strip, an intermediate dielectric layer, and a bot-
tom metal plate, as shown in Figs. 1(b) and 1(c). The dielec-
tric substrate layer is of silicon dioxide with a dielectric con-
stant of 3.9 and loss angle of 0.0004.123! The metallic parts
in top layer and bottom layers are of gold with a conductivity
of 4.6x107 S/m and a thickness of 1 um. By using the com-
mercial software CST Microwave Studio, we simulate and op-
timize the electromagnetic transmission amplitude and phase
response of the unit cell. The optimized geometric param-
eters of our proposed unit-cell are as follows: a = 10 um,
b =90 um (Here, the parameter scanning results are dis-
played in Figs. 2(a) and 2(b)), and the period of the unit cell
P =100 um. In addition, the thickness of the silicon dioxide is
40 pum.”* In order to meet the gradient phase, eight kinds of
coding elements are designed and illustrated in Table 1, where
¢ is the gradient phase of the corresponding unit cell, and o is

the rotation angle of the unit cell along the y axis. The corre-
sponding reflection coefficient (CRC) and phases under RCP
wave incidence are shown in Figs. 2(c) and 2(d). From the
figure, one can see that the reflection coefficients of the eight
kinds of unit cells are larger than 0.9 THz at 1 THz, and the
phase spectra are parallel to each other with a phase difference
of 45°.

(a)

Silicon
dioxide

Fig. 1. (a) Function sketch, (b) three-dimensional view of unit cell, and (c)
top view of unit cell, for proposed multi-channel terahertz focused beam
generator.
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Fig. 2. Reflection coefficients versus frequency for different values of (a) reflection coefficient a, (b) phase b, (c) reflection coefficient o, and
(d) phase versus frequency.

Table 1. Top-view, gradient phase, rotation angle, corresponding reflection coefficients, and phase of 8 kinds of coding elements at frequency of 1 THz.

Unit cell 1 2 3 4 5 6 7 8
Top view [ ]
(0] 0 /4 /2 3rw/4 T Sm/4 3mw/2 Tn/4
a 0° 20° 42° 65° 90° 110° 131° 155°
CRC 0.972 0.951 0.938 0.946 0.972 0.951 0.938 0.947
Phase —69° —24° 23° 67° 111° 156° —159° —113°
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3. Simulation results and analysis where x and y represent the horizontal coordinate and ver-

tical coordinate of the unit cell, A is the working wave-

To generate a focused beam, the phase ga(x, y) of the length, F denotes the focal length. Herein, the focal length

coding metasurface need to satisfy the following relation: of the focused beam is set to F = 1000 ym, and the struc-

7 ture consists of 48x48 coding elements. Figure 3(a) gives
Pa (x,y) = T (v F24+x2+y2—F 2) ) (1) the phase distribution of the designed metasurface structure.
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Fig. 3. (a) Phase distribution, (b) top view, (c) 3D view of four-channel focused beam electric field.
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The electric field distribution in the xoy plane at the focal point
and three-dimensional (3D) electric field distribution are dis-
played in Figs. 3(b) and 3(c), respectively. The scales of the
simulated multi-channel focused beam field patterns are all
4800 wmx4800 um. Under the RCP wave normal incidence,
the designed structure generates a four-channel focused beam,
as illustrated in Fig. 3. One can see that the reflected four-
focused beams have the same electric field intensity. The elec-
tric field efficiency of the focused beam 7 can be given by

/El%Lds
= L 100%, )

where Eop is the incident RCP electric field and Egy, is the re-
flected LCP wave electric field. According to Eq. (2), we can
obtain that the electric field efficiency of four-channel focused
beam is 33.0%.

Furthermore, we design a four-channel vortex focusing
metasurface based on parallel array by combining the convolu-
tion theorem. In order to realize the vortex focusing function,
the distribution law of the phase @g(x, y) can be expressed as

og (x,y) =1 -tan™! (X) + a—ﬂ (\/m—F2> , 3

X

where [ is the topological charges of the vortex beam. Fig-
ure 4 illustrates the electric field, phase and mode purity of
vortex focusing beam for the topological charges of I = +1
and £2 with a focal length of F = 800 um at frequency of
1 THz. From the figure, one can see that the phase of the vor-
tex focusing beam rotates counterclockwise as the topological
charges are positive. Likewise, when the topological charges
are negative value, the phase of the vortex focusing beam ro-
tates clockwise. Furthermore, the mode purities of the vor-
tex focusing beam with topological charges [ = +1 and +2
are 87.46%, 87.01%, 86.47%, and 78.31%, respectively. It is
worth noting that the electric field diagram of the vortex fo-
cused beam is a ring with a dark spot in the center. The more
the topological charges, the bigger the dark spot is. It is be-
cause the OAM vortex beam has a phase singularity, which
causes the center field of the vortex beam to approach to 0.
Figure 5(a) shows four vortex focusing metasurface arrays.
The electric field and phase at the focal length are displayed
in Fig. 5(b). Obviously, the topological charges of vortex fo-
cusing beam in the upper-left channel, upper-right channel,
lower-left channel and lower-right channel are [ =1, —1, 2,
and —2, respectively. And then, the corresponding electric
field intensities are 3.1 V/m, 3.0 V/m, 2.7 V/m, and 2.6 V/m,
respectively. The electric field efficiency of four-channel fo-
cused vortex beam is 55.5%. Their corresponding phases are
shown in Figs. 5(c)-5(f). In addition, from Fig. 5(b), one can
see that the vortex focusing beam has an annular profile. The

diameter of the vortex focusing beam with topological charges
of [ = %1 is significantly smaller than that of the vortex focus-
ing beam with topological charges of / = +2. It also verifies
that the size of the vortex focusing beam depends on the topo-
logical charges.

Electeic field intensity (V/m)

Vortex focusing beam phase

Fig. 5. (a) Phase distribution of four-channel metasurface, (b) electric field
strength of four-channel vortex focused beam, vortex focused beam phases
with different topological charges of / =1 (¢), —1 (d), 2 (e), and —2 (f).

To expand the channel number of the focused beam, a
multi-channel terahertz focusing beam metasurface is pro-
posed by combining the shared-aperture interlace cascade and
array parallel arrangement. The shared-aperture metasurface
consists of multiple interlaced sub-arrays, which share the
same aperture of the metasurface. Each sub-array carries a
geometric phase profile, which can stimulate different spatial
channels for different functions. In order to obtain favorable
performance, it is desirable to arrange sub-arrays regularly or
randomly in an interlaced manner, rather than aggregate the
unit cells of sub-arrays in local areas. Typically, in order to
maintain relatively equal energy in each channel, different sub-
arrays need to contain approximately the same number of unit
cells. Figure 6 provides a schematic diagram of the principle
of multi-channel functional multiplexing metasurface combin-
ing array parallel and shared-aperture. Figure 6(b) displays the
middlepart phase distribution of the four-channel focused par-
allel array (see Fig. 6(a)), and Fig. 6(c) shows the phase dis-
tribution of the focusing beam with focal length F =1000um.
The two sub-arrays are staggered according to the following
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relation:

MOd(|l_.]|7N):O,

Mod(|i—j|,N) =1,
(Ji—J1,N) W

¢(i,j) = on(i,j), Mod([i—j|,N)=N—1,

where N represents the number of sub-arrays which are used
to constructe the main array, @'—¢@" denote the phase distri-
bution of the 1st to Nth sub-arrays, i and j are the position of
the corresponding unit cell along x axis and y axis in the array,
respectively. Figure 6(d) gives the phase distribution between

the main array and the sub-array for N = 2. Here, the sub-array

0 denotes the array in Fig. 6(b), and the sub-array 1 is the ar-
ray in Fig. 6(c). The two-dimensional (2D) electric field inten-
sity of the five-channel focused beam generated by the shared-
aperture parallel array is shown in Fig. 6(g). Figure 6(h) dis-
plays 3D electric field distribution of the five-channel focusing
beam. As can be seen from the figure, the electric field inten-
sity of the focused beam in upper left, upper right, lower left
and lower right channel are 4.4 V/m, 4.2 V/m, 4.3 V/m, and
4.4 V/m respectively. In addition, the electric field intensity of
the focused beam in the middle channel equals 3.4 V/m. The
electric field efficiency of five-channel focused beam is 43.4%.

==
= |O(F|O |- |N

510

Electeic field intensity (V/m)

Fig. 6. (a) Phase distribution of four-channel focusing metasurface, (b) middle-part phase distribution of the four-channel focusing metasurface (black
dash-line), (c) single-focusing metasurface, (d) dual-channel shared-aperture array pattern, (e) middle-part phase distribution of the five-channel focusing
metasurface, (f) phase distribution of five-channel focusing metasurface, (g) 2D and (h) 3D electric field intensities of the five-channel focusing beam.

Figure 7(f) illustrates the phase configuration diagram
of the six-channel focusing beam metasurface, in which the
phase configurations of the middle-up part and middle-low
part are shown in Fig. 7(e). In fact, the middle-part phase
configuration can be obtained by staggered cascade arrange-
ment of the metasurface arrays (i.e. Figs. 7(b) and 7(c)) based
on shared-aperture. The electric field distribution of the six-
channel focusing beam with a focal length of 820 um is given
in Fig. 7(g). Figure 7(h) shows 3D electric field distribution of
the focused beam. One can see that the electric field intensity
of the focused beam in upper left, upper-right channel, lower-
left channel, and lower-right channel are 3.7 V/m, 3.7 V/m,
3.6 V/m and 3.7 V/m, respectively. In addition, the electric
field intensity of the middle and upper channels are 2.84 V/m
and 2.83 V/m, respectively. The electric field efficiency of six-
channel focused beam is 24.2%.

Furthermore, by replacing the intermediate array in Fig. 6
with a four-channel focusing parallel array, we obtain an eight-
channel focusing beam. Figure 8(f) shows the phase diagram
of the eight-channel focusing beam metasurface. The phase
distribution of the middle array part is displayed in Fig. 8(e).
We can find that the array based on 24 x24 unit cells is gen-
erated by the middle part of the four-channel focusing array
(see Fig. 8(b)) and the four-channel focusing parallel array
(see Fig. 8(c)) by using shared-aperture principle. The elec-
tric field distribution of the eight-channel focusing beam with
a focal length of 760 pum is displayed in Figs. 8(g) and 8(h),
which is in good agreement with the theoretical result. As can
be seen from the figure, the focusing beam electric field inten-
sity of the upper-left channel, upper-right channel, lower-left
channel, and lower-right channel of the outer ring are 6.1 V/m,
5.8 V/m, 5.8 V/m, and 5.9 V/m, respectively. Furthermore, the
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focused beam electric field intensity of the upper-left channel, = channel focused beam is 62.9%. The proposed metasurface
upper-right channel, lower-left channel, and lower-right chan-  arrangement method based on shared-aperture can not only
nel of the inner circle are 1.9 V/m, 1.8 V/m, 1.9 V/m, and  generate any number of focused beams at any position, but
1.9 V/m, respectively. The electric field efficiency of eight- also control the energy intensity of focused beams.

(d)
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Fig. 7. (a) Phase distribution of four-channel focusing metasurface, (b) middle-up-part phase distribution of the four-channel focusing metasur-
face (black dash-line), (c) single-channel focusing metasurface, (d) dual-channel shared-aperture array pattern, (¢) middle-part phase distribu-
tion of six-channel focusing metasurface, (f) phase distribution of six-channel focusing metasurface, (g) 2D and (h) 3D electric field intensities
of six-channel focused beam.
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Fig. 8. (a) Phase distribution of four-channel focusing metasurface, (b) middle-part phase distribution of the four-channel focusing metasurface
(black dash-line), (c) four-channel focusing metasurface (2400 pmx2400 pum), (d) dual-channel shared-aperture array pattern, (e) middle-part
phase distribution of eight-channel focusing metasurface, (f) phase distribution of eight-channel focusing metasurface, (g) 2D and (h) 3D
electric field intensity planes of eight-channel focused beam.
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4. Conclusions

In this work, a metasurface based on shared-aperture is
proposed to generate multi-channel terahertz vortex focused
beam and multi-channel terahertz non-vortex focused beam.
The patterned unit cell structure consists of a top square metal
strip layer, a middle silicon dioxide layer, and a bottom metal-
lic plate. Full-wave simulation results and theoretical calcula-
tion results show that the metasurface generates multi-channel
focused LCP wave at 1 THz for a normally incident RCP
wave. Through parallel array arrangement, the proposed meta-
surface achieves four-channel vortex focused beam generation
and four-channel vortex focused beam generation with dif-
ferent topological charges [ = +1, and / = 2. Further, by
replacing part of the area in the parallel array group with a
shared-aperture array, the proposed metasurface realizes five-,
six- and eight-channel focused beam generator with different
energy intensities. The shared-aperture metasurface paves the
way for designing the multi-channel terahertz devices.
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