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We propose a novel metasurface based on a combined pattern of outer C-shaped ring and inner rectangular ring. By
Fourier convolution operation to generating different predesigned sequences of metasurfaces, we realize various function-
alities to flexible manipulate terahertz waves including vortex terahertz beam splitting, anomalous vortex terahertz wave
deflection, vortex terahertz wave splitting and deflection simultaneously. The incident terahertz wave can be flexibly con-
trolled in a single metasurface. The designed metasurface has an extensive application prospect in the field of future

terahertz communication and sensing.
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1. Introduction

In recent years, metasurfaces have been gradually de-
veloped from passive response to active control of electro-
magnetic wave. Different manipulation methods have been
explored including external applied electronic field, optical
pumping, temperature control, and so on. Various control-
lable devices based metasurface have been developed.!!=>! Al-
though these reported studies have increased the freedom of
metasurface regulation, they have many additional require-
ments on the composition of materials, structural design or
working environment, which hinder the metasurface applica-
tion in active control electromagnetic wave. In order to reduce
the demand for external condition of controllable metasurface,
Cui et al.!%! proposed the concept of digital encoded meta-
surface to realize electromagnetic wave regulation by means
of digital coding in microwave region.!”-13! Furthermore, in
2016, Cui et al.['* introduced the Fourier convolution theorem
in digital signal processing into the coding metasurface. By
convolution two different coding sequences, electromagnetic
wave regulation with any scattering angle was obtained and
further improved the regulation flexibility of the coding meta-
surface. More recently, the vortex beam carrying orbital angu-
lar momentum (OAM) has become a important mean of elec-
tromagnetic wave regulation. It can be widely used in modern

g [15-19

communication system 1 At present, most of the orbital

angular momentum research is focused on the generation of
vortex beams from microwave to optical wave regimes.[2%-2]
But, there are few literature on terahertz vortex beam gener-
ator. Furthermore, metasurface combined with Fourier con-
volution becomes more meaningful for terahertz vortex beam
regulation.

In this paper, we propose a new metasurface based on

a combined pattern of outer C-shaped ring and inner rectan-
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gular ring. By usign Fourier convolution operation, the pro-
posed metasurface can control vortex terahertz wave splitting,
anomalous vortex terahertz wave deflection, and manipulate
vortex terahertz wave splitting and deflection simultaneously.
The simulation results are consistent with the theoretical pre-
dictions. The study shows that the flexible manipulation of
terahertz vortex beam has a very high application prospect
for improving the capacity of terahertz communication system
and the sensitivity of terahertz sensing.

2. Convolution operation metasurface

The matesurface sequence is equivalent to the time signal
in digital signal processing, while far-field scattering of the
metasurface is similar to the frequency domain in digital sig-
nal processing. The product of two signals in the time domain
can can be converted to the convolution of two signals in the
frequency domain, and the digital convolution theorem can be
calculated by

£(0)-8(t) < f() - g(w). (1)

The near-field distribution and far-field scattering intensity
distribution of metasurface are Fourier transform pairs, there-
fore, the time signal 7 and frequency signal ® in Eq. (1) can
be replaced by x; and sinf. Then equation (1) can be further
expressed as

F(x2)-g(x2) €5 f(sin6)-g(sin6). )

In which x; =I"/A is the electrical length. Fortunately, equa-
tion (2) can be simplified as a frequency-shift function when
the g(®) becomes a Dirac-delta function

£(6) - & f(@)-8(0— o) = f(@— ), (3
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where e/ ig the time-shift item in time domain, and its fre-
quency spectrum expression is 6(®). Equation (3) reveals
the convolution of a spectrum function f(®) with an impulse
function 6(®w — ), which will cause the spectrum function
f(w) to shift by @ in the frequency domain. Similarly, the
far-field scattering pattern of the metasurface can be obtained
as

flxy)-&5fu L p(sing) - §(sin@ — sin @)
= F(sin0 —sin6y), 4)

where the item e/*"%2 describes the metasurface with unity
scattering amplitude and gradient phase distribution. Equa-
tion (4) demonstrates the product of an initial coded meta-
surface sequence and an encoded metasurface sequence with
gradual phase distribution causes the metasurface far field
scattering pattern to deviate from its initial scattering direction.
The sum of two encoding metasurface sequences of f(x; ) and
elsin®¥1 generates a new encoding sequence f(x; ) -el®inf¥a,
The scattering angle of this new coded sequence can be given
by 6’ =sin~! (sin ) +sin 6,), where 6, and 6, are the scatter-
ing angles of two initial coding sequences. Likely, two coded
metasurface sequences of f(x;) and e/*"%*2 can also be sub-
tracted. In addition, the new scattering angle 6 and ¢’ can be
obtained for Fourier convolution of two orthogonal gradient-
encoded sequences as

o —sin! (st 0y +sin 2 ). )

)
o' = tan~! (sm 62) . (6)

Sin2 91

As mentioned above, the beam scattering can be adjusted in
arbitrary direction on Fourier convolution operation metasur-
facce. In this article, the coding sequence of generation vortex
beam can be added to the gradient coding sequence construct a
new coding sequence by Fourier convolution operation, which
can flexibly manipulate the vortex terahertz beam in transmis-
sion mode.

3. Fourier convolution operation metasurface

Figure 1(a) shows three-dimensional (3D) schematic dia-
gram of the designed Fourier convolution operation metasur-
face element, which consists of metallic bottom layer, poly-
imide dielectric middle layer, and metallic pattern layer, re-
spectively. The optimized dimensions of the coding element
are as follows: a =60 um, b =56 um, ¢ =30 um, d =26 um,
p = 100 um. Here, the polyimide has relative permittivity
€ = 11.9 with thickness of # =49 um. Both the top and bottom
gold patterns have a thickness of 200 nm. Figure 1(b) displays
the top view of coding element by rotating orientation angle
(o) of the metallic pattern. For 2-bit coding metasurface, the
rotation angle (&) of the coding element varies from 0° to 180°
with step width of 22.5°. Figure 1(c) illustrates schematic di-
agram of multi-function terahertz metasurface. Figures 2(a)

and 2(b) show the reflection amplitude and phase of coding
particles of “0”, “17, “2”, and “3” under circularly polariza-
tion incidence. One can clearly see from Fig. 2(a) that the
reflection amplitudes of the four coding unit cells labeled with
numbers “0” to “3” exceed 0.8 at frequency range of 0.6 THz—
0.9 THz. Figure 2(b) illustrates the four coding unit cells fully
cover the 180° phase range with a 90° interval by changing
rotation angle (o) at 0.5 THz-1.2 THz.

(a) (b)

Fig. 1. Coding element structure: (a) 3D plot of coding element; (b) top
view of the coding element with rotation angle ¢; (c) schematic diagram of
multi-function terahertz metasurface.
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Fig. 2. Reflection amplitude and phase under circularly polarization inci-
dence. (a) reflection amplitude; (b) reflection phase.
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3.1. Terahertz vortex beam splitting manipulation

To generate a vortex beam, the metasurface needs to meet
the spiral phase distribution of 2nA¢@ = 2xl. Where 1 is the
topological charge that can be taken as any integer, and 2n
means the 27 area divided into 27 /2n. The phase difference
between adjacent areas is fixed at A@. According to the gen-
eralized Snell’s law and the far-field function of metasurface
scattering, the relation among the azimuth angle (@) of re-
flected terahertz beam, the length and width (Dx and Dy) of
the unit cell can be calculated by ¢ = +arctan(Dx/Dy) and
¢@ = 1+ arctan(Dx/Dy). The pitch angle (6), which is re-
lated to the corresponding terahertz wavelength (1) in free
space and the length of a gradient periodicity, can be given
by 6 = arcsin(A/T").

@2
dB
3 2 0
+ —
(a) (b) (c)

N

Fig. 3. Vortex terahertz beam spitting control. (a)—(c) Coding patterns opera-
tion on 2-bit metasurface. (d)—(f) Related 3D scattering fields of two terahertz
vortex beams. (g)—(i) Coding patterns operation on 2-bit metasurface. (j)—(1)
Corresponding 3D scattering pattern of four terahertz vortex beams.

Figure 3 shows the reflection vortex terahertz beam split-
ting by Fourier convolution operation on 2-bit metasurface
As presented
in Figs. 3(a)-3(c), one can noted that the Fourier convolu-

under the normal incidence terahertz wave.

tion operation between the vortex terahertz beam coding se-
quence and the “0000222220000222222- - -” coding sequence
arranged along the x axis obtains two vortex terahertz wave
coding sequences. The 3D scattering fields of two tera-
hertz vortex beams under right-handed circularly polarized
(RCP) (left-handed circularly polarized (LCP)) at frequency
of 0.68 THz are vertically incident on the designed metasur-
face, as clearly exhibited in Figs. 3(d)-3(f). As displayed
in Figs. 3(g)-3(i), it can be observed that the Fourier con-
volution operation between the generated vortex terahertz

beam coding sequence and the coding sequence arranged in
“00001111---/22223333.--” generates four terahertz vortex
wave coding sequences. The corresponding 3D far-field scat-
tering patterns of four terahertz vortex beams at frequency of
0.68 THz are depicted in Figs. 3(j)-3(1). Figures 4(a) and
4(b) describe the two-dimensional (2D) electric field inten-
sity distributions of two and four vortex terahertz beams, re-
spectively. It can be seen from the figure that the incident
terahertz wave produces two reflected terahertz vortex beams
(6 = 33°, ¢ =0°, 180°) and four reflected terahertz vortex
beams (60 = 33°, ¢ = 0°, 90°, 180°, 270°). The correspond-
ing 2D scattering patterns of vortex terahertz beams as shown
in Fig. 5. Figure 5(a) gives the 2D scattering pattern of two
beams at the azimuth angle of 0°. Figure 5(b) shows the 2D
scattering pattern of four beams at the azimuth angle of 0°.
According to Figs. 3 and 4, one can see that the number and
reflection direction of terahertz vortex beams are controlled by
the convolution operation coding metasurface.

dB (b)

|

—20 —20

Fig. 4. Electric field intensity distributions of vortex beams: (a) two vortex
beams, (b) four vortex beams.

0

Normalized scattering pattern (dB)

-90 —60 -30 0 30 60 90
0()

(b) =0

Normalized scattering pattern (dB)

L 1 L 1 L L
-90 —-60 —30 0 30 60 90

—40

()

Fig. 5. 2D scattering patterns of vortex terahertz beams: (a) two vortex beams
at the azimuth angle of 0°; (b) four vortex beams at the azimuth angle of 0°.
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3.2. Terahertz vortex beam anomalous deflection manipu-
lation

Figure 6 shows the deflection control of reflected ter-
ahertz wave vortex beam on a Fourier convolution opera-
tion 2-bit metasurface. As depicted in Figs. 6(a)-6(c), one
can find that the coding patterns of generating deflected ter-
ahertz vortex beam is obtained by Fourier convolution of
“000111222333---” coding sequence arranged along the y

e s dB R
3 2
"= 1L
(a) (b) (c)

(d) (e) ()

Fig. 6. Vortex terahertz beam anomalous deflection control: (a)—(c) coding
patterns operation on a 2-bit metasurface; (d)—(f) 3D scattering fields of de-
flected vortex terahertz beam.

@) (b)
1 s
0
0 -7

Fig. 7. Near-field and phase distributions of the proposed coding pattern in
Fig. 6(b), (a) normalized intensity distribution; (b) phase distribution.

—10
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—40 : :
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Fig. 8. Electric field intensity distributions and 2D scattering pattern of tera-
hertz vortex beams. (a) Electric field intensity distributions, (b) 2D scattering
pattern of the deflected vortex beam at the azimuth angle of 0°.

axis and the generation of terahertz vortex beam coding se-
quence. Figures 6(d)-6(f) illustrates the 3D far-field scatter-
ing pattern of deflected terahertz vortex beam at frequency of
0.68 THz under the incident RCP (LCP) terahertz wave on
the proposed metasurface. Figures 7(a) and 7(b) display the
normalized intensity distribution and the phase distribution of
coding pattern in Fig. 6(b) respectively. Electric field inten-
sity distributions and 2D scattering pattern of vortex terahertz
beams are shown in Fig. 8. Figure 8(a) illustrates the electric
field intensity distributions of deflected terahertz vortex beam
and figure 8(b) describes the 2D scattering pattern of deflected
terahertz vortex beam at the azimuth angle of 0°. From Figs. 7
and 8, one can noted that the terahertz vortex beam deflection
can be controlled by the convolution operation of the vortex
terahertz beam coding sequence and the gradient coding se-
quence.

3.3. Terahertz vortexbeam splitting and deflection manip-
ulation simultaneously

In addition, we can observe clearly from Fig. 9 that
the incident terahertz wave generates the reflected terahertz
vortex beam splitting and deflection control simultaneously.
As shown in Figs. 9(a)-9(d), it can be noted that the cod-
ing patterns of generating two deflected vortex beams is ob-
tained by Fourier convolution operation of the coding se-
quence “00112233---” arranged along the x direction, the
coding sequence “000022222000022222.--” arranged along
the y direction and the coding sequence generated terahertz
vortex beam. Under the RCP (LCP) terahertz wave nor-
mal incidence, the related 3D far-field scattering patterns
of two deflected terahertz vortex beams at frequency of
0.68 THz are exhibited in Figs. 9(1)-9(1). As presented in
Figs. 9(e)-9(h), we observe that the coding patterns of gen-
erating four deflected vortex beams is obtained by perform-
ing Fourier convolution operation of the coding sequence
“000011122223333.--” along the x direction, the coding se-
quence “000000222222- - -/222222000000- - - and the coding
sequence generated terahertz vortex beam. The correspond-
ing 3D scattering far-fields of four deflected terahertz vortex
beams at frequency of 0.8 THz, as displayed in Figs. 9(m)—
9(p). When the terahertz wave is perpendicularly incident on
the metasurface composed of the coding sequence in Fig. 9(d),
the incident terahertz wave generates two reflected terahertz
vortex beams with a deflection angle of 33° (see Fig. 9(1)).
At this time, the deflection angle of 33° is controlled by the
“0000222220000222222- - - coding sequence arranged along
the y axis. Similarly, when the terahertz wave is perpendic-
ularly incident on the metasurface composed of the coding
sequence in Fig. 9(h), four reflected terahertz vortex beams
are generated with a deflection angle of 18° (see Fig. 9(p)),
which is controlled by the “000011122223333.--” coding se-
quence arranged along the y axis. Figures 10(a) and 10(b)
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show the two-dimensional electric field distribution of two and
four vortex terahertz wave deflections, respectively. It can be
seen clearly from the figure that both two and four terahertz
vortex beams deviate from the center point. It can be found
from Figs. 9 and 10 that the convolution operation between the
vortex terahertz beam coding sequence and different coding
sequences can generate multiple terahertz wave vortex beams
with different deflective scattering angles.

@2 3

IIII % m

Z OF

b&&

Fig. 9. Vortex terahertz beam splitting and deflection control. (a)—(h) Cod-
ing patterns operation on a 2-bit metasurface. (i)—(l) Related 3D scattering
fields of two deflected vortex terahertz beams. (m)—(p) Corresponding 3D
scattering fields of four deflected vortex terahertz beams.

g
-

—20

Fig. 10. Electric field intensity distributions of vortex terahertz beams. Two
beams (a), four beams (b) deflected vortex terahertz wave beams.

4. Conclusion

In summary, we proposed a novel Fourier convolution op-
eration metasurface, which is made of bottom metal layer, in-
termediate dielectric layer, and top metal pattern with a com-
bined pattern of outer C-shaped ring and inner rectangular
ring. A coding sequence generated by Fourier convolution,
the presented metasurface can realize multi-function manipu-
lation for the incident terahertz wave, such as multi terahertz

beams, terahertz vortex beam with arbitrary scattering angle,
and multi terahertz vortex beam with a certain deflection angle.
The study provides a new idea for flexible control of terahertz
vortex beam, and also offers an effective method for terahertz
wave manipulation.
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