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Transmission characteristics of multilayer metal
polarization insensitive metasurface
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A polarization insensitive encoding Huygens metasurface is proposed. A multilayer symmetric metal structure is proposed to
construct a transmission-coded metasurface because the single-layer metal structure cannot realize the all-phase control of
the unit structure. In order to optimize the design of the eight element structures with the abrupt phase interval of /4 and
high transmittance, three different structures of square, circular and circular metal patches were optimized to construct the
unit structures. The phase of the periodic element structure was changed by changing the length of the square metal patch,
the size of the inner and outer frame of the circular metal patch and the radius of the circular metal patch. Based on the S-
parameter inversion algorithm, we calculated the effective impedance, dielectric constant and effective permeability of the
three cell structures, which provides the physical mechanism basis for the interpretation of beam regulation of coded
metasurface. In order to realize the beam control characteristics of Huygens coded metasurface, we first arrange the optimally
designed unit structures into an ordered array structure. The near-field and far-field scattering characteristics of coded arrays
are calculated by finite element method. In order to further realize the free regulation of far-field scattered beam, Fourier
convolution principle in digital signal processing is introduced. Fourier convolution addition operation is carried out on two

different coded metassurface sequences to realize the free regulation of scattered beam.
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1. Introduction

Metasurface is a kind of artificial special material
structure composed of sub-wavelength unit structure
arranged in a certain order (1-8]. Because metasurface has
electromagnetic field characteristics different from surfaces
composed of other materials [9,20], it can adjust and control
electromagnetic wave by changing the material, thickness,
cycle length, arrangement sequence, number of structural
layers and rotation angle of unit structure [21,30].
Compared with the surface composed of ordinary materials,
the metasurface has smaller thickness, more variable shape,
easy processing and low loss, low absorptivity for incident
materials and easy integration of surface shape [31,40].

Huygens metasurface is an efficient artificial
electromagnetic surface based on Huygens equivalence
principle. Compared with other metasurfaces [41,56] the
Huygens metasurface has better electromagnetic properties,
because the Huygens metasurface contains both electric and

magnetic resonators. By adjusting these two resonators, the
Huygens metasurface can obtain different electromagnetic
characteristics. Huygens metasurface, also known as the
equivalent impedance surface, can manipulate the
amplitude, phase and polarization of electromagnetic waves.
Huygens metasurface is widely used in beam deflectors,
vortex beams and polarization controllers. In 2014, the
concepts such as "coded metasurface" and "programmable
metasurface" were proposed successively [57]. By means
of digital control, taking the most basic assembly language
binary as an example, the unit structure corresponding to 0°
phase can be regarded as "0" in binary, and the unit structure
corresponding to 180° phase can be regarded as "1" in
binary. Thus, the regulation of electromagnetic wave can be
realized by digital method. Compared with traditional
metasurface, digital coded metasurface control is flexible
and easy to operate in electromagnetic wave field.

Here, we encode the Huygens metasurface unit
structure to construct the coded Huygens metasurface. At
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present, all-dielectric materials are generally used in the
design process of most transmission-type metasurface
element structures. However, all-dielectric material
structures require the use of electron beam lithography. The
unit structure of metal materials has certain advantages in
the preparation process. However, it is difficult for single-
layer metal structures to achieve 360° phase change. We
propose a multi-layer metal structure that can achieve 360°
phase change. The direction control of transmitted beam
mainly applies the generalized Snell's law, but the direction
control of beam transmission is limited, because the cell
structure needs gradual arrangement. In order to realize the
free control of transmitted beam, we introduce the Fourier
convolution operation of coded Huygens metasurface.

Fourier coding convolution principle can realize
continuous angular scanning by using finite number of state
coding units [58,61]. Thanks to the Fourier transform
relationship between the encoding pattern of the encoding
metasurface and its far-field orientation pattern, they
innovatively apply the convolution eigenvalue in signal
processing to the regulation of the far-field orientation
pattern, that is, by superimposed another gradient encoding
sequence on the existing encoding pattern, the far-field
radiation orientation pattern can be deflected towards a
certain design direction. This operation of rotating the far-
field pattern to a larger angle is similar to the process of
moving the baseband signal to the high-frequency carrier by
the Fourier transform. By superimposing different periodic
coding patterns, the far-field pattern can be deflected to
multiple directions almost lossless, showing the strong and
flexible control ability of the designed coding scheme for
electromagnetic waves.

2. Encoding Huygens metasurface unit
structure

Usually, metasurface is studied from the physical level,
such as surface dielectric constant, surface impedance,
amplitude, phase and other parameters of metasurface to
characterize the electromagnetic characteristics of the
interface [62,79]. Recently, the concepts of digital coding
metasurface, reconfigurable digital metasurface and
information metasurface have been proposed. The sequence
metasurface is formed by the arrangement of the phase
discontinuous element structure, which can quickly change
the reflection, transmission and scattering of the beam
through the metasurface. Most of the current research
focuses on 1-bit, 2-bit, and 3-bit coded metasurfaces. 1-bit
is composed of two structures with phase differences of
180°, with "0" representing 0° and "1" representing 180°. 2-
bit is a unit structure with four codes of "00", "01", "10" and

"11" respectively representing four phase differences of 90°.
The 3-bit is a structure consisting of eight codes "000",
"0o1", "o1o", "011", "100", "101", "110", and "111"
representing eight units with a phase difference of 45°. The
smaller the phase difference of the unit structure of the
encoding metasurface is, the more flexible the beam
regulation is, making the phase regulation close to the
continuous phase. The proposed encoding metasurface
makes metamaterials more informationized and become the
carrier of more information. Fig. 1 shows a schematic
diagram of a polarimetric insensitive Huygens metasurface.
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Fig. 1. Schematic diagram of polarimetric insensitive Huygens

metasurface (colour online)

In order to achieve polarization insensitivity, we
designed the cell structure to be center-symmetric with the
same dimensions in the X and Y directions. We adopted
three different three-layer structures, as shown in Fig. 2, to
achieve 3-bit coding design. The spacing layers of the three
different unit structures are the same size and thickness, and
only the shape and geometric parameters of the three layers
of metal patches are different. The unit structure is
composed of two spacer layers and three layers of metal.
The spacer layer is a benzocyclobutene (BCB) layer with
dielectric constant & =2.67 and tangential loss of
tand=0.012. The metal material is gold material. The two
spacer layers are square structures with side length
a=150pum and thickness d=20um. The thickness of metal
patch is t=0.2um. The side length of the square metal patch
is b, the radius of the circular metal patch is R, the side
length of the outer frame of the circular metal patch is X1,
and the side length of the inner frame is X2. By scanning
parameters b, R, X1, X2 of the element structure of three
different metal patches, the phase coverage of 8 element
structures is 27 and the phase difference of adjacent element
structures is 45°. The specific geometric parameters of the
unit structure are shown in Table 1. For easy identification,
we coded the 8 cell structures as "0", "1", "2", "3", "4" "5"
"6", and "7". Fig. 3 shows the transmission phase and
transmission coefficient of the unit structures.
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Fig. 2. Schematic diagram of unit structure (colour online)

Table 1. Geometric parameters of unit structures.
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Fig. 3. Transmission phase (a) and transmission coefficient (b) of cell structures (colour online)

Next, we calculated the effective parameters of the cell
structures. The S parameter of the element structure is

obtained by the solver and the equivalent parameter is
calculated by the S parameter inversion algorithm. By using
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the S-parameter inversion algorithm, we can obtain the
equivalent dielectric constant €, equivalent permeability L,
impedance Z and refractive index n of the periodic structure.
A unit structure with a square patch and a side length of
38um is taken as an example, and the S-parameter inversion
algorithm is combined as [8]

n=cos'[(1 - S} +531)/2521] /kd €Y)

Z= ([ + $12)* - SEI/IA - S0 + SHD2 @)
u=nzZ, e=n/zZ 3)

where n is the refractive index of the equivalent medium, Z
is the equivalent impedance, S11 is the reflection coefficient,
S21 is the transmission coefficient, k is the incident wave
vector, and d is the thickness of the metassurface. The
equivalent parameters obtained are shown in Fig. 4, where
black represents the real part (Re) and red represents the
imaginary part (Im). The dielectric constant € is shown in
Fig. 4 (a), and the real and imaginary parts are symmetric
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with respect to the horizontal axis. In the range of 0.6 to
1.0THz frequency, the absolute value of permittivity is
close to 0, and the bound charge capacity is small. In the
range of 1.2THz frequency, the absolute value of
permittivity is close to 60, and the bound charge capacity is
large. The equivalent permeability p is shown in Fig. 4 (b).
Near the frequencies of 0.6 and 1.0THz, the absolute values
of the imaginary and real parts of the permeability of the
unit structure reach the peak. In the band of 0.65-0.95THz,
the permeability is relatively stable, and the real part
remains around 20, and the imaginary part is 0. The trend
of the equivalent impedance Z is basically the same as that
of the equivalent permeability. The equivalent impedance
has a peak near the frequencies 0.6 and 1.0THz, and a
relatively stable impedance value of approximately 2.5 is
found in the band 0.65-0.95THz. The refractive index of the
equivalent medium is shown in Fig. 4 (d). The actual part
values are all above 6.0, and the imaginary part values are
within the range of 0-1. By calculating the equivalent
parameters of these cell structures, we can gain a deeper
understanding of the physical properties of the amplitude
and phase variations of cell structures.
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Fig. 4. b=3 8 unit structure equivalent parameters (a) dielectric constant (b) permeability (c) impedance (d) refractive index

(colour online)
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Fig. 5. X1=145, X2=127 unit structure (a) dielectric constant (b) permeability (c) impedance (d) refractive index (colour online)

Fig. 5 shows the equivalent parameter of the elliptical
structure, and the dielectric constant is shown in Fig. 5 (a).
The real part and the imaginary part are symmetric about
the horizontal axis. The absolute value of dielectric constant
is close to 0 in the frequency 0.6 to 0.8THz, indicating that
the electron binding ability is weak in this band. The
absolute value of dielectric constant at the frequencies of
0.83THz, 1.24THz and 1.35THz is larger than that of other
bands, so the band has strong electron binding ability.

As shown in Fig. 5(b), the absolute value of the
equivalent permeability reaches the peak value near the
frequency of 0.68 and 1.18THz, while the absolute value of
the equivalent permeability is close to 0 in other bands. The
characteristic curves of equivalent impedance and
equivalent permeability are similar, and the absolute values
reach the peak value near 0.68 and 1.18THz, while the real
and imaginary parts of other bands are relatively stable, and
the absolute values tend to 0. The refractive index of the
equivalent medium is shown in Fig. 5 (d), where the real
part is above 3 and the imaginary part is above 0.
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Fig. 6. R=62.76 unit structure (a) dielectric constant (b) permeability (c) impedance (d) refractive index (colour online)

Fig. 6 shows the equivalent parameters of the circular
structure. The absolute value of the dielectric constant
approaches 0 in the band 0.6 to 1.0THz, and the binding
charge ability is weak. The absolute value of dielectric
constant increases gradually from 1.0 to 1.4THz, indicating
that the capacity of bound charge increases with the increase
of frequency. The absolute value of the equivalent
permeability is greater than 0 at 0.82 to 1.0THz band, and
reaches the peak value at 0.9THz, while the absolute value
of the permeability of the other bands approaches 0. The
absolute value of the equivalent impedance reaches its peak
in the vicinity of 0.7 and 0.9THz bands, while the absolute
value of the impedance in other bands is close to 0. The
refractive index is shown in Fig. 6 (d). It can be found that
the refractive index law of the circular structure is different
from that of the circular structure and the square structure.
The absolute value of the real part of the refractive index is

in the range of 0 to 6, and the absolute value of the
imaginary part is in the range of 0 to 5.

The equivalent parameters of other cell structures at the
center frequency of 0.77THz are shown in Table 2. From
the perspective of equivalent permittivity, the unit structures
encoded as "4" and "5" have greater binding charge capacity
than other unit structures. The cell structure encoded "4" has
the greatest equivalent permeability at the center frequency.
From the point of view of the equivalent impedance, the
impedance coded "1" is the largest, and the equivalent
impedance coded "6" is the smallest. From the perspective
of equivalent refractive index, the absolute refractive index
values of the unit structures encoded as "1" and "2" are less
than 1, while the other unit structures are greater than 1. The
combination of impedance Z and refractive index n can be
considered as non-zero refractive index metamaterials.
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Table 2. The equivalent parameter of the eight-cell structure at the center frequency

Unit cells | “07” “1” “27 “3” “4” “5” “6” “17
g | Re | 1.293 | 0.075 | -0.541 | -0.888 | 4.036 | 7.542 | 0.946 | 1.674
Im | 0.789 | 0.060 | 0.015 | -0.08 | -0.015 | -0.380 | -3.231 | 3.071
i | Re | 2.683 | 1.775 | -0.277 | -2.687 | 11.495 | 4.179 | -1.786 | 3.189
Im | 0.020 | 0.246 | 0.190 | 0.100 | 0.083 | 0.280 | 7.370 | -1.180
Z | Re | 1282 | 4.139 | 0.756 | 1.739 | 1.687 | 0.743 | 0.035 | 0.745
Im | -0.355 | -1.139 | -0.223 | -0.040 | 0.009 | 0.043 | 1.500 | -0.644
n | Re | 1939 | 0.383 | 0.383 | -1.545 | 6.812 | 5.624 | 4.881 | 3.229
Im | 0.553 | 0.165 | 0.165 | 0.021 | 0.011 | 0.046 | 1.305 | 1.210

3. Phase gradient Huygens coded metasurface

Firstly, the 8-unit structures are coded. The above 8-
unit structures are numbered by "0, 1, 2, 3, 4, 5, 6, 7"
respectively. The 8 structures are arranged in a
counterclockwise direction according to the phase, "0"
represents the phase of 0 (360) degrees, "1" represents the
phase of 45 degrees, and "2" represents the phase of 90
degrees. "3" represents phase at 135 degrees, "4" represents
phase at 180 degrees, "5" represents phase at 225 degrees,
"6" represents phase at 270 degrees, and "7" represents
phase at 315 degrees. Fig. 7 shows the unit structure
constructing the coded metasurface in a phase gradient
arrangement with phase increments of 45°. The cell
structure is similar to the binary encoding, "0" represents
"000", "1" represents "001", "2" represents "010", "3"
represents "011", "4" represents "100", "5" represents

"101", "6" represents "110" and "7" represents "111". The
phase difference of the 8 cell structures is 45°. The size of
the encoding metassurface is 12x12 encoding particles, and
the Y-axis direction is 1x12 identical unit structure. For the
X-axis encoding, S1=0123456701234567,
S2=0011223344556677 and other encoding modes can be
adopted.

EEm=. [0

Fig. 7. The coded metasurface was constructed in a phase
gradient arrangement with phase increments of 45° C

(colour online)
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Fig. 8. The coded metasurface diagram with sequence coding S1, (a) is the actual structure diagram of the coded metasurface, and (b) is

the digital diagram of the coded metasurface (colour online)

Fig. 8 shows the coded metasurface with sequence
encoding S1. Its three-dimensional far-field diagram is
shown in Fig. 9 (a) and far-field angle diagram is shown in

Fig. 9 (b). The period of S1 is 1200um. The theoretical
value of the abnormal transmission angle 6=18.89° can be
obtained by generalized Snell theorem, and the actual value
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of the abnormal transmission angle in far-field simulation is

'=18°. The error of numerical simulation value and
theoretical value is within the acceptable range. We can
further calculate the near-field electric field diagram and
near-field phase diagram of the encoding sequence S1. It is
shown in Fig.10. From the near-field electric field diagram
of the near-field monitoring plane y=0, it can be seen that
the incident light is parallel to the Z axis, and the outgoing
light is deflected from the positive semi-axis of Z at a
certain angle.

(a)

The actual deflection angle is 17.85°, and both errors
are within a reasonable range. In the near-field phase
diagram, it can be seen that the color distribution in the
phase diagram covers all colors from 0 to 360 degrees, so it
can be proved that the eight-unit structures cover the phase
2w in a certain order. In the near field phase diagram, it can
be seen that the phase of the eight-unit structures increases
counterclockwise on the coded metasurface. The incident
light perpendicular to the metasurface deflects when exiting,
and the deflection angle is consistent with the theoretical
value.
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Fig. 9. Diagram of far field scattering angle, (a) diagram of 3D far field, (b) diagram of far field angle (colour online)

(@)
Fig. 10. Encoding metasurface near-field electric field and near-field phase distribution, (a) near-field electric field, (b) near-field phase

(colour online)
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We calculated the energy distribution of the encoding
metasurface in each diffraction order, and the results are
shown in Fig. 11. Fig. 11 (a) is the diffraction order of TM
incident light, and Fig. 11 (b) is the diffraction order of TE
light. The general energy distribution trend of the two cases
is similar. The energy in the diffraction direction is basically
the same in the TM mode and the TE mode. Therefore, not
only the unit structure is polarization-insensitive, but also
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the coded metasurface composed of 8-unit structures
arranged in sequence according to the phase is polarization-
insensitive. At the central frequency of 0.772THZ, the
energy of diffraction order T+1 is the highest, and up to 65%
of the incident energy deflects the diffraction order T+1
with the diffraction angle of 17.85°. Other diffraction
signals are weaker.
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Fig. 11. The energy distribution characteristics of the coded metasurface diffraction order, (a) is the diffraction order in TM mode, (b) is

the diffraction order in TE mode (colour online)

4. Fourier convolution operation for encoding
Huygens metasurface

Based on the principle of coded metasurface far-field
scattered beam and generalized Snell theorem, we can
realize the regulation of far-field scattered beam, but the
regulation is discrete. Every time the far-field scattering
angle is changed, the sequence of metasurface needs to be
re-encoded, and the generalized Snell theorem is used to
recalculate the angle. The efficiency of such regulation
method is too low. Therefore, Fourier convolution principle
in digital signal processing is introduced to continuously
regulate the far field scattering angle. The electric field of
the near field of the metasurface is regarded as the time
domain signal, and the scattering of the far field is regarded
as the frequency domain signal. Therefore, the electric field
of the near field and the scattering of the far field can be
regarded as a Fourier transform pair. According to the
generalized Snell theorem, both the scattering angle of the
far field and the abnormal refraction angle of the near field
are related to the period length of the encoding sequence.
Changing the period length of the sequence can change the
scattering angle of the far field and also change the
abnormal refraction angle of the near field electric field. So,
we can change the far field scattering angle by changing the
abnormal refraction angle of the near field electric field. We
can change the signal in the time domain, and the Fourier
transform principle is expressed as [60]

F(w) =J- f(e wtdt 4

We can equivalent the time domain parameter t to the
electrical length x, of the coded metasurface. Electrical
length x; is related to the incident light wavelength and
super surface sequence cycles. w can be viewed as the far
field scattering angle of relevant variables, and F(w) =
F(sin 0). Changing the abnormal refraction angle of near-
field electric field can be realized by time shift in time
domain, which can be obtained by Fourier transform and
time shift property asO

f(£) - e/ = F(w) * §(w — wg) = F(w — wo)(5)

It can be further obtained as

f(xy) - e/¥25in00 - F(sin@) & (sinh — sin, )
=F (sinf —sin6,.)
(6)

We can be understood as a move in time domain for
e/*asin  and the spectrum shifts to the right in the
frequency domain as sin 6,. The properties after the time
shift are different from the properties before the time shift,
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so it can be considered that the period of the encoding
sequence changes in the metasurface, and a new periodic
sequence is obtained. The far field scattering angle
corresponding to the periodic sequence represented by
f(xy) - e/*25inbo is sin~'(sin @ — sin @,). Similarly, if
the spectrum shifts to the left, a new coding sequence
f(xy) - e77*asinbocan be obtained, and the corresponding
scattering angle is sin~*(sin 8 + sin 6,). We can use the
generalized Snell theorem to first calculate the far-field
scattering angles of several sequences, and then take these
sequences as the basic coding by Fourier convolution
principle to obtain new coding sequences, so as to realize
the continuous regulation of far-field scattering angles,
improve the design efficiency and expand the application
field.

By using the principle of Fourier convolution addition,
we design the 3-bit coded metasurface. 3-bit one-
dimensional coding means that 8 unit structures are encoded
in the X-axis, and the Y-axis direction is the same unit
structure. The metasurface size is designed for 16x16
encoded particles. The code along the X axis could be
S1=0123456701234567...  S2=0011223344556677... ,
S3=000111222333444... and a variety of coding methods to
meet the requirements. We add the Fourier convolution with
S1 and S2 as the base coding sequence. The period of S1 is
8a=1200um, and the period of S2 is 16a=2400um. From the

generalized Snell's law, it can be obtained as 6; =
sint(4/I) = sin"1(1/8a) and 6, =sin"1(A/T) =
sin"'(1/16a) . The theoretical abnormal transmission
angle 6; = 18.89° for S1 encoding and 0 =9.31" for
S2 encoding. In the actual simulation, the angle
corresponding to the code S1 is 20°, and the actual angle
corresponding to S2 is 10°. The error between the
theoretical value and the simulated value is within the
normal range. Therefore, we take S1 and S2 as the basic
sequence for Fourier convolution addition calculation to
achieve the change of far field scattering angle. The code
addition method is 0+0=0, 0+1=1, 1+1=2, 2 +2=4, 3 +3=
6,3 +4="17, 3 +5=0. Fig. 12 shows the metasurface encoding
configuration characteristics of the encoding addition
operation and the corresponding far-field scattering
characteristics. After Fourier convolution addition
operation, S3 sequence is 0134671245702356.... S3=S1+S2.
The far-field scattering angle corresponding to S3 can be
obtained by using generalized Snell's law as 6; =
sin~1(sin 0, + sin 0,) = sin"*(sin 18.89 + sin 9.31) =

29.04°. Based on far-field scattering simulation, as shown
in Fig. 12 (b), the scattering angle value of S3 is 29°, which
indicates that there is little error between simulated value
and theoretical value.
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Fig. 12. The sequence S1 and S2 are added by Fourier convolution to obtain the sequence S3. (a) coding sequence, (b) far field 3D

diagram, (c) far field scattering angle (colour online)

We can also use the basic sequence S1 and S2 for
subtraction calculation. The encoding calculation method is
similar to the binary subtraction method. Subtracting a
number is equal to adding the number's complement. In 3-
bit, 0 and 7 complement each other, 1 and 6 complement
each other, 2 and 5 complement each other, and 3 and 4
complement each other. So, we can get 0-0=0+7=7, 1-
5=142= 3,3 -4=3+3=6 and so on. Fig. 13 shows the
metasurface encoding configuration characteristics of the
encoding subtraction operation and the corresponding far-

field  scattering  characteristics. =~ The  sequence
S4=7001122334455667... can be obtained. And S4=S1-S2.
From the Fourier convolution principle we know that
Fourier subtraction and Fourier addition are frequency
shifts in opposite directions in the frequency domain so we
can get the encoded metasface anomalous scattering angle
of the Fourier subtraction of S1 and S2 as 6, =
sin~1(sin 8, — sin 0,) = sin"*(sin 18.89 — sin9.31) =
9.32°. The actual simulated value is 10°, which is in good
agreement with the theoretical value.
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Fig. 13. The sequence S1 and S2 are subtracted by Fourier convolution to obtain the sequence S4. (a) coding sequence, (b) far field 3D

diagram, (c) far field scattering angle (colour online)

Based on the basic sequences S1 and S2, the new
sequences S3 and S4 are obtained by Fourier convolution
phase addition and subtraction. These two new sequences
can also be added or subtracted by Fourier convolution as
S3+S4=S5 and S3-S4=S6. Fig. 14 shows the metasurface
encoding configuration characteristics of the encoding
addition operation and the corresponding far-field
scattering characteristics. Fig. 15 shows the metasurface
encoding configuration characteristics of the encoding
subtraction operation and the corresponding far-field
scattering characteristics. The theoretical scattering angles
of sequences S5 and S6 are respectively calculated from
generalized Snell's theorem as 65 = sin~(sin6; +

sin8,) = sin~1(sin 29.04 + sin 9.32) = 40.34° and
0 = sin"Y(sin O — sin 6,) = sin"1(sin 29.04 —
sin 9.32) = 18.87° The corresponding numerical

simulation values were 39° and 19°, respectively, with an
error of 0.03 and 0.006. The scattering angles calculated
theoretically are in general agreement with the numerical
simulations. Through the above simulation results, we can
find that the polarization insensitive structure can be in
good accordance with the Fourier convolution principle and
the far-field scattering principle, and can use the Fourier
convolution principle to flexibly and continuously regulate
the abnormal refractive angle.
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Fig. 14. The sequence S3 and S4 are added by Fourier convolution to obtain the sequence S5. (a) coding sequence, (b) far field 3D

diagram, (c) far field scattering angle (colour online)
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Fig. 15. The sequence S3 and S4 are subtracted by Fourier convolution to obtain the sequence S6. (a) coding sequence, (b) far field 3D

diagram, (c) far field scattering angle (colour online)
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5. The checkerboard encodes the Huygens
metasurface

The checkerboard code is a two-dimensional encoding
metasurface of a 1-bit metasurface, and its cell structure is
a cell structure with phase difference of 180° encoding "0"
and "1" respectively. The above results show that the
sequence coding in a single direction can only produce a
single beam, and the checkerboard distribution can be
regarded as two complementary sequences. The modulus of
"010101..." is the same in the X and Y directions on the
basis of the polarization insensitive metasurface. The
theoretical formula for the far-field scattering deflection
angle of the checkerboard coding distribution is 6 =

(@

olofofafaf[1]olo|o]1]1]1
olofofa[4[1]olo|o]1]1]1
olofofafaf[1]olo|o]1]1]1 Y\
1/1]1|ojofo|l1|1]1]o]|o]o0 :
1(1[1|oflo|o|1]|1]|1|0o]ofo
1(1[1|oflo|o|1]|1]|1|0o]ofo
olofof1[1[1|olo|o]1]1]1
olofof1[1[1]olo|o]1]1]1
olofof1[1[1|olo|o]1]1]1
1/1]1|/ojofofl1|1]1]o]|o]o0
1011 |oflo|o|1]|1]|1|o]ofo

1 {11 |oflo|o|1]|1]|1|o]ofo0o

sin‘l(\/f/l/ r ) Fig. 16 (a) shows the arrangement of the
checkerboard encoded metasurface and Fig. 16 (b) shows
the corresponding far-field 3D scattering. As shown in the
figure, we can see that the beam incident from the negative
half axis of Z passes through the metasurface and the
transmitted beam in the plane xoy along the positive half
axis of Z is evenly divided into four beams with basically
the same size and energy. In the plane xoy, the beam is
symmetric about the Z axis and the angle between each
beam and the Z axis is equal. The Z axis can be regarded as
the normal line of the plane where the transmitted beam is
located. In the 45° azimuth plane, we can see that each beam
has an angle of 33° with the positive half axis of Z.
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Fig. 16. The checkerboard encodes the metasurface. (a) Schematic representation of the encoded metasurface sequence, and (b) 3D

representation of the checkerboard encoded far-field (colour online)

Based on the above metasurface coding and far-field
scattering modulation, we perform Fourier convolution
operations on the checkerboard coded beam. The
metasurface has a 12x12 encoded particle structure. Select
"1" and "5" with phase difference of 180° as "0" and "1" in
1-bit coding in 8-cell structure from "0" to "7". The
convolution added to the checkerboard coded metasurface
is the sequence S="012345670123..." along the X-axis. The
convolution addition operation is shown in Fig. 17. The far
field 3D scattering of checkerboard coded metasurface and
one-dimensional coded metasurface convolution is shown
in Fig. 18. From the convolution results, we can see that the
transmitted beam deflects counterclockwise as a whole, and
the normal line of the checkerboard coded beam is the Z-
axis. When it convolves with the one-dimensional coded

metassurface encoded as S, its normal line deflects. The
angle between the checkerboard encoded normal and Z
positive axis is 0°, the angle between the deflection angle
encoded S and Z positive axis is 18°, and the angle between
the convolution beam normal and Z axis is 17.76°. The
angle of normal rotation is consistent with the angle
between the S-coded metasurface beam and the Z axis.
After the Fourier convolution addition of checkerboard
coded metasurface and one-dimensional coded metasurface,
the normal line of the far-field beam generated by
checkerboard coded is rotated, and the angle between the
normal line and the z-axis is the angle between the far-field
scattered beam and the z-axis of the one-dimensional coded
metasurface.



Transmission characteristics of multilayer metal polarization insensitive metasurface

233

0(0jO0|1|1|1|{0/0|0f1(1]1 0/ 1(2/3 /4|5 6|7(0|1|2 3 0/ 2|3/ 0({1|2|7|0|1,6|7|0
00|01 |1|1|{0|0|0f1([1]1 0/1(2|3|4/5/6|7|0[1/2]|3 0,23 01,2 7|0 1/6|7|0
ojofof1f1|1 /00|01 (1]|1 0 1(2|3|4|5/6|(7|0(1 /2|3 023 01|22, 7(0 1|6|7|0
1/1(1|0|0{0j1{1|1|0|0]|0 0/ 1/2|/3/4|5 6|7(0|1|2 3 5 6|7 4/ 5 6 34 5|/2/|3|4
1 1|j1(o0jofoj1|1j1({0f0]|0 0/1(2|3 /4|5 6|7|0[1 /2|3 5 6|7 4/5|/6|3 4|5/ 234
1 1|1(0(0f0f1|1|1({0(0]0 + 01(2|3|4(5|6(7[0[1|2|3| = 5/6|7 45|63 /4 5/2|3|4
ojofof1f1j1 /00|01 (1|1 0/1(2/3|a|5/8|7|0|1|2/3] = |o|2[3|o|1/2|[7|0o/1|8|7|0
ojofof1f1)1/0(0|0|1([1]|1 0/ 1(2|3/4|5 6|7(0|1|2 3 0|23 0/1|/2, 7|0 1|6|7|0
0j0jO0|1|1|1|{0/0|0f1(1]|1 0 1(2|3 /456|701 /2|3 0/ 2|3/ 0({1|2|7|0|1/,6|7|0
1 1|j1(o0j0ofoj1|1j1({0f0]|0 0/1(2|3|4/5|6(7|0[1|2]|3 5/ 6|7 4/ 5/ 6|34 5|2/3|4
1/1/{1(0j0f0|1|1(1(0|0|0 0/ 1(2|3/4|5 6|7(0|1|2 3 5|67 4|5 3|4 5(2|3 4
1 1|]1(0(0f0j1|1|1(0[0]|O 0/1|2|3 4|5 6|(7|0(1,2 3 5 6|7 4/5/6|3(4/5/2/3|4

Fig. 17. Chessboard coded metasurface and one-dimensional coded metasurface convolution additive sequence diagram (colour online)
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Fig. 18. Far-field 3D scattering map of checkerboard coded metasurface and one-dimensional coded metasurface convolution

(colour online)

Although the results of numerical simulation are
presented in this paper, the preparation of the three-layer
high-efficiency transmissible metasurfaces proposed by us
can also be realized [80]. The preparation process mainly
includes the traditional photolithography and the
preparation of metal films. Firstly, a thick metal layer can
be manufactured by using the electron beam evaporation
method on silicon wafer. Then, a polyimide layer is spun
onto the metal layer and baked on a hot plate. The spinning
and baking processes can be repeated twice to produce a
thicker polyimide layer. Next, the standard lithography
processes can be implemented. The final single metal
structure can be obtained through a liftoff process. Finally,
the metal pattern and polyimide layers can be separated
from the silicon substrate, and the monolayer metasurface
structures can be obtained. The above process can be
repeated to obtain the other two layers of metasurface
structures. The experimental bonding method can be used
to obtain the three-layer transmissible metasurface structure.
In order to measure the scattering characteristics of the
prepared samples, the far-field in-plane scanning

measurement with a rotary terahertz time domain system
(THz-TDS) can be performed. The fiber-based terahertz
photoconductive antennas can be used to generate and
receive the terahertz signals in time domain. The optical
stabilization platform and the rotary stage should be used
for the transmitter and the receiver. In the measurement, the
receiver can be rotated in the horizontal plane to record the
electric fields scattered from the samples. With the progress
of artificial intelligence and computer technology [81-88],
the design of the structure we proposed will use advanced
artificial intelligence methods, making the structure design
more applicable [89-94].

5. Conclusions

We designed a polarization-insensitive three-layer
metallic element structure. In order to ensure the
transmission characteristics of the unit structure, the metal
patches of three different structures were optimized to form
eight-unit structures with the best transmission coefficient
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and phase difference of 45°. On the basis of these eight
elements, they are arranged in order of phase increase to
form a phase gradient metasurface. The near field phase,
near field electric field, diffraction order and far field
scattering angle of the coded metasurface are analyzed.
Based on the Fourier convolution principle and the
generalized Snell theorem, the Fourier convolution addition
and subtraction operations can obtain scattering angles that
can be continuously regulated. Based on the far-field
scattering angle regulation principle, the cell structure is
checkerboard coded, and the checkerboard coding and one-
dimensional coding are convolved to obtain the regulation
characteristics of multi-beam deflection.
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