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Scattering control based on geometric phase
reflection-type coded metasurface
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We propose a metal-media-metal reflective cell structure to construct a coded metasurface. The metal material is gold, the
medium material is polyimide, and the frequency range of operation is 0.2 THz-0.8 THz. Using the Pancharatnam-Berry
phase principle, the continuous change of reflection phase is realized by rotating the anisotropic strip structure. We designed
4 unit structures with phase intervals of 90°. They are arranged in a certain sequence into a phase-gradient array to construct
a coded metasurface reflection structure. Through different coding sequences, different abnormal reflection angles can be
realized. By using the full wave simulation method, we calculated the scattering angles and scattering efficiency of different
sequences. In order to realize the continuous control of the angle of reflection and scattering, we introduce the Fourier code
addition principle in digital signal processing. By adding different sequences of encoded particles, a new encoding sequence

can be obtained, and the scattering angle can be controlled freely.
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1. Introduction

Metamaterials are a new kind of man-made materials.
Unlike traditional materials, metamaterials have many
advantages in electromagnetic properties. This kind of
material can adjust the amplitude, polarization and phase
of electromagnetic wave and other related parameters in a
more comprehensive way, and can realize the functions
that are difficult to achieve in some aspects of traditional
materials [1-10]. Metamaterials is a burgeoning discipline
and a novel interdisciplinary field. There is a lot of

research going on around metamaterials, such as
"invisibility  cloaks" at  different  wavelengths,
electromagnetic black holes, terahertz imaging and

detection techniques, real-time information processing
systems, and more [11-20].

Metasurface can be seen as the two-dimensional
counterpart of metamaterials, not really two-dimensional
structure, but refers to its thickness is generally very thin
[21]. A series of subwavelength unit structures are
arranged on the plane according to a certain periodic law,
or aperiodic arrangement, and the planar structure is
formed when the thickness is less than the working
wavelength. When the length, width and height of the
basic unit of the metasurface are changed, various physical
and electromagnetic properties of the metasurface will be

changed accordingly, and flexible control can be achieved
in this way. It can be said that the study of metasurface
opens up a new way in the study of electromagnetic wave
regulation.

In 2014, Professor Cui Tiejun proposed the concept of
coded metasurface, which is essentially the use of digital
states to characterize electromagnetic information [22],
combining digital technology at the information level with
metamaterial technology at the physical level, so that
electromagnetic parameters can be more easily regulated
and the research of metasurface can be more convenient to
operate [23-30]. The advantage of coded metasurfaces
stems from the ease of incorporating digital technology.
The unit structure of the coded metasurface comes from
the all-phase bisection, so if the bisection angle is too
small, it will lead to too much unit structure, which
increases the computational difficulty of the research
[31-44]. On the other hand, it can be seen that the phase
control of the unit structure obtained in this way is discrete,
and the study of continuous phase control cannot be
realized.

Here, a metal-media-metal reflecting element
structure is proposed to construct a coded metasurface.
The metal material is gold, the medium material is
polyimide, and the frequency range of operation is 0.2
THz-0.8 THz. Using the Pancharatnam-Berry phase
principle, the continuous change of reflection phase is
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realized by rotating the anisotropic strip structure.

2. Theoretical analysis

The geometric phase principle can also be called the
Pancharatnam—Berry (PB) phase principle, which is in
honor of the British scientist Berry and Indian scientist
Pancharatnam who discovered this principle. When a
beam of circularly polarized light is incident on the surface,
the reflected light or transmitted light will appear
cross-polarized  components.  The  corresponding
cross-polarized components will be accompanied by phase
delay phenomenon. It is found that if the rotation angle of
the structure is 6, the phase changes is 26 or —26. That
is, the value of the phase change is always twice the value
of the structure rotation angle.

Coded metasurface elements can be constructed using
geometric phases. The coded metasurface can have 1-bit,
2-bit, 3-bit, 4-bit.... Taking 2-bit coded metasurface as an
example, 0° phase can be represented by the number "0",
then the 90° phase is represented by the number "1", the
180° phase is represented by the number "2", and the 270°
phase is represented by the number "3". The phase
difference between the two units is 90°.

In the case of a 3-bit coded metasurface, there are a
total of eight different phase cell structures, respectively,
as 0°, 45°, 90°, 135°, 180°, 225°, 270° and 315°, which are
numerically represented as "0", "1", "2", "3", "4", "5", "6"
and "7". Obviously, with different bits, the number of unit
structures on the metasurface is different, so the encoded
metasurface with different bits can be flexibly selected
according to the research needs, so as to achieve more
accurate regulation of various electromagnetic waves.

The expression of the grating equation is [22]

sinf, —sin6; = n% (1)
where, 8,represents the diffraction angle of the n order
diffracted light, 6;represents the incident angle of the
incident light, n is the diffraction order, A1 is the
wavelength of the incident light, and 7 is the period of
grating. When the incident angle of the incident light is 0°,
obviously the diffraction angle of the first order diffracted
light can be expressed as

ing =2
sinf = . )

The superelements are formed by geometric phase
optimization and combination arrangement, whose
diffraction characteristics are consistent with the grating
equation. Suppose one have multiple superunits as K1, K2,
K3... The period of each superunit is defined as
t1,72,73 ...... The diffraction equation for each
superelement can be expressed in eq. (2). Now by adding
and subtracting the diffraction equations of different

superelements, a new equation is obtained as

sin@,, = sinfg; £ sinfg, £ - £ sinOg, = Tii
1
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Using the above formula, we can further obtain
1 1 1 1
—=—f—F-t— @)
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Now the grating composed of two super elements is
added or subtracted, and the corresponding situation is
shown in Fig. 1 [23-26]. It is not difficult to see from Fig.
1 that the addition principle can be performed according to
the corresponding raster encoding, such as 0+ 0 = 0,
0+1=1,0+4+2=2,14+1=2, 14+2=0.Basedon
the above principle, when any number of super elements
with varying period lengths can be added or subtracted to
obtain a new super element. If there is another super
element with a period length that satisfies formula (4), the
first order diffraction direction of the two super elements
is the same. It is worth noting that the superunit
constructed by this addition principle can realize the
modulation of any angle, which overcomes the defect that
only discrete angle regulation can be carried out when
only geometric phase principle is used.
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Fig. 1. The grating is added or subtracted to create a new
grating diagram (color online)

3. Metasurface design

Fig. 2 shows the model of the unit structure, the
yellow part is the metal material as gold, the blue part is
the dielectric material Polyimide (dielectric constant: 3.5),
the lower right part of the figure is the coding metasurface,
and the upper left part is the structure diagram of a single
coding particle in the metasurface. In the actual design, the
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length and width of the underlying metal and the medium
layer are the same, which is convenient to use the
geometric phase principle to ensure that the phase change
and the angle change are twice the relationship in value.
The side length of the square unit structure is L1 =
200 um, the thickness of the bottom layer is D3 =
0.2 um, the thickness of the medium layer is D2 = 50 um,
the length of the uppermost metal strip is W = 110 um,
the width is L =20 um, and the thickness is D1 =
0.2 um. In order to ensure the accuracy of geometric phase
and design a unit structure with high reflection coefficient,
it is necessary to pay attention to whether the phase
difference of the reflected phase is 180° after the two
linearly polarized light waves (X-axis polarization and
Y-axis polarization) are incident on the vertical surface,
and the reflected light in both polarization directions has a
high reflection coefficient.

D2
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- X

Fig. 2. Metasurface and unit structure diagram (color online)

In the design process, we used the full-wave
simulation method to carry out parameter scanning to
observe the change of S parameter. The S-parameter is the
scattering parameter. It is an important parameter in
microwave transmission. S12 is the reverse transmission
coefficient, which is isolation. S21 is the forward
transmission coefficient, that is, the gain. S11 is the input
reflection coefficient, which is the input return loss, and
S22 is the output reflection coefficient, which is the output
return loss. Set the objective function to observe the
reflected phase difference as close as possible to the 180°
phase difference. Fig. 3 and Fig. 4 show the relationship
between the phase difference after parameter scanning. In
Fig. 3, different curves indicate different phase variations.
Different numbers represent different units. In Fig. 4,
different curves show the phase as a function of L. In the
actual analysis, we optimize to obtain a purple line with a
phase difference of -180° at a frequency of about
0.755THz. Fig. 5 reflects the reflection coefficient from
the S-parameter. We used the finite integral method to
numerically simulate the reflection coefficient and
reflection phase of the element structure. It can be seen
from Fig. 5 that the reflected light in both polarization
directions has a high reflection coefficient in the frequency
range of 0.2 THz-0.8 THz. After optimization, we can
obtain the length of the uppermost metal strip is
W = 110 um, and the width is L = 20 um.
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Fig. 3. The variation of the reflection phase of the unit structure
caused by different W values (color online)
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Fig. 4. The variation of the reflection phase of the unit structure
caused by different L values (color online)
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Fig. 5. Reflection amplitudes of different incident polarizations
(color online)
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Next, we change the incident polarized wave to a
circularly polarized incident wave. We analyze the
reflection phase and reflection amplitude of the periodic
element structure. We define the rotation angle of the
designed anisotropic element structure as R. By setting the
rotation angle to a different angle, we can obtain the
reflection amplitude and reverse phase of cross
polarization at different angles, as shown in Fig. 6 and Fig.
7, respectively.
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Fig. 6. Effect of different rotation angles on reflection amplitude
of cross circular polarization (color online)

200

-200
-400
-600
-800 [
-1000
-1200 [
-1400
-1600

Phase (degrees)

\
e
0. 755

1 1 Il 1 1 1 1

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Frequency (THz)

Fig. 7. The influence of different rotation angles on the reflection
phase of cross circular polarization (color online)

We arrange these coding units into coding
metasurfaces according to certain rules. Before using the
addition principle, you first need to set up a basic coded
metassurface. A phase gradient coded metasurface is
in Fig. 8(a) below, and its
corresponding coding distribution is shown in Fig. 9(b).

"o", "1, mv2v, M3

designed as shown

This is the full phase quartered,

representing rotation angles of 0°, 45° 90° 135° ,
respectively. The sequence of the basic coded metasurface
superunits is denoted as Sy, and the composed coded

metasurface is composed of 50*10 wunit structures.

According to the generalized refraction and reflection law,
the period of the grating is 7, = 6 X 200 ym = 1200 um,
the operating frequency is 0.755THz. According to

0 = sin™?! % the reflected far-field scattering angle of the

coded metasurface is 8 = 19°.

We need to ensure that the coded metasurface
designed using the addition principle has the same
diffraction angle as the basic coded metasurface, and that
the metasurface contains exactly the same number of
encoded particles. Two encoding metasurface supercells
are constructed, which are S; =00112233..... and
S, =0000001111112222222333333 ...... , respectively.
Adding S; to S, yields the new superunit sequence
Sm =001122 ...... as shown in Fig. 8(b). So and S, have
the same cycle length to ensure the same reflection angle
at the same working frequency. Fig. 9 shows the
arrangement of coding units and the corresponding
far-field scattering characteristics of Sy and S,,. Sqis the
basic coding sequence, and S is the coding sequence
constructed by addition principle. Their far-field scattering
angles are basically the same, and the scattering efficiency
of S, sequence is slightly higher than that of S, sequence.
The metasurface constructed by addition principle
achieves the expected goal of improving reflection
efficiency.
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Fig. 8. The basic sequence encoding metasurface S, and S,,

To ensure the accuracy of the study, multiple sets of
comparative simulations were conducted. In the second set
of simulation, the period length of the basic grating is
changed and the 360° phase is divided into six equal
parts, that is, the coding numbers are changed into "0", "1",
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"2, 3", "4" and "5". We further design two encoding

metasurface as S, = 000112345 ...... and Sm =
001122445500223344 ....... S,, can be realized by
adding S, = 001122334455 ...... and

S, =000000111111222222333333444444555555 ......

According to encoding addition principle, the encoding
sequence S,, can be obtained. Although the encoding
period for Sy and S, is different, the diffraction angle is
same according to the Generalized Snell's law. The
calculated diffraction angle is 12.75°.
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Fig. 9. The basic sequence encodes the cell arrangement and the corresponding far-field scattering. (a) Far-field scattering of Sy (b)
Coding unit arrangement of S, (c) Far-field scattering of Sy, (d) Coding unit arrangement of S, (color online)

Fig. 10 is a comparison of the second set of
simulations. The upper part is the far-field scattering
diagram a of the sequence and the coding distribution
diagram b, while the lower part is the corresponding
simulation diagram c¢ and d of the sequence. In this
simulation comparison, the additive coded metasurface
still plays a role in improving the reflection efficiency. By
comparing the two sets of amplification, this addition

principle can be adapted to the coded metassurfaces of
different orders. Based on the generalized refraction and
reflection law, the addition principle can always ensure
that the new superunit sequence has the same diffraction
angle as the original superunit by changing the size of the
grating period and adding a new gradient phase superunit
sequence in the process of using the addition principle.
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Fig. 10. The basic sequence encodes the cell arrangement and the corresponding far-field scattering. (a) Far-field scattering of S, (b)
Coding unit arrangement of S, (c) Far-field scattering of S, (d) Coding unit arrangement of Sy, (color online)
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Next, we construct a more complex coded sequence
metasurface based on the addition principle. We build the
coding sequences S, = 012345 ...... ,
and S, =002244 .......
addition principle, S;

According to the encoding
can be obtained by adding

A; = 001122334455 ......, A, =
000111222333444555 ... ... ,and

A; =000000111111222222333333444444555555.
adding

S, can be obtained by
A; = 001122334455 and 4, = 001122334455

S; =001233 ... ... ,

Although the superposition method is different, it still
conforms to the addition principle and ensures the same
diffraction direction. The encoding arrangements of the
three coding sequences and the corresponding far-field
scattering are shown in Fig. 11. It can be seen that the
reflection efficiency of the new coded metasurface
obtained by the two calculation methods is lower than that
of the basic gradient phase coded metasurface, and the
weakening degree is different.
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Fig. 11. Coding arrangements and far-field scattering diagrams of coding sequences S0,S1 and S2 (color online)

4. Conclusions

Based on the geometric phase principle, we design a
kind of coding unit whose reflection phase can be
continuously changed. This simple coding unit structure
can be combined to build different coding sequences.
Based on the coding addition principle, we construct
several groups of different sequences of coded
metasurfaces and control their scattering angles.
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