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A broadband polarization-independent terahertz multifunctional coding metasurface based on topological optimiza-
tion using liquid crystal (LC) is proposed. The metasurface can achieve reconfigurability for beam steering and vortex
beam generation within a frequency range of 0.68 THz–0.72 THz. Firstly, the metasurface unit is topologically optimized
using the non-dominant sequencing genetic algorithms (NSGA-II) multi-objective optimization algorithm. By applying
the LC’s electrically tunable refractive index properties, the metasurface unit enables polarization-independent 2-bit coding
within a frequency range of 0.68 THz–0.72 THz. Then, based on the designed metasurface unit, the array arrangement of
the metasurface is reverse-designed to achieve beam steering and vortex beam generation. The results show that, for beam
steering, not only can polarization-independent steering of both single- and multi-beam be achieved within the 35◦ eleva-
tion angle range, but also independent control of the target angle of each beam in the multi-beam steering. For vortex beam
generation, the metasurfaces can achieve the generation of single- and multi-vortex beams with topological charges l =±1,
±2 within the 35◦ elevation angle range, and the generation angles of each vortex beam in the multi-vortex beam can be
independently controlled. This provides flexibility and diversity in the generation of vortex beams. Therefore, the proposed
terahertz LC metasurface can realize flexible control of reconfigurable functions and has certain application prospects in
terahertz communication, phased array radar, and vortex radar.
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1. Introduction

Terahertz (THz) waves are widely used in radar, remote
sensing, and data transmission due to their advantages of low
loss and high penetration capability. THz manipulation is the
cornerstone for realizing these applications and has been ex-
tensively studied. Metasurfaces are artificial subwavelength
materials capable of strongly manipulating incident electro-
magnetic waves, and have advantages such as thin thickness,
low loss, small volume, and easy integration, which are widely
used in THz manipulation.

In 2014, Cui et al.[1] proposed the concept of digitally
coding metasurfaces, improving electromagnetic wave manip-
ulation ability. Different array arrangements of coding meta-
surface can achieve various functions, such as beam steer-
ing, vortex beam generation, and RCS reduction.[2–6] Coding
metasurfaces can be categorized into two types in the THz
band according to whether dynamic coding can be achieved.
The first type is structural coding metasurfaces which can
achieve coding by changing the structure of the metasurface
unit. The second type is tunable materials coding metasurfaces
which can achieve coding by changing the tunable material

parameters of the metasurface unit. For the structural meta-
surfaces, their functionalities are uniquely determined once
fabricated, which restricts their applications.[7] With the de-
velopment of modern devices, multifunctional reconfigurable
metasurface devices that can integrate multiple functions be-
come a research hotspot. The tunable materials coding meta-
surfaces, due to the introduction of tunable materials, such as
LC, graphene, vanadium dioxide (VO2), and Dirac semimet-
als, can achieve dynamic manipulation of THz waves under
external control.[8,9] Therefore, the tunable materials coding
metasurfaces have reconfigurable multifunctionality and have
become the mainstream solution for THz coding metasurfaces.

An asymmetric resonant “C” ring LC metasurface was
designed[10] to achieve 1-bit coding at 0.408 THz, enabling
double beam steering and vortex beam generation with dif-
ferent topological charges in the range of 31.9◦. A graphene
metasurface was proposed,[11] which can achieve 1-bit cod-
ing at 1 THz, and realize double-beam and four-beam steer-
ing within 30◦ of elevation angle. A metasurface based on
Dirac semi-metal was proposed,[12] capable of 3-bit coding at
1.1 THz, and realizing beam steering in the range of 16.9◦

elevation angle, vortex beam generation with different topo-
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logical charges, and RCS reduction greater than 10 dB in the
frequency band of 0.8 THz–1.1 THz. An LC metasurface us-
ing topological optimization was designed,[13] which achieves
2-bit coding at 0.394 THz and realizes single and multi-beam
steering within a 30◦ elevation angle range and the genera-
tion of single and multi-vortex beams. A bilayer ring-shaped
metasurface based on Dirac semimetals was proposed,[14] ca-
pable of achieving 2-bit coding at 1.95 THz, realizing single
and multi-beam steering within a 40◦ range and the generation
of single and multi-vortex beam, and RCS reduction greater
than 10 dB in the frequency band of 1.72 THz–2.51 THz. A
VO2 ring metasurface was proposed,[15] which can achieve 1-
bit coding in the frequency range of 0.735 THz–0.965 THz,
and realize double beam steering in the elevation angle of 43◦

and polarization conversion at 90% polarization conversion.
A VO2 metasurface was proposed,[16] which can achieve 1-bit
coding in the frequency range of 0.218 THz–0.232 THz, and
realize double beam steering in the elevation angle of 53◦.

In summary, by introducing tunable materials, metasur-
faces can achieve reconfigurability between different func-
tions. However, the metasurfaces proposed in the aforemen-
tioned literature can only encode THz waves with a single po-
larization direction. Most of these metasurfaces achieve ei-
ther multi-bit coding at a single frequency point or 1-bit cod-
ing within a certain frequency range. For the beam steering,
the metasurface suffers from the limitations of uncontrollable
beam numbers and inflexible beam steering angles due to the
use of gradient phase and checkerboard coding methods. For
the vortex beam generation, there are drawbacks such as the
uncontrollable number of vortex beams, limited flexibility in
the generation angles, and a lack of diversity in the topological
charge numbers of the generated vortex beams.

Topology optimization is a mathematical method that
utilizes optimization algorithms to reverse design the mate-
rial distribution. In topologically optimized metasurfaces,
the metasurface units are discretized into equal pixels, and
these pixels are optimized as variables, which enhances both
the design freedom and the design efficiency of the meta-
surface units. This method enhances design flexibility and
achieves superior performance. A broadband polarization con-
version unit with high transmittance was designed using a
multi-feature topology optimization method based on the dif-
ferential evolution (DE) algorithm.[17] A 3-bit coding unit
was designed employing a powerful combination of genetic
algorithms (GA) and finiteelement analysis programs.[18] A
metasurface absorber with improved performance was de-
signed through topology optimization using particle swarm
optimization.[19,20]

In this paper, we propose a broadband polarization-
independent LC 2-bit coding metasurface based on topology
optimization, which enables reconfigurability for both beam

steering and vortex beam generation within a certain frequency
range. Firstly, aiming to achieve polarization-independent 2-
bit coding, the LC coding metasurface unit is reverse-designed
based on topology optimization. Then, based on the scatter-
ing principle of digital encoding metasurfaces, the array ar-
rangement of the metasurface is reverse-designed using the
NSGA-II multi-objective optimization algorithm to achieve
beam steering and vortex beam generation. Finally, full-wave
simulation is conducted for beam steering and vortex beam
generation. To evaluate the effectiveness of the array ar-
rangement obtained from the reverse design in achieving beam
steering and vortex beam generation, the elevation angle con-
trol range, angular error of the target beams, and scattering in-
tensity within a certain frequency range for single- and multi-
beam are analyzed and calculated.

2. Unit structure design and analysis of theory
2.1. Unit structure design

The schematic diagram of the structure of the LC cod-
ing metasurface unit is illustrated in Fig. 1. It consists of a
quartz layer, a metal ground layer, a polyimide (PI) layer, an
LC layer, and a surface metal pattern layer. The bottom and
top quartz layers serve as the support material for the unit,
with a dielectric constant of 3.78 and a tangent loss of 0.002.
The intermediate layer LC is nematic LC. Under different ap-
plied bias voltages, the LC molecules exhibit varying response
states, resulting in different effective dielectric constants for
the LC. The metal ground layer and the surface metal pattern
layer are copper, which is used to generate metal resonance
effects and serve as electrodes to apply bias voltages to the LC
layer. The conductivity of copper is σcopper = 5.8× 107 S/m.
The PI layer, spin-coated on the inner side of the metal layer,
functions as an orientation layer to control the alignment of
LC molecules through friction.

Surface metal 
pattern layer

Metal back 
layer

V/Ve Copper

LC

Quartz

PI

Fig. 1. Schematic diagram of the structure of the LC coding metasur-
face unit at a bias voltage of Ve.

2.2. Analysis of theory

The effective dielectric constant of the LC material can
be expressed as[21]

ε =
ε⊥ε‖

ε⊥ sin2
ψ + ε‖ cos2 ψ

, (1)

where ψ is the deflection angle of LC molecules under differ-
ent bias voltages. ε⊥ is the effective dielectric constant of the
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LC when no bias voltage is applied, where the long axes of the
LC molecules are perpendicular to the direction of the applied
electric field. ε‖ is the effective dielectric constant of the LC
when a saturation bias voltage Vth is applied, where the long
axes of the LC molecules are parallel to the direction of the ap-
plied electric field. By varying the applied voltage Ve ∈ [0,Vth],
the LC molecules will deflect at different angles, and the di-
electric constant of the LC can be continuously adjusted be-
tween ε⊥ and ε‖. In this paper, the HFUT-HB01 nematic LC is
selected. Within the frequency range of 0 THz–2.5 THz, when
the applied bias voltage is 0 V–10 V, its adjustable range of di-
electric constant is 2.47–3.60, and the loss tangent is 0.02.[22]

Dynamic control of the dielectric constant of LC units can be
achieved by applying different voltages to the units using field-
programmable gate array (FPGA) technology.[23]

For the normal incidence of plane waves, the far-field
scattering intensity of the coding metasurfaces can be ex-
pressed as[1]

f (θ ,ϕ) = fe (θ ,ϕ)
M

∑
m=1

N

∑
n=1

exp
{
− i
{

φ (m,n)+KDsinθ

×
[(

m− 1
2

)
cosϕ +

(
n− 1

2

)
sinϕ

]}}
, (2)

where θ is the elevation angle, ϕ is the azimuth angle,
fe (θ ,ϕ) is the unit’s far-field function, K is the propaga-
tion constant, D is the period size of a metasurface unit, and
φ(m,n) is the phase response of the metasurface unit posi-
tioned at (m, n) on the metasurface.

According to Eq. (2), flexible manipulation of electro-
magnetic waves can be achieved by setting different phase re-
sponse φ(m,n) of the metasurface units. Therefore, for the
beam steering, according to the target angles (θobj, ϕobj), the
phase response φ (m,n) of the unit is designed to maximize
| f
(
θobj,ϕobj

)
| by using optimization algorithm. The result-

ing distribution of φ(m,n) constitutes the optimal array ar-
rangement of the metasurface for achieving the desired angle
control. By employing optimization algorithms to inverse de-
sign metasurface array arrangement, the design efficiency can
be enhanced, which enables the manipulation of metasurfaces
more proactive and flexible.

According to the convolution principle of the vortex
beam, a vortex beam with the same exit angle can be generated
by convolving the vortex phase with a regular beam emitted at
a specific angle. Hence, it is possible to achieve the generation
of a vortex beam at different target angles using this method.
The vortex phase typically divides the surface into N different
regions, each with a phase distribution that satisfies

φm (x,y) =
2π

N

(
l · tan−1 (y/x)

2π/N
+1
)
, (3)

where N is the number of partitions for the metasurface, l is
the topological charge of the OAM wave, and (x,y) is the two-
dimensional coordinates of the metasurface unit. Figure 2 il-
lustrates the vortex phase distributions for topological charge
l =±1, and ±2, respectively.

(a) (b) (c) (d)

l/⇁ l/↩  l/⇁ l/↩  









Fig. 2. Diagrams of vortex phase distribution for topological charges l =±1, ±2 respectively.

3. Results and discussion
3.1. Topology optimization design of unit structure

Topology optimization is conducted on the surface metal
pattern layer of the metasurface unit. In this study, the surface
metal pattern layer is partitioned into four quadrants and fur-
ther subdivided in the first quadrant into 9× 9 equally sized
pixels. Metallic and non-metallic pixels correspond to ‘1’ and
‘0’ in binary, respectively. To ensure the polarization indepen-
dence of the metasurface unit and enhance convergence speed,
the coded first quadrant is rotated counterclockwise by 90◦

three times to generate the entire surface metal pattern layer
with central symmetry, which can make the metasurface unit
polarization-independent. Simultaneously, the periodicity D
of the unit structure, the thickness Hlc of the LC layer, and
the thickness Hq of the quartz layer are also optimized as vari-

ables. According to empirical values of the design structure
parameters, the optimization ranges are set as follows: D is
220 µm–250 µm, Hlc is 10 µm–70 µm, and Hq is 30 µm–
130 µm.

In this paper, we focu on the reverse design of a 2-bit
LC coding unit within a certain frequency range. Two of the
four encoding states correspond to the critical states in which
no voltage and the maximum bias voltage are applied to the
LC layer (the dielectric constants of LC are 2.47 and 3.60,
respectively). The dielectric constants of the remaining two
states are treated as variables to be optimized. The optimiza-
tion process involves four objectives: achieving an average
phase difference of 90◦ between the 0/1, 1/2, and 2/3 states
within the target frequency band, and ensuring equal ampli-
tude between the 0/1/2/3 states. Although single-objective op-
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timization algorithms can address multi-objective problems by
using a weighting method, the final result is significantly influ-
enced by the choice of weights, making it difficult to obtain the
desired optimal solution. The NSGA-II multi-objective opti-
mization algorithm can improve convergence speed and opti-
mization efficiency by employing an elitist strategy and fast
non-dominated sorting, and has demonstrated significant ad-
vantages in the field of multi-objective optimization. There-
fore, we choose the NSGA-II multi-objective optimization al-
gorithm to design the coding metasurface unit.

Start

Initialization 

parameters

Generate a pilot population 

and calculate the FOM

Non-dominant ranking and virtual 

crowding distance calculations 

Select, Cross, Mutate to  

obtain subpopulations

Merging and select individuals  

to form the new parent

Reaching 50 iterations?

Optimize the optimal solution 

sequence of parameters

End

Yes

No

Fig. 3. Flow diagram of reverse design metasurface unit based on
NSGA-II.

In this paper, the specific process of using the algorithm
to design the metasurface unit inversely is illustrated in Fig. 3.
Firstly, the optimization parameters for the metasurface unit
are initialized: the population size is set to 50, the number of
iterations is set to 50, and the fitness function is defined as

min



f1 =

size
∑

i=1
(90−|ϕi0−ϕi1|)2

size(= bandwidth/stepsize+1)
,

f2 =

size
∑

i=1
(90−|ϕi1−ϕi2|)2

size(= bandwidth/stepsize+1)
,

f3 =

size
∑

i=1
(90−|ϕi2−ϕi3|)2

size(= bandwidth/stepsize+1)
,

f4 =

size
∑

i=1
(Aimax−Aimin)

size(= bandwidth/stepsize+1)
,

(4)

where the bandwidth is 0.68 THz–0.72 THz, stepsize is
0.005 THz, size is 8, ϕi j is the phase of the jth state of the
coded metasurface unit at the ith frequency points, Amax and
Amin are the maximum and minimum reflection amplitudes
among the four states at the ith frequency point respectively.
Then, CST STUDIO SUITE (CST) is repeatedly called for
simulating calculations. The S-parameters of each individual
are exported to the main program for computing the fitness
function values. It is then determined whether the termination
condition of the algorithm (reaching the maximum number of
iterations) is met. If not, optimization is conducted on each
variable; otherwise, the optimal solution sequence of the cur-
rent optimization parameters is output.

D

Hq
Hlc

1 0 0 1 0 0 1 1 1

0 0 1 0 1 0 1 0 10 0 1 0 1 0 1 0 1

1 1 1 1 0 0 1 0 11 1 1 1 0 0 1 0 1

0 0 0 0 0 1 1 0 00 0 0 0 0 1 1 0 0

0 1 0 1 0 1 1 1 10 1 0 1 0 1 1 1 1

0 1 0 0 1 0 1 0 00 1 0 0 1 0 1 0 0

1 1 1 1 1 0 0 0 11 1 1 1 1 0 0 0 1

0 1 0 0 1 0 1 0 10 1 0 0 1 0 1 0 1

1 1 0 1 0 0 0 1 11 1 0 1 0 0 0 1 1

III

III IV

Fig. 4. The schematic coding metasurface unit with topological optimization
design.
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ε=2.88
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Fig. 5. Diagrams of (a) amplitude response and (b) phase response of
the metasurface unit for TE and TM mode plane waves at LC effective
dielectric constants ε of 2.47, 2.88, 3.25, and 3.60, respectively.

The optimized parameters of the metasurface unit ob-
tained using the NSGA-II multi-objective optimization algo-
rithm are as follows: D = 210 µm, Hlc = 45 µm, Hq = 65 µm.
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The other two optimized dielectric constants of the LC are 2.88
and 3.25. The structure of the metasurface unit and its surface
metal pattern are illustrated in Fig. 4.

In the case of a normally incident plane wave with lin-
ear polarization, the metasurface unit is simulated. Figure 5
illustrates the amplitude and phase responses of the meta-
surface unit in the frequency range of 0.65 THz–0.75 THz
for TE and TM mode plane waves. It illustrates that within
the frequency range of 0.68 THz–0.72 THz, the phase dif-
ference between adjacent curves is 90◦ ± 10◦, and the re-
flection amplitude is greater than 0.55. Furthermore, the re-
sponses to TE and TM mode plane waves are nearly iden-
tical. Therefore, the designed coding metasurface unit can
achieve polarization-independent 2-bit coding within the fre-
quency range of 0.68 THz–0.72 THz.

3.2. Analysis of multifunctional coding metasurface simu-
lation results

To improve the design efficiency and achieve flexible
manipulation of THz waves, the array arrangement of the
metasurface array is also inverse-designed using the NSGA-
II multi-objective optimization algorithm. The metasurfaces
array comprises 36×36 coding units, and the excitation elec-
tromagnetic wave is a linearly polarized plane wave. The CST
is utilized to simulate the coding metasurface. Utilizing the
Time-domain solver with local mesh refinement further en-
hances the accuracy of the simulation. In the experiment,
the coded sequences generated by the optimization algorithm
are first output to the FPGA board, with each channel of the
FPGA independently connected to the units in the metasur-
face via ITO nanowires. Due to the low electrical resistance of
the ITO nanowires, their presence has minimal impact on the
scattering response of the metasurface.[23] The beam steering
and vortex beam generation achieved by the coded metasur-
face are then measured using THz time-domain spectroscopy
(THz-TDS).[10]

The optimization process for the array arrangements of
the metasurface is illustrated in Fig. 2. The parameters includ-
ing the period of the coding unit, the size of the metasurface,
and the operating frequency are initialized. The fitness func-
tion is defined as

min



f1 =
∣∣θreal1−θobj1

∣∣+ ∣∣ϕreal1−ϕobj1
∣∣+ 1

M−1

M
∑

i=0
Pri,

f2 =
∣∣θreal2−θobj2

∣∣+ ∣∣ϕreal2−ϕobj2
∣∣+ 1

M−1

M
∑

i=0
Pri,

. . . ,

fN =
∣∣θrealN−θobjN

∣∣+ ∣∣ϕrealN−ϕobjN
∣∣+ 1

M−1

M
∑

i=0
Pri,

(5)

where (θobj, ϕobj) is the preset target angle, (θreal, ϕreal) is the
real angle obtained by simulation, M is the number of beams
in the far field, Pri (i = 0, 1, . . . , M) is the power of the ith
secondary beam, and N is the number of target beams. The

number of optimization parameters is set to 36×36, the popu-
lation size is set to 100, and the maximum number of iterations
is set to 300. Each individual is then substituted into Eq. (2),
and the fitness function value is calculated.

3.2.1. Beam steering

For the beam steering, to evaluate the error between the
simulation results obtained from the reverse design and the
preset target, the angle error E (θ ,ϕ) between the actual sim-
ulation results and the main lobe of the preset target is defined
as follows:

E (θ ,ϕ) =
1
N ∑

N
i=1

1
2
·
[∣∣θreal−θobj

∣∣+ ∣∣ϕreal−ϕobj
∣∣]. (6)

(i) Single-beam steering
The beam steering of a single beam at 0.70 THz un-

der different (θobj, ϕobj) are studied. The simulation results
for target angles of (7◦, 30◦), (15◦, 130◦), (25◦, 230◦), and
(35◦, 330◦) are illustrated in Fig. 6. Figures 6(a)–6(d) illus-
trate the metasurface array arrangements obtained using the
NSGA-II multi-objective optimization algorithm at the target
angles, figures 6(e)–6(h) illustrate the corresponding three-
dimensional far-field scattering results for each array for TE
mode, and figures 6(i)–6(l) illustrate the corresponding results
for TM mode.

The calculated values of E (θ ,ϕ) for the four cases are all
0◦ for the TE mode, while they are 0.05◦, 0.15◦, 0◦, and 0◦ for
the TM mode, all of which are less than 0.2◦. The small angle
error indicates that the simulation results are consistent with
the preset target. The 3-dB beamwidth of the target beam is
approximately 2.9◦, indicating a high level of directivity.

It can be observed that some sidelobes are present in addi-
tion to the main target beam in Fig. 6. This is due to the incom-
plete uniformity of the reflection amplitudes among the four
coding states, the phase differences between adjacent states
not being strictly 90◦, and the phase discontinuities of the
metasurface units. The energy differences between the main
target beam and the maximum energy of the sidelobes are
10.1 dB, 9.2 dB, 6 dB, and 3.2 dB for the TE mode, the cor-
responding values are 9.8 dB, 9.2 dB, 6.1 dB, and 3.1 dB for
the TM mode, indicating effective control for TE/TM mode.
The research indicates that when the elevation angle of the tar-
get beam exceeds 35◦, the sidelobe energy approaches or even
surpasses that of the target beam. The range of elevation angle
control is constrained by the ratio between the period of the
coding metasurface unit and its operational wavelength.

Therefore, the proposed reconfigurable coding meta-
surface, which is reverse-designed by the NSGA-II multi-
objective optimization algorithm, enables arbitrary angle con-
trol of a single beam within the range of elevation angles up
to 35◦ and azimuthal angles within 360◦ for the TE and TM
modes.
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Fig. 6. (a)–(d) Array coding sequence (θobj, ϕobj) for (7◦, 30◦), (15◦, 130◦),
(25◦, 230◦), and (35◦, 330◦) respectively; (e)–(h) the corresponding far-field
scattering results for TE mode; (i)–(l) the corresponding far-field scattering
results for TM mode.

(ii) Multi-beam steering
The multi-beam steering of coding metasurfaces at dif-

ferent elevations and azimuth angles has been studied. Simu-
lations for the independent steering of multi-beam (N = 2, 3,
4, 5) at different target angles have been conducted, and the
results are illustrated in Fig. 7.

The calculated values of E (θ ,ϕ) for the four cases are
0.05◦, 0.06◦, 0.24◦, and 0.17◦ for the TE mode, while they
are 0.07◦, 0.12◦, 0.15◦, and 0.18◦ for the TM mode, all of
which are less than 0.25◦. The differences between the min-
imum energy of the target beam and the maximum energy of
the sidelobes are 5.1 dB, 4.2 dB, 4 dB, and 5.1 dB for the TE
mode, the corresponding values are 5 dB, 4.3 dB, 4.1 dB, and
5.2 dB for the TM mode, indicating a high efficiency in multi-
beam steering. Additionally, the differences between the high-
est and lowest scattering amplitudes of the main lobes in the
target beam are 0.98 dB, 0.43 dB, 1.05 dB, and 0.4 dB for the
TE mode, while they are 0.91 dB, 0.45 dB, 1 dB, and 0.42 dB
for the TM mode. This indicates that the intensity distribution
of the target beam is relatively uniform.

Therefore, the proposed reconfigurable coding metasur-
face can achieve independent control over different numbers
of target beams within the elevation angle range of 35◦ and
azimuth range of 360◦ for the TE and TM modes. Since multi-
beam steering can cover multiple target areas simultaneously
and scan objects at various angles, it holds significant potential
for applications in phased array radar.
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Fig. 7. (a), (e), (i) Array coding sequence and far-field scattering results of
(θobj, ϕobj) for two beams (25◦, 40◦), (30◦, 140◦), respectively; (b), (f), (j)
array coding sequence and far-field scattering results of (θobj, ϕobj) for three
beams (25◦, 40◦), (30◦, 140◦), and (20◦, 240◦), respectively; (c), (g), (k) array
coding sequence and far-field scattering results of (θobj, ϕobj) for four beams
(17◦, 40◦), (20◦, 140◦), (20◦, 240◦), and (17◦, 340◦), respectively; (d), (h),
(l) array coding sequence and far-field scattering results of (θobj, ϕobj) for five
beams (17◦, 0◦), (17◦, 72◦), (17◦, 144◦), (17◦, 216◦), and (17◦, 288◦), respec-
tively.

(iii) Broadband capability of beam steering
Taking three beams as an example, the broadband charac-

teristics of beam steering for the coding metasurface within the
frequency range of 0.68 THz–0.72 THz are studied. Figure 8
illustrates the array arrangement of the coding metasurface and
the simulation results at frequencies of 0.68 THz, 0.70 THz,
and 0.72 THz.
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Fig. 8. Array coding sequence of (θobj, ϕobj) for three beams (25◦, 40◦),
(30◦,140◦), and (20◦, 240◦) at (a) 0.68 THz, (b) 0.70 THz, and (c) 0.72 THz,
respectively; (d)–(f) the corresponding far-field scattering results for TE
mode; (g)–(i) the corresponding far-field scattering results for TM mode.
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The calculated values of E (θ ,ϕ) for the three cases are
0.16◦, 0.06◦, and 0.1◦ for the TE mode, while they are 0.08◦,
0.12◦, and 0.18◦ for the TM mode, all of which are less than
0.2◦. The differences between the minimum energy of the tar-
get beam and the maximum energy of the sidelobes are 4.3 dB,
4.2 dB, and 4.4 dB for the TE mode, the corresponding values
are 4.2 dB, 4.3 dB, and 4.5 dB for the TM mode. The dif-
ferences between the highest and lowest scattering amplitudes
of the main lobes in the target beam are 0.44 dB, 0.43 dB, and
0.42 dB for the TE mode, while they are 0.42 dB, 0.45 dB, and
0.44 dB for the TM mode. Therefore, the proposed reconfig-
urable coding metasurface can achieve flexible beam steering
within the frequency range of 0.68 THz–0.72 THz for the TE
and TM modes.

3.2.2. OAM vortex beam

Mode purity is commonly used to quantitatively analyze
the generated vortex beams, and it refers to the ratio of the

energy of each mode to the total energy. To achieve mode
purity, a Fourier transform of the circular electric field in the
main lobe of the generated vortex beam is performed to ob-
tain the OAM spectrum. Subsequently, normalization of each
mode is conducted to determine the mode purity for the corre-
sponding mode. The OAM spectrum calculation formula is as
follows:[24]

Al =
1

2π

∫ 2π

0
ψ (ϕ) · e−ilϕ dϕ, (7)

where Al is the amplitude of the corresponding mode, and
ψ(ϕ) is the circular electric field.

(i) Generation of the single-OAM vortex beam
The generation of single vortex beams with different

topological charges using coding metasurfaces is studied at
0.70 THz. The simulation results are illustrated in Fig. 9.

y

x

0

360
l=+1(c)

TE TM

y

x

0

360

l=-1

y

x

0

360

l=-2

y

x

0

360

l=+2(d)

(a)

(b)

(e)

-3 -2 -1 0 1 2 3
0

0.2

0.4

0.6

0.8

1.0

P
u
ri
ty

OAM mode

67.15%

(i)

-3 -2 -1 0 1 2 3
0

0.2

0.4

0.6

0.8

1.0

P
u
ri
ty

OAM mode

72.5%

(f) (j)

-3 -2 -1 0 1 2 3
0

0.2

0.4

0.6

0.8

1.0

P
u
ri
ty

OAM mode

71.8%

(g) (k)

-3 -2 -1 0 1 2 3
0

0.2

0.4

0.6

0.8

1.0

P
u
ri
ty

OAM mode

67.9%

-3 -2 -1 0 1 2 3
0

0.2

0.4

0.6

0.8

1.0

P
u
ri
ty

OAM mode

67.2%

(h) (l)

-3 -2 -1 0 1 2 3
0

0.2

0.4

0.6

0.8

1.0

P
u
ri
ty

OAM mode

70.3%

-3 -2 -1 0 1 2 3
0

0.2

0.4

0.6

0.8

1.0

P
u
ri
ty

OAM mode

71.5%

-3 -2 -1 0 1 2 3
0

0.2

0.4

0.6

0.8

1.0

P
u
ri
ty

OAM mode

68.1%

Fig. 9. Far-field scattering intensity and phase distribution results at 0.70 THz for (a)–(d) l =±1, ±2; (e)–(h) the corresponding pattern purity
distribution diagrams for TE mode, (i)–(l) the corresponding pattern purity distribution diagrams for TM mode.

Figures 9(a)–9(d) illustrate the far-field scattering re-

sults and phase distributions for the generation of topological

charge l = ±1, ±2 respectively. It can be observed that the

electric field intensity of the vortex beam exhibits a circular

distribution, with a depression at the center where the electric

field intensity is zero. When the topological charge is l =±1,
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±2 the phases undergo 1–2 clockwise or counterclockwise cy-
cles from 0◦ to 360◦ respectively, which are consistent with the
characteristics of the vortex beam. Figures 9(e)–9(l) illustrate
the corresponding mode purities respectively. The mode puri-
ties for the topological charge l = ±1, ±2 are 71.8%, 72.5%,
67.9%, and 68.1% for the TE mode, while they are 70.3%,
71.5%, 67.2%, and 67.1% for the TM mode. This indicates
that the coding metasurface is capable of generating a vortex
beam with good performance.

(ii) Generation of the multi-OAM vortex beam
Since vortex beams are obtained by convolving the vor-

tex phase with ordinary beams, theoretically, by convolving
the vortex phase corresponding to different topological charge
( l = −2, −1, +1, and +2) with the array arrangement of a
certain target angle (θobj, ϕobj) reverse designed by the NSGA-
II multi-objective optimization algorithm, flexible and diverse
generation of single- and multi-vortex beams with elevation
angles within a 35◦ range and azimuth angles within a 360◦

range achieved with polarization independence over the fre-
quency range of 0.68 THz–0.72 THz.
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Fig. 10. (a), (e), (i) Array coding sequence and far-field scattering results of
(θobj, ϕobj) for two vortex beams (25◦, 40◦), (30◦, 140◦), respectively; (b),
(f), (j) array coding sequence and far-field scattering results of (θobj, ϕobj) for
three vortex beams (25◦, 40◦), (30◦, 140◦), and (20◦, 240◦), respectively; (c),
(g), (k) array coding sequence and far-field scattering results of (θobj, ϕobj)
for four vortex beams (17◦, 40◦), (20◦, 140◦), (20◦, 240◦), and (17◦,340◦),
respectively; (d), (h), (l) array coding sequence and far-field scattering re-
sults of (θobj, ϕobj) for five vortex beams (17◦, 0◦), (17◦, 72◦), (17◦, 144◦),
(17◦,216◦), and (17◦,288◦), respectively.

Taking the array in multi-beam steering as example, the
simulation results of multi-vortex beams with different topo-

logical charges are illustrated in Fig. 10. From the three-
dimensional far-field scattering results, it can be observed that
each multi-vortex beam generated by the metasurface satisfies
the characteristics of a vortex beam with different topologi-
cal charges. The angular errors E(θ ,ϕ) are 0.25◦, 0.3◦, 0.29◦,
and 0.29◦ for the TE mode, the corresponding values are 0.25◦,
0.21◦, 0.3◦ , and 0.3◦ for the TM mode. The angular errors are
all around 0.3◦, which demonstrates effective control over the
vortex beam with good accuracy.

(iii) Broadband capability of vortex beam generation
Taking three vortex beams as an example, the broadband

characteristics of vortex beam generation for the coding meta-
surface within the frequency range of 0.68 THz–0.72 THz are
studied.

Figure 11 illustrates the array arrangement of the cod-
ing metasurface and the simulation results at frequencies of
0.68 THz, 0.70 THz, and 0.72 THz. The calculated values of
E (θ ,ϕ) for the three cases are 0.23◦, 0.3◦, and 0.25◦ for the
TE mode, while they are 0.33◦, 0.22◦, and 0.3◦ for the TM
mode, all of which are less than 0.4◦.
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Fig. 11. Array coding sequence of (θobj, ϕobj) for three vortex beams
(25◦,40◦), (30◦, 140◦), and (20◦, 240◦) at (a) 0.68 THz, (b) 0.70 THz, and
(c) 0.72 THz, respectively; (d)–(f) the corresponding far-field scattering re-
sults for TE mode; (g)–(i) the corresponding far-field scattering results for
TM mode.

Therefore, the proposed reconfigurable coding metasur-
face can generate single and multi-vortex beams with different
topological charges and beam numbers within the frequency
range of 0.68 THz–0.72 THz. For the generation of multi-
vortex beams, the generation angles of each vortex beam can
still be independently controlled, offering high flexibility and
diversity. This makes it promising for applications in vortex
radar and three-dimensional synthetic aperture radar (SAR)
imaging.
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4. Conclusion
A broadband polarization-independent THz multifunc-

tional coding metasurface based on topological optimiza-
tion is proposed in this paper, which achieves polarization-
independent 2-bit coding within the range of 0.68 THz–
0.72 THz. The array arrangements of the metasurface have
been reverse-designed using the NSGA-II multi-objective op-
timization algorithm, which improves the design efficiency
and achieves beam assignment and vortex beam generation.
The results indicate that, for beam steering, flexible steering
of both single- and multi-beam can be achieved within the 35◦

elevation angle range and 360◦ azimuth range in this frequency
band. Moreover, the elevation and azimuth angles of each
beam in the multi-beam steering can be independently con-
trolled. For vortex beam generation, vortex beam with topo-
logical charges l =±1,±2 and mode purities greater than 67%
can be generated. Multi-vortex beams can be generated within
an elevation angle range of 35◦ and an azimuth range of 360◦

can be generated. This provides flexibility and diversity in vor-
tex beam generation. Therefore, this reverse-designed multi-
functional reconfigurable metasurface holds promising appli-
cation potential in fields such as THz communication, phased
array radar, and vortex radar.
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