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Structured Light Generation Using Angle-Multiplexed
Metasurfaces

Lin Deng, Renchao Jin, Yihao Xu, and Yongmin Liu*

On the basis of the Jones matrix, independent control over the amplitude and
phase of light has been demonstrated by combining several meta-atoms into
the supercell of a metasurface. However, due to the intrinsic limitation of a
planar achiral structure, the maximum number of independent, complex
elements in one Jones matrix is three, giving rise to up to three-channel
amplitude and phase control. In this work, more Jones matrices corresponding
to different angles of incidence are proposed to add, so that the degrees of
freedom in the amplitude and phase control can be further increased. The
supercell of the designed metasurfaces consists of three dielectric nanoblocks
with predefined rotation angles and displacements in the 2D space, which can
be inversely determined with the help of the genetic algorithm. Empowered by
the ability to realize four- or even eight-channel amplitude and phase control,
the generation of multiple structured light, including two independent perfect
Poincaré beams, two double-ring perfect Poincaré beams, two perfect
Poincaré beam arrays, and four vector vortex beam arrays, is numerically
demonstrated. Such novel designs are expected to benefit the development of
modern optical applications, including but not limited to optical
communications, quantum information, and signal encryption.

1. Introduction

Metasurfaces,[1–8] which are composed of 2D subwavelength
meta-atoms, have drawn wide attention in the past decade
because of their compact size and novel functionalities. Var-
ious devices with the same or more complicated functions
compared to the bulky optical counterparts have been re-
ported based on distinct metasurfaces, such as focal lenses,[9–11]

polarizers,[12–14] vortex beam generators,[15–17] holograms,[18–20]

and spot projection.[21–23] However, in previously reported meta-
surfaces, the unit cell typically consists of a single meta-atom,
hence the output degrees of freedom (DOF) are restrained by
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a simple Jones matrix. To further increase
the DOF of metasurfaces, researchers
have recently proposed to integrate several
meta-atoms with varying geometric param-
eters into a supercell. On the basis of this
methodology, applications such as arbi-
trary polarization generation, on-demand
polarization conversion, and multiplexing
nanoprinting and holograms have been
reported.[24–34] With the ability to match the
complex electric fields for each of the multi-
plexing channels, these designs have shown
their advantages of large information ca-
pacity, high imaging quality, and precise
wavefront control. Up to six DOF in the
combined Jones matrix, which is the theo-
retical upper limit corresponding to the am-
plitude and phase (AP) control of the three
elements in the Jones matrix for planar
achiral metasurfaces, have been success-
fully realized with the help of the genetic
algorithm (GA).[34] Very recently, Xiong
et al. have demonstrated that multiple
polarization channels can be independently
controlled by introducing correlated and

noncorrelated noise to the Jones matrix elements with complex
values.[35] Up to 11 polarization channels and 36 holographic im-
ages have been realized, while the total intrinsic DOF of this sin-
gle Jones matrix are still 6.

Although the maximum DOF in a single Jones matrix were
demonstrated, it is still possible to surpass this limit and further
expand the AP control channels. For conventional metasurface
design,[1,36–39] light is usually illuminated perpendicular to the
metasurfaces plane, and the optical responses recorded are typi-
cally carried by zero-order transmitted or reflected light (i.e., with-
out diffraction). The angle of incidence and high-order diffracted
beams can be taken into account to add extra DOF in the design.
One possible way is to design metasurfaces with variable geome-
tries that can have different resonant modes and thus indepen-
dent phase control in response to the angles of incidence.[40,41]

However, the total optical DOF of the metasurfaces produced by
the brute-force parameter sweeping method is still constrained
since the permitted resonant modes are not always able to cover
the entire complex amplitude space, particularly when a number
of polarization states and angles are involved. Another method is
to utilize light at different diffraction angles for multiplxing,[42,43]

so that various functions can be engineered for different
high-order diffracted beams. Moreover, when the direction of in-
cidence is changed, multiple functions can be realized at a fixed
observation angle, for example, along the direction perpendicular
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Figure 1. a) Schematic of generation of two PPBs with left- and back-side TE incidences. The black arrows indicate the polarization direction of the
incident light and the generated PPBs. b) Schematic of generation of four VVB arrays with TE light incident from four different directions. c) Geometric
parameters considered in one supercell of the metasurface, including the rotation angles and locations of three nanoblocks. d) Illustration of the angle-
multiplexed metasurface, which shows distinct functions when light is incident from four different directions. Pseudocolors are used in all figures for
light with different angles of incidence and the corresponding complex beams for better visualization.

to the metasurfaces plane.[24,34] Combined with the AP control
of multiple polarization channels enabled by the deliberate ma-
nipulation of the geometric parameters inside the supercells, the
DOF of the metasurfaces can be potentially expanded and more
complicated functions can be realized in a single metadevice.

In parallel to metasurfaces, structured light with complex
phase-front and polarization distribution has also aroused great
interest in the photonics community.[15,24,44–51] One represen-
tative example of structure light is orbital angular momen-
tum (OAM) beams, which are paraxial beams with spiral phase
profiles.[45] Due to the phase singularity at the center, OAM
beams show donut-shaped intensity pattern. There are several
conventional ways to produce OAM beams, including static spiral
phase plate, compute-generated holography, q-plate, and spatial
light modulator.[52] Owing to the unique electric field distribu-
tions and the orthogonality of OAM beams with different topo-
logical charges (TCs), they can greatly enhance the information
capacity of metasurface devices. In recent decades, using meta-
surfaces to create the required phase distribution, researchers
have realized novel applications including high-speed optical
communications,[53] edge-enhancement imaging,[54] multiplex
hologram,[55] and particle trapping[56] based on OAM beams with
various TCs, polarizations, and frequencies. Additionally, vec-
tor vortex beams (VVBs), with spatially varying polarization and
phase distributions, can be produced by overlaying OAM beams
with orthogonal polarization states and various TCs. Another im-
portant variant of the VVB is perfect Poincaré beams (PPBs),
which own the unique propriety of having a fixed diameter re-
gardless of the TCs. It is anticipated that the expansion of the
AP channel, once achieved, can greatly enhance the information
capacity carried by various VVBs.

In this paper, by considering multiple incident directions, we
propose to push the limit of the Jones matrix-based multichan-
nel AP control even further with the assistance of GA. The key
idea is to incorporate multiple Jones matrices that respond dif-
ferently to the angles of incidence. Four-channel AP control of
the diffracted light is realized by managing the lateral displace-
ments as well as the rotation angles of three nanoblocks inside
the supercells. Using this approach, we demonstrate the genera-
tion of structured light with space-variant polarization and phase
distribution, including two PPBs, two double-ring PPBs, two PPB
arrays, and four VVBs arrays, based on the AP control of four and
even eight elements of the Jones matrices. Our work shows that,
with the help of GA, we can precisely and inversely control the
amplitude and phase at multiple channels considering different
incident angles and output polarization states. Several novel ap-
plications that require the generation of on-demand structured
vector vortex fields can be produced independently, which could
be very challenging by the conventional design approaches. A de-
tailed comparison between our work and previous publications
regarding the functionality, degrees of freedom, design princi-
ples, and other important properties can be found in Table S1 of
the Supporting Information.

2. Results and Discussions

As illustrated in Figure 1a, when transverse-electric (TE) light is
incident from the left and back sides with a certain oblique angle,
two PPBs would be generated separately. The generation of these
two PPBs requires the independent AP control of four channels,
i.e., the x and y polarization of the diffracted light for left- and
back-side incidence. When considering the opposite incident di-
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rections, the AP control channels can be further expanded as the
result of conjugate complex amplitudes. Figure 1b illustrates the
generation of multiplexed VVB arrays when light is incident from
four different directions separately. For TE incidence from the left
side, a beam array containing four VVBs will be produced, each
of which can be decomposed to left-handed circularly polarized
(LCP) right-handed circularly polarized (RCP) light with two dif-
ferent sets of TCs, thanks to the independent control of the AP
generation of these two polarization channels. Moreover, when
light comes from the right side with the same angle of incidence,
the amplitude of the diffracted light would be the same as the left-
side incidence while the phase becomes the opposite value, which
would lead to the conjugate far-field response. Similarly, we can
produce VVB arrays with completely different TC sets using the
back- and front-side incidence compared to the left- and right-side
incidence cases. In the Fourier space (i.e., k space), four different
VVB arrays can be observed for the four incident directions.

The supercell in our design consists of three identical silicon
nanoblocks placed on a silica substrate. The width, length, and
height of the nanoblock are 40, 165, and 600 nm, respectively.
The rotation angles 𝜃1, 𝜃2, and 𝜃3, of the nanoblocks as well as
their displacements along the x- and y-direction x1, y1, x2, y2, x3,
and y3 are deliberately controlled, as shown in Figure 1c. The pe-
riodicity of the supercell Px and Py are fixed as 1000 nm for all
of our designs in this work. Metasurfaces using a similar design
have been proposed recently to achieve functions such as the gen-
eration of perfect vector vortex beams, polarization imaging, and
three-channel AP control.[24–27,31,34] However, all of these works
only studied the AP response of the diffracted light by fixing the
angle of incidence and neglecting the displacement along the y-
direction, which naturally limited the DOF in the design.

In the present work, instead of fixing the angle of incidence,
we consider that light beams are incident from different direc-
tions in the full 3D space, marked as the solid arrows in four
different pseudocolors (Figure 1d). The observation direction is
fixed as the diffraction order perpendicular to the metasurface
plane, which is marked by dashed arrows with the correspond-
ing pseudocolors. The design principle can be understood on the
basis of Jones matrix. When light is incident from the bottom air–
substrate interface at the angle of sin −1(𝜆/Px) relative to the z-axis
in the xz plane, or from the left-side for simplicity, the first-order
diffracted light will propagate along the z-axis. The Jones matrix
of the diffracted light along the normal direction can be written
as[34]

Jl =

[
Jl

11 Jl
12

Jl
21 Jl

22

]
=
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n∑

k=1
e
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1
2
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k=1

e
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(
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)
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2
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e
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(
2𝜃k

) n∑
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e
i2𝜋
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xk sin2
𝜃k

⎤⎥⎥⎥⎥⎦
(1)

In Equation (1), n denotes the number of nanoblocks in a su-
percell. For an achiral structure, the off-diagonal terms of the
Jones matrix always share the same value in the linear polariza-
tion basis, that is, Jl

12 = Jl
21. Therefore, the upper limit of the DOF

in this Jones matrix is the six independent amplitude and phase
values offered by Jl

11, Jl
12, and Jl

22, which can be controlled by 𝜃k
and xk, and will be optimized by GA as discussed in the follow-
ing. It is worth pointing out that yk, the displacement along the

y-direction yk does not affect Equation (1), since this equation only
involves the detour phase term i2𝜋

Px
xk. When light is incident at the

angle of sin −1(𝜆/Py) relative to the z-axis in the yz plane, or from
the back side for simplicity, the detour phase term will become
i2𝜋
Py

yk. Therefore, another Jones matrix for the diffracted light un-

der back-side illumination can be obtained as follows
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(2)

From Equations (1) and (2), we have six independent elements,
that is, Jl

11, Jl
12( = Jl

21), Jl
22, Jb

11, Jb
12( = Jb

21), and Jb
22. In this work,

we focus on TE incidence, and hence we only need to consider
Jl

21, Jl
22, Jb

11, and Jb
12, which determine the Ex and Ey components

of the diffracted waves with TE incidence from the left- and back-
sides. It is straightforward to carry out the design for transverse
magnetic incidence following a similar analysis.

As shown in Figure 1d, the supercell of the designed meta-
surface comprises three nanoblocks in one supercell. Their lo-
cations and rotation angles, that is, x1,y1,𝜃1,x2,y2,𝜃2,x3,y3,and 𝜃3,
represent nine variables in total, which are sufficient for us to
inversely retrieve the eight DOF offered by the four complex ele-
ments (i.e., including both real and imaginary parts) in the Jones
matrices of our interest. Inverse design, which starts with the de-
sired performance and then uses a certain algorithm to gener-
ate a solution, has been widely studied in photonics. Different
techniques, such as GA,[57–61] neural network,[62–66] and topol-
ogy optimization,[67–70] have been applied for inverse design to
implement various applications. Mimicking the process of nat-
ural evolution including selection, mutation, and crossover, GA
can provide the users with optimized solutions after certain it-
erations. With the advantages of global optimization, inherent
parallelism, and fast speed, GA has been widely applied in the in-
verse design for integrated photonics and planar optics.[57–61,71–73]

Here, the nine structure parameters are set as the input of GA
and iteratively optimized to match the four target elements in
the Jones matrices to the greatest extent. A standard Python GA
model has been used in our design and the details can be found
in Section S2 of the Supporting Information.

As the first example, we will show the generation of two PPBs.
A PPB is a vector vortex beam that can maintain a uniform ring
contour with an enlarged radius along the propagation direction
regardless of its TCs.[74,75] Arbitrary space-variant polarization
and phase distribution can be obtained for PPBs with predefined
TC combinations. Such unique characteristics are highly useful
for information multiplexing, particle trapping, and optical com-
munication. On the other hand, a perfect vortex beam (PVB), has
the same proprieties as the PPB regarding the invariant annu-
lar ring shape but with homogenous polarization distribution. A
PPB can be considered as the superposition of an RCP and an
LCP PVB with the TC of lm and ln, which are located at the poles
of higher-order Poincaré sphere, respectively.[51] Mathematically,
a PPB can be described as

||||UN⟩ = cos
(
𝛼

2

)
e

i𝛽
2
|||| PVBR, lm⟩ + sin

(
𝛼

2

)
e−

i𝛽
2 | PVBL, ln⟩ (3)
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Figure 2. a) Evolution of the intensity profile of the generated PPB along the propagation direction, when TE light is incident from the left side. The black
arrows indicate the polarization state at 200 μm. b,d) Intensity profiles considering the x-, y-, and the total component of electric fields at z = 200 μm
with left- and back-side incidence. c,e) Intensity profile and phase distribution along the radial direction for LCP and RCP component of electric fields
with left- and back-side incidence. The blue and red lines indicate the recorded phase value ϕ versus the azimuthal angle 𝜃 along the rings for RCP and
LCP components of electric fields, respectively. Scale bars: 20 μm.

Here cos(𝛼/2) and sin (𝛼/2) represent the amplitudes of the RCP
and LCP components, and 𝛽 is the initial phase difference be-
tween them. For simplicity, we will set 𝛼 = 𝜋/2 and 𝛽 = 0 in all
our simulations. The function of PVBs can be considered as a
combination of a vortex plate, a Bessel converter, and a Fourier
transformation lens. The phase profile of a PVB can be described
as

𝜑PVB (x, y) = 𝜑V (x, y) + 𝜑B (x, y) + 𝜑F (x, y) (4)

with 𝜑V(x, y) = l ⋅ arctan( y

x
), 𝜑B(x, y) = − 2𝜋

𝜆

√
x2 + y2 ⋅ NA, and

𝜑F(x, y) = − 𝜋

𝜆f
(x2 + y2). For the RCP and LCP components, the

TC number l is denoted as lm and ln, respectively, while the fo-
cal distance f and numerical aperture (NA) are the same. Then,
the polarization order and the phase distribution can be deter-
mined as p = (lm − ln)/2 and lp = (lm + ln)/2. Once all the im-
portant parameters of the desired PPB, including the TCs, NA,
and f are chosen, the required complex Ex and Ey components
can be obtained at the metasurface plane by the conversion be-
tween circular polarization and linear polarization as Ex = (EL +
ER)/2 and Ey = (EL − ER)/2i. Please note that although only the
phase terms can be found for the expression of circular polar-
ization components, the electric fields of the linear polarization
components consist of complex values with both amplitude and
phase information. Different from previous works that only con-
sidered rather simple functions, such as the generation of OAM
beams[53] or only one single PPB,[74] to demonstrate the potential
of our design method, here we aim to generate two distinct PPBs
in response to two distinct directions of incidence. The two sets
of the calculated complex electric fields corresponding to two dif-

ferent PPBs with independent combinations of lm and ln are fed
to the GA model as the target to retrieve the locations and rotation
angles of the nanoblocks.

For the first example, we demonstrate the generation of two
PPBs with two incident directions. Specifically, PPB1 with lm =
−1 and ln = 1 is generated with left-side incidence and PPB2 with
lm =+3 and ln =−1 is generated with back-side incidence. The de-
signed metasurface has 60 × 60 pixels, and the supercell at each
pixel is 1000 nm × 1000 nm in size. The working wavelength
is set at 650 nm. The incident angle is set as 40.5° from the bot-
tom air–substrate interface so that the generated PPB propagates
along the z-axis due to the first-order diffraction. The focal dis-
tance f is set as 200 μm and the NA is set as 0.1. We have con-
ducted full-wave simulations by commercial software CST Mi-
crowave Suite, after the metasurfaces are inversely designed by
GA. The simulation domain is 60 μm × 60 μm × 1 μm with open-
ing boundary condition. The distribution of the electric field at
the plane 1 μm above the metasurfaces is first obtained. The evo-
lution of the electric fields around the desired distance is then cal-
culated by the Fresnel diffraction equation to save computation
memory and time. As illustrated in Figure 2a, for left-side inci-
dence, we can see that the total intensity profiles of the generated
electric fields maintain a stable ring shape with increasing radii
along the propagation direction (from 120 to 320 μm). The elec-
tric fields at the designed working distance z = 200 μm for both
left-side and back-side incidence are extracted and decomposed
to linear and circular polarization components, as presented in
Figure 2b–e. In Figure 2b,d, we can observe that the distribution
of Itot shows two very similar ring patterns for both left- and back-
side incidence, while the decomposed intensity profiles of Ix and
Iy are distinctly different, confirming the unique property of PPB.
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Figure 3. a,b) Intensity profiles of the generated two independent double-ring PPBs with left- and back-side incidence. c,d) Corresponding intensity and
phase profiles after the double-ring PPBs are decomposed into LCP and RCP components. The numbers in (c) and (d) denote the individual TCs. Scale
bars: 10 μm.

To better understand their difference, the intensity and phase dis-
tribution along the radial direction of the decomposed LCP and
RCP components are plotted in Figure 2c,e. PVBs with TCs of lm
= −1, ln = +1, and lm = +3, ln = −1 for these two cases can be ver-
ified via the ring shape intensity pattern and the phase accumula-
tion of l · 2𝜋 along the ring. The mode purities of the decomposed
four PVBs are calculated as 0.94, 0.93, 0.92, and 0.94, respectively,
which agree well with our expectations. The details about the cal-
culation of the mode purity can be found in Section S3 of the Sup-
porting Information. Moreover, the details about the simulation
and the data processing are given in Section S4 of the Supporting
Information.

Moreover, since the amplitude and phase of the four elements
in the Jones matrix can be precisely controlled via GA, it is
straightforward to realize more advanced functions. For instance,
multiple-ring vector beams,[74,76,77] which consist of multiple con-
centric ring patterns with spatial-variated phase or polarization
distributions, have been recently studied for their potential to fur-
ther expand the communication channel. Combing the idea of
multiple-ring vector beams with PPBs, we can further increase
the DOF of the generated beams by including the ring numbers.
A multiple-ring PPB can be described as a summation of multi-
ple PPBs with different NA, which are 0.04 and 0.08 in our case.
Then, by retrieving the complex amplitudes of each channel, we
can generate the desired double-ring PPBs at the focal plane f =
200 μm. We increase the size of the metasurfaces to 90 μm × 90
μm to enhance the quality of the generated beams. As shown in
Figure 3, the double-ring PPBs, which can be decomposed into
two PVBs with lm = −1, + 2 and ln = +1, −2 at the outer and
inner rings, are produced for left-side incidence, while another
double-ring PPBs with lm =+3,− 1 and ln =−1,+ 1 are generated
for back-side incidence. The unique patterns of the decomposed
linear polarization components depicted in Figure 3a,b clearly
show the absolute values of the polarization order, that is, |p1|
= 1, 2 and |p2| = 2, 1, which are manifested by the intensity pat-
tern of Ix and Iy In addition, the phase profiles of the circular
polarization components in Figure 3c,d can verify the different

TC combinations for the two double-ring PPBs. The bright spots
at the center of the generated patterns are mainly due to the fo-
cusing of the background light. Moreover, the average mode pu-
rity of the decomposed PVBs is ≈0.90. This is slightly lower than
the first case since more complicated electric field distribution is
involved.

To further demonstrate the advantages of our design for mul-
tichannel AP control, for the third demonstration, we will show
two independent PPB arrays, each consisting of three PPBs. The
required complex electric field is generated by adding up the
functions for all PPBs, and a metasurface consisting of 90 × 90
pixels is designed by GA. Three PPBs, which can be decomposed
to PVBs with lm = −1, −2, −3 and ln = +1, +2, +3, are produced
for left-side incidence, while another set of PPBs with lm = −1,
0, +1 and ln = +1, +2, +3 are generated for back-side incidence.
The unique patterns of the decomposed linear polarization com-
ponents depicted in Figure 4a,b clearly show the absolute values
of the polarization order, that is, |p1| = 1, 2, 3 and |p2| = 1, 1, 1.
In addition, the phase profiles of the circular polarization com-
ponents in Figure 4c,d can verify the different combinations of
TCs for the two PPB arrays. The mode purities are calculated for
all decomposed PVBs, and the average value is about 0.87. The
focal distance f is set as 200 μm and the NA is set as 0.05 for all
the PPBs. The detailed comparison of the complex amplitude at
the metasurface plane and the intensity of the results generated
from the target, GA, and FDTD simulation are given in Section
S5 of the Supporting Information. Although some background
noise exists for the intensity profiles of the decomposed polariza-
tion components in Figure 4, it can be further relieved when a
metasurface with more pixels is used. In this work, the electric
field is rigorously generated by the three functions as shown in
Equation (4), which would result in a ring pattern with a rather
thin width. Generally speaking, the PPB can be regarded as one
kind of perfect vector vortex beams (PVVBs), whose polarization
and phase are spatial-variated while the intensity patterns are
independent of the TCs. Another approach to generate PVVBs
but with controllable width and radius based on inverse Fresnel
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Figure 4. a,b) Intensity profiles of the generated two independent PPB arrays with left- and back-side incidence. c,d) Corresponding intensity and phase
profiles after the PPBs are decomposed into LCP and RCP components. The numbers in (c) and (d) denote the individual TCs. Scale bars: 10 μm.

diffraction can be found in Section S6 of the Supporting Infor-
mation.

We have validated the independent control of the Jones ma-
trix for the left-side and back-side incidence, while we can push
the multiplexing capacity even further. To incorporate more Jones
matrices from the existing structures, one possible solution is to
change the incident angle to the opposite direction while keep-
ing the same observation position, so that the relative displace-
ments could be different values. If we consider that light is com-
ing from the right or front side and still observe the beam trans-
mitted along the positive z-direction, then the displacements xk
and yk become − xk and − yk but the rotation angles 𝜃k keep the
same value considering the coordinate system transformation. In
this case, the Jones matrix could be rewritten as

Jr =
(
Jl
)∗

(5)

Jf =
(
Jb
)∗

(6)

In other words, the corresponding elements in the Jones matrix
have conjugate values when light comes from the opposite direc-
tion. In this way, a Jones matrix set with four angle-dependent
Jones matrices can be formed. By doubling the Jones matrices,
our method can greatly enhance the functionalities of devices that
work at the far field or relatively near field with certain multiplex-
ing methods.[78,79]

For the last demonstration, we will focus on increasing the in-
formation volume carried by the generated VVBs when light is
incident from four different directions. Besides the PPBs that we
have discussed, VVBs, which are another type of structured light
with space-variant polarization and phase distribution, have been
widely applied in optical trapping,[80–82] particle acceleration,[83]

and high-resolution lithography.[84–86] VVBs can be generated by
the spatial overlapping of two OAM beams with different TCs
as[87]

||||UN⟩ = cos
(
𝛼

2

)
e

i𝛽
2
|||| OAMR, lm⟩ + sin

(
𝛼

2

)
e−

i𝛽
2 | OAML, ln⟩ (7)

with 𝜑OAM(x, y) = 𝜑V(x, y) = l ⋅ arctan(y∕x). For the RCP and LCP
components, the TC number l is denoted as lm and ln, respec-
tively. We set 𝛼 = 𝜋/2 and 𝛽 = 0 in all our simulations for sim-
plicity. Compared to the PPB represented by Equations (3) and
(4), the generation of VVBs does not involve the Bessel func-
tion 𝜑B and Fourier transformation lens 𝜑F, Hence, the formed
beams would have different ring sizes and energy densities in
the far field corresponding to their TCs. Because our metasur-
face can create on-demand complex electric fields for both x- and
y-polarized light that can greatly preserve the information needed
for complex functions, four VVBs can be generated in the far field
with high contrasts and low noises with left-side incidence, as
demonstrated in Figure 5a. The metasurface consists of 80 × 80
supercells with a total size of 80 μm × 80 μm. The far-field results
obtained from the full-wave simulations clearly show the charac-
teristic intensity patterns of the x-polarization and y-polarization
components, which indicate four different polarization orders |p|
= 1, 2, 3, 4. The phase profiles in the inset further verify the TCs of
the circularly polarized components are lm =−1,−2,−3,−4 and ln
= +1, +2, +3, +4. If the light is incident from the right side at the
same angle, the amplitude profile will remain constant while the
phase profile reverses the sign, resulting in the conjugate elec-
tric field in the k-space for x- and y-polarization components. As
shown in Figure 5b, now we have lm = −2, −1, −4, −3 and ln =
+2, +1, +4, +3. Since Jb is independent of Jl, we could obtain an-
other set of VVBs when the light is incident from the back side.
As shown in Figure 5c, we have lm =−1, 0,+1,+2 and ln =+1,+2,
+3,+4. For front-side incidence presented in Figure 5d, the VVBs
change to lm = −2, −1, −4, −3 and ln = 0, +1, −2, −1 because of
the phase flipping. We can find that not only the TC sets of the
LCP and RCP components are exchanged, the VVBs within one
set also switch to the opposite position while their TCs flip the
sign. Overall, 16 VVBs with the average mode purity of 0.85 can
be generated simultaneously with four different incident direc-
tions, which can greatly benefit the applications such as optical
communication and data encryption. Please note that for each
incident direction, while we only consider four VVBs for the op-
timum simulation performance due to computational resource

Adv. Optical Mater. 2023, 2300299 © 2023 Wiley-VCH GmbH2300299 (6 of 9)
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Figure 5. a–d) Simulated intensity profiles of the decomposed linear polarization (top two rows), and intensity profiles of the decomposed circular
polarization (bottom two rows) for the four VVB arrays, when light is incident from four different directions. The phase profiles of the OAM beams are
shown in the insets. The numbers denote the individual TCs. Scale bar: 2°.

constraints, the number and order of VVBs could be further in-
creased if enough pixels are considered during the design process
to accurately recreate the required electric field distributions.

Similar to the previous works that set the input light at one
specific wavelength,[24,34] where the nanoblock has the strongest
scattering along the long axis, we choose 650 nm as the work-
ing wavelength for all of our simulations. The bandwidth of
our devices is approximately 60 nm and the detailed discussion
about the wavelength dependence of our proposed method can
be found in Section S7 of the Supporting Information. For all the
four designs mentioned above, the amplitudes of each pixel vary
between 0 and 1, which inevitably causes low overall efficiency.
Therefore, we adopt the method to make the efficiency indepen-
dent of the metasurface area,[34] and the calculated efficiencies of
generating the PPBs, double-ring PPBs, PPB arrays, and VVB ar-
rays are around 10.0%, 9.3%, 8.7%, and 12.4%, which are compa-
rable to the published works.[24,34] Please note that with the help
of GA, our approach can be easily extended to other functions,
structures, and even platforms. For instance, we can transfer our
design method to an integrated photonics platform and realize
multiple-channel manipulation of the scattered light. The details
can be found in Section S8 of the Supporting Information.

3. Conclusion

In summary, we have developed a method to further increase
the DOF of angle-multiplexed metasurfaces. By deliberately man-
aging the positions and rotation angles of three nanoblocks in-
side a supercell, we can engineer the Jones matrices for differ-
ent incident directions. With the help of GA to tune the geomet-
ric parameters, four- or even eight-channel AP control can be
realized. With numerical calculation and full-wave simulation,
we demonstrate two different PPBs, two double-ring PPBs and
two PPB arrays generation considering two incident directions,
and four VVB arrays considering four incident directions, respec-
tively. Our method is applicable for other applications, including
multichannel nanoprinting, holograms, and encryption, with ap-
propriate designs. Ultimately, it will help to accelerate future tech-
nology development in the areas of data communication, optical
manipulation, and augmented reality/virtual reality display.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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