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Abstract. Recently, the metasurfaces for independently controlling the wavefront and amplitude of two
orthogonal circularly polarized electromagnetic (EM) waves have been demonstrated to open a way toward
spin-multiplexing compact metadevices. However, these metasurfaces are mostly restricted to a single
operation frequency band. The main challenge to achieving multiple frequency manipulations stems from
the complicated and time-consuming design caused by multifrequency cross talk. To solve this problem,
we propose a deep-learning-assisted inverse design method for designing a dual-spin/frequency metasurface
with flexible multiplexing of off-axis vortices. By analyzing the cross talk between different spin/frequency
channels based on the deep-learning method, we established the internal mapping relationship between
the physical parameters of a meta-atom and its phase responses in multichannels, realizing the rapid inverse
design of the spin/frequency multiplexing EM device. As a proof of concept, we demonstrated in the microwave
region a dual-frequency arbitrary spin-to-orbit angular momentum converter, a dual-frequency off-axis vector
vortex multiplexer, and a large-capacity (16-channel) vortex beam generator. The proposed method may
provide a compact and efficient platform for the multiplexing of vortices, which may further stimulate their
applications in wireless communication and quantum information science.
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1 Introduction
The angular momentum carried by light can be specifically di-
vided into two types of spin angular momentum (SAM) and
orbital angular momentum (OAM).1 The SAM described by
σħ per photon (topological charge σ ¼ �1) is related to the
polarization state of light waves, whereas the OAM described
as eilϕ leads to the “doughnut” intensity distribution and helical
phase wavefront of light, where topological charge l is an
integer and ϕ is the azimuth angle. In recent decades, due to
the orthogonality of the transmission between different OAM
modes and their peculiar wavefronts, multiple OAM beams
can be encoded with different information at the same time to
tremendously increase the channel capacity in optical/wireless
communication;2–6 thus the beam carrying OAM (or termed

a vortex beam, VB) has attracted great research interest and
triggered numerous potential applications in wireless commu-
nication,4–6 optical holography,7,8 and quantum information
processing.9 Moreover, if two vortex beams carrying OAM with
opposite spin states propagate along the same direction, they
will be superimposed coherently to form a vector vortex beam
(VVB) with an inhomogeneous state of polarization wavefront,1

which plays a pivotal role in optical tweezers,10,11 spin-Hall
photonics,12–15 and spin object detection,16,17 etc.18 Nevertheless,
classical devices for VB and VVB generation, including spiral
phase plates, spiral and twisted reflectors, diffraction gratings,
and circular phased arrays, suffer from their high profile and
bulky configuration, limited mode number, etc.19,20

The emergence of metasurfaces not only realizes some
peculiar physical phenomena,21–25 but also effectively solves
the problem of bulky devices.23 In general terms, although meta-
surfaces based on the Pancharatnam–Berry (PB) phase26,27 (or
so-called geometric phase) have tackled the problem of high
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profile, they still have limitations on the realization of topologi-
cal charge and direction of generated off-axis vortices.24,28,29 The
linear-polarization-multiplexing metasurface can be realized by
designing structures with anisotropic form,30,31 but it is difficult
to realize the multiplexing of circular polarization. Fortunately,
an emerging avenue in metasurface design to unlock two spin
states is proposed by combining both geometric phase and
propagation phase, which affords a promising platform for de-
linked spin multiplexing of electromagnetic (EM) functional-
ities,32 such as arbitrary spin-to-OAM conversion24,28 and spin-
decoupled beam shaping.33,34 However, it is still challenging to
enable arbitrary and high-efficiency spin-to-OAM conversion
in multiple frequency bands because the frequency/spin cross
talk will increase the complexity of structure configuration.35

More importantly, such cross talk will largely increase the time-
cost in the design and optimization, making it hard or extremely
time-consuming to solve the cross talk problem manually
(see detailed discussion in Section S1 in the Supplementary
Material).

In the past few years, typical methods of deep learning
(e.g., neural networks) have been developed to solve complex
EM problems and conceive metasurface-based devices.36–39 The
main principle is to use a black box to fit the relationship be-
tween input and output parameters.39 The data that can charac-
terize the desired EM performance are taken as input, while the
variables that can change the EM response of the meta-atom
are taken as output,36 such as physical parameters40–51 and feed
voltage.52–54 This on-demand design method can accelerate
the design process of metasurfaces, saving much time spent in
optimization, reducing the threshold of designer’s professional
knowledge, and thus has been used for designing various meta-
devices, such as absorbers,55 chiral mirrors,40 beam-steering
devices,56 plasmonic metasurfaces,57 holographic imaging,52 and
invisibility cloaks.53 Notably, when deep learning is applied to
directly establish the connection between input and output,
it will take much time to generate a large number of samples
in order to support the training process if there is no existing
data set. Fortunately, the combination of prior knowledge and
deep-learning methodology can make inverse design more pur-
poseful, thereby largely reducing the time spent on generating
training samples.58–60 However, most of the existing studies are
only for one polarization channel or a single-frequency band,
leaving much potential for larger channel capacity unexploited.

Herein, we develop a deep-learning-assisted method to
achieve inverse design of dual-spin and dual-frequency metasur-
faces capable of providing independent wavefront tailoring in
multiple information channels. A deep-learning-assisted method,
including classifier, multilayer perceptron (MLP, a kind of
classic artificial neural network, ANN), and prior-knowledge-
guided adaptive optimization are applied to obtain the inverse
design of every meta-atom required in the metadevice. Once the
required wavefront of each channel is determined, the physical
parameters of each meta-atom of the metasurface can be output
without human interference, freeing people from the tedious
and time-consuming process of optimizing parameters man-
ually. As the proof of concept, quad-channel VBs carrying
independent OAM and dual-frequency off-axis VVB genera-
tion are experimentally demonstrated in the microwave region.
The proposed metasurface provides a pivotal degree of free-
dom of frequency/wavelength in addition to the conventional
spin-decoupled method,32 and further expands the channel
capacity relative to the spectrally interleaved geometric phase

metasufaces,61 which may bring potential innovation to the
improvement of channel capability in wireless/optical commu-
nication.

2 Results

2.1 Inverse Design of the Dual-Spin/Frequency
Meta-Atom

Figure 1 shows the schematic of the dual-spin/frequency
multiplexing metasurface. When a pair of orthogonal circularly
polarized (CP) planar waves with two different frequencies
illuminating onto the metasurface-based VB generator, different
OAM modes are produced independently in four distinct chan-
nels, e.g., with topological charge of l ¼ þ2;þ1;−1, and −2.
The spin states of the incident and reflected light wave are con-
sistent, showing a spin-locked characteristic.62,63 More impor-
tantly, these four reflective channels are isolated well due to
the inverse design and adaptive optimization of elements by
the deep-learning-assisted method. It can automatically output
physical parameters of all the meta-atoms required in the target
metasurface with the desired wavefront for the quad channels.
Compared with other traditional methods, this strategy can
reduce the design time cost while increasing the number of
circular polarization multiplexing channels and effectively
avoiding the tedious manual parameter optimization process.

The wavefront output by the spatially varying metasurface
element determines the scattering pattern of the entire metasur-
face, for which the design of the meta-atom with corresponding
phase modulation capability is necessary. Combining both
the geometric phase and the propagation phase is an effective
method to independently control the wavefront of a pair of
orthogonal CP waves.32 Assuming that α is the rotation angle
of the meta-atom, φR and φL are the phase shifts of the meta-
atom under the illumination of right-circularly polarized (RCP)
and left-circularly polarized (LCP) waves, respectively. For a
meta-atom containing both the propagation phase and geometric
phase, the orientation angle α and the propagation phase re-
sponses for a linearly polarized (LP) wave can be calculated as28

α ¼ ðφR − φLÞ∕4; (1)

φx ¼ ðφR þ φLÞ∕2; (2)

φy ¼ ðφR þ φLÞ∕2 − π; (3)

where φx and φy are the copolarized phase shifts for the LP
waves, and they should satisfy the condition of φx − φy ¼ π.32

For an arbitrary combination of φR and φL, one just needs to
calculate φx, φy and α according to Eqs. (1)–(3). It can be used
to predict the phase behavior of a single-band spin-decoupled
metasurface well, as it is easy to design an anisotropic metasur-
face operating for a dual-LP wave with very low polarization
cross talk.28,34 As for designing a dual-band spin-decoupled
metasurface, the ideal condition requires that the reflection am-
plitude be unitary and that there is no phase cross talk between
high-frequency channels and low-frequency ones. Unfortunately,
such an ideal condition is difficult to construct for two closely
adjacent frequency bands35 because the simultaneous change of
the rotation angle and the physical parameters of the resonator
will bring much unpredictable cross talk among two frequency
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and two spin polarization channels, especially in the microwave
region, where the dual-band meta-atoms are mostly constructed
by metallic/dielectric layers. The irregularity of cross talk makes
it a huge challenge to quickly and systematically design dual-
frequency spin-decoupled metasurfaces with a thin thickness.
Besides, although by adding frequency-selective structures or
air spacer could alleviate the cross talk, these methods inevitably
increase the overall thickness of the metasurfaces.64–66

To accelerate the design process and free us from performing
some tedious and time-consuming optimization tasks, here we
use the deep-learning method to realize the fast classification of
phase modulation requirements and the propagation phase pre-
diction under the influence of cross talk, making spin and fre-
quency multiplexing technology easier and more convenient.
If the high- and low-frequency resonant structures are designed
in the same layer, they are easy to touch or cross with each other
when both of them need to be rotated and stretched, which will
completely destroy the EM response of the meta-atom. Based on
this consideration, we use a multilayer structure to form the
dual-frequency and dual-spin metasurface. Actually, a conven-
tional way to adopt a neural network in metasurface community
is to divide the metallic or dielectric resonant pattern into deep-
subwavelength pixels,42,45,46,55 but these patterns usually only
have a single layer, considering the calculation complexity.
However, such methods are impossible for both spin- and
frequency-multiplexing operations, as multilayered metasurface
structures are used; otherwise, the time cost of calculation will
be unpredictable. To speed up and simplify the design process,
in the first step, we employ the popular cross-shaped resonators
and roughly design a multilayered meta-atom operating in
a dual-frequency band supporting both geometric phase and

propagation phase in the dual band. The multilayer configura-
tion, as shown in Fig. 2(a), has the potential to verify the
principle of quad-channel wavefront control. The meta-atom
consists of four copper layers with a thickness of 0.018 mm
and three dielectric layers (Taconic TRF-43). The dielectric
spacers are fixed and have the thicknesses of h1 ¼ 1 mm,
h2 ¼ 1 mm, and h3 ¼ 1.63 mm with relative permittivity of
4.3 and loss tangent of 0.0033, respectively. Four cross-shaped
metallic patterns of equal size are used as the top and middle
metallic layers, which determine the EM response at high
frequency. Particularly, this double-layer setup improves the
coverage of the high-frequency propagation phase when these
cross-shaped metallic patterns stretch (see Section S2 in the
Supplementary Material for more details). The third metallic
layer is composed of Jerusalem-cross pattern that mainly pro-
vides a low-frequency response. Parameters α and β, respec-
tively, represent the rotation angle of the large and small
cross-shaped resonators with respect to the y axis, which is used
to provide the required geometric phase in two frequency bands.
The lengths of the metallic arms of the Jerusalem-cross pattern
in the x and y directions are denoted as lx1 and ly1, respectively.
Similarly, lx2 and ly2 are used to characterize the size of the
small cross-shaped resonators in the top and middle metallic
layers. Other dimensions are p ¼ 10 mm, a ¼ 0.4 mm,
b ¼ 0.3 mm, and w ¼ 1 mm. When α and β are fixed as
0 deg, the reflection propagation phases can cover almost
360 deg in two frequency bands from 9.6 to 10 GHz and
17.6 to 18 GHz for both x- and y-polarized incidence by tuning
the parameters of lx1, ly1, lx2, and ly2.

When the meta-atom operates at low frequency, both geomet-
ric phase and propagation phase will suffer from the cross talk

Fig. 1 Conceptual schematic of the dual-spin/frequency multiplexing metasurface for spin-to-
OAM conversion and its inverse design approach. Light with opposite spin states and different
frequencies converted to optic vortex carrying arbitrary OAM mode after being reflected from
the metasurface. The inset shows the spiral phase distribution of the four VBs with topological
charges l ¼ þ2;þ1;−1, and −2. When the wavefronts for quadruplex channels are input to
the deep-learning-assisted methodology, physical parameters for all the meta-atoms of the
metasurface can be automatically output without human interference. fP1;P2;P3;P4;P5;P6g
are the physical parameters of the meta-atom mainly determining its EM responses in quadruplex
channels.
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caused by high-frequency structure, because although the low-
frequency EM response of the meta-atom originates from the
Jerusalem-cross resonator, surface currents are also induced on
the small cross resonators (see Section S3 in the Supplementary
Material). Here, we take x polarization as an example for dem-
onstration and set the rotation angles of the metallic patterns as

0 deg. Figures 2(b) and 2(d) reveal changes in the simulated
amplitude- and phase-frequency responses in dual-frequency
bands with the stretch of different cross-shaped metallic pat-
terns. As seen in Fig. 2(d), the propagation phase at low
frequency obtains a coverage of near 360 deg, while that in high
frequency does not change as lx1 varies. So, once the required

Fig. 2 EM response of the meta-atom and realization of the inverse design. (a) Schematic of the
meta-atom with multilayer configuration. The geometric parameters of the top layer and middle
one are the same. When rotation angles of all the cross resonators remain 0 deg, the simulated
linearly copolarized amplitude under x -LP illumination with (b) only l x1 varying from 2.5 to 8.5 mm
or (c) only l x2 varying from 3.3 to 4.5 mm. (d) and (e) The simulated phase spectra corresponding
to (b) and (c), respectively. In particular, parameters fl y1; l x2; l y2g are fixed at {6 mm, 4.5 mm,
3.3 mm} when l x1 varies, and parameters fl y2; l x1; l y1g are fixed at {4.5 mm, 8 mm, 6 mm} when
l x2 varies. (f) At high frequency, simulated geometric phase response with the rotation angle β
varying from −90 deg to 90 deg and the propagation phase response with different dimensions
l x2 at 17.8 GHz. The parameters l y2, l x1, and l y1 are fixed at 4.5, 8, and 6 mm, respectively.
Actually, the changes in these three parameters hardly affect the propagation phase for x -LP
at high frequency. For the geometric phase curve at high frequency, the fixed values of l x1
and l y1 are the same as above, and l x2, l y2 are fixed to 4.5 and 3.93 mm, aiming to ensure a
phase difference of 180 deg between two orthogonal LP waves. (g) Influence of six parameters
on wavefront modulation in the dual frequency. (h) Flow chart of the adaptive optimization process
guided by the deep-learning methods.
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phase modulations of RCP and LCP in high frequency are
confirmed, the high-frequency parameters can be directly de-
signed according to Eqs. (1)–(3) and the mapping relationship
between geometric/propagation phases and parameters [Fig. 2(f)].
However, in the high-frequency band, the change of lx2
influences both phases in the high frequency and low frequency
at the same time [Fig. 2(e)]. Although the propagation phase can
also cover 360 deg at high frequency, it also adds a cross talk of
about 100 deg at low frequency. Such cross talk increases the
difficulty of designing parameters for low-frequency operation.
Moreover, the proposed dual-band spin-decoupled structure has
considerable frequency and polarization cross talk; more details
are shown in Section S4 in the Supplementary Material.

To explore the relationship between the physical parameters
of the meta-atom and the geometric/propagation phase in the
two frequency bands, we divide the influence degree of param-
eters on the phase responses into four levels [(1) Hardly affect,
(2) mildly affect, (3) severely affect, and (4) fundamentally af-
fect; see Table S1 in Section S5 in the Supplementary Material
for specific division indicators], and express it with a radar chart
for an intuitional view, as shown in Fig. 2(g). The investigated
parameters are lx1, ly1, α, lx2, ly2, and β, while the other physical
parameters keep fixed. The geometric phase and propagation
phase at high frequency are all determined by parameters
(lx2, ly2, and β), but the phase responses at low frequency
are determined by all six parameters (lx1, ly1, α, lx2, ly2, and
β), which exactly corresponds to the six physical parameters
(P1, P2, P3, P4, P5, and P6) that need to be output in the pro-
posed methodology in Fig. 1. Therefore, we first determine the
high-frequency parameters according to the high-frequency
phase modulation requirements. Then, we take this as the preset
condition to obtain the adaptive optimization of low-frequency
physical parameters according to the prior knowledge (see
Section S6 in the Supplementary Material), and finally, satisfy
the requirements for quad-channel wavefront tailoring. The
overall schematic diagram of the inverse design of the meta-
atom model is shown in the bottom-right panel of Fig. 1, includ-
ing the classifier, ANN, and iteration process. Specifically, the
classifier and ANN are applied to solve the cross talk of the
propagation phase, and the iteration process is to cancel that
of the geometric phase. Once we input the desired reflection
phases of the four CP channels into the computer, the six physi-
cal parameters of the required meta-atom can be automatically
output by the model. In fact, the cross talk faced by meta-atoms
with different high-frequency physical parameters is also differ-
ent. It will be difficult to use a unified neural network to predict
the cross talk in all situations. Aiming at achieving the inverse
design of the meta-atom more pertinently, we use a classifier to
distinguish different phase modulation requirements. Specifically,
the classifier is applied to distinguish which type of cross talk
should be suppressed for the input data, and it is constructed
by neural network with three hidden layers; each layer has
30 neurons (see Section S7 in the Supplementary Material).

Then, a series of pretrained ANNmodels are applied to fit the
nonlinear functions between lx1 (ly1) and the propagation phase
under different cross-talk conditions. MLP is selected as the
applied ANN model for its superiority in solving the problems
of regression.55 Thus lx1 (ly1) can be predicted and output auto-
matically on a millisecond time scale, instead of being obtained
through tedious parameters sweeping and optimization in
full-wave simulation. Therefore, the propagation phase and its
corresponding lx1 (ly1) are used as the input data and output

data in these ANN models, respectively. Specifically, the train-
ing process of ANN can be divided into three parts data gather-
ing, data processing, and neural network optimization. First, the
parameters for high frequency (lx2, ly2, and β) can be calculated
and searched by Eqs. (1)–(3) and Fig. 2(f); then they need to be
fixed while the parameters for low frequency varies. On this ba-
sis, a total of 3200 training samples were generated from full-
wave simulation results. Second, we extract the relative phase at
high frequency from each simulated spectrum and input them to
the ANN model. Finally, by optimizing the number of neurons
and hidden layers, learning rate, and so on, the {propagation
phase}→lx1 ðly1Þ mapping in different cross-talk situations can
be established (see Section S7 in the Supplementary Material).
The final optimized ANN model includes two hidden layers
with 20 neurons and one output layer. The Adam optimizer
was chosen to optimize the weight parameters due to its ability
to improve the convergence speed. Training processes of both
the classifier and ANNmodels are realized based on the Pytorch
with version 1.1.0 and Anaconda platform with Python version
3.7.0. Learning rates of the classifier and ANN models are set as
0.01 and 0.001, respectively. The Adam optimizer is applied to
the training process, and their accuracy can reach larger than
95% after being optimized via 190 and 110 epochs, respectively.
More details about the training loss, accuracy, and error histo-
gram are shown in Section S8 of the Supplementary Material.

We use “φR
f2
∕φL

f2
∕φR

f1
∕φL

f1
” to describe the reflection phase

for the RCP/LCP wave (denoted by the superscript of R or L)
at low/high frequency (denoted by subscript of f1 or f2). A
meta-atom is defined as the phase calibration reference with
the parameters flx1; ly1; α; lx2; ly2; βg being 8.50 mm, 5.03 mm,
0 deg, 4.50 mm, 3.91 mm, and 0 deg, respectively. As shown in
Fig. 2(h), the deep-learning-guided adaptive optimization pro-
cess here is to gradually adjust the physical parameters, aiming
at reducing the phase error and gradually approaching the final
target. We compare the EM performances of the meta-atoms
output by the inverse design model with the design targets to
evaluate the model. The threshold values, set as phase errors,
are lower than 10 deg, and the ampltidues are all >0.9. For
example, we set the design target of phase modulations of
“φR

f2
∕φL

f2
∕φR

f1
∕φL

f1
” as 0 deg/90 deg/180 deg/270 deg. If the

four-channel phase modulations of the meta-atom output in
this iteration is 2 deg/93 deg/178 deg/276 deg, all of the phase
differences compared with the design targets are within 10 deg,
and at the same time, if all the amplitudes in these four channels
are above 0.9, we consider the model to meet the requirements at
this time. Such parameter iterations only need about five epochs
to output the structural parameters that meet the phase targets.
For very few elements that still fail to meet the requirements
after dozens of iterations (due to the propagation phase coverage
slightly <360 deg), the amplitude and phase errors will be
comprehensively evaluated and the physical parameters for
the meta-atom with the closest EM responses to the target
will be selected for output. The meta-atom with six initial
parameters is simulated, and three of their low-frequency physi-
cal parameters are replaced if the target has not been reached.
The substitution of flx10 ; ly10 ; α0g for flx1; ly1; αg is obtained
with the support of the above-mentioned classifier, ANN, and
the deformation of Eqs. (1)–(3) (see Sections S6 and S9 in the
Supplementary Material).

As a design example, we consider a 2-bit coding metasurface
for four CP channels, that is, the reflection phases of 0 deg,
90 deg, 180 deg, and 270 deg in each channel can be combined
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arbitrarily. Since a 2-bit coding metasurface is usually sufficient
for realizing a variety of EM functions, we consider a 2-bit
coding metasurface as a design example to verify the proposed
approach. In fact, the phase states are not limited to these four
states (0 deg, 90 deg, 180 deg, 270 deg) and can be readily
extended to other combinations, e.g., 3-bit (eight phase states
in each channel) meta-atoms. For the proposed dual-spin/
frequency multiplexing metasurface, a total of 44 ¼ 256
meta-atoms are required because each of the four channels poss-
eses four phase states. As for the high-frequency resonators,
they have 42 ¼ 16 kinds of configurations. When the high-
frequency structure is determined, we can obtain a total of
16 × 2 ¼ 32 (for x-LP and y-LP, respectively) kinds of propa-
gation phase-length functions at low frequency, which can be
actually reduced to 12 due to the symmetry of the structure
(see Section S10 in the Supplementary Material). Finally, the
parameters for constructing the 2-bit coding metasurface are
determined by the proposed deep-learning-assisted method. It
should be noted that all these steps are automatically executed
by the inverse design method without human intervention. Some
studies about the inverse design of metasurfaces relying only on
deep-learning methods require manual intervention to minimize
loss function and improve the prediction accuracy by tuning
the parameters of the model when establishing the mapping
between EM responses and structural parameters.46,67 Here,
the proposed approach comprises a series of simple neural net-
work models and a prior-knowledge-based iteration algorithm,
for which the manual optimization process for the parameters of
neural network models can be omitted. For example, if a meta-
atom with φR

f2
∕φL

f2
∕φR

f1
∕φL

f1
= 0 deg/90 deg/270 deg/180 deg

is required, we can directly obtain lx2 ¼ 4.19 mm, ly2 ¼
3.82 mm, and β ¼ 22.5 deg according to Eqs. (1)–(3) and
Fig. 2(f). Then, these three parameters are used as the preset
conditions of the adaptive optimization part in the methodology
and the “270 deg/180 deg” in the low-frequency channels as
the optimization target, and then the three low-frequency param-
eters as lx1 ¼ 8.5 mm, ly1 ¼ 4.89 mm, and α ¼ 69.0 deg will
be output. Finally, 256 meta-atoms are automatically designed
by this approach with desired phase modulation and high
reflection efficiency in four channels (see Section S11 in the
Supplementary Material).

Based on the above study, we further develop a top-to-bottom
metasurface design method. As shown in Fig. 1, only the quad-
channel phase distributions for versatile wave functionalities are
input into a computer and then it can output all the parameters of
desired meta-atoms automatically, avoiding the tedious process
of the manual optimization for cross-talk suppression. Each
meta-atom embedded in the metasurface can achieve the desired
quad-channel phase response in minutes. Different from inverse
design approaches based only on neural networks, the proposed
method additionally combines physical theorems in EM waves,
which has been proven an effective strategy to reduce the
amount of training data and training time.68

2.2 Dual-Frequency Metasurface for Independent
Spin-to-OAM Conversion

To demonstrate the feasibility of the top-to-bottom metasurface
design method, we first design a dual-frequency metasurface for
quad-channel-independent spin-to-OAM conversion. Assuming
that the independent spatial phase distribution of four CP chan-
nels at two frequencies is described by ΦR

f2
, ΦL

f2
, ΦR

f1
, and ΦL

f1
,

where the superscript and subscript represent the polarization
channel and the frequency channel, respectively.

The functional diagram of this design example is shown in
Fig. 1. The phase distributions are calculated by adding together
the phase gradient in different directions to anomalously deflect
the generated OAM vortices. The helical phase distribution for
OAM generation can be calculated as

ΦOAM
l ðx; yÞ ¼ l · arctanðy∕xÞ with l ¼ −2;−1,1 ; and 2;

(4)

where l is the topological charge and ðx; yÞ is the coordinate
position of the meta-atom. To much clearly distinguish the in-
cident and reflected beams for real application, we added an ad-
ditional phase gradient for each channel to deflect the generated
OAM beam into an off-axis one. It should be noted that the topo-
logical charges and directions of off-axis OAM beams with
different spin states generated by PB-phase-only metasurface
are linked due to the spin coupling.19,69 But the limitation can
be effectively breached by the spin-decoupled metasurface.29

To verify the spin-decoupled property of the metasurface, the
four independent wavefronts of off-axis vortex beams are de-
signed and derived as

ΦR
f1
ðx; yÞ ¼ ΦOAM−1 þ π

4p
y; (5)

ΦL
f1
ðx; yÞ ¼ ΦOAM−2 − π

4p
x; (6)

ΦR
f2
ðx; yÞ ¼ ΦOAM

þ2 − π

2p
y; (7)

ΦL
f2
ðx; yÞ ¼ ΦOAM

þ1 þ π

2p
x: (8)

The detailed design process can be found in Section S12 in
the Supplementary Material. The inverse design approach can
output the required physical parameters based on the input
phase distribution ΦR

f2
, ΦL

f2
, ΦR

f1
, and ΦL

f1
. Figure 3(a) provides

the output distributions of physical parameters of lx1, ly1, α, lx2,
ly2, and β, and Fig. 3(b) displays the required discretized phase
distributions in four channels. The OAM metagenerator com-
posed of the meta-atoms with computer-output parameters is
simulated in commercial software and fabricated through the
standard printed circuit board (PCB) technique. The metasur-
face prototype [shown in Fig. 3(c)] has a radius of 205 mm
and a thickness of 3.7 mm, containing about 1200 meta-atoms.
The diameter of the prototype is about 13 and 24 times the
wavelength for low frequency at 9.8 GHz and high frequency
at 17.8 GHz, respectively. Figure 3(d) illustrates the simulated
far-field power patterns of the generated OAM beams under
the illumination of RCP and LCP waves at two frequencies.
We denote elevation angle and azimuth angle as θ and φ,
and express the beam direction in the form of ðθ;φÞ. Clearly,
the directions of the four vortex beams (denoted as #1 to #4)
are deflected to four different off-axis directions, which are
(26 deg, 90 deg), (26 deg, 180 deg), ð22 deg;−90 degÞ, and
ð22 deg; 0 degÞ, respectively. Besides, the prototype is also
measured with a three-dimensional near-field scanning system.
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Figure 3(e) shows the simulated and measured amplitude and
phase distributions at a distance of 1000 mm from the prototype.
On the one hand, the measured amplitude distributions in four
channels have obvious doughnut-like shapes with little energy
in the center, thus forming the energy “singularity” – a funda-
mental feature of an OAM beam.70,71 On the other hand, with the
increase of the absolute value of the topological charge, the ra-
dius of the intensity ring also increases gradually (by comparing
#2 and #1, #3, and #4), which is also the typical characteristic of
the vortex beam.2 It should be noted that the intensity profiles of
þ1 and −1 in Fig. 3(e) exhibit a rectangular ring shape; this is
because the helical phase of 360 deg at this time is discretized
into four states, and the finite number of discrete phase states
causes the minor difference of intensity distribution from the
ideal one. More theoretical analysis can be found in Section
S13 of the Supplementary Material. The measured OAM modes
carried by the vortex beams agree with that of simulated results,
successfully demonstrating the inverse design of spin/frequency
multiplexing metasurface for generation of quad-channel inde-
pendent vortex beams.

2.3 Dual-Frequency VVB Metamultiplexer via
Spin Decoupling

To further demonstrate the inverse design approach, a VVB
metamultiplexer is considered as the second example. When
vortex beams carrying OAMwith opposite spin states propagate
along the same beam direction, they will be coherently super-
posed to generate VVB, which can be described by high-order
Poincaré spheres (HOPSs).19,72 RCP (carrying OAM mode m)
and LCP (carrying OAM mode n) in the reflected field corre-
spond to the north and south poles of a HOPS, and the wave
function of the superposition of these two vortices with different
spin states can be denoted as HOPSm;n. Recently, several works
have proposed a VVB metagenerator operating in millimeter
waves,19 terahertz waves,29,73 and optical regimes.69,72,74 However,
they operate in a single-frequency band, leaving the potential of
spin-frequency-multiplex unexploited; moreover, most of them
only generate a VVB beam with mþ n ¼ 0 (HOPSl;−l) or sev-
eral pairs of mode-coupling off-axis beams that are symmetric
about the surface normal. This restricted combination of modes

Fig. 3 Realization of dual-frequency spin-to-orbit metaconverter. (a) Physical parameter distribu-
tions of the elements in sample 1. (b) Calculated phase distribution for RCP channel at 9.8 GHz,
LCP channel at 9.8 GHz, RCP channel at 17.8 GHz, and LCP channel at 17.8 GHz. (c) Photograph
of the fabricated spin-to-orbit metaconverter. (d) Normalized simulated power patterns in momen-
tum space. (e) Simulated and measured intensity patterns and phase patterns of different OAM
beams in the four channels.
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or combination of beam directions is not conducive to the wide-
spread adoption of such devices into applications, which can be
effectively overcome by the spin-decoupled metasurface (see
Section S14 in the Supplementary Material for more discus-
sion). Aiming at showing the ability to break these restrictions,
we orderly design a single off-axis beam (denoted as #1) in the
low-frequency band and two mode-decoupled off-axis VVBs
(denoted as #2 and #3) in the high-frequency band. The wave
function of a single beam isHOPS−2,2 (jm − nj ¼ 4) at 9.8 GHz,
and the other two beams are HOPS1,2 (jm − nj ¼ 1) and
HOPS−1,2 (jm − nj ¼ 3) at 17.8 GHz, respectively. Specifically,
the phase distributions of the four CP channels are designed as

ΦR
f1
ðx; yÞ ¼ ΦOAM

þ2 þ π

4p
y; (9)

ΦL
f1
ðx; yÞ ¼ ΦOAM−2 þ π

4p
y; (10)

ΦR
f2
ðx; yÞ ¼ arg

�
exp

�
ΦOAM

þ1 þ π

2p
x

�
þ exp

�
ΦOAM−1 − π

2p
x

��
;

(11)

ΦL
f2
ðx; yÞ ¼ arg

�
exp

�
ΦOAM

þ2 þ π

2p
x

�
þ exp

�
ΦOAM

þ2 − π

2p
x

��
:

(12)

Figures 4(a) and 4(b) show the discretized parameter distri-
butions of the meta-atom array and phase distributions for the

Fig. 4 Realization of dual-frequency VVB metamultiplexer. (a) Parameter distributions of the el-
ements in sample 2. (b) Calculated phase distributions for RCP channel at 9.8 GHz, LCP channel
at 9.8 GHz, RCP channel at 17.8 GHz, and LCP channel at 17.8 GHz. (c) Photograph of the fab-
ricated VVB meta-multiplexer. (d) Normalized simulated power patterns and their positions on the
three HOPSs. Beam #1 is designed at 9.8 GHz and beams #2 and #3 are designed at 17.8 GHz.
(e) Simulated and measured intensity patterns of two orthogonal LP components. The white ar-
rows indicate the detected polarization direction.
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four CP channels, respectively. The prototype contains about
1100 meta-atoms, as displayed in Fig. 4(c). Figure 4(d) illus-
trates the reflected far-field power pattern under the normal il-
lumination of an x-LP wave. As an LP wave can be decomposed
into two orthogonal CP waves, we use an x-LP wave to shine the
metasurface to equivalently provide LCP and RCP illuminations
simultaneously. As for the spatial distribution of the reflected
field, the single beam #1 is designed in the yoz plane, while
beams #2 and #3 are in the xoz plane. Simulated results of the
three HOPSs are shown in Fig. 4(d), as well as the positions of
these three beams on the equator. Their longitude on the equator
depends on the initial phase difference between RCP and LCP.19

The initial phase difference is 0 deg for #1 and 180 deg for
#2 and #3. All of these generated beams (absolute far-field en-
ergy pattern) possess doughnut-like shape, verifying the typical
characteristics of a vortex beam. The most principal feature of
a VVB is its inhomogeneous polarization state along circumfer-
ential direction. To this end, we also analyze the output x-LP
component and y-LP component of the reflected field. As
shown in Fig. 4(e), the number of nulls in measured intensity
pattern of these three VVBs are fully consistent with the de-
signed value of jm − nj, and the two polarization components
of the experimental results are in good agreement with the full-
wave simulations. The nonuniform intensity distribution in the
measured results is due to imperfections in the experiment setup
and sample fabrication (see detailed discussion in Section S15
of the Supplementary Material).

The degree of freedom provided by the frequency and polari-
zation channel can largely increase the information capacity
of the metadevice. As another example, we also provide the
design of a kaleidoscopic vortex generator that can generate
16-channel VBs or 8-channel HOPS beams (see Section S16 in
the Supplementary Material). Besides, the realized vortex beams
are not limited to that demonstrated herein. The inversely de-
signed dual-spin/frequency metasurface that can generate OAM
with other mode combinations (l ¼ 1;−2; 3;−4 in four chan-
nels) is also shown in Section S17 in the Supplementary
Material. This method is also suitable for multiple vortex beams
generation in the case of oblique incidence. We generate the
same four vortex beams (shown in Fig. 3) under the illumination
of a 24 deg oblique incident plane wave, which is shown in
Section S18 in the Supplementary Material. According to the
above analysis and several design examples, the limitation of
spin coupling has been broken in more than a single band.
Moreover, the design difficulties caused by cross talk, which is
tricky for manual optimization, can be effectively overcome by
the deep-learning-assisted inverse design method.

3 Conclusion
We have proposed an inverse design method of dual-spin/
frequency multiplexing metasurface. The deep-learning-assisted
approach can solve the principal design difficulties due to the
dual-frequency and polarization cross talk. The physical param-
eters of the metasurface can be automatically output by this
methodology, once the desired phase responses in the four chan-
nels are input. As the design examples, frequency-multiplexing
arbitrary spin-to-orbit conversion and dual-frequency off-axis
VVB generation have been constructed and experimentally
demonstrated. The inverse design method combining deep
learning with prior knowledge may provide a route to rapidly
solve complex EM problems in metasurface design. It possesses

a lower time cost compared with traditional optimization algo-
rithms, and also can be extended to terahertz and optical regimes
(see Section S19 in the Supplementary Material for more dis-
cussions). The approach also offers potentials for inverse design
of reconfigurable metasurfaces, once active element parameters,
such as liquid crystal75 and diodes,53 are also taken into account
in the data set. The proposed method can also be extended to the
optical region but maybe with some difficulties in the sample
fabrication of multilayered metallic/dielectric structures and re-
duced efficiency due to the intrinsic material loss in the optical
region. The combination of dual-spin/frequency OAM/VVB
multiplexing, enhanced capacity, shared aperture, and compact-
ness may render this methodology seductive for potential appli-
cations in quantum optics and wireless communication.

4 Appendix: Measurement
The frequency-multiplexing spin-to-orbit metaconverter and
vector vortex metamultiplexer samples were fabricated by PCB
technology and the performance was measured by a three-di-
mensional near-field scanning system in a standard microwave
anechoic environment (see Section S20 in the Supplementary
Material). When measuring the dual-band spin-to-orbit meta-
converter, X-band and Ku-band CP horn antennas were used
as the emitters. Four CP spiral antennas (respectively operating
in two orthogonal CP modes in two frequency bands) were used
as the near-field probe to record the amplitude and phase dis-
tribution in the scanning plane. For the vector vortex multiplexer
sample, we used X-band and Ku-band LP horn antennas as the
emitter and two LP dipole antennas as the near-field probe. In
order to measure the field distribution of both the x-LP and y-LP
EM fields, the dipole antennas are set to horizontal and vertical
directions, respectively. In addition, rotating the samples allows
us to measure the off-axis VBs and VVBs in different planes.
The scanning area is 500mm × 500mm, and the scanning step
is set as 3 mm.
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