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Abstract: Orthogonal polarization multiplexing is typically required to avoid crosstalk between
channels. However, for practical applications in optical information encryption, orthogonal
polarization channels are vulnerable to decoding. Using non-orthogonal polarization channels
can enhance information security. Here, we extend the conventional Jones matrix approach to
achieve non-orthogonal tri-channel polarization multiplexing metasurfaces for optical encryption
via optical holography. Using a supercell configuration with two pairs of α-Si meta-atoms,
we experimentally demonstrate metasurface-based multiplexing under three linear polarization
channels, including copolarized and non-copolarized channels. This design strategy is further
extended to circular and elliptical polarization channels, which exhibits minimum crosstalk.
As a proof-of-concept demonstration, we implement two optical encryption applications, i.e.,
image encryption and character encryption, based on non-orthogonal polarization-multiplexed
metasurfaces. For image encryption, encrypted images are generated only in the correct
polarization channels. While using seven different statuses of metasurface under various
polarization channels, we also present a character encryption scheme. We envision that the
non-orthogonal polarization multiplexing metasurface platform will open new possibilities in
optical communication, optical encoding, and information security.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Metasurfaces, composed of artificial meta-atoms at subwavelength scales, have emerged as a
promising platform for controlling the amplitude, phase, and polarization of light [1–3]. Leverag-
ing their powerful light-manipulation capabilities, metasurfaces have enabled the development
of various polarization devices [4], including polarization imaging [5–7], vectorial holography
[8–11], and complex beam generation [12,13]. In polarization multiplexing, due to the fact that
the polarization-dependent optical response of metasurfaces can be described by a 2× 2 Jones
matrix, most metasurface-based devices are restricted to orthogonal polarization channels [14–23].
However, this limitation impedes advancements in information security. Recently, considerable
efforts have been dedicated to developing non-orthogonal polarization multiplexing devices
[24–32]. For instance, Malus-assisted metasurface can simultaneously record a grayscale image
and two binary-patterns in three non-orthogonal linear polarization channels. By introducing a
vectorial compound metapixel design, two arbitrary non-orthogonal linear polarization multi-
plexing of independent grayscale images is demonstrated [26]. In optical holography displays,
independent control over two arbitrary non-orthogonal polarization channels has been achieved
by cascading two single-layer metasurfaces [27]. More recently, Xiong et al. have advanced
this field by introducing engineered noise, enabling up to 11 non-orthogonal linear polarization
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channels and breaking the fundamental limit of metasurface-polarization multiplexing capacity
[29]. Additionally, non-orthogonal polarization multiplexing for holography in the infrared
region has been demonstrated by fusing a controllable eigen-polarization engineering mechanism
with a vectorial diffraction neural network [32]. However, to date, non-orthogonal polarization
multiplexing remains less explored in optical encryption applications.

In this work, we extend the conventional Jones matrix approach to achieve three-channel
non-orthogonal arbitrary polarization multiplexing for optical holography by relying on a
metasurface. Using this design strategy, we experimentally demonstrate three-channel linear,
circular and elliptical polarization multiplexing metasurfaces. Three distinct holographic images
are reconstructed under three polarization channels by a single-layer dielectric metasurface. In
addition, as a proof-of-concept demonstration, the designed metasurface is employed for two
optical information encryption applications: image encryption and character encryption. We
expect that the non-orthogonal polarization multiplexing metasurface platform may facilitate
the development of applications in optical communications, optical encoding and information
security.

2. Design principle

Figure 1 illustrates the schematic of non-orthogonal polarization-multiplexed metasurface for
optical holography. When illuminated and analyzed under three non-orthogonal arbitrary
polarization combinations, a single metasurface can generate three independent holographic
images. Our design strategy extends the traditional Jones matrix method by introducing arbitrary
polarization channels into the optical response equation of the metasurface. When all three
polarization channels are considered simultaneously, a set of equations for three Jones matrix
elements (Jxx, Jxy, and Jyy) is obtained, as follows:⎡⎢⎢⎢⎢⎢⎢⎢⎣
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where E1, E2, and E3 are the optical responses under the three polarization channels. Each
row of the square matrix A is determined by the combinations of corresponding input and
output polarizations. In our design, for each channel, the required optical response is designed
to generate a target holographic image in the far-field imaging plane. An iterative algorithm,
Gerchberg-Saxton algorithm [33] is used to retrieve the near-field phase distribution provided
by the metasurface. If the matrix {Aij} (here i, j = 1, 2, 3) is invertible, the equations can be
solved precisely and the desired Jones matrices of metasurface can be acquired.

Subsequently, we need to design a metasurface that can implement desired Jones matrix. The
meta-atoms are made of rectangular amorphous silicon (α-Si) nanopillars on an ITO coating glass
substrate, as shown in Fig. 2(a). For the operation wavelength of 800 nm, the α-Si nanopillars
are designed to have identical heights of H= 600 nm and located on a square array with a lattice
constant of P= 360 nm. We have conducted full-wave simulations for the single rectangular
amorphous silicon (α-Si) nanopillar by commercial software Lumerical FDTD Solutions. The
800nm-wavelength light source is x-polarized and incident along the z direction. Periodic
boundary conditions are set in both x and y directions. Perfect matching layers are employed
along the z-axis to absorb the outgoing waves. Figures 2(b) and (c) are the simulated transmission
magnitude and phase shift as a function of the transverse dimensions of the single nanopillar
at x-polarized incidence. To realize the symmetric Jones matrix with six degrees of freedom,
we construct a supercell using two pairs of meta-atoms, as shown in Fig. 2(d). A modified
genetic algorithm [29,34] is utilized to search for proper geometric parameters of nanopillars.
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Fig. 1. Schematic of the non-orthogonal arbitrary polarization-multiplexed metasurface.
When the metasurface is illuminated and analyzed by three non-orthogonal arbitrary
polarization combinations, three different holographic images can be generated independently.

The desired real and imaginary parts of three Jones matrix elements are set as the six targets.
The geometry parameters of nanoresonators inside the supercell are set as the input parameters,
corresponding to a Jones matrix of the created supercell. The loss function is defined as the mean
square error of those Jones matrix elements. The consistency of arbitrarily selected two Jones
matrix targets and the FDTD simulation results of corresponding generated supercells are shown
in Figs. 2(e) and (f).

3. Results

3.1. Linear polarization

Based on above strategy, we designed and further fabricated non-orthogonal linear polarization
multiplexing metasurfaces for experimental characterization. We chose three non-orthogonal
linear polarizations as 0°, 60° and 120° for the copolarized channels, which is defined as
channels with identical input and output polarization. The target far-field holographic images
are designed as letters “X”, “Y” and “Z”, consisting of 276× 276 pixels. After solving the
optical response equations and searching for the nanostructures pixel-by-pixel, the desired α-Si
metasurface is obtained. Then, the α-Si metasurface is manufactured by means of electron beam
lithography and inductively coupled plasma-reactive ion etching. Figure 3(b) shows the optical
and scanning electron microscopy (SEM) micrographs of the fabricated sample with different
magnifications. The optical setup shown in Fig. 3(a) is adopted to demonstrate polarization
multiplexing holographic imaging functionalities. A laser beam irradiates normally onto the α-Si
metasurface with designed linear polarization states. The transmissive far-field generated by the
metasurface are collected with the objective lens, and subsequently analyzed by a polarizer. The
holographic images are recorded by a charge coupled device (CCD) camera. In experiments, by
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varying the orientation of input and output linear polarization from 0°, 60° to 120° simultaneously,
three holographic images are captured at a distance of z= 180 µm away from the metasurface
plane. The measured results under such three linear copolarized channels are shown in Fig. 3(c),
which are consistent with the simulated results. If we define the holographic efficiency as the ratio
of total intensity of the holographic image to total incident energy received by the metasurface
area [32], the measured holographic efficiencies are 29.92%, 25.68%, and 23.22%, corresponding
to letters “X”, “Y” and “Z”, respectively. These results verify that the proposed metasurface can
independently control the phase profiles for three non-orthogonal linearly copolarized channels.

In addition to copolarized channels, this design strategy can be extended to non-copolarized
channels. The output polarizations can be designed to be different from the input ones. As an
experimental demonstration, the polarization channels of 0°-input/60°-output, 0°-input/120°-
output and 60°-input/120°-output are chosen. Subsequently, we designed and fabricated the
non-copolarization multiplexing sample. Figure 3(d) shows the optical microscopy and SEM
images of the fabricated metasurface. The simulated and measured holographic images are
shown in Fig. 3(e). As is can be seen, the experimental results agree well with the simulation
results. The metasurface generates three independent holographic images of rainbow, moon and
rain cloud under the three non-copolarized channels, with the efficiencies of 27.96%, 26.09%,
and 22.16%, respectively.

Fig. 2. Metasurface design. (a) Schematic of the single α-Si nanopillar. Simulated
transmission (b) magnitude and (c) phase shift of the nanopillar with x-polarized incidence.
(d) Schematic of the designed supercell. (e, f) Jones matrix elements of two different
supercells as examples. The blue and red symbols represent FDTD results and calculated
results, respectively. The three different shaped symbols represent the three Jones matrix
elements.
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Fig. 3. Non-orthogonal linear polarization multiplexing metasurfaces. (a) The optical setup.
(b) The optical and SEM micrographs of the copolarized multiplexing sample. The scale bars
are 50 µm, 400 nm, and 1 µm, respectively. (c) Simulated and measured holographic images
of the copolarized multiplexing sample. The scale bars are 25 µm. (d) The optical and SEM
images of the non-copolarized multiplexing sample. The scale bars are 50 µm, 1 µm, and
1 µm, respectively. (e) Simulated and measured holographic images of the non-copolarized
multiplexing sample. The scale bars are 25 µm. The white arrows in the top right corner
represent the corresponding input and out polarizations.

3.2. Circular polarization

Besides the linear polarization channels, three circular polarization channels can be also realized,
as shown in Fig. 4. Two non-copolarized channels and one copolarized channel are selected,
corresponding to three elements of Jones matrix under the circular polarization basis.

Figure 4(a) shows the optical and SEM micrographs of the fabricated metasurface. Figure 4(b)
presents simulated and measured holographic images under three circular polarization channels,
respectively. As can be seen, three different holographic images are generated, where the
measured efficiency is 12.58% (RCP-RCP channel), 18.63% (RCP-LCP channel), and 37.41%
(LCP-RCP channel), respectively. There is more background noise in the copolarized channel
than the non-copolarized ones, which results from the presence of the unmodulated incident light.

3.3. Elliptical polarization

More generally, we extend the design to arbitrary elliptical polarization multiplexing. For the copo-

larization design, the 0° linear polarization and two elliptical polarization, i.e.,
[︂

1/2
√

3i/2
]︂T

and
[︂

1/2 −
√

3i/2
]︂T

are selected. It is noted that the output polarization for elliptical copo-
larization channels is designed to be the conjugate state of the input one. Figure 5(a) shows the
optical micrographs, SEM micrographs and measured holographic images under three elliptical
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Fig. 4. Circular polarization multiplexing metasurfaces. (a) The optical and SEM
micrographs of the sample. The scale bars are 50 µm, 1 µm, and 1 µm, respectively. (b)
Simulated and measured holographic images. The scale bars are 25 µm.

Fig. 5. Non-orthogonal elliptical polarization multiplexing. The optical micrographs, SEM
micrographs and measured holographic images of (a) the copolarized multiplexing and
(c) the non-copolarized multiplexing sample. The scale bars are 50 µm, 2 µm, 50 µm, and
10 µm, respectively. The white arrows in the top right corner represent the corresponding
incident and analyzed polarizations. Measured correlation coefficients matrix of (b) the
copolarized multiplexing and (d) the non-copolarized multiplexing sample.
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Fig. 6. Polarization ellipses and Poincaré sphere representation for the polarization states
used in the non-orthogonal polarization multiplexing design.

polarization channels. Three Greek letters are generated independently at different locations on
the imaging plane. The measured holographic efficiencies are 21.75%, 18.50%, and 30.04%,
corresponding to the Greek letters “α”, “β”, and “γ”, respectively. Furthermore, we obtained the
correlation coefficient matrix based on measured holographic images. The correlation coefficient
is defined as [29]

ρ(T , R) =
COV(T , R)√︁
D(T) · D(R)

, (2)

where T and R are the intensity distribution of the target and measured images. COV(T , R)
represent the covariance of T and R, D(T) and D(R) represent the variances of T and R, respectively.
The correlation coefficient describes the degree of similarity between two images. As shown
in Fig. 5(b), the diagonal elements of the matrix are all larger than 0.8, and the nondiagonal
elements of the matrix are less than 0.1. We also demonstrate three non-copolarized elliptical
polarization channels, as shown in Fig. 5(c) and 5(d). The output polarization is designed to
be different from the input polarization. It can be seen that three independent holographic
images are generated. The measured holographic efficiencies are 17.79%, 24.68%, and 26.28%,
corresponding to the Greek letters “δ”, “θ”, and “λ”, respectively. These results indicate that
three elliptical polarization channels with high quality and low crosstalk are achieved.

Figure 6 shows the Poincaré sphere representation for all input and output polarization states
used in the above examples. The different colors of stars represent the linear, circular and
elliptical polarization states for corresponding multiplexing metasurfaces, respectively. These
polarization states are located at various positions on the Poincaré sphere, which suggests that
our design method has less restrictions on the polarization states. Arbitrary polarization states
can be employed in the non-orthogonal polarization multiplexing metasurfaces.

4. Optical encryption

4.1. Image encryption

The proposed non-orthogonal polarization multiplexing design can be employed for optical
information encryption. As a proof-of-concept, we experimentally demonstrated image encryption
scheme based on the linear non-copolarization multiplexing metasurface, as shown in Fig. 7.
Under different polarization combinations of input and output light, the metasurface generates
holographic images in the same spatial position. The designed images can only be recognized in
the correct polarization channels, as schematically shown in Fig. 7(a). In the other polarization
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channels, the image information cannot be revealed. Figure 7(b) shows the measured holographic
images of metasurface under the corresponding input and output polarization combinations.
The vertical and horizontal coordinates denote the corresponding input and output polarization
states, respectively. As we can see, under the 120°-input and 60°-output polarization channel,
the metasurface reconstruct an image of moon in the far-field. However, the reconstructed
holographic image becomes a mixture of images of moon and rain cloud in the 120°-input and
RCP-output channel. Similarly, the clear images of rainbow and rain cloud are only displayed
in the 60°-input/0°-output and 120°-input/0°-output channels, which are marked by the dotted
lines. Under the other polarization channels, the generated holographic images become the
superposition images. The encrypted image information is hidden well.

Fig. 7. Proof-of-concept experimental demonstration of image encryption. (a) Schematic
of image encryption based on the non-orthogonal polarization multiplexing design. The
correct images are deciphered only if the input and output polarizations are the designed
ones. Pseudocolors are used to distinguish between different polarization channels. (b) The
measured holographic images of non-orthogonal linear polarization multiplexing sample
under different combinations of input and output polarizations. The dotted lines outline the
encrypted images.

4.2. Character encryption

Moreover, the character encryption scheme can also be achieved based on the non-orthogonal
polarization multiplexing design. Here, we take the non-orthogonal elliptical polarization
multiplexing metasurface as an example. As mentioned above, the metasurface can generate
three independent holographic images of Greek letters “α”, “β” and “γ” in different in-plane
positions under one linear and two elliptical copolarization channels. In addition, by applying
other combinations of input and output polarizations, the three Greek letters in the holographic
images can be controlled independently. Apart from the images of three distinct letters, the
metasurface can also generate the combination images of three letters. As shown in Fig. 8(a),
we eventually obtain seven distinguishable holographic images with minimum crosstalk under
seven different non-orthogonal polarization channels. These holographic images include all the
possible combinations of the three letters except for the null image. Hence, we can define different
three-bit binary code based on the appearance and disappearance of each letter in the holographic
image. Each letter corresponds to one bit, and its appearance and disappearance represent 1 and
0, respectively. As a result, with seven non-orthogonal polarization channels, seven different
three-bit binary codes can be encoded by the metasurface. It is noted that the maximum number
of channels that the current system can achieve is three, which limits the number of bits in the
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binary codes. However, by introducing engineered noise [29] or optimization mechanisms like
machine learning [32], it is possible to increase the number of channels (while maintaining
minimal crosstalk) and further to expand the number of bits in the encoded system.

As a proof-of-concept demonstration, the combination of two three-bit binary numbers with
seven different values can represent 49 different binary codes. The result in the first polarization
channel forms the first three bits of the code, and the result in the second polarization channel
forms the last three bits of the code, as shown in Fig. 8(b). Furthermore, such six-bit binary
codes can be used to denote a series of characters including letters, numbers and marks based
on a method similar to Base64 alphabet. For instance, we can obtain 011 and 100 sequentially
under two corresponding polarization channels. Then we decipher the letter “R” represented as
011100 by looking up the alphabet. Similarly, we can also obtain 101 and 111 sequentially under
two corresponding polarization channels and recognize the number “9” as 011100 in the Base64

Fig. 8. Proof-of-concept experimental demonstration of character encryption. (a) Holo-
graphic images under different non-orthogonal polarization channels are translated into
three-bit codes. (b) A series of characters are decrypted as two polarization combinations
including letters, numbers and marks based on a method similar to Base64 alphabet.
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alphabet. In this way, the letters, numbers and marks can be encoded accordingly. Utilizing
the fabricated metasurface, we can encode abundant information consisting of characters in
non-orthogonal polarization channels.

5. Conclusion

In summary, we propose a design strategy that extends the traditional Jones matrix method.
Using the design strategy, a single-layer dielectric metasurface can provide independent phase
control for three non-orthogonal arbitrary polarization channels. As a proof-of-concept demon-
stration, we have designed, fabricated and characterized a series of metasurfaces for generating
linear, circular and elliptical polarization-multiplexed far-field holographic images, respectively.
Further, benefitting from the information security of non-orthogonal polarization channels,
we have demonstrated optical encryption applications based on the non-orthogonal arbitrary
polarization-multiplexed metasurfaces, including image encryption and character encryption
schemes. This non-orthogonal polarization multiplexing metasurface platform may promote
practical applications in optical communications, optical encoding and information security.
Funding. National Key Research and Development Program of China (2022YFA1404303, 2020YFA0211300);
National Natural Science Foundation of China (12234010).
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