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Breaking the limitation of polarization multiplexing
in optical metasurfaces with engineered noise

Bo Xiong't, Yu Liu't, Yihao Xu?1, Lin Deng®, Chao-Wei Chen’, Jia-Nan Wang!, Ruwen Peng*,

Yun Lai', Yongmin Liu?3*, Mu Wang"**

Noise is usually undesired yet inevitable in science and engineering. However, by introducing the
engineered noise to the precise solution of Jones matrix elements, we break the fundamental limit of
polarization multiplexing capacity of metasurfaces that roots from the dimension constraints of the
Jones matrix. We experimentally demonstrate up to 11 independent holographic images using a

single metasurface illuminated by visible light with different polarizations. To the best of our knowledge, it is the
highest capacity reported for polarization multiplexing. Combining the position multiplexing scheme, the
metasurface can generate 36 distinct images, forming a holographic keyboard pattern. This discovery implies a
new paradigm for high-capacity optical display, information encryption, and data storage.

etasurfaces (I-3) provide rich degrees

of freedom (DOFs) to modulate the

phase (4, 5), amplitude (6, 7), and po-

larization (8, 9) of light based on sub-

wavelength structures. Compared with
traditional optical devices, metasurfaces possess
distinct advantages of the ultrathin thickness
(10, 11), high efficiency (12-14), and broad-
band responses (15-17). In recent years, metasur-
faces have been demonstrated for wavelength
multiplexing (18, 19), angle multiplexing (20),
and orbital angular momentum (OAM) multi-
plexing (21), as well as reconfigurable meta-
devices (22, 23).

Polarization (24-27) has been explored in
metasurfaces for large-capacity multiplexing
technology, which can transmit information
through independent channels to different
desired targets. However, there exists an up-
per limit in the capacity of polarization multi-
plexing. Traditionally, two orthogonal linear
polarizations (e.g., - and y-polarized compo-
nents) operate dual independent functional-
ities without cross-talk in a two-dimensional
(2D) planar optical platform such as a meta-
surface (28, 29). This approach relies on the
diagonal elements of the Jones matrix, which
is a 2 x 2 matrix representing the optical re-
sponse of a metasurface. Amplitude modula-
tion has also been introduced in polarization
multiplexing. Applying Malus’s law has led to
the design of metadevices to encode nanoprint-
ing and holography simultaneously in the
near- and far-field, respectively (30, 31). More
recently, the off-diagonal elements of the Jones
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matrix were used as an extra degree of free-
dom, realizing three independent polariza-
tion channels (32) and achieving triple sets
of printing-hologram integrations (33). This
approach reaches the theoretical upper limit
(=3 independent channels) of polarization
multiplexing capacity in 2D planar metasur-
faces. This restriction applies not only to linear
polarizations, but also to circular polarizations
[left circular polarization (LCP) and right cir-
cular polarization (RCP)] (34, 35), and even
arbitrary polarizations (36). Although polar-
ization multiplexing has been substantially
advanced through physics-guided forward
design (37, 38) and data-driven inverse design
based on machine learning (39, 40), the fact
that the number of independent channels is
limited to three is a notable constraint in prac-
tical applications. Breaking this upper limit will
be crucial for developing high-capacity optical
displays and data storage.

We develop an approach based on noise en-
gineering that breaks this fundamental limit.
By introducing the correlated noise with least-
squares estimation, new polarization channels
can be created with only moderate cross-talk.
To reduce the cross-talk, we further introduce
the noncorrelated noise with a random dis-
tribution to push the limit of polarization
multiplexing. Illuminated by the incidence
with different linear polarization states, the
metasurface can generate up to 11 indepen-
dent holographic images at the corresponding
channels. Simulation shows that the capac-
ity could be expanded further by combining
our methodology with position multiplexing
or OAM multiplexing. As a proof of concept,
we demonstrate 36 distinct holographic im-
ages, forming a typical keyboard pattern by
simultaneously using polarization multiplex-
ing and position multiplexing.

Design strategy for engineered noise

Our design strategy is based on approximate
solutions of the Jones matrix elements with
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sufficient engineered noise, allowing us to
overcome the constraint in the polarization
multiplexing capacity of metasurfaces (Fig. 1).
The unit cell of the metasurface (Fig. 1A) work-
ing in the reflective configuration consists of
multiple rectangular resonators with distinct
lengths (L), widths (7)), and rotation angles (¢),
each of which supports two eigen dipoles along
the short and long axes (see details in supple-
mentary note 1). The Jones matrix of the unit
512 %‘;”} , where E,, E,y,
and E, are complex numbers and represent
the effective Jones matrix elements. They are de-
termined by the parameter group{L;, W;, o;},
where 7 indicates the serial number of rectan-
gular resonators. In the presence of M incident
light beams with different linear polarizations,
the corresponding optical responses of the
unit cell can be generalized to Eq. 1 (details in
supplementary note 2)

cell is given by {

0, cos20; sin20; sin® 6,
0. 2 ; ) E,
p) cos” 0, sin20, sin” 0,
O3 | = [cos2 6; sin20; sin?6; |- ij‘” :
OM cos? 0y, sin 20y, sin® 0y Y
@

Here O;; denotes the complex reflected field
at the M-th linear polarization channel along
the polarization angle 6, (with respect to
the x axis). Equation 1 is a collection of non-
homogeneous linear equations that can be
written as O = A4 - E. According to linear al-
gebra (41), Eq. 1 has a precise solution for the
required Jones matrix elements only if M <3.
Therefore, the independent channels for po-
larization multiplexing have an upper limit
of 3, consistent with the conclusion of seve-
ral previous works (33-36) based on the analy-
sis of DOFs. When M = 4, the fourth channel
is the superposition of the first three polar-
ization channels (see details in supplemen-
tary note 3).

We deliberately introduce noise into our
system to break the polarization multiplex-
ing limit of metasurfaces, offering new DOFs
in the design space. In the first step, the intro-
duction of correlated noise creates additional
polarization channels by considering the least-
squares solution (4I) instead of the precise
solution of Eq. 1. By solving such overdeter-
mined linear equations, the correlated noise is
automatically introduced. The new solution
can be written as £ = (474) AT O (see details
in supplementary note 4), and thus the com-
plex outputs O=AE (e.g., Ol, Og, Og, 04
when M = 4) can be expressed by the solid
black arrows in Fig. 1B. The dashed long ar-
rows represent the target signals at the cor-
responding polarization channels, whereas
the dashed short ones represent the corre-
lated noise (defined as AO, = |4 - E — O|). It
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Fig. 1. Schematic of the design of polarization-multiplexed metasurface.
(A) Designed unit cell and the corresponding response matrix. (B) In step 1,
the least-squares solutions (solid black arrows) with the correlated noise
(dashed short arrows) are introduced to create new polarization channels,
where the target signals (dashed long arrows) are entirely distinct from each
other. However, as shown in the inset, the solved complex outputs still have

follows that the target signal of the fourth
channel is entirely distinct from the other
three, indicating the generation of new func-
tionality. However, we emphasize that the
correlated noise can be theoretically decom-
posed into the perturbations from the other
channels (see details in supplementary note 4.
The outputs at different polarization chan-
nels are linearly correlated, resulting in the
moderate cross-talk of holographic images
between different polarization channels (Fig.
1B, insets).

To eliminate such cross-talk, we proceed to
the second step and add the noncorrelated
noise (details shown in supplementary note 5),
represented by the red shadow circles in Fig.
1C. In this case, the new solution is expressed
as E, =(ATA) 'ATO + 8E, where each com-
ponent of 3E is randomly sampled from a 2D
complex normal distribution 7 x N (0, I). Here
7 indicates the amplitude of the random noise,
and [ is the identity matrix. Then the non-
correlated noise can be written as AO,, = |4+8E|.
Such noise is similar to the additive Gaussian
noise in information theory (42), which mimics
the effects of many random processes occur-
ring in nature, including black body radiation
from Earth and other warm objects, thermal
vibrations of atoms in conductors (referred to
as thermal noise), and random manufacturing
error in experiments. According to the central
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limit theorem (43), the probability distribution
of the mean noise produced by vast random
events actually approaches a Gaussian dis-
tribution. They are typically undesirable but
ultimately are beneficial in our design. As
illustrated in fig. S5, when the value of 7 in-
creases from O to 1, the correlation between
the neighboring channels is gradually broken
down by the noncorrelated noise, although the
intensity in the target channels becomes lower.
Consequently, the cross-talk between different
polarization channels diminishes by selecting
an appropriate value of 7, realizing polarization
multiplexing with a single metasurface (Fig.
1D). This result highlights that correlated and
noncorrelated noise have distinct physical
origins and implications. The correlated noise
can be passively introduced by solving the over-
determined linear equations, which creates
additional information channels with cer-
tain cross-talk. The intentionally introduced
noncorrelated noise with a Gaussian noise
formula substantially reduces the cross-talk,
despite sacrificing the signal-to-noise ratio
in the primary channels.

Testing the design strategy

We first take M = 5to test our design. Figure 2A
shows the calculated histogram phase distrib-
ution of AO, with a mean value of ~0.22r and
a standard deviation of ~0.21%. Such a noise
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some correlations, resulting in the moderate cross-talk of holographic images.
(C) In step 2, the random noncorrelated noise (red shadow circles) is introduced,
which breaks the correlation between different channels and eliminates the
cross-talk. (D) Schematic of the polarization-multiplexed metasurface. By
changing the polarization direction of the incident light, the metasurface can
generate multiple independent holographic images.

value is relatively low in the metasurface de-
sign, close to the noise amplitude in four-level
phase discretization (~0.25n). It follows that
five holographic images can be generated at
five polarization states (fig. S6). However, the
created holographic images still contain some
cross-talk from the other channels. To suppress
the cross-talk, we introduce an appropriate
noncorrelated noise (r = 0.3) with a mean
value of ~0.39n and a standard deviation of
~0.28n (Fig. 2B), which is similar to the case
of binary phase design. These results dem-
onstrate that the engineered noise is within
the margin of the design error. Then we design
a device with multiplexed holographic images
(Fig. 2D), following the iterative Fourier trans-
form algorithm (44)) and genetic algorithm (45).
The final approximate solutions with engineered
correlated and noncorrelated noise are fed
into the genetic algorithm as complex numbers,
which can search the optimized geometrical
parameters for each pixel with the smallest
mean square error. The genetic algorithm is
critical to the design of the metasurface. By
mimicking the natural processes of selection,
reproduction, mutation, and crossover, the ge-
netic algorithm is a metaheuristic algorithm
that can solve global optimization problems
and effectively explore the parameter space (de-
tails shown in supplementary note 6). Figure 2E
presents the simulation result in which five
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Fig. 2. Design and experimental demonstration of the five-channel polarization-
multiplexed metasurface. (A) Calculated correlated noise distribution

based on Eqg. 1, which has a mean value of ~0.22r and a standard deviation of
~0.21x. (B) Added noncorrelated noise distribution with a mean value of 0.39%
and a standard deviation of 0.28r. (C) Optical and SEM micrographs of the
fabricated sample with different magnifications. The scale bars from left to
right are 40 um, 40 um, 0.5 um, and 250 nm, respectively. (D) Designed,

(E) simulated, and (F) measured holographic images with different polarization

Xiong et al., Science 379, 294-299 (2023) 20 January 2023

incidences, which are marked by the purple arrows. All scale bars are 40 um.
When the incident light is polarized along 0° 36° 72° 108°, and 144°, the
metasurface will generate five independent holographic images, including
“NY T &N R and “U” (G) Calculated correlation coefficients matrix

and (H) energy distribution matrix based on the simulation results in (E).

(1) Measured correlation coefficients matrix and (J) energy distribution
matrix based on the experimental results in (F), which agree well with

the simulations.
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independent holographic images can be gener-
ated from the same metasurface when the
polarization of incident light varies. Figure 2C
shows the optical and scanning electron mi-
croscopy (SEM) micrographs of the sample
(220 um by 220 pm in size) fabricated by stan-
dard electron beam lithography. The working
wavelength of the metasurface is 700 nm. From
the measurement results presented in Fig. 2F,
we can observe that the same metasurface
generates five independent holographic
images—“N”, “J”, “&”, “E”, and “U”—at the
corresponding polarization states (0° 36°,
72° 108° 144°) (details shown in supple-
mentary note 7).

To quantify the cross-talk between the images
at different channels, we introduce the corre-
lation coefficient, which is defined as (46, 47)

p(T,R) = M (2)

D(T) - D(R)
Here T and R represent the intensity distribu-
tion of the target object and reconstructed ob-
ject, COV(T,R) is the covariance of 7 and R,
and D(T) and D(R) represent the variances of
T and R, respectively. According to this defini-
tion, if we consider M polarization channels,
we can calculate the correlation matrix with a
size of M x M, in which the diagonal terms
represent the target signal, whereas the non-

diagonal values indicate the cross-talk. The
simulated correlation coefficients of the non-
diagonal terms are all below 0.3 (Fig. 2G), con-
firming that these polarization channels are
relatively uncorrelated and hence independent.
Moreover, up to 60% of the power is directed
to the targeted channel (Fig. 2H). The measured
correlation matrix and energy distribution matrix
in Fig. 2, I and J, also agree well with the sim-
ulations. Here the fabrication error acts as an
additional noncorrelated noise component
that further reduces the cross-talk between
the channels. These results demonstrate that
by combining AO, and AO,,, we can successful-
ly break the constraint in the polarization
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Fig. 3. Simulation and experimental demonstration of the new upper limit.

(A) Phase diagram for polarization multiplexing in our design. Phase | represents
the conditions that satisfy the threshold requirements. Phase Il represents

the cases in which the noncorrelated noise is so small that the nondiagonal term
is more significant than 0.2, indicating that the cross-talk is rather substantial.

Phase Il represents the cases in which the noncorrelated noise is so large

that the diagonal term is larger than 0.8, indicating that the energy in the design
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channel is rather weak. Phase IV indicates the scenarios where all the threshold
conditions are not satisfied. The inset in the right panel shows the corresponding
correlation coefficient matrices for different channel numbers from M = 3 to 11,
all of which satisfy the threshold requirements. (B) Optical and (C) SEM
micrograph of the fabricated sample for M = 11 The scale bars are 50 um

and 0.4 um, respectively. (D) Measured holographic images at 11 linear polarization
states. The arrows denote the polarization orientations.
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multiplexing capacity of metasurfaces and re-
alize the polarization-multiplexed metasurface
with an independent channel number larger
than 3.

The upper limit for channel number

We calculate the phase diagram for polariza-
tion multiplexing (Fig. 3). The correlated noise
distributions from M = 2 to M = 12 are first
solved (fig. S9). The mean value of AO, increases
slowly from O to ~ 0.33r as the channel num-
ber increases. This is because the least-squares
solution requires more perturbations to fulfill
Eq. 1 when M becomes larger. We have also
swept the value of 7 from 0 to 1, and the cal-
culated correlation matrices for each scenario
are shown in fig. S11. It is noteworthy that
because of the random nature of AO,,, the cor-
relation matrices vary from time to time, even
when the same level of AO,, is applied. To pre-
vent fluctuation in the results, we take the sta-
tistical average of 10 correlation matrices.
Lastly, to evaluate the multiplexing capacity,
we follow a threshold value of 0.8 (47) for the

AR YR R

°

correlation coefficient, resulting in the phase
diagram shown in Fig. 3A. The examples that
meet the threshold requirements (diagonal
terms larger than 0.8 and nondiagonal terms
less than 0.2 in this study) are marked in red
(Phase I). By contrast, the rest (Phase II, Phase
111, and Phase IV) cannot meet the require-
ments. When the noncorrelated noise is too
small, the green region (Phase II, nondiagonal
terms larger than 0.2) shows that the cross-
talk is too strong. When the noncorrelated
noise is too strong, the blue area (Phase III,
diagonal terms less than 0.8) indicates that
the patterns in the targeted channels have low
intensity. We can see that the new upper limit
is ~11 with r = 0.5. The upper limit might be
increased further by relieving the threshold
conditions (fig. S12). Figure 3, B and C, shows
the optical and SEM micrographs of the sam-
ple for M = 11. Figure 3D presents the multi-
plexed holographic images measured in our
experiment. By changing the polarization
angles of incident light from 0° to 163.63° in
the step 0f16.36° each, 11 different holographic

images are generated from the same meta-
surface. Despite some background noise, we
can recognize all the designed Greek letters,
including o, B, v, 3, p, 6, A, v, 7, €, and o,
demonstrating excellent performance of po-
larization multiplexing design in the new up-
per limit. The experimental results agree very
well with the simulations shown in fig. S13. In
addition to holograms, we expect that our de-
sign methodology can be applied to other meta-
devices such as metalenses. The key is to choose
the appropriate parameters as the figure of
merit and find the phase diagram for the spe-
cific applications (details shown in supplemen-
tary note 8).

Furthermore, our polarization multiplex-
ing strategy based on noise engineering can
be combined with other multiplexing meth-
ods, such as position multiplexing (fig. S14:)
and OAM multiplexing (fig. S15), to boost
the information-encoding capacity. As in the
last example, nine linear polarization channels
(0°,20°,40°, 60°, 80°,100°, 120°, 140°, 160°)
are chosen, and each channel contains four
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Fig. 4. Experimental demonstration of the holographic keyboard. (A) Optical
and (B) SEM micrograph of the fabricated sample with simultaneously
polarization- and position-multiplexed design. The scale bars are 50 um and

0.4 um, respectively. (C) Schematic and (D) measured results for the performance
of the holographic keyboard pattern. Here we choose nine different polarization
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channels covering from 0° to 160° Four holographic images are simultaneously
generated at different planes away from the metasurface for each polarization
channel. The locations of the planes are z; = 330 um, z, = 430 um, z3 = 570 um,
and z4 = 830 um. As a result, 36 holographic images can be generated to
form a typical keyboard pattern.
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different holographic images at the planes
330, 430, 570, and 830 um away from the
metasurface (Fig. 4). The device is 330 um by
330 um in size. The optical and SEM micro-
graphs of the metasurface are shown in Fig. 4,
A and B. The target holographic images for
the 36 channels at the wavelength of 700 nm
are 26 letters and 10 Arabic digits, resulting
in a typical keyboard pattern, as seen in the
dashed region of Fig. 4C. Figure 4D depicts the
measured results from the constructed meta-
surface, which create a total of 36 separate holo-
graphic images and match the design well. To
the best of our knowledge, this is the largest
capacity reported in metasurfaces with polar-
ization and position multiplexing design, and
it can be further improved by OAM multiplex-
ing, wavelength multiplexing, angle multiplexing,
and other techniques. The design combining
noise engineering and OAM multiplexing is
presented in supplementary note 9.

Concluding remarks

To summarize, we break the polarization multi-
plexing limit of metasurfaces with engineered
noise in the visible region. It is expected that
the capacity of traditional optical communica-
tion systems (e.g., wavelength multiplexing)
and information storage systems (e.g., polar-
ization multiplexing) can be further boosted
with more parallel channels by using our ap-
proach. Furthermore, although we focus on
metadevices operating in the visible frequen-
cies, this design strategy can be readily applied
to infrared, terahertz, or microwave frequencies.
It opens a new pathway to enhance parallel
processing, reduce cross-talk between chan-
nels, and increase the storage capacity in op-

Xiong et al., Science 379, 294-299 (2023)

tical communication, optical encryption, and
information storage systems.
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