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ABSTRACT: Holography has been widely used in optical displays, high-security
optical encryption, and optical artificial intelligence. Optical multiplexing
technologies by utilizing various dimensions of light effectively expand the
information capacity and density for holography. In this work, we propose and
experimentally demonstrate a novel spatially structured-mode multiplexing
holography with the assistance of deep learning algorithms. In the experiment,
we utilize Hermite—Gaussian (HG) and Laguerre—Gaussian (LG) modes for
example as decoding channels of various holographic images. The results prove
that these spatial modes work well as a multiplexing dimension in addition to

wavelength, polarization, and orbital angular momentum (OAM) of light. In

addition, by designing a specifically computed hologram, multiple spatial modes can be superposed together to compose a single
decoding channel, which can significantly enhance the capacity and security for holographic encryption. Our work provides a
promising scheme for high-capacity computational holography and information encryption.

KEYWORDS: holographic multiplexing, information encryption, spatial modes, deep learning, high capacity

B INTRODUCTION

Holography is able to reconstruct both the intensity and phase
information of an object, which is of transformative potential in
optical displays,' ~ data storage,” information encryption,” and
microscopy.’ With the rapid development of digital computers,
computer-generated holography (CGH) has made many
important progresses in recent years. For instance, CGH has
been extended from 2D to 3D using advanced optimization
algorithms.7_9 In addition to coherent light sources, partially
coherent light sources are also introduced to perform optical
CGH." Importantly, holographic multiplexing technologies
make it possible to encode multiple patterns into one
hologram. In the field of optics, different physical dimensions
of light have been utilized as independent information
encoding/decoding channels, including wavelength,"'~"*
polarization,"*™"” and orbital angular momentum
(OAM).S’18_23

Laguerre—Gaussian (LG) modes and Hermite—Gaussian
(HG) modes are the eigensolutions of a paraxial wave
equation, which are capable of composing complete and
orthogonal bases. LG modes feature a circular symmetry and
are directly related to the OAM of photons, which play an
important role in rotational Doppler shift,”* optical image
processing,25’26 and optical communications.”” LG modes are
characterized by an azimuthal index [ and a radial index p. HG
modes have a rectangular symmetry and are defined by the
indices of m and n along x- and y-directions, respectively. To
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generate high-quality HG and LG modes, many useful
methods based on spatial phase modulator (SLM),”® laser
cavity,”” " and nonlinear optic process’> have been proposed.
The applications of these spatial modes®> > have recently
been extended to a diffractive deep neural network.*® Various
deep learning’” algorithms have been developed for optical

recognition”®~** and holography,* photonic integrated

44,45

circuits, and intelligent imaging.46_49 Particularly, optical

40,41,44,50
neural network

can accomplish challenging computer
vision tasks.

In this paper, we propose the use of spatially structured
modes in holographic multiplexing. In the experiment, we
demonstrate two schemes. The first one is to utilize various
HG (or LG) modes as multiplexing channels. The other one is
to use the complex-amplitude superposition of two HG modes
as multiplexing channels, which, with the assistance of a fully
convolutional network, is capable of enhancing the holographic

capacity and security encryption.
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Figure 1. Principle of spatially structured-mode multiplexing holography. (a) Typical schemes based on LG and HG modes. Different images can
be selectively reconstructed by choosing proper incident LG/HG modes. (b) Hologram optimization process. Here, FT represents Fourier
transform. (c) Calculated loss function of four-channel HG-mode multiplexing holography, which converges to 107 after a 1000-epoch

optimization process.

Bl DESIGN PRINCIPLE

We first present the multiplexing scheme by utilizing different
HG or LG modes. The design principle of spatially structured-
mode multiplexing holography is illustrated in Figure 1. By
inputting spatial modes of different orders (Figure 1a), one can
selectively reconstruct the designed images at a far field. Figure
1b shows the algorithm to calculate the hologram. The
hologram is initialized with a random phase distribution at the
first epoch. Then, the output holographic images are computed
after performing Fourier transform. We define the loss function
as the mean square error between the output results and the
ground truth (i.e., target images). Then, we adopt a gradient
descent algorithm based on Adam optimizer”' to improve the
parameters of the phase hologram. During the optimization
process, the learning rate is set as 1 and the number of epochs
is 2000. Figure lc shows that the loss function converges to
~107% after 1000 epochs, which indicates the realization of
spatial-mode multiplexing holography. Since our scheme is free
of presampling the images, the intensity of light can be fully
utilized in principle.

B EXPERIMENTAL DEMONSTRATION

To experimentally demonstrate the spatial-mode multiplexing
holography, we first prepare the standard HG and LG modes
via SLM. According to pixelated phase computer holograms for
accurate generation of scalar complex fields,”® one can produce
arbitrary spatial modes via SLM in principle. Our numerical
simulations show that the generated LG and HG modes have a
typical purity of >98%. Here, the SLM used in our experiment
has a resolution of 1920 X 1080 pixels and a pixel size of 8 pm.
In theory, one can reconstruct a certain image by inputting the
corresponding spatial mode onto the phase hologram (Figure
la). To simplify the optical alignment, we add the super-
position of the decoding spatial mode and phase hologram
onto SLM. Under such an experimental configuration, one can
observe directly the holographic images at the first diffraction
order (Figure 2a). The theoretical channel number of spatial-
mode multiplexing is infinite. Here, we demonstrate four-
channel multiplexing holography for example.

The optimized HG-mode and LG-mode multiplexing
holograms are shown on the top of Figure 2b,2c, respectively.
In the HG-mode multiplexing scheme, we choose HG(0, 0),
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Figure 2. Experimental demonstration of holographic multiplexing based on HG and LG modes. (a) Optical setup. BS, beam splitter; PBS,
polarization beam splitter; SLM, spatial light modulator. The multiplexing results are acquired at the first diffraction order by a CCD. (b, c)
Optimized phase holograms. The numerical simulations and the experimental results using HG and LG modes are given under respective

holograms.

HG(1, 1), HG(2, 2), and HG(3, 3) as four channels. As shown
in Figure 2b, four letters “A”, “B”, “C”, and “D” are
reconstructed, respectively. Notably, it is necessary to choose
those mode indices with enough spacing to suppress the
crosstalk between different channels. In addition, we use four
LG modes (i.e, LG(2, 4), LG(4, 2), LG(4, 6), and LG(6, 4))
to decode the images of four different fruits (Figure 2c).
Clearly, both the azimuthal index [ and the radial index p of LG
mode can serve as effective multiplexing channels, which
further expands the concept of traditional OAM-multiplexing
holography. The results in Figure 2 prove that HG (or LG)
modes can be designed as information channels, which works
well for the construction of multiple images.

B SECURITY ENCRYPTION

Next, we show that one can use the complex-amplitude
superposition of two spatial modes as multiplexing channels.
Here, we use HG(0, 1) and HG(1, 0) for example. In our
design, these two modes and their superposition with the

relative phases being 0 and 7 (i.e., HG(0, 1) + HG(1, 0) and
HG(0, 1) + €™HG(1, 0), respectively) compose four channels.
The calculated hologram is shown at the top of Figure 3a. In
the experiment, numbers “17, “2”, “3”, and “4” are present
when inputting the corresponding decoding spatial modes,
which are consistent with the numerical simulations (Figure
3a). Clearly, the information can be extracted only when the
input modes are superposed correctly.

In this way, one can improve the security of all-optic
information encryption. Figure 3b shows a typical case. A
plaintext message “121314” is encrypted as a holographic
cipher text. To decrypt the information, it is necessary to input
the correct HG-mode keys. Here, we define the key as (m,, n,
m,, n,, a, b), which represents spatial-mode combination of
HG(my, n,) + ae®™ HG(m,, n,). Then, the unique keys to
reconstruct the message are (0,1, /, /,0, /), (1,0, /,/,0, /),
(O) ]‘)/}/)0’/)) (O) 1) 1)07 1)0)1 (0) 1) /)/)0)/)land(0) 1) 1)
0, 1, 1). Here, the symbol “/” represents that the output is not
relevant to the value of this parameter. Although there exists
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Figure 3. Holographic multiplexing through the complex-amplitude superposition of two HG modes. (a) Optimized hologram is shown at the top.
In the experiment, we successfully reconstruct four numbers by inputting HG(0, 1), HG(1, 0), and the superposition of these two modes, which are
well consistent with the numerical simulations. (b) Approach for security encryption. A plaintext message “121314” is encrypted as holographic
cipher text, which can only be decrypted by inputting the correct six-digit keys.
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Figure 4. Holographic multiplexing using higher-order Poincare sphere modes. (a) Design principle. One can choose the spatial modes on higher-
order Poincare sphere as multiplexing channels. The optical output can be further clarified by utilizing a neural network. (b) Numerical simulations
show that the optical output has a certain crosstalk, which can be correctly identified through the neural network.

crosstalk between different channels, these numbers are
visually distinguishable.

Such a spatial-mode-superposition multiplexing scheme can
be further expanded to a higher-order Poincare sphere. As
shown in Figure 4a, the north and south poles are HG(0, 1)
and HG(1, 0) modes, respectively. Each point on the sphere
represents a superposition with a certain relative phase and
model weight, which is defined by HG, olcos(6/2)] + HGg )l

sin(6/2)lexp(ig). Here, 6 and ¢ define the model weight and
relative phase, respectively. In theoretical design, we choose
two modes at the poles and four modes at the equator as six
channels for holographic multiplexing. The optimized holo-
gram is shown in Figure 4a. When inputting different decoding
modes, one can obtain six numbers from 1 to 6 separately
(Figure 4b). The holography capacity can be considerably
enhanced by such a spatial-mode-superposition strategy.
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However, the increasing channel number induces non-
negligible crosstalk (see the optical output in Figure 4b).
One useful solution is to introduce an artificial neural network.
Here, we design a 16-layer fully convolutional neural network
to analyze the optical output and acquire the correct
information (see Methods). The final output in Figure 4b is
well consistent with the theoretical design, which proves the
effectiveness of this approach. Clearly, one can combine the
advantages of spatially structured-mode multiplexing and
neural networks to build a powerful system for high-capacity
information encryption.

B CONCLUSIONS

In this work, we propose and experimentally realize a spatially
structured-mode multiplexing scheme for high-capacity and
high-security holography. HG modes, LG modes, and other
spatial light modes can be utilized as information coding/
decoding channels, which provide a promising dimension for
optical multiplexing. Particularly, the superposition of two
spatial modes can work as multiplexing channels, which
provides a useful scheme to enhance the capacity of
holographic encryption especially when the available spatial
mode number is limited by SLMs. Such a strategy can be
further extended to the superposition of multiple spatial
modes. Under our current experimental condition, we have
successfully realized six-channel multiplexing. Further enhanc-
ing the capacity normally requires the suppression of crosstalk
between different channels by increasing the mode spacing.
Another approach is to utilize neural networks including
multilayer optical diffractive neural networks'® to increase the
ability to distinguish different channels, which has the potential
to significantly enhance the holographic capacity and security.
Our experimental results pave the way toward high-security
encryption, high-capacity storage, and high-density computa-
tional holography.

B METHODS

Convolutional Neural Network. In this work, the 16-
layer convolutional network consists of a downsampling path
and an upsampling path. The downsampling path is composed
of eight convolutional layers (kernel size 4 X 4, stride 2, same
padding) with nonlinear activation function (i.e., leaky rectified
linear unit activation function). Note that each convolutional
layer can perform twofold downsampling as well. The
upsampling path has a similar structure except that the
convolutional layers are replaced by the transposed convolu-
tional layers. Both the input and output tensors of the network
have a size of 1024 X 1024. In the optimization process, the
learning rate is set as 107>, All our optimizations are built on
tensorflow2.6°” with Python3.9.7.
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