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Advancements in optical communications have increasingly focused on leveraging spatial-structured
beams such as orbital angular momentum (OAM) beams for high-capacity data transmission.
Conventional electronic convolutional neural networks exhibit constraints in efficiently demultiplexing
OAM signals. Here, we introduce a hybrid optical-electronic convolutional neural network that is
capable of completing Fourier optics convolution and realizing intensity-recognition-based
demultiplexing of multiplexed OAM beams under variable simulated atmospheric turbulent
conditions. The core part of our demultiplexing system includes a 4F optics system employing a
Fourier optics convolution layer. This optical spatial-filtering-based convolutional neural network is
utilized to realize the training and demultiplexing of the 4-bit OAM-coded signals under simulated
atmospheric turbulent conditions. The current system shows a demultiplexing accuracy of 72.84%
under strong turbulence scenarios with 3.2 times faster training time than all electronic convolutional
neural networks.

In the contemporary big data era, there is an evident and necessary esca-
lation in global data traffic demand. This is primarily due to applications like
high-resolution live streaming, virtual meetings with multiple participants,
immersive gaming, and real-time analytics, all of which require immediate
access to large data volumes. Consequently, there is a marked increase in
network bandwidth requirements. However, existing network technologies
struggle to meet these expanding capacity needs, with traditional wireless
systems facing limitations like bandwidth constraints, high latency, sus-
ceptibility to interference, and elevated data traffic. In this context, free-
space optical (FSO) communication emerges as a promising candidate for
wireless data transmission. FSO communication uses optical wavelength,
from ultraviolet to infrared, achieving data transmission through the
atmospherewithout requiringaphysical communication link.By leveraging
the advantage of a broader spectrum range in optical bands and compact
spatial confinement from a laser beam, FSO communication has already

provided the ability to cater to high-capacity optical data transmission
demand.

In recent years, optical beams carrying orbital angular momentum
(OAM), first introduced by Allen et al. in 19921, have attracted attention in
the researchfieldof FSOcommunication.With the advantage of its inherent
orthogonality, which leads to the ability to co-propagate with no inter-
ference and ideally unlimited topological charge states, the orthonormal
basis becomes theoretically unbounded. This property makes OAM-
carrying beams significantly improve the data transmission rate, giving rise
to potential applications in optical manipulation, imaging, and FSO com-
munication. However, the orthogonality of the OAM beam is no longer
preserved in the presence of atmospheric turbulence2. The helical wavefront
of the OAM beams would be drastically distorted while propagating
through the turbulentmedium since beams broaden and wander randomly
due to the effect of inhomogeneities of the refractive index, resulting in
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unrecoverable power loss and inter-channel crosstalk of the FSO commu-
nication system.

Machine learning plays a crucial role in optics, photonics, and com-
puter science. In OAMFSO communication, TimothyDoster and Abbie T.
Watnik introduced detecting the active OAMmodes in a transmission link
using a convolutional neural network (CNN)3. Wenjie Xiong et al. inves-
tigated the use of a cylindrical lens for CNN-basedOAMmodes recognition
to demodulate OAM shift-keying (OAM-SK) signals, achieving 99.53%
mode detection accuracy4. However, one needs to mention that in CNNs,
such as AlexNet, VGGNet, and GoogleNet, convolutional layers consume
more than 85% of the whole runtime5, training on large data sets withmore
convolutional layers leads to much more time-consuming computation
with high latency and power consumption.

To improve the computational efficiency with simultaneous low-
energy cost, FSO computing is considered a competitive candidate. An
opticalmatrixmultiplication basedon a 4F optical systemwas introduced in
1993 to demonstrate matrix inner-product multiplication by placing a
computer-generated holographic mask at the co-focal plane between two
lenses6. After two decades of development, kernels generated by state-of-
the-art digitalmicromirror devices (DMDs) outperform the older hologram
mask to simulate convolution computation, making optical convolutional
acceleration promising.

In this work, we experimentally generate themultiplexedOAM-coded
signal and introduce the free-space propagation under simulated atmo-
spheric turbulence conditions.We complete the Fourier optics convolution
right after the generated turbulence-affectedmultiplexed OAMbeams via a
DMD 4F-based system and the construction of a hybrid optical-electronic
neural network (OECNN) system. We test our neural network by demul-
tiplexing the 4-bit OAM-coded signals. Results show the proposedOECNN
performs a demultiplexing accuracy of 72.84% under strong turbulence
conditions with 3.2 times training time faster than designed all electrical
convolutional neural network (ECNN).

Results and discussion
Orbital angular momentum
The OAM-carrying beams with helical wavefront, being potentially
employed in various applications, which are generally called vortex beams,
could be best described in terms of Laguerre-Gaussian (LG) beams which
have an azimuthal phase term of exp(ilθ), representing an on-axis phase
singularities of order l, where θ is the azimuthal angle and l is known as
topological charge of the beam, ideally taking infinite value, which deter-
mines the number of times the phase should change by 2π on one single
rotation around the beam axis7. So far, various state-of-the-art methods for
the generation of LG beams have been successfully developed, such as using
spiral phase plates8, diffractive phase holograms9, cylindrical lens pairs10,
metamaterials11, q-plates12and more. In this study, we use the spatial light
modulator (SLM)with the phase-modulated fork grating pattern to convert
the inputGaussian-like beam to theOAMbeam. For the detailedgeneration
procedure see section Supplementary Note 1. The example of experimen-
tally generated LG modes see Supplementary Fig. 1. We experimentally
generate and use single-ringed LG modes (LGl

p) where p = 0 (LGl
0) to

achieve the simplest and clearest optical ring intensity formation.
When LG beams with the same waist position and parameters are

coaxially superimposed, they interfere and produce a vortex structure,
resulting in complex patterns of bright and dark regions. Here, we
demonstrate the superposition of two co-propagating LG beams with
topological charge l1 and l2, where the formation of complex amplitude at
z = 0 can be written as:

LGl
0 ¼ LGl1

0 þ LGl2
0 : ð1Þ

By multiplexing LGl1
0 and LGl2

0 , they interfere at ∣l2− l1∣ azimuthal posi-
tions, resulting in a transverse intensity profile of ∣l2− l1∣petal-like patterns.
Anexampleof the experimental generated transverse intensity profile of two
multiplexed LG beams is shown in Fig. 1. For all three cases, the circular

symmetric intensity profile comprises fourteen (∣l2− l1∣) bright petals,
where Fig. 1b (LG�7

0 + LG7
0)maintains no peripheral vortices, Fig. 1a (LG�8

0
+ LG6

0) and Fig. 1c (LG
�6
0 + LG8

0) show rotated intensity (counterclockwise
and clockwise, respectively) due to the effect of Gouy phase difference
between two LG beams with different absolute value of topological charge
(∣l2− l1∣)13. Theoretically, the complex field distribution of the multiplexed
LG beams with unlimited integer topological charge numbers n at z = 0 can
be written as:

LGl
0 ¼ LGl1

0 þ LGl2
0 þ LGl3

0 þ :::þ LGln
0 ; ð2Þ

the petal-like patterns of multiplexed LG beams with n superimposed
numbers are related to the corresponding Gouy phase differences among
selected OAMmodes, generating unique intensity profiles.

Atmospheric turbulence
In FSO communication, one critical challenge that needs to be addressed is
atmospheric turbulence. The refractive index of the atmosphere undergoes
stochastically variations spatially and temporally due to the temperature
inhomogeneities and atmospheric pressure,which cause thewavefront to be
randomly distorted as it propagates where manifested as intensity fluctua-
tion, beam wandering, and scattering. In the OAM-carrying FSO com-
munication link, atmospheric turbulence-induced aberrated helical phase
front results in the channel crosstalk and information blending among
multiplexed OAM modes. This would significantly decrease the transmis-
sion efficiency, impairing the stability and reliability of FSO communication
systems14. The most widely accepted theory of atmospheric turbulent flow
was first put forward by Kolmogorov in 194115. Since then, the theory of
turbulent fluctuation could be directly related to refractive-index variation
by introducing theKolmogorov turbulencemodel16,17.Hitherto,many other
practical models that improve the agreement between theory and experi-
mental measurement are proposed and used, such as Tatarskii18, von
Kármán19,modifiedvonKármán20 andHillmodel21. In this study,weuse the
modified von Kármán atmospheric turbulence model as turbulence simu-
lation; for the detailed introduction of the turbulence model see section
Supplementary Note 2; The example of a computer-generated random
atmospheric turbulence phase screen using the modified von Kármán
turbulence model see Supplementary Fig. 2. The atmospheric turbulence is
simulated by uploading the generated phase-modulated turbulence screens
onto the SLM, affecting the incident multiplexed OAM beams.

Fourier optics convolution
In recent years, deep learning has advanced significantly with the utilization
of CNNs, which are pivotal in image-related tasks such as object detection
andclassification.However, traditional electronic-based computing systems
for CNN inference require numerous computationally intensive convolu-
tion operations, often demanding high-performance hardware and gen-
erating substantial thermal loads. The 4F optics system sidesteps these
limitations by completing Fourier optics convolution passively in the fre-
quency domain. The digital micromirror device (DMD) serves as an optical
gate, modulating the incoming light based on the applied convolutional
kernels. The output sensor, typically a camera or a photodiode array, cap-
tures the convolved images and saves them as data to be further processed
electronically; for the detailed introduction see section Supplementary
Note3.The4F system’s optical naturedrastically reduces computing latency
and power consumption. It stands as an innovative, high-speed alternative
for performing all electronic CNN inference and offers new possibilities in
integrated photonics computing.

Neural network system performance
We first generate OAM-coded beams with two multiplexed topological
charge numbers and collect the dataset under four different atmospheric
turbulence scenarioswithoriginal,weak (D/r0 = 0.15),medium(D/r0 = 0.3),
and strong (D/r0 = 1.5), respectively. We choose three indistinguishable
cases where the topological charge numbers are consecutive integers
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(l1 = 6, l2 =− 8; l1 = 7, l2 =− 7, and l1 = 8, l2 =− 6) and two distinguish-
able cases where the topological charge numbers have higher difference
value (l1 = 9, l2 =− 8, and l1 = 10, l2 =− 10).

For each case, 1000 images are collected under each turbulence level.
20,000 images are generated after SLM1. After being convolved with 16
kernels, 320,000 images are captured by the camera and collected as the
dataset. On the subsequent electronic layers side, the dataset is packed in
groups of 16.We label thesefiveOAM-codedbeams as five classes. For each
class, we randomly shuffled and split the collected 1000 images with the
training set of 800and thevalidation set of 200 toguarantee that both sets are
completely independent. We compare the classification accuracy between
the OECNN and ECNN. Since both neural networks are trained on the
dataset with unique intensity patterns, we define the demultiplexing accu-
racy as the classification accuracy of the neural network.

We run both neural networks over 50 epochs five times, and the
averaged results are shown in Fig. 2. The demultiplexing accuracy of the
ECNN is 94.58%, 89.34%, 86.84%, and 84.32% for four different levels of
atmospheric turbulence (Fig. 2a), with a full training time of 604.75s. The
OECNN shows the demultiplexing accuracy of 87.96%, 83.39%, 81.87%,
and 74.23% under the preset turbulence level order (Fig. 2b), with a full

training time of 454.7s. The training time ofOECNN is 1.3 times faster than
ECNN. Then, we generate the 3-bit OAM-coded signal (topological charge
l =− 7, l =− 5, and l = 6 are applied) with 8 classes in full to train both
neural networks. The ECNN (Fig. 2c) shows the demultiplexing accuracy of
96.38%, 94.61%, 91.88%, 89.84%, with a full training time of 1004.9s. The
OECNN (Fig. 2d) shows the demultiplexing accuracy of 89.52%, 85.87%,
84.07%, 76.13%, with a full training time of 504.8s. The training time of
OECNN is 2 times faster thanECNN.At last, we generate and train the 4-bit
OAM-coded signal (topological charges l =− 7, l =− 5, l =− 2, and l = 6
are applied) with 16 classes in total on both neural networks. The ECNN
(Fig. 2e) shows the demultiplexing accuracy of 94.53%, 92.34%, 90.13%,
82.61%,with a full training time of 1954.8s. TheOECNN (Fig. 2f) shows the
demultiplexing accuracy of 86.74%, 82.87%, 81.61%, 72.84%, with a full
training timeof 604.85s, whereOECNNshows 3.2 times training time faster
than ECNN. As the number of classes exerts minimal impact on the cal-
culation of total floating point operations (FLOPs), the total number of
FLOPs of ECNN is averagely calculated as 26,843,340 FLOPs. The total
number of FLOPs of OECNN is 9,298,451 FLOPs; for complete calculation
and comparisons see Supplementary Table 1 in section Supplemen-
tary Note 4.
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Fig. 1 | Experimentally generated intensity profile of the multiplexed orbital angular momentum (OAM) beams. a–c are multiplexed OAM beams with superimposed
topological charges l1 =−8 and l2 = 6, l1 =−7 and l2 = 7, and l1 =−6 and l2 = 8, respectively. A grayscale color bar and a scale bar of length 1 mm are drawn.

Fig. 2 | Orbital angular momentum (OAM)-coded signal demultiplexing accu-
racy. a-b, c-d, and e-f are the demultiplexing accuracy results of the electronic
convolutional neural network (ECNN) and the optical-electronic convolutional
neural network (OECNN) with the 5-class, 8-class, and 16-class OAM-coded

signals, respectively. Red, purple, green, and blue curves represent the turbulence-
free, weak, medium, and strong atmospheric turbulence conditions, respectively.
The shaded area represents the range of min-max results from 5 different runs.
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An apparent divergence could be observed in the comparative analysis
of the demultiplexing accuracy between ECNN and OECNN. The demul-
tiplexing accuracy of OECNN manifests a decrement of around 5% to 8%
relative to its ECNN counterpart, even up to 13%under strong atmospheric
turbulence levels.A closer inspection of the validation accuracy curve for the
OECNN revealed a continued increase, even as the designated 50 epochs
concluded, insinuating an ongoing learning process. In contrast, the vali-
dation curve associatedwith the ECNN stabilized, indicating cessation in its
learning after 50 epochs. This discrepancy can be attributed to the inherent
characteristics of the datasets. The OECNN-based datasets possess higher
levels of distortion and noise due to the intrinsic systematic error of the
experimental setup, especially gained from the beam aberration and dis-
tortion caused by the undesired tilted angle of the SLM and DMD. In
addition, certain pixel losses during the experimental pixel-wise multi-
plication process are disregarded due to the physical pixel limitation of the
SLM and DMD. For each class, a dataset comprising only 1000 images is
employed. The limited data volume is considered to potentially curtail the
achievable demultiplexing accuracy, especially when encountering cir-
cumstances where multiple applied topological charge numbers are con-
secutive, rendering the intensity pattern of OAMmodesmore analogous to
one another, resulting in increased homogeneity and reducing their
discernibility.

Besides the comparative analysis on demultiplexing accuracy, the
comparison of the training time between the ECNN and the OECNN also
yields noteworthy results. The training efficiency gain is particularly pro-
nounced as the dataset’s class number increases. This trend illustrates the
OECNN’s enhanced capability inmanaging extensive, large-scale datasets, a
critical factor in practical neural network-based OAM communication
scenarios. Furthermore, in evaluating our OECNN, we observed that the
convolution layer accounts for 65% of the total FLOPs. This result indicates
that while convolution remains a major component of the CNN’s compu-
tational process, its proportion is moderately lower compared to the
mainstream neural networks with more complex structures, such as Alex-
Net and VGGNet, which are characterized by multiple convolution layers
with a larger number of kernels and sizes, allocate a higher percentage of
their computational budget to convolution operations5. This variance is
primarily due to our OECNN being designed with one single convolution
layer to realize the complete Fourier optics convolution operation inte-
grating with the current optical setup. Despite this, our findings affirm the
convolution layers are the main consumers of computational resources
during inference tasks. Furthermore, our results underscore the potential

application of optical-electronic/all-optical acceleration in more complex,
convolution-intensive neural network architectures, demonstrating sig-
nificant prospects for future enhancements in processing efficiency.

Conclusions
In conclusion, we have demonstrated a free-spacemultiplexedOAM-coded
signal demultiplexing scheme utilizing intensity-based image recognition
via a hybrid OECNN system. We show the validity of generating multi-
plexed OAM-coded beams and phase-modulated atmospheric turbulence
simulation.We realize the Fourier optics convolution operation by utilizing
DMD in the Fourier plane. The designed ECNN and OECNN are trained
and compared. The proposed OECNN performs the demultiplexing
accuracy of 86.74% of the 4-bit OAM-coded signal dataset under
turbulence-free conditions and 72.84% under the strong atmospheric tur-
bulence scenario, where the lower demultiplexing accuracy compared with
the turbulence-free situation corroborates the vulnerability of the phase for
the OAM-carrying beam and the states the challenge for OAM FSO long-
distance communication. OECNN performs 3.2 times faster training time
than ECNN under 16-class OAM-coded signal demultiplexing tasks,
highlighting its potential for superior performance in comprehensive input
dataset training tasks, marking a significant advancement over ECNN.
Optimization of the neural network structure will be conducted. Con-
sidering the limitations that our OECNN currently uses a single Fourier
optics convolution layer integrated with one input, meanwhile being sub-
jected to the inherent physical limitation of SLM and DMD, the utilization
of metasurfaces emerges as a viable approach for constructing an advanced
high-throughput OAM-based integrated optical neural network accelera-
tion system22,23. The detailed discussion of the system performance analysis
and the future direction scheme is shown in Supplementary Figs. 3 and 4 in
section Supplementary Note 4. By employing metasurfaces composed of
subwavelength antenna arrays to simultaneously generate OAM-coded
signals array andcompletemassively parallel Fourier optics convolution, the
integration of metasurface holds promising for a groundbreaking
enhancement in optical neural network processing speed and data
throughput, thereby significantly advancing the capabilities of the OAM-
based optical neural network communication system.

Methods
Our lab experiment equipment setup and scheme are shown in Fig. 3a, b. A
fiber-coupled laserwith 1550 nmwavelength is drivenwith 100mWoutput
power. After being coupled and collimated into the free-space by a fiber

Fig. 3 | Experimental implementation of the orbital angularmomentum (OAM)-
coded signal generation and Fourier optics convolution. a Laboratory experiment
setup. A laser sourcewith a 1500 nmwavelength is coupled, expanded, and projected
onto the first spatial light modulator (SLM) loaded with computer-generated
combined fork phase grating patterns, generating OAM-coded beams with desired
topological charges. After being reflected by the second SLM, which is loaded with
the atmospheric turbulence phase masks, the turbulence-affected OAM-coded

beams complete the Fourier optics convolution via pixel-wise multiplications with
pre-trained kernels loaded on the digitalmicromirror device (DMD), which is placed
at the focal plane. The spatially-frequency-filtered components are inverse Fourier
transformed after passing through the second lens and captured by the camera as
electronic output to the electronicmax-pooling layer and two fully connected layers.
FL Fourier lens. A scale bar of length 25.4 mm is drawn. b Experimental setup
scheme. FC fiber coupler, BE beam expander, BS beam splitter, P pinhole, L lens.
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collimator, the incident Gaussian-like beam is expanded by the beam
expander with a 15mm beam size. A beam splitter is utilized to vertically
reflect the expanded beam to distribute it onto the entire active region of the
reflective phase-only SLM. The first SLM is programmed to load computer-
generated combined fork phase-grating patterns with the desired super-
imposed topological chargenumbers.Pythoncode for generating forkphase
grating pattern is provided in Supplementary Software 1. Tip/tilt-mounted
SLM is fine-tuned to reflect the generated OAM beam in the original
direction to maintain the alignment of the propagation path. A pinhole is
employed after the first SLM to filter out the background noise and sort the
phase-modulated first-order diffracted OAM-coded beam from the zeroth-
order non-phase-modulated beam. The sample of the 4-bit OAM-coded
signals under turbulence-free conditions is shown in Fig. 4. After propa-
gating 0.3m, the OAM-coded beam is projected onto the second SLM,
which is loaded with the computer-generated turbulence phase screens
based on the modified von Kármán atmospheric model. Atmospheric
turbulence phase screens with three different turbulence levels
D/r0 = 0.15,D/r0 = 0.3, and D/r0 = 1.5 are applied, representing weak,
medium, and strong turbulence levels, respectively, where D represents the
physical dimension of the SLM, and r0 is the Fried parameter. In this study,
given the fixed physical dimension of the SLM, we define the weak turbu-
lence condition (D/r0 = 0.15) as corresponding to a propagation distance of
1 km under clear sky conditions, where atmospheric turbulence is minimal.
The medium turbulence condition (D/r0 = 0.3) corresponds to a propaga-
tion distance of 1 kmunderwindy conditions and lower altitudes, where the
interaction of faster, erratic air movement with obstacles like buildings and

terrain creates increased turbulence. This effect is further amplified by
thermal gradients caused by the sun’s heating of the Earth’s surface. Python
code for generating atmospheric turbulence phase mask is provided in
Supplementary Software 2. The strong turbulence condition (D/r0 = 1.5)
corresponds to a propagation distance of 2 km near ground level, where
intense thermal activity leads to significant turbulence. In this scenario, the
larger temperature differences between the warmer ground and cooler air
above cause stronger and more unstable air currents, resulting in much
higher turbulence. Upon each turbulence level, thousands of stochastically
pre-generated atmospheric turbulencephase screens are sequentially loaded
onto the second SLM with 60Hz to increase the variety of turbulence
scenarios. Several examples of various levels of turbulence-affected multi-
plexed OAMbeams are shown in Fig. 5. After being reflected by the second
SLM, the turbulence-affected OAM-coded beams are Fourier transformed
as passing through the first Fourier lens at the focal planewhere theDMD is
placed. In the digital Fourier transform implementations, the pixel of the
Fourier spatial kernel is considered to be the same as the Fourier trans-
formed image to realize the pixel-wise multiplication. However, in our
Fourier optics system, the Fourier spatial kernel pixel is constrained by the
resolution of SLM:

FTkernelpixel ¼
λf

4Δ2 ; ð3Þ

where λ is the wavelength of the light, f is the focal length of the lens, and
Δ is the pixel pitch of the SLM with the super-pixel of 4. In our

Fig. 4 | Experimentally generated intensity profile of 4-bit orbital angular
momentum (OAM)-coded signal under turbulence-free condition. OAMmodes
with topological charge l =−7,−5, 2, and 6 are selected. Each panel (a–p) represents

the coded 4-bit string from (0000) to (1111) where the selective OAM modes are
active. A grayscale color bar and a scale bar of length 1 mm are drawn.
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experiment, we use a 1550 nm laser source, two lenses with 150 mm focal
length (f = 150 mm), and the pixel pitch of the SLM is 8 μm. Therefore,
we have the optics spatial frequency filter with a 908 × 908 pixel size to
match the digital to the optical Fourier optics convolution. The pre-
trained spatial kernels, loaded onto the DMD with 320 Hz, serve as a
spatial filter set in the frequency domain, filtering the spatial frequency
components of the input OAM-coded beams. Kernels are integrated
sequentially with the spatial frequency components of the incoming
Fourier-transformed beams, executing pixel-wise multiplications. After
passing through the second Fourier lens, the spatially-frequency-filtered
beams are inverse Fourier transformed into the real-space and
subsequently captured by the camera with 48 frames per second,
realizing the transition from the optical to electronic domain. The
images captured by the camera are collected as electronic output to a
max-pooling layer and two fully connected layers. These layers comprise
a hidden layer consisting of 256 neurons equipped with a ReLU
activation function and a classification layer with the corresponding
number of neurons, finalizing the construction of the hybrid optical-
electronic neural network. Python codes for generating designed ECNN
and OECNN are provided in Supplementary Software 3, and
Supplementary Software 4, respectively.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Code availability
All Python codes generated for the current study are available from the
corresponding author on request.
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