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1. Introduction

Free-space optical (FSO) communications offer significant
advantages, including wide bandwidth, high security, and high
capacity.[1–4] Researchers have proposed various multiplexing
methods, such as wavelength-division,[5,6] polarization-
division,[7,8] mode-division,[9–11] and frequency-division

multiplexing,[12,13] to enhance communica-
tion capacity. However, the increasing
demand for wider bandwidths and the det-
rimental effects of atmospheric turbulence
on transmitted signal quality necessitate
the exploration of new degrees of freedom
(DoFs) for light multiplexing within the
FSO communication paradigm.

Meanwhile, orbital angular momentum
(OAM) carrying light modes has garnered
considerable attention in the realm of
FSO communication.[1,14–16] Convolutional
neural networks (CNNs) have emerged
as valuable tools for correcting phase
distortions caused by atmospheric
turbulence[17–19] and for distinguishing
different orthogonal OAM modes at the
receiver plane.[20–25] The stable recognition
of OAM modes facilitated by CNN is
crucial for enhancing the accuracy of
information transmission in high-capacity

communications.[26–29] Furthermore, the utilization of fractional-
order OAM carrying beams with minor topological charge incre-
ments of≈0.01 between adjacent modes has enabled the encoding
and transmission of optical information with exceptional resolu-
tion utilizing deep learning (DL) methods.[21] Sixteen encoding
OAM modes were transmitted through a lengthy FSO communi-
cation link and successfully distinguished despite severe
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As the demand for high-capacity and high-fidelity communication systems
continues to increase, addressing the challenges posed by noise and atmospheric
turbulence disturbances is imperative. This study introduces and experimentally
implements a novel free-space optical communication protocol. This protocol
combines the advantages of reducing the spatial coherence of light at the source
with the capabilities of convolutional neural networks at the receiver to encode
and transmit optical images through a noisy link. Light beams that are robust
against noise are generated and atmospheric turbulence is modeled in a labo-
ratory setting by decreasing the degree of spatial coherence of the source. Eight
orbital angular momentum states, four polarizations, and eight coherence states
of a light source that generates partially coherent cylindrical vector beams are
utilized. These elements are employed to achieve a 256-ary encoding/decoding
data transmission within our protocol. This study is expected to catalyze further
research into the utilization of partially coherent light and neural networks in the
realm of free-space optical communications.
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atmospheric turbulence, showcasing the effectiveness of artificial
neural networks in this context.[30,31] The spatial intensity distribu-
tion of an OAM mode array can be leveraged to enhance the
encoding capacity of FSO communications.[32,33]

In FSO communications, signal quality is affected seriously
by the atmospheric turbulence.[34–37] Reducing the spatial
coherence of a light source can mitigate the adverse effects of
atmospheric turbulence.[38,39] Specifically, dark (antidark)
diffraction-free beams, which feature dips (bumps) against an
incoherent background,[40] can maintain their intensity profile
in a turbulent atmosphere over a distance dependent on the
turbulence strength. Moreover, such beams have considerably
weaker scintillations compared with the statistically homoge-
neous Gaussian Schell-model (GSM) model.[41] In addition,
the classical entanglement of partially coherent light associated
with a twist phase,[42] unique to such light, can potentially
increase the capacity of the FSO channel. Furthermore, low
coherent light sources can reduce beam wander and
scintillations,[43–45] whereas partially coherent vector beams offer
advantages in mitigating turbulence effects.[46–48] These beams
have been utilized for encryption, sensing, and imaging to alle-
viate turbulence-induced distortions.[49–52] In FSO communica-
tions, partially coherent beams have shown promise in
reducing the bit error rate during signal transmission.[53–56]

In this study, we propose combining the advantages of partially
coherent light sources with the decoding power of CNNs to estab-
lish an FSO communication link that is robust to atmospheric
turbulence. We successfully constructed a 256-ary encoding/
decoding communication link with eight OAM states, four polar-
ization states, and eight coherence lengths. To demonstrate the
effectiveness of our protocol, we transmitted a high-fidelity
100� 100 grayscale image of a cat through an FSO communica-
tion link subjected to atmospheric turbulence of variable strength.

2. Principle

2.1. Partially Coherent Cylindrical Vector Beams

The second-order statistical characteristics of partially coherent
vector beams in any transverse plane where z ¼ const ≥ 0 can
be described in terms of cross-spectral density terms expressed
in a matrix form as follows[57]

Wðr1, r2, zÞ ¼
�
Wxxðr1, r2, zÞ Wxyðr1, r2, zÞ
Wyxðr1, r2, zÞ Wyyðr1, r2, zÞ

�
(1)

where each matrix element represents a statistically homoge-
neous autocorrelation function of the form

Wαβðr1, r2, zÞ ¼ E�
αðr1,φ1, zÞEβðr2,φ2, zÞ exp

�
�ðr1 � r2Þ2

2σ2

�
(2)

where α, β ¼ x, y; ri ¼ ðri,ϕiÞ, ði ¼ 1, 2Þ represent the position
vectors in the transverse plane of the beam, the asterisk denotes
the complex conjugate, and σ represents the source coherence
length assumed to be consistent across all matrix elements.
Furthermore, the electric field E corresponds to a cylindrical vec-
tor beam source, expressed as follows[58]

Eðr0, z ¼ 0Þ ¼ 1
2
Rðr0Þ expðilφ0Þ

�
1
�i

�
þ 1
2
Rðr0Þ expð�ilφ0Þ

�
1
i

�

(3)

where

Rðr0Þ ∝ exp � r20
w2
0

� �
2r20
w2
0

� �
l=2
Llp

2r20
w2
0

� �
(4)

where Llpð•Þ denotes a Laguerre polynomial of order l and radial
index p and w0 represents the beam width at the source.

The intensity of a partially coherent cylindrical vector beam
transmitted by a linear polarizer with the polarization axis at
an angle φ with the x-axis can be expressed as follows

I ¼ Wxxðr, r, zÞcos2φþWyyðr, r, zÞsin2φþWxyðr, r, zÞ sin 2φ
(5)

The intensity distributions of partially coherent cylindrical vec-
tor beams corresponding to different coherence states, topologi-
cal charges of the source, and polarizer axis directions are shown
in Figure 1. Parameters, such as w0 ¼ 0.8mm, λ ¼ 632.8 nm,
C2
n ¼ 5� 10�15m�2=3, z ¼ 80 cm, p ¼ 0, and l ¼ 1, 2, and 3,

were chosen for illustration. As shown in Figure 1, the source
coherence length significantly impacts the intensity distribution,
with the beam petals appearing blurry in the low coherence limit.

Figure 1. Intensity of the partially coherent cylindrical vector beams through a linear polarizer. a) Coherent length σ ¼ 0.6mm for different OAM modes
l ¼ 1, 2, and 3 and polarization directions φ ¼ 0, π=4, π=2, 3π=4 in orange box. b) polarization direction φ ¼ π for different OAM modes l ¼ 1, 2; and 3
and coherent lengths σ= 0.6,0.5,0.4,0.3 mm in a blue box.
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The subsequent section demonstrates the application of CNN to
recognize these subtle differences.

2.2. CNN Model

The utilization of CNNs enables the differentiation of intensity
distribution shapes of partially coherent cylindrical vector beams
across variable coherence and polarization states, as well as dif-
ferent topological charges. A CNN was established in MATLAB,
following the AlexNet architecture[59] (Figure 2). Our CNN com-
prises five blocks for feature extraction and three fully connected
(FC) layers (dense layers) for classification. The input data for the
CNN are a 100� 100-pixel grayscale images. The feature extrac-
tion process involves convolutional layers, nonlinear activation
functions, and max-pooling layers. The convolutional layers
extract local conjunctions of features from the preceding layer,[20]

whereas the nonlinear activation functions enable the network to
learn complex data and make accurate predictions.[60] A rectified
linear unit (ReLU) function (f ðxÞ ¼ maxð0, xÞ) is utilized as a
nonlinear activation function with a high-computing speed.[61]

To reduce computational complexity and prevent overfitting,
a maximum pooling layer is utilized. Following the feature
extraction process, three FC layers generate output data, with
the ReLU function being replaced by a SoftMax function in
the final FC layer. The SoftMax function is ideal for multiclassi-
fication tasks and provides the probability of each output from an
FC layer.

Detailed parameters are shown, and an output size for each
layer of the CNN is listed in Table 1. A dropout layer, randomly
set at 50% for each training epoch, was positioned at the end of
an FC layer to prevent overfitting.[62] The weights and biases of
the convolutional and max pooling layers were selected from the
pretrained Alexnet architecture.[60] The variable X represents the
number of categories, which can be changed adjusted based on
the dataset.

This study utilized partially coherent cylindrical vector beams
with the same OAM mode (l ¼ 2), four polarization directions
(φ ¼ 0, π=4, π=2, 3π=4), and eight coherent lengths (σ= 0.65,
0.6, 0.55, 0.5, 0.45, 0.4, 0.35, and 0.3mm). As shown in
Figure 3, the dataset comprises 32 categories, that is, X= 32.
The dataset was generated using Equation (5), with parameters
matching those in Figure 1. Each of the 32 categories contained
1600 images, with 50 images per category. The training and vali-
dation datasets were split in a 7:3 ratio, with an initial learning
rate of 0.001. The training results, indicated in Figure 4, indicate

that the network achieved near-perfect training and validation
accuracy, approaching 100%. This demonstrates the effective-
ness of the CNN network in classifying partially coherent cylin-
drical vector beams. The coherence length, topological charge,
and polarization direction, serving as three DoFs, can be utilized
as multiplexed communication DoFs to enhance the channel
capacity.

3. Experimental Section

3.1. Experimental Generation of Partially Coherent Cylindrical
Vector Beams

To generate a partially coherent cylindrical vector beam from the
GSM source, a rotating ground-glass disk (RGGD) was utilized,
as shown in Figure 5. A laser beam with a wavelength of
632.8 nm and horizontally polarized light was first expanded
using a beam expander and then focused by a lens L1 (focal
length f 1 ¼ 150mm). This process, through the RGGD, resulted
in a nearly incoherent beam with Gaussian statistics. This inco-
herent beam was then collimated using a lens L2 (focal length

Figure 2. Structure of the CNNmodel including input data, feature extraction, and classification. Bi (i= 1, 2, 3, 4, and 5), block; FC, fully connected layers.
The annotation of num.@num.*num. represents the number of channels@length * width of the corresponding feature map.

Table 1. Specifications of the CNNmodel, with X representing the number
of output categories.

Layer Setting Output

Num. and size Padding Stride

– Conv2D1, ReLU1 64, (6� 6) 0 2 48� 48� 64

B1 Maxpool1 (2� 2) 0 2 24� 24� 64

Conv2D2, ReLU2 64, (4� 4) 2 1 25� 25� 64

B2 Maxpool2 (2� 2) 0 2 12� 12� 64

B3 Conv2D3, ReLU3 128, (3� 3) 1 1 12� 12� 128

B4 Conv2D4, ReLU4 128, (3� 3) 1 1 12� 12� 128

B5 Conv2D5, ReLU5 256, (3� 3) 1 1 12� 12� 256

Maxpool5 (2� 2) 0 2 6� 6� 256

FC6 Dense6, ReLU6 – 1� 1� 1024

Dropout6 0.5

FC7 Dense7, ReLU7 – 1� 1� 1024

Dropout7 0.5

FC8 Dense8, ReLU8 – 1� 1� X

Dropout8 –
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f 2 ¼ 200mm) with the RGGD positioned in the focal plane of L2.
The resulting beam was transmitted through a Gaussian ampli-
tude filter (GAF) to obtain a GSM beam. The spot size and coher-
ence length of the beam can be controlled by adjusting the
position of L1 relative to the RGGD. The method for measuring
the coherence length of the source beam is examined in the
Supporting Information. For precise control of the coherence
length, L1 was placed on a computer-controlled electric-moving
stage.

The GSM beam was then directed onto a spatial light modula-
tor (SLM1) loaded with spiral-phase holograms corresponding to
l ¼ 1, 2, 3, 4, 5, 6, 7, and 8. The diffracted beam traversed a
4f imaging system (focal length f 3 ¼ f 4 ¼ 100mm) and was

filtered by a circular aperture in the back focal plane of a lens
L3. This process results in a partially coherent Laguerre–
Gaussian (LG) beam with the desired topological charge l in
the first diffraction order of the SLM1. Before reaching
SLM2, the partially coherent LG beam must be polarized along
an axis making at a 45° angle with the x-axis. SLM2, which only
responded to horizontal polarization, was loaded with a
phase hologram corresponding to a topological charge �2l.
Consequently, the resulting beam carried a topological charge
of �l (�2lþ l=�l) in its x-polarized component and that of l
in the y-polarized component. A quarter-wave plate was utilized
to convert the x- and y-polarizations into left- and right-handed
circular polarizations, generating a partially coherent cylindrical

Figure 3. Simulated dataset. The horizontal and vertical coordinates represent the coherence length and polarization direction of a single OAM mode,
respectively.

Figure 4. CNN training results. a) Red and black lines indicate the training and validation accuracy, respectively. b) Corresponding confusion matrix.
Coordinate labels represent the coherent length and polarization angle (φ ¼ 0, π=4, π=2, 3π=4 is replaced with 0, 1, 2, and 3), respectively.
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vector beam with a spatial structure corresponding to an LG
function.

Furthermore, a hotplate with dimensions of 42� 30� 23 cm
(length�width� height) was positioned in the path of the gen-
erated beam to simulate atmospheric turbulence effects. The tur-
bulence strength was controlled by adjusting the temperature
difference between the hot plate and the room. The intensity dis-
tribution data for different polarization states of the source can be
obtained using polarizers and a charge-coupled device (CCD).
The turbulence induced by the hot plate disrupted the phase
of any incident cylindrical vector beam, leading to intensity fluc-
tuations. These fluctuations were quantified by the scintillation
index, a normalized intensity autocorrelation function[63] calcu-
lated over an ensemble of N realizations corresponding to the
number of frames captured by the camera. The scintillation
index of a Gaussian beam with a variable coherence state at
the source that propagated through a given layer of simulated
turbulence was measured to determine the strength of the tur-
bulence in the laboratory (refer to the Supporting Information).

A total of 3000 frames were captured, each representing the
intensity distribution of an ensemble member within a turbulent
medium. This results in a dataset that can be expressed in matrix
form Inðxn, ynÞ, where Inðxn, ynÞ denotes the intensity at the cen-
troid of each image captured by a CCD, x and y denote transverse
spatial coordinates, and 1 ≤ n ≤ 3000.

The measured scintillation index is presented as a function
of the temperature difference in Figure 6. The results
indicated an increase in scintillation with increasing plate
temperature. Simultaneously, the scintillations decreased as
the source coherence diminished, aligning with the existing
literature.[45,47,48]

3.2. Encoding and Decoding Communication Link

Our FSO communication protocol utilized a 256-ary encoding
system, incorporating DoFs related to the source coherence
length, topological charge, and polarization state. Eight beam
configurations were selected with topological charges
(l ¼ 1, 2, 3, 4, 5, 6, 7, and 8), which are generated by SLM1 and
SLM2 controlled by computers 1 and 2, respectively.
Additionally, lens L1, mounted on an electric moving stage
and controlled by computer 1, adjusted the source coherence
length accordingly. Further technical details of our measurement
technique can be found in the Supporting Information. A polar-
izer was positioned on a motorized rotation stage (controlled by
computer 1) to accurately generate four polarization states of the
beam corresponding to four polarizer angles (φ ¼ 0, π=4, π=2, π).
Signal beams transmitted through a simulated turbulence
stretch created by a hotplate with a CCD were captured for
analysis.

A CNN was adopted to differentiate intensity distributions of
partially coherent cylindrical vector beams based on their coher-
ence lengths, topological charges, and polarization states. To
train and test the CNN, 256 beam intensity patterns were uti-
lized, each corresponding to 250 images captured at different
hot plate temperatures within the set 25, 50, 100, 150, 200, mea-
sured in degrees Celsius, with room temperature set at 25 °C.
The 250 intensity distribution images of each type were divided
into training and validation datasets, with an image resolution of
100� 100 pixels. Each subset contained 175 images for training

Figure 5. Experimental setup for testing our FSO communication protocol in the laboratory. BE, beam expander; L1, L2, L3, and L4, lenses; RGGD,
rotating ground-glass disk; GAF, Gaussian amplitude filter; SLM1, SLM2, spatial light modulator; CA, circular aperture; HWP, half-wave plate;
QWP, quarter-wave plate; BS, beam splitter; RM, reflecting mirror; POL, polarizer; HP, hotplate; CCD, charge-coupled device.

Figure 6. Measured scintillation index of Gaussian beams with different
coherence lengths as a function of the difference compared with that at
room temperature.
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and 75 for validation, resulting in a 7:3 ratio. The output size of
the last FC layer of the network was adjusted to X= 256 to train
the dataset. The training results are shown in Figure 7, indicating
that the smoothed training accuracy approached the validation
accuracy as the number of epochs increased. We could not obtain
data from our CNN model that does not exhibit overfitting. The
validation and training sets differed during training. The valida-
tion dataset was utilized to assess the accuracy of the CNN at each
epoch, allowing us to effectively distinguish between images of
beam intensity distributions within our protocol. The trained
CNNwas validated using the validation dataset, with the accuracy
of the neural network determined as the proportion of correctly
classified samples. Our training results showed a minimum val-
idation loss level of 6.6� 10�4, whereas the validation accuracy
reached an impressive 99.34%.

The results of image transmission using our protocol over a
noisy link are shown in Figure 8. A 100� 100 pixel grayscale
image of a cat with grayscale values ranging from 0 to 255
was utilized to demonstrate our protocol. Each grayscale value
corresponds to a specific source beam characterized by
coherence length, topological charge, and polarization state.
The grayscale values from the cat image were read off and
encoded with the corresponding beam types, as outlined in a

detailed encoding chart provided in the Supporting
Information. A computer controlled the electric moving stage
and loaded the hologram onto SLM1 and SLM2 to generate
the corresponding beam structure required for encoding the
image. Each image captured by the CCD was recognized by
our trained CNN. These recognized image types were subse-
quently restored to the corresponding grayscale values by the
computer, resulting in a matrix of grayscale values that enabled
the reconstruction of the cat image.

The received images of the cat, reconstructed using a
grayscale values matrix for different turbulence strengths of
the communication link (different hotplate temperatures),
are shown in Figure 9. Incorrectly received pixels were marked
in red. A remarkable accuracy rate of 100% can be achieved
for a turbulence-free communication link and ≈96.57% for
the noisy link corresponding to a hotplate temperature of
T= 200 °C, simulating severe atmospheric turbulence. Overall,
our experimental results validate that FSO image transmission
can be effectively performed through a noisy channel with tur-
bulence levels ranging from weak to strong. Furthermore, we
demonstrate that utilizing source coherence can effectively
enhance the potential of FSO communication in noisy
environments.

Figure 8. Cat image transmission utilizing the 256-bit multiplexing system.

Figure 7. Training results of the designed CNN: a) accuracy and b) loss.

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2024, 2400137 2400137 (6 of 9) © 2024 The Author(s). Advanced Photonics Research published by Wiley-VCH GmbH

 26999293, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adpr.202400137 by C

ouncil of A
tlantic U

niversity, W
iley O

nline L
ibrary on [05/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.adpr-journal.com
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadpr.202400137&mode=


4. Conclusion

This study introduced a novel FSO communication protocol that
leveraged the reduced coherence of the light source and the
advanced decoding capabilities of neural networks, specifically
CNN, to ensure the high quality of transmitted information.
By adjusting the spatial coherence of the sources, the beams gen-
erated by such a source could withstand the corrosive effects of
atmospheric turbulence, whereas the DL capabilities of the CNN
ensured that the received images closely resemble the transmitted
images within our protocol. In our proof-of-principle experiment,
we utilized a hot plate with controllable temperature to simulate
the impact of atmospheric turbulence. A 256-ary encoding/decod-
ing system incorporated eight adjustable coherence lengths,
eight OAM modes, and four polarization states to successfully
transmit a gray image of a cat. Through the application of
the CNN, we could accurately recover the transmitted image
with 100% accuracy in ideal conditions and with 96.7% accuracy
in a noisy communication link that mimicked a strong fluctuation
regime of a turbulent atmosphere. These experimental findings
provide valuable insights for future research on integrating
DL techniques into FSO communications utilizing structured
random light.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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