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Recognition of high-resolution optical vortex modes with deep residual learning
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Optical vortex beams with fractional orbital angular momentum (OAM) can greatly enhance the channel
capacity in free-space optical communication. However, high precision measurement of fractional OAM modes
is always difficult, especially under the influence of atmospheric turbulence (AT). In this work, we identify the
high-resolution OAM modes down to 0.01 using an improved residual neural network (ResNet) architecture
based convolutional neural network (CNN). Experimentally, using a single cylindrical lens, the light intensity
distribution can be readily converted into a diffraction pattern containing significant features trained into a CNN
model. For the fractional OAM modes from 5.0 to 5.9 over a long propagation distance of 1500 m, at 0.1
resolution, our model’s predicting accuracy is up to 99.07% under strong AT, C2

n = 1 × 10−15 m−2/3. At 0.01
resolution, the accuracy is as high as 86.98% under intermediate AT, C2

n = 1 × 10−16 m−2/3, and exceeds 73.78%
under strong AT, C2

n = 1 × 10−15 m−2/3. So, these results may have great implications in free-space optical
communication.
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I. INTRODUCTION

About 30 years ago, Allen and co-workers showed that a
Laguerre-Gaussian beam carries a well-defined orbital angu-
lar momentum (OAM) of light [1]. The OAM of the optical
vortex (OV) beam is related to a helical phase front, which
can be expressed by a transverse phase structure of exp(−ilϕ),
where ϕ is the azimuthal angle and l is the topological
charge [2–4]. Application of this kind of “structured light”
has impacted the fields, such as quantum optics [5,6], optical
trapping [7,8], optical imaging [9], and nonlinear optics [10],
among many others [11]. Particularly, the OAM has an infinite
range of possibly achievable modes, which can be used in in-
formation transmission—a hot topic in optical communication
[12–16].

As is known, both the growing phase singularity and the
diffraction effect have great influence on the intensity dis-
tributions of a vortex beam. So, many factors, e.g., more
OAM states, smaller phase singularities, and better resolution
of the OAM mode with different topological charge, will
determine the communication capacity. For example, if the
interval between adjacent topological charges is 0.01 (namely
the resolution of OAM), the fractional OAM modes can then
be expanded 100 times comparing to the adjacent integer
one. So, the fractional OAM can greatly increase the capacity
of communication channels. An evolutional vortex structure
of noninteger OAM modes, whose annular intensity profile
has the radial dark gap, was theoretically studied by Berry
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in 2004 [17]: The noninteger OAM beams can be described
as a superposition of a series of Fourier series, exp(ilφ) =
exp(iπα)sin(πα)

π

∑∞
−∞

exp(inφ)
α−n , where α is a fractional value, and

n is an integer. Meanwhile, the fractional OAM beam being
hosted within a converted Gaussian beam was analyzed ex-
perimentally for both phase and intensity distribution [18].
Likewise, the half integer l revealing a line of alternating
charge vortices near the radial dislocation was observed by
Leach et al. [19]. The generation and precision measure-
ment of OAM modes with fractional topological charges
turns out to be very beneficial in the OAM-based free-space
optical communication (OAM-FSOC) [20–28]. As such, var-
ious methods have been developed to measure the fractional
topological charges of OAM modes, such as the fork grating
[20], the interferometer structure [21,22], the dynamic angu-
lar double slits [23], the OAM sorting method [24,25], the
cylindrical lens [26], and the multifocal array [27]. The best
resolution and accuracy of OAM modes with the fractional
topological charges, as reported so far, are 0.1 and 97.86%,
respectively.

On the other hand, machine learning can lead to high
accuracy in image recognition, where a number of images
are used as the training set to improve model performance
for future prediction [29]. Due to the advanced multilayer
learning, convolutional neural networks (CNNs) are good at
recognizing raw images through discovering intrinsic features
of input images [30]. Recently, several effective methods have
been able to obtain the accurate recognition for the OAM
modes by combination of neural networks with different phys-
ical models. In 2017, Doster et al. proposed using CNN with
an AlexNet framework to classify and recognize OAM beam
intensity patterns affected by atmospheric turbulence: More
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than 99% accuracy was achieved [31]. In 2019, Liu et al. per-
formed a deep learning method with a DenseNet framework
to recognize the fractional OAM modes: A resolution of 0.01
with 98% accuracy on 10 000 images was achieved [32]. In
2021, Na et al. reported to recognize the OAM mode with
0.03 resolution for higher than 99%; transmitted images with
correlations were higher than 0.99 and the error rate was lower
than 0.1% [33].

Furthermore, several reports proved that the OAM beams
can be successfully transmitted over long distance, revealing
the potential application in OAM-FSOC. In 2012, twisted
radio waves were performed over 420 m in Venice [34]. In
2014, Vallone et al. transmitted the single photons with OAM
information over 210 m in a large hall in Padua, Italy [35].
In the same year, Krenn et al. reported that the informa-
tion encoded by 16 different spatial modes was successfully
transmitted over a 3-km intracity link across Vienna [13]. In
2015, Lavery et al. studied turbulence induced orbital angu-
lar momentum channel crosstalk over 1.6 km [36]. In 2016,
Krenn et al. achieved twisted light transmission over 143
km [37]. As the distance of propagation increases, the beam
profiles are subject to attenuation, diffraction, atmospheric
turbulence, or any other noise, and so require the help of CNN
[13,37].

Herein, we report results to achieve higher precision recog-
nition on higher resolution OAM modes under atmospheric
turbulence (AT) over long distance [26,31–33]. Experimen-
tally, a single cylindrical lens with the fractional phase
hologram is used to acquire good quality of experimental
data containing the stable, reliable, and quantitative recog-
nition features, such as the number of stripes and points (or
gaps) in the vortex modes. Theoretically, the CNN based
ResNet50 model is used to perform deep learning. A lab-
simulated AT is incorporated as well. For 0.1 resolution at z =
1500 m, we achieve 100% accuracy under weak AT, C2

n = 1 ×
10−17 m−2/3, and more than 99% accuracy under strong AT,
C2

n = 1 × 10−15 m−2/3. For 0.01 resolution at z = 1500 m, we
achieve more than 97% accuracy under weak AT, and more
than 73% under strong AT.

II. EXPERIMENTAL SETUP

Figure 1 shows the experimental setup for generation and
measurement of fractional OAM modes. We use a highly
stable HeNe laser with a center wavelength of 632.991 nm to
generate the fractional OV beam. The beam is incident onto
a spatial light modulator (SLM), which preloads the phase
plane, helical phase front, AT, and cylindrical lens informa-
tion. In our experiment, the SLM (Holoeye) is a phase-only
reflective liquid crystal device with 1920 × 1080 pixels and
8.0 μm per pixel pitch. To simulate the long distance propaga-
tion, we superpose two, four, and six layers of phase screens
with the adjacent distance �z = 250 m. We change the in-
tensities of AT from weak (C2

n = 1 × 10−17 m−2/3) to strong
(C2

n = 1 × 10−15 m−2/3) to simulate the AT propagation at
500, 1000, and 1500 m for the OAM spanning from 5.0 to
6.0 (0.1 resolution) and from 5.00 to 5.10 (0.01 resolution).
The diffraction patterns are acquired by a charge-coupled
device (CCD) camera, and the CNN model extracts the image
features to achieve high accuracy identification.

FIG. 1. (a) Experimental setup for fractional OAM modes. ISO:
Optical isolator; OL: Objective lens; A: Aperture; L: Lens; M: Mir-
ror; HWP: Half wave plate; BS: Beam splitter; SLM: Spatial light
modulator; CCD: Charge-coupled device; z: The distance between
SLM and CCD. (b) Generation of the hologram on SLM. FH: The
fractional phase hologram of OAM mode l = 5.50; ATH: The at-
mospheric turbulence hologram; CLH: The cylindrical lens phase
hologram with a focal length of f = 0.3 m.

III. INTENSITY DISTRIBUTION OF OV BEAMS
WITH A CYLINDRICAL LENS

The OV beam can be easily converted by loading a spiral
wave-front phase at Gaussian beams using a spiral light modu-
lator. Instead of using the Laguerre Gaussian beam mentioned
in the usual method [38,39], we use the modulated Gaussian
beam for simulating and experimenting. The OV beam field
distribution can be written as

E (r, ϕ) = A exp

(
− r2

ω2
0

)
exp(ilϕ), (1)

where (r, ϕ) denotes the cylindrical coordinates, and A and
ω0 are the complex amplitude and the waist of the incident
Gaussian beam, respectively.

The method to convert diffraction patterns by cylindrical
lens is based on the astigmatic transformation of strongly
deforming the vortex core into titled dark stripes, which can
reflect the number of topological charges [26,40–42], and the
OV beams can be constructed by the cylindrical-lens phase
function,

ψ = k( f −
√

f 2 + x2) (2)

where x denotes the Cartesian coordinates, k = 2π/λ, and f
represents the focal length of the cylindrical lens. Based on the
Fresnel diffraction integral, as follows, the field distribution
on the focal plane of the cylindrical lens is

E (ρ, θ, z) = exp(ikz)

iλz

∫ ∞

0

∫ 2π

0
E (r, ϕ)exp(iψ )

× exp

(
ik

2z
[r2 + ρ2 − 2ρrcos(ϕ − θ )]

)
rdrdϕ.

(3)

The diffraction images of fractional OAM beams with a
resolution of 0.1 (from l = 5.0 to l = 6.0) and 0.01 (from
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FIG. 2. (a) For 0.1 resolution. (b) For 0.01 resolution. Horizonal:
The holograms with OAM and cylindrical phase information (focal
length of f = 0.3 m), experiment and simulation (the normalized
optical intensity distribution at the focal plane of cylindrical lens),
and the phase distribution of the OAM beam. Vertical: According
images at different l .

l = 5.00 to l = 5.10) are shown in Figs. 2(a) and 2(b), respec-
tively. The first row shows the phase holograms containing
fractional OAM and cylindrical phase information with a fo-
cal length of the cylindrical lens f = 0.3 m. The second and
third rows show the experimental and simulated normalized
optical intensity distribution at focal plane of cylindrical lens,
respectively. The fourth row shows the phase distribution of
the OAM beam.

From the experiment results in Fig. 2(a), for l = 5.0, we
can see five dark stripes, which are equal to the topological
charges being sandwiched between the bright stripes. As l
increases with 0.1 resolution, the third bright strip (from top),
starting from l = 5.0, is gradually divided into bifurcation
which is quite clear at l = 5.4. While l is 5.5 to 5.6, the
bright stripe of bifurcate is continually getting bigger. Finally,
at l = 6.0, the bifurcate separates into two new bright stripes,

appearing six dark stripes in total—equal to the topological
charges. The simulated results agree well with the experiment.

The phase profiles in the fourth row show the phase evolu-
tion of beams with different l . The dark blue area in phase
profiles denotes the zero phase. Compared with the phase
profile of l = 5.0, whose center has a five-spiral pattern, each
represents a phase from 0 to 2π , and the phase profile of
l = 6.0 changes to six period with 0–2π phase in the center
part. However, in Fig. 2(b), when l changes with an interval of
0.01, it is hard to see the clear difference among each category
of images, which will be instead captured by the CNN model.

IV. CONSTRUCTION OF PHASE SCREENS ON AT

During the propagation of the beam, AT with random
distribution will severely distort the helical phase front and
destroy the structure of the OV beam, which can make
an arbitrary addition difficult in the OAM communication
link. Here, we use the Hill-Andrews model, a modified
Kolmogorov-based spatial spectrum, to simulate the atmo-
spheric turbulence [43]. The atmospheric refractive index
variation spectrum can be expressed as

�n(k) = 0.033C2
n

[
1 + 1.802

√
k2

k2
l

− 0.254

(
k2

k2
l

)7/12
]

×
exp

( − k2

k2
l

)
(
k2

0 + k2
)11/6 (4)

where k2 is k2
x + k2

y , k2
x , k2

y is the frequency wave spectrum
data, kl = 3.3/l0, k0 = 2π/L0, and l0 and L0 are the inner and
outer scale of AT, respectively. C2

n is the structure constant
of the refractive index, describing the intensity of AT [44].
According to the value C2

n , the turbulence conditions can be
divided into three categories: Weak, intermediate, and strong
[45].

The spatial variation in AT can be approximated by several
phase screens that modify the phase profile upon the beam
propagation. The relationship between the spatial variation of
the phase screen σ 2(k) in Cartesian coordinate and refractive
index variation spectrum �n(k) can be written as follows [46]:

σ 2(k) =
(

2π

N�x

)2

2πk2
z �z�n(k), (5)

where �x is the grid spacing of random phase screen and
N is the size of the phase screens. kz = 2π/λ, and �z is the
interval distance between adjacent phase screens. Then, the
phase screen in the frequency domain can be represented by
fast Fourier transform operation,

ξ (k) = FFT(Mσ (k)), (6)

where FFT ( ) describes the fast Fourier transform and M rep-
resents a complex Gaussian random matrix; in the frequency
domain, the mean value is 0 and the variance is 1.

The layered model for turbulence is typically used when
light propagates between layers [47]. The statistically gen-
erated phase screens at each layer represent the phase that
would have occurred in propagation through turbulence from
previous layers. The Kolmogorov spatial spectrum is used to
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FIG. 3. Random AT phase perturbation caused by one layer of
phase screen (�z 250 m) at C2

n = 1 × 10−17 m−2/3 (in grey), C2
n =

1 × 10−16 m−2/3 (in blue), C2
n = 1 × 10−15 m−2/3 (in red).

generate phase screens for the turbulent medium. The phase
information of each layer in the process of beam propagation
can be designed to generate and superimpose on a spatial light
modulator. With the decrease in �z, the amount of computa-
tion will be greatly increased.

Figure 3 shows the random phase perturbation of one
phase screen of AT with the parameter �z = 250 m. The
inner and outer scale of AT is configured as l0 = 0.01 m
and L0 = 100 m. The gray is for weak turbulence with
C2

n = 1 × 10−17 m−2/3, the blue is for intermediate C2
n = 1 ×

10−16 m−2/3, and the red is for strong C2
n = 1 × 10−15 m−2/3.

To do proper computing (GPU: NVIDIA, RTX-3070;
CPU: Intel, i7-10700), we take �z = 250 m to simulate AT
at 500, 1000, and 1500 m, which superpose 2, 4, and 6 times
of �z, respectively.

Figure 4 shows the intensity distribution of each frac-
tional OAM beam with 1500-m AT propagation for
three C2

n values, 1 × 10−17 m−2/3 in rows of (a) and (b),

1 × 10−16 m−2/3 in rows of (c) and (d), and 1 × 10−15 m−2/3

in rows of (e) and (f). The rows of (a), (c), and (e) are detected
by CCD without the cylindrical lens, and the rows of (b),
(d), and (f) are detected by CCD at the focal plane of the
cylindrical lens. Compared to the images in rows (a) and (c),
the images in row (e) are more severely distorted from the
turbulence. However, due to the diffraction by a cylindrical
lens, the fractional OAM modes, seen in rows (b), (d), and
(f), better preserve the original features from the turbulence in
that the dark and light stripes can still be well recognized. It
may be because that the cylindrical lens can converge beams
in one direction (x axis), and both the fractional OAM modes
and the atmospheric turbulence are compressed at the same
time, coincidently reducing the influence of AT onto the light
field distribution.

V. ARCHITECTURE OF CNN MODEL

The ability of image feature extracting, which can be
greatly enriched by increasing the number of stacked layers
(depth of network), is one of the most important evaluated
parts among all the CNNs. However, the deeper the networks
are, the more difficult the training will be [48,49]. Compared
with several typical CNN models, AlexNet and VGG, we
finally chose the ResNet model algorithms because they can
not only capture all the subtly and breadth, but also obtain the
high recognition accuracy. The ResNet50 model is shown in
Fig. 5, which innovatively puts the residual function into the
fundamental framework to ease the training of networks and
considerably increase the depth [50]. In brief, for raw images
of 224 × 224 pixels as input, the image is processed first by
Conv1 with 7 × 7 convolution kernels and a maxpooling layer.
Then, there are four “bottleneck” building blocks, a deeper
residual function; each of them has a three-layer stack of 1 ×
1, 3 × 3, and 1 × 1 convolution. After the residual blocks,
the information is transmitted into an average pooling layer, a

FIG. 4. Intensity distribution of the fractional OAM beams transmitted over 1500 m AT channels with different C2
n : 1 × 10−17 m−2/3,

1 × 10−16 m−2/3, 1 × 10−15 m−2/3. Rows (a), (c), (e): Detected by CCD without the cylindrical lens. Rows (b), (d), (f): Detected by CCD at
the focal plane of the cylindrical lens.
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FIG. 5. Image recognition of fractional OAM based on the
ResNet50 architecture used in CNN model.

fully connected (FC) layer, and finally a softmax function for
classification.

We use about 15 000 images for 0.1 resolution, and 60 000
images for 0.01 resolution. The ratio of training, validation,
and test sets is 6 : 2 : 2. The accuracy and loss function
curves are shown in Fig. 6 for images at the intermediate
C2

n = 1 × 10−16 m−2/3 plus z = 500 m. From Fig. 6, we can
clearly see that loss function and accuracy are well converged
at C2

n = 1 × 10−16 m−2/3, z = 500 m. For the resolution 0.1,
the accuracy is nearly 100% after only 15 epochs, and the
loss value is almost 0 after epoch = 10, demonstrating that
the ResNet model has a good mapping relationship between
input and output. For the resolution 0.01, the accuracy is
nearly 92.74% after 25 epochs, and the loss value is almost
0 after 20 epochs. Besides, at C2

n = 1 × 10−16 m−2/3, z =
1000 m, the loss function and accuracy curves hold steady
after epoch = 15 at 0.1 resolution and epoch = 20 at 0.01
resolution. At C2

n = 1 × 10−16 m−2/3, z = 1500 m, the accu-
racy curve of 0.1 resolution turns to be stable within 15 epochs
and the loss faction is well converged within only 10 epochs,
while the accuracy curve of 0.01 resolution remains steady
after 25 epochs and the loss function well converged after 20
epochs. The confusion matrix shows that the iteration number
epochs = 50 is enough for the loss function to converge to the
high accuracy, which shows that our model has been suitably
trained. In addition, the results show that data preprocessing
can maintain the model stability.

VI. RESULTS AND DISCUSSION

A. Classification of OAM for 0.1 resolution

To classify OAM for 0.1 resolution, we randomly combine
the influences of the intensity of AT (1 × 10−17 m−2/3,
1 × 10−16 m−2/3, C2

n = 1 × 10−15 m−2/3) and the
propagation distance (500, 1000, 1500 m). We collected
about 15 000 images. Then, we used 3000 images (not in
the training set) for test accuracy and confusion matrix.
As shown in Fig. 7, the black points represent a short
propagation distance (z = 500 m), red ones represent a
medium propagation distance (z = 1000 m), and blue ones
represent a long propagation distance (z = 1500 m).

With the increase in propagation distance, obviously the
phase perturbation gets stronger, so the accuracy declines
but modestly in our model. At weak C2

n = 1 × 10−17 m−2/3

and z = 500 m, the test accuracy is almost 100% at all three

FIG. 6. Accuracy and loss function curves at C2
n = 1 ×

10−16 m−2/3, z = 500 m. (a) For 0.1 resolution. (b): For 0.01
resolution. Red curves are for accuracy and black curves are for error
reduction upon iterations. Solid lines are from training set and dotted
lines are from validation set.

FIG. 7. Test accuracy of OAM modes for 0.1 resolution at differ-
ent AT and distances.
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FIG. 8. Test accuracy of OAM modes for 0.01 resolution at dif-
ferent AT and distances.

distances. The reason might be that the diffraction patterns of
fractional OAM-mode category for 0.1 resolution have been
captured well by our model. Therefore, our ResNet based
CNN model can accurately predict the subtle images. This is
also validated at 1000 m, which also has a soft change in light

distribution. Furthermore, at the longest propagation 1500 m,
the test set accuracy is up to 99.07% even with strong C2

n =
1 × 10−15 m−2/3. So, our results are remarkable for the OAM
beam recognition on fractional topological charge for 0.1
resolution.

B. Classification of OAM for 0.01 resolution

We then move toward the more challenging task—
identifying the modes for 0.01 resolution under AT. A total
of 60 000 images were acquired; 12 000 images were allo-
cated for the test. The test accuracy is given in Fig. 8: The
black, red, and blue lines represent the short 500-m, medium
1000-m, and long 1500-m propagation distance, respectively.
With the increase in distance and/or turbulence, not sur-
prisingly, the accuracy declines more quickly. The accuracy
decreases quite bit when AT increases from weak C2

n = 1 ×
10−17 m−2/3 to strong C2

n = 1 × 10−15 m−2/3 at 1000 and
1500 m. The influence of AT intensity have more impact than
the propagation distance.

With the increase in turbulence, the accuracy of 0.1 res-
olution is barely changed at three distances, still above
99%. But, the accuracy of 0.01 resolution clearly declines.
Specifically, from weak C2

n = 1 × 10−17 m−2/3 to interme-
diate C2

n = 1 × 10−16 m−2/3, for 0.1 resolution, a maximum

FIG. 9. Confusion matrix for 0.1 resolution (in the first row) and for 0.01 resolution (in the second row). (a), (d) Weak C2
n =

1 × 10−17 m−2/3; (b), (e) intermediate C2
n = 1 × 10−16 m−2/3; (c), (f) strong C2

n = 1 × 10−15 m−2/3. The horizontal axis represents the
experimental/known OAM modes, and the vertical axis presents the OAM modes being predicted. z is fixed at 1500 m.

013519-6



RECOGNITION OF HIGH-RESOLUTION OPTICAL … PHYSICAL REVIEW A 106, 013519 (2022)

change in accuracy is 0.07% among the three distances, but
for 0.01 resolution, the accuracy declines 6.23% at 500 m,
8.83% at 1000 m, and 10.88% at 1500 m. From intermediate
C2

n = 1 × 10−16 m−2/3 to strong C2
n = 1 × 10−15 m−2/3, for

0.1 resolution, the decline in accuracy is 0.75% at 1000 m and
0.93% at 1500 m. For 0.01 resolution, it is more, 9.51% at
500 m, 12.68% at 1000 m, and 13.20% at 1500 m. Also, the
OAM crosstalk occurs to be more prominent for 0.01 than for
0.1 resolution at longer propagation distance and/or stronger
AT intensity.

Figure 9 shows the confusion matrix for 0.1 resolution in
the first row and 0.01 resolution in the second row. For 0.1
resolution, (a) is at weak C2

n = 1 × 10−17 m−2/3 with accu-
racy 100%, (b) is at intermediate C2

n = 1 × 10−16 m−2/3 with
accuracy 100%, and (c) is at strong C2

n = 1 × 10−15 m−2/3

with accuracy 99.07%, concerning the total number of test
set 3000 at 1500 m. For 0.01 resolution, (d) is at weak
C2

n = 1 × 10−17 m−2/3 with the accuracy 97.86%, (e) is at
intermediate C2

n = 1 × 10−16 m−2/3 with accuracy 86.98%,
and (f) is at strong C2

n = 1 × 10−15 m−2/3 with accuracy
73.78%, concerning the total number of test set 12 000
at 1500 m. From the matrix of 0.1 resolution, most of
the tested OAM modes are recognized correctly. In brief,
the model performs extremely well in weak and inter-
mediate turbulences, indicating that the subtle difference
between adjacent modes is well identified by the CNN
model. From the matrix of 0.01 resolution, there are a
few mode dispersions—one mode is mistakenly detected to
be the adjacent one. As the increase in AT intensity, the
probability of OAM modes crosstalk is amplified, so more
modes are misidentified. Still, the accuracy is remarkable,
compared to the conventional methods, to resolve the sim-
ilar intensity distributions of the adjacent fractional vortex
modes.

VII. CONCLUSION

In conclusion, we combine experiment with theory to re-
port high precision recognition on high-resolution (0.1 and

0.01) OAM modes in an atmosphere environment over long
distance, which can be well used in Laguerre-Gaussian beams
and be further expended into other kinds of vortex beams.
Experimentally, a single cylindrical lens is used to trans-
form the light distribution to have significant dark stripes,
which are then learned and extracted by the ResNet based
CNN model. When the fractional OAM modes ranges 5.0–5.9
at a step of 0.1, the ResNet model can identify the OAM
modes with superhigh accuracy—nearly 100%—at a short
propagating distance (500 m) under three turbulences (1 ×
10−17 m−2/3, 1 × 10−16 m−2/3, 1 × 10−15 m−2/3). At a
long propagating distance (1500 m), the accuracy under weak
turbulence (1 × 10−17 m−2/3) is 100%, under intermediate
turbulence (1 × 10−16 m−2/3) is 100%, and under strong
turbulence (1 × 10−15 m−2/3) is 99.07%. For OAM modes
from 5.00 to 5.09 at a step of 0.01, the accuracy under
weak turbulence (1 × 10−17 m−2/3) is still high, 98.97% at
500 m and 97.86% at 1500 m. Under intermediate turbulence
C2

n = 1 × 10−16 m−2/3, the accuracy remains high, 92.74%
at 500 m and 86.98% at 1500 m. Under strong turbulence
C2

n = 1 × 10−15 m−2/3, the accuracy is decent, 83.23% at 500
m and 73.78% at 1500 m.

In the future, one way to expand recognition of fractional
OAM modes is to encode the grayscale value of images using
different OAM modes at 0.01 resolution to build a superhigh-
resolution multiplexing system, and experimentally verify its
performance. This scheme can then be modeled by sophisti-
cated deep learning algorithms to improve the communication
capacity of coding upon combining wavelength-division mul-
tiplexing and polarization multiplexing [15,51].
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