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LiDAR emits and receives laser beams to perceive three-dimensional spatial information, provid-
ing support for environmental perception. Scintillation, Distortion, and drift occur on the laser
beams when they propagate through strong atmospheric turbulences even for short distances. Meth-
ods to eliminate or mitigate the impacts of strong turbulences on laser beams can effectively en-
hance the LiDAR accuracy, which are of great significance for automotive autonomous driving
application requiring high precision in short-range measurements. This paper investigates the anti-
turbulence performance of the Bessel beams as they transmit in strong atmospheric turbulences
over short distances. Compared to Gaussian beams, Bessel beams demonstrate greater resistance
to strong turbulences, which is due to their self-healing property, more concentrated intensity dis-
tribution, and smaller beam divergence angle. The scintillation and distortion of the Bessel beam
is an order of magnitude and 20% lower than those of the Gaussian beam, respectively, as they prop-
agated through strong turbulences of the same strength. The beam drift caused by strong turbulence
is characterized by the maximum beam drift range, and its radius for the Gaussian beam is twice
the radius for the Bessel beam. This research contributes to enhancing the measurement accuracy
of LiDAR systems in autonomous vehicles under conditions of strong turbulence.

Keyword: atmospheric turbulence, short-range transmission, Bessel beams, scintillation index, laser
beam drift, beam distortion.

1. Introduction

It is well known that atmospheric turbulence causes distortions of light beams and se-
verely degrades the performance of long-distance laser communication systems. It also
has a significant impact on short-range laser application systems. LiDAR measures
spatial distances in real time by emitting laser beams and receiving reflected signals,
and thereby constructs a 3D model of the surrounding environment [1-2]. LiDAR pro-
vides high-precision, highly reliable 3D environmental perception capabilities, making
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it an essential component of autonomous driving systems [3]. Researches have focused
on enhancing the data processing capabilities of autonomous driving systems and in-
creasing the resolution of LiDAR to improve the systems’ performances. In real-world
autonomous driving scenarios, intense solar radiation, heat generated by tire friction,
vehicle engine emissions and wind might cause strong convections in the air near road
surface, leading to the formation of strong atmospheric turbulences [4]. Atmospheric
turbulence significantly distorts the wave front of a light beam propagated through it,
leading to the scintillation, drift, jitter, and intensity spreading of the beam [5-7].
Atmospheric turbulence-induced laser beam distortion introduces interferences to
LiDAR and degrades its measurement accuracy, placing autonomous vehicles at sig-
nificant risk [8]. Mitigating the impact of atmospheric turbulence on laser beams is
critical to enhance the autonomous driving systems’ environmental perception capa-
bilities and enable them to operate effectively under complex weather and geographical
condition [9-10]. Therefore the study of real-time approaches that are capable of sup-
pressing turbulence’s effects over short distances, is of great significance for autono-
mous driving systems.

The topic of maintaining laser beam propagation stability by suppressing the effects
of atmospheric turbulence has attracted widespread interest and been extensively stud-
ied [11-15]. Adaptive optics technology is an effective approach to counteract the
interference of environmental turbulence by correcting wave-front distortions [16].
This technology employs sophisticated optical components to correct distorted beams,
providing an active compensation scheme for atmospheric turbulence effects [17].
However, adaptive optics systems are characterized by complex structures and high
costs. Moreover, adaptive optics technology cannot meet the requirement of high real-
time performance for autonomous driving systems, which leads to its absence in au-
tomotive LiDAR. Another approach to suppress atmospheric turbulence is signal pro-
cessing technologies, which suppress the interference of atmospheric turbulence on
signals through methods such as channel coding and channel equalization, but exhibit
limited effectiveness for signals of low signal-to-noise ratio caused by strong turbu-
lences [14-15, 18]. Over the past decade, the field of beam shaping has attracted sig-
nificant research attention. Beams with self-healing characteristic exhibit excellent
performance of turbulence resistance during transmission. For example, when propa-
gating through atmospheric turbulence, the non-diffracting Bessel beam which travels
in a straight line, offers several advantages over traditional Gaussian beams and can
be used in optical communication [11, 19]. Airy beams propagate along curved or self-
bending trajectories. They also show characteristics of non-diffraction and self-heal-
ing, which make them resistant to distortion caused by turbulence [20]. A recently pro-
posed non-diffracting Bessel-like needle-shaped beam exhibits excellent turbulence
suppression characteristic during long-distance transmission, achieved by counteract-
ing its transverse wave vector through the superposition of an Airy-type beam com-
ponent [21]. All of the above beams exhibit a certain degree of turbulence suppression
capability. However, owing to the nonlinear phase distribution characteristic inherent
in Airy beams, when these beams propagate in free space, phenomena like beam bend-
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ing will arise. This renders them unsuitable for practical free-space applications [22].
The trajectory of a needle-shaped laser beam over short transmission distances is non-
linear, meaning it does not follow a straight path. Consequently, it does not meet
LiDAR requirement and is more suitable for long-range applications [21]. For auto-
motive LiDAR systems requiring suppression of strong turbulence over short distances
(from a few meters to tens of meters), Bessel beams are more desirable. In this paper,
the characteristics of Bessel beams propagating through strong atmospheric turbulence
over short distances are investigated, in order to identify a solution for automotive
LiDAR systems that can effectively suppress the interference in reflected signals caused
by strong turbulence, thereby enhancing the measurement accuracy of LiDAR systems.
Parameters such as beam drift, power fluctuations, and beam spreading caused by tur-
bulence were quantitatively analyzed and subsequently compared with those of con-
ventional Gaussian beams.

2. The impact of strong turbulence on LiDAR

The impact of atmospheric turbulence on optical signal transmission exhibits a cumu-
lative effect. That is, the longer the transmission distance, the greater the beam distor-
tion, and the more severe the interference to the optical signal. In environments with
strong atmospheric turbulence, the impact of turbulence on optical signals over short
distances (from several meters to tens of meters) is also considerable. Intense solar heat
radiation (especially during summer), wind, exhaust fumes from vehicles, and heat re-
leased by engine operation and tire friction cause strong localized thermal convections
between vehicles, leading to the generation of intense turbulence within confined spac-
es. For the theoretical analyses of such intense turbulence over short distances, we em-
ployed the method of Zernike polynomial expansion to generate turbulence phase
screens to simulate it. Zernike polynomials are a complete set of orthogonal basis func-
tions defined on a unit circle, which can be used to simulate and fit distorted wave-
front surfaces. Firstly, we generate a turbulence phase screen using Zernike polynomial
expansion. By superimposing different polynomial modes  with random co-
efficients αn,m, a two-dimensional phase distribution φ (x, y) is formed to describe the
wave-front distortion caused by atmospheric turbulence. To simulate strong atmos-
pheric turbulence in short-range channels, we assume the refractive-index structure
constant of atmospheric turbulence to be  and the propagation
distance L to be 50 m. Subsequently, this phase screen is applied to the optical system’s
aperture function, yielding an exit-pupil plane electric field distribution that incorpo-
rates turbulence effects. Finally, a Fourier transform is performed on this electric field
distribution to obtain the point spread function (PSF) in the far field. Figures 1(f ) and
(g) represent the phase screen generated using Zernike polynomials and the corre-
sponding far-field point spread function (PSF), respectively. Finally, by convolving
a clear image with the point spread function (PSF) generated from the turbulent phase
screen, we obtain the image distorted by turbulence, as shown in image (b) in Fig. 1.
Such kind of distorted image can often be observed in real-world scenarios, and this
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phenomenon is precisely caused by strong atmospheric turbulence in short-range
channels. 

Experiment was carried out to study the impact of strong turbulence on the detec-
tion accuracy of LiDAR, whose setup is shown in Fig. 1(c). A LiDAR (Velodyne
-VLP-16) was employed to scan a fully reflective mirror and a turbulence cell was
placed between the LiDAR and the mirror. An electric heating plate is installed at the
bottom of the turbulence cell, capable of heating from room temperature to 150 °C.
A cold plate filled with the ice-water mixture is installed at the top of the turbulence
cell, maintaining a temperature of 0 °C. The distance between the hot and cold plates
is 15 centimeters. The significant temperature difference causes intense convection in
the air between the hot and cold plates, resulting in a strong turbulence environment
in the turbulence cell. In the absence of thermal and cold sources within the turbulence
cell, short-range turbulence effects can be neglected, and a clear point cloud image can
be successfully acquired using LiDAR, as illustrated in Fig. 1(d). Then, the hot plate
was then heated to 150 °C, and a mixture of ice and water was applied to the cold
plate. As the temperature difference between the hot and cold plates was 150 °C, the
LiDAR was activated to scan the target mirror again and resultant point cloud image
obtained under strong turbulence condition is shown in Fig. 1(e). Comparing Figs. 1(d)

Fig. 1. The impact of strong turbulence on LiDAR target detection in short-range channels. (a) Image
of the rear end of a car. (b) Image distorted by turbulence. (c) Schematic diagram of LiDAR (Velodyne
-VLP-16) detecting a mirror through a turbulence cell. (d) Point cloud image of the mirror obtained from
LiDAR scanning without turbulence in turbulence cell. (e) Point cloud image of the mirror obtained from
LiDAR scanning without turbulence in turbulence cell. (f ) Phase screen for simulating atmospheric tur-
bulence generated by Zernike polynomials with  and L = 50 m. (g) Point spread
function (PSF) corresponding to the phase screen in (f ). 
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and (e), we can clearly observe that strong turbulence introduced severe interference
to LiDAR scanning. The results indicate that strong turbulence along the laser trans-
mission path can cause severe distortion of the laser beam, leading to errors in the spa-
tial data obtained from LiDAR measurements and degradation of LiDAR performance.
To mitigate the interference introduced by strong turbulence over short distances on
vehicle-mounted LiDAR systems, one solution is to replace the traditional Gaussian
beam with anti-turbulence laser beams.

3. Propagation characteristics of  Bessel beams 
over short distances in strong turbulence 

Figure 1 demonstrates that intense localized turbulence poses significant challenge for
short-range laser applications such as automotive LiDAR systems, as it interferes with
reflected laser signals and reduces LiDAR measurement accuracy. Turbulence-induced
drift, scintillation, and spot distortion of the laser beams are the primary causes of de-
graded LiDAR measurement accuracy. If a laser beam remains unaffected by turbu-
lence, in other words, if it does not experience drift, scintillation, or beam distortion
after propagating through turbulent, the degradation of LiDAR measurement accuracy
can be avoided. Both Airy beams and needle-shaped optical beam have the character-
istic of anti-turbulence, but Bessel beams are preferable for automotive LiDAR appli-
cation that requires short-distance transmission of laser beams in strong turbulence. If
Bessel beams demonstrate strong resistance to turbulence, simply modulating the
Gaussian beams currently used in automotive LiDAR systems into Bessel beams for
output could effectively enhance LiDAR measurement accuracy. Experiments were
carried out to study the propagation of Bessel beams in strong turbulence within short
propagation distance and the propagation of Gaussian beams under the same conditions
was also studied for comparison.

The experimental setup is similar to that shown in Fig. 1(c). The turbulence cell
composed of a hot plate and a cold plate was employed to produce strong turbulence
of short range. A Gaussian beam emitted from a laser passed through the turbulence
cell and was reflected back by the total reflecting mirror. After traversing the turbu-
lence cell once more, it was incident onto the sensor of an optical power meter. The
acquisition frequency of the optical power meter was set to 60 Hz. After completing
the instantaneous power acquisition of the Gaussian beam, this beam was modulated
into a Bessel beam and subjected to the same experiment under identical conditions.
The instantaneous power of the reflected Bessel beam was also recorded. Atmospheric
turbulence causes laser beams passing through it to scintillate, so the scintillation index
is often used as a benchmark for turbulence intensity. It can also be employed to quan-
titatively assess the degree of interference that turbulence imposes on optical signals.
For evaluating a laser beam’s resistance to turbulence in our experiments, the smaller
the scintillation index calculated from the reflected laser signal, the stronger the laser
beam’s resistance to turbulence. Based on the instantaneous power data collected by
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the optical power meter, the scintillation index of the reflected laser signal can be cal-
culated usingthe following equation [23]: 

(1)

In this equation, the symbol  denotes the statistical averaging operation, D repre-
sents the diameter of the detector’s receiving aperture, and I (t ) represents the power
received by the detector at a certain moment.

By taking the ensemble average of 60 instantaneous laser power values in one sec-
ond and then applying it to Eq. (1), one scintillation index value per second can be
achieved. The sensor of the optical power meter employed in our experiments has an ef-
fective diameter of 8 mm, and the wavelength of the laser beam is 632 nm. In each ex-
periment, the cold plate temperature was maintained at 0 °C, while the hot plate was
heated up from room temperature to 150 °C. By altering the temperature difference
between the hot and cold plates, the strength of turbulence in the turbulence cell was
also changed. During the experiment, the temperature of the hot plate and cold plate
was continuously monitored using temperature sensors, and the temperature difference
was recorded synchronously with the optical power measurements. The acquisition of
the scintillation index and the temperature difference was time-aligned, ensuring a one
-to-one correspondence between turbulence strength and laser intensity fluctuation at
each moment. Experiments were conducted with the Gaussian beam and the Bessel
beam respectively and the scintillation indices were calculated. The scintillation index
of the Gaussian beam and the temperature difference between the hot and cold plates
as functions of time are plotted in Fig. 2(a) and those for the Bessel beam are plotted
in Fig. 2(b). It can be seen that the scintillation indices of both Gaussian and Bessel
beams vary with the change of temperature difference between the hot and cold plates.
This indicates that the temperature difference between the hot and cold plates produces
turbulence in the turbulent cell, and this turbulence does cause the laser beams’ scin-
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Fig. 2. Scintillation indices of laser beams and temperature difference between the hot and cold plates as
functions of time. (a) Gaussian beam, (b) Bessel beam.
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tillation. The greater the temperature difference, the stronger the turbulence, and the
more pronounced the laser beam’s scintillation becomes. However, comparing Fig. 2(a)
and (b) reveals that the same temperature difference or turbulence intensity affects
Gaussian beam and Bessel beam to different degrees. The scintillation index of the
Gaussian beam is about an order of magnitude higher than that of the Bessel beam.
For instance, when the temperature difference between the hot and cold plates is
120 °C, the  of the Gaussian beam is approximately –11.5 (
= 1.01 × 10–5), whereas it is approximately –12.5 ( = 3.73 × 10–6) for the Bessel
beam. Therefore, from the perspective of laser power fluctuations caused by atmos-
pheric turbulence, the Bessel beam exhibits stronger turbulence resistance compared
to the traditional Gaussian beam.

The scintillation index of a laser beam propagating through atmospheric turbulence
indicates the strength of the turbulence. But more commonly, the strength of turbulence
is characterized by the atmospheric refractive index structure constant  which can
be calculated from the scintillation index via Eq. (2) [24]. L and k in this equation rep-
resent the length of the laser propagation path and the wavenumber of the laser, re-
spectively. For example, when the temperature difference between the hot plate and
cold plates is 120 °C,  of the Gaussian beam was calculated as 1.01 × 10–5 using
Eq. (1). It was then applied to Eq. (2) with the length of the turbulence cell (L = 1.5 m),
and the atmospheric refractive index structure constant of the turbulence produced in
the turbulence cell by the temperature difference of 120 °C can be determined to be
4.68 × 10–12 m–2/ 3. In the subsequent discussion of the impact of atmospheric tur-
bulence on beam drift and distortion, the atmospheric refractive index structure con-
stant – a metric that more directly reflects turbulence intensity – is employed.

(2)

To investigate the beam drift and distortion caused by turbulence in laser beams
after short-distance transmission, experiments were conducted using the setup shown
in Fig. 3. The Gaussian beam emitted by a laser passes through a beam expander to
widen its divergence before incident onto a beam splitter. The beam splitter reflects
the laser beam onto a spatial light modulator (SLM FSLM-2K39-P02), which trans-
forms the incident Gaussian beam into a Bessel beam before reflecting it back to the
beam splitter. The beam splitter then directs the Bessel beam into the turbulence cell.
To investigate beam drift and distortion of the Gaussian beam, the beam splitter and
spatial light modulator are removed, allowing the expanded Gaussian beam to enter
the turbulence cell directly. Two total reflection mirrors are positioned on opposite
sides of the turbulence cell. The beam is reflected twice and passes through the turbu-
lence cell three times, with a total transmission distance of  1.5 meters in the turbulence.
The beam ultimately strikes a CCD camera (GT1920), where its instantaneous beam
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spots are recorded. By employing the CCD camera instead of the optical power meter,
we can quantitatively investigate the drift and distortion of the laser beams caused by
turbulence. 

The beam drift and distortion of both Gaussian beam and Bessel beam were first
investigated qualitatively. The temperature difference between the hot and cold plates
in the turbulence cell was set to 120 °C, and the instantaneous beam spot images of

Fig. 3. Schematic diagram of laser beam propagation through short-range with strong turbulence. 

Fig. 4. Intensity distributions of  Gaussian beams and Bessel beams at different moments after propagating
through a short-range channel with strong turbulence.
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Gaussian beam and Bessel beam were captured by the CCD camera. Based on the
preceding experimental results, at a temperature difference of 120 °C, the turbulence
strength in the turbulence cell is = 4.68 × 10–12 m–2/3. Figure 4 shows images cap-
tured by the CCD camera of the Gaussian beam and the Bessel beam at different mo-
ments. From the intensity distribution of the images on the left, the Gaussian beam was
distorted in shape, and from the positions of the spots in the images, it drifted randomly
over time from a central point under the influence of strong turbulence. It can be pre-
dicted that if Gaussian beams are employed in LiDAR systems, the beam distortion
and drift induced by turbulence will result in significant errors in measurement. Unlike
the Gaussian beam, the Bessel beam spots in the images on the right show no significant
beam distortion or drift. Therefore, compared to the Gaussian beam, the Bessel beam
exhibit superior resistance to strong turbulence over short transmission distances, mak-
ing it highly suitable for automotive LiDAR applications.

We further quantitatively characterize the beam distortion using the structural sim-
ilarity index (SSIM) and normalized cross-correlation (NCC) as metrics. The beam
spot image obtained without turbulence in the turbulence cell serves as the reference.
The image of the laser beam interfered by strong turbulence in short-distance trans-
mission are compared with the reference to obtain the SSIM and NCC. Higher SSIM
and NCC values indicate greater similarity between the beam and the reference beam,
signifying lower beam distortion. The SSIM and NCC for both Gaussian beam and Bes-
sel beam were calculated and are listed in Table 1. It can be seen that the SSIM and
NCC values for the Bessel beam at all five time points are significantly higher than
those for the Gaussian beam. The maximum SSIM value for the Bessel beam is 0.9568,
whereas it is 0.74 for the Gaussian beam subjected to turbulence of the same strength.
In summary, the Bessel beam outperforms the Gaussian beam by approximately 20%
in resisting beam distortion caused by strong turbulence. 

It can be observed from Fig. 4 that strong turbulence not only deforms the laser beam
passing through it but also causes the beam drift randomly over time. To intuitively
visualize the beam drift caused by turbulence, we employed image stacking technique
to process images of the Gaussian beam and the Bessel beam passing through turbulences
of varying intensities. The temperature difference between the hot plate and the cold
plate was altered to produce turbulences of strengths of = 2.24 × 10–15 m–2/3,

Cn
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T a b l e 1. SSIM and NCC for Gaussian beam and Bessel beam passing through strong turbulence over
short distance. 

Parameter Beam
= 4.68 × 10–12 m–2/3

T1 T2 T3 T4 T5 

SSIM Gaussian 0.8688 0.8183 0.8072 0.7494 0.7986

Bessel 0.9314 0.9423 0.9247 0.9568 09478

NCC Gaussian 0.8880 0.8759 086695 0.8513 0.8943

Bessel 0.9929 0.9911 0.9800 0.9762 0.9665
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= 2.17 × 10–14 m–2/3, = 1.12 × 10–13 m–2/3, and = 4.68 × 10–12 m–2/3, re-
spectively. For either beam and each turbulence strength, 1,000 images were contin-
uously captured. For each image in the group, a circle indicating the effective beam
spot is drawn with the brightest pixel at the beam spot center as its center and a radius
equal to the distance between the center and the pixel point whose grayscale drops
to 20% of the center’s grayscale, and the beam spot pattern is then removed from the
image. The 1,000 images with circle patterns are stacked to form an image resembling
a long-exposure photograph. Finally, another circle encircling all drifted circles and
indicating the maximum drift range is drawn on the image in a different color. This
circle has its center at the center of the beam shot in the image captured without tur-
bulence in the turbulence cell, and its radius is the maximum distance from the center
to the farthest point on the drifted circles. Figure 5 shows images of stacked beam cir-
cles of the Gaussian beam and the Bessel beam affected by turbulences of different
intensities. Due to random beam drift caused by turbulence, the pattern of stacked beam
circles turns from a single-pixel circle into an annular pattern. From the stacked images
of  Fig. 5(a) to (d) for the Gaussian beam, the maximum drift range increases with
the intensity of turbulence, which certifies that the greater the intensity of turbulence,
the larger the amplitude of beam drift it causes. Especially in the case of strong turbu-
lence with the intensity of = 4.68 × 10–12 m–2/3, the pattern of stacked circles ap-
pears as a tangled mess and the radius of maximum drift range circle is almost twice
the radius of the effective beam spot circle. The patterns of stacked circles in Fig. 5(a' )
to (d' ) for the Bessel beam appear as neat annular rings, and the maximum drift range
also increases with the increase in turbulence intensity. However, this increase is neg-
ligible in magnitude compared to that of the Gaussian beam. It can be concluded that
the Bessel beam outperforms the Gaussian beam in resisting beam drift caused by tur-
bulence.
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Fig. 5. Fig. 5 Images of stacked effective beam spot circles of beams affected by turbulences of different
intensities. (a)–(d) images for Gaussian beam, and (a' )–(d' ) images for Bessel beam. (a) and (a' ) =
= 2.24 × 10–15 m–2/3, (b) and (b' ) = 2.17 × 10–14 m–2/3, (c) and (c' ) = 1.12 × 10–13 m–2/3, (d) and
(d' ) = 4.68 × 10–12 m–2/3.
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4. Conclusion

In applications such as automotive LiDAR systems, laser beams may traverse intense
turbulence over short transmission distances, introducing significant interference and
errors into the systems. Finding a laser beam with anti-turbulence characteristic is cru-
cial for these applications. This paper provides a qualitative and quantitative analyses
of the scintillation, distortion, and drift of the Gaussian and Bessel beams after they
pass through strong turbulences of short range. Compared to Gaussian beams, Bessel
beams are characterized by self-healing property, a more concentrated intensity distri-
bution, and a smaller beam divergence angle, which enable Bessel beams to better resist
the interference caused by turbulence. This is confirmed by our experimental results.
The scintillation index of the Bessel beam is about an order of magnitude lower than
that of the Gaussian beam in strong turbulence environment. From calculated SSIM
and NCC, the beam distortion of the Bessel beam are 20% lower than those of the
Gaussian beam as they pass through turbulences of identical strength. The maximum
range of beam drift caused by strong turbulence was analyzed, with the radius for the
Gaussian beam being twice that of the Bessel beam. The Bessel beam’s resistance to
strong turbulence over short transmission distances makes it highly suitable for replac-
ing traditional Gaussian beams in applications such as automotive LiDAR, thereby re-
ducing measurement errors and enhancing system performance.

Funding 
This research was funded by the National Natural Science Foundation of China (12174173), Fujian Pro-
vincial Natural Science Foundation of China (2022J02047, ZZ2023J20), Industry-University-Research
Collaboration Foundation of the Fujian Province (2024H6014).

References

[1] ZHAO Z.F., GAN S., XIAO B., WANG X.P., LIU C., Three-dimensional reconstruction of zebra crossings
in vehicle-mounted LiDAR point clouds, Remote Sensing, 16(19), 2024: 3722. https://doi.org/
10.3390/rs16193722

[2] GAN J.W., ZHANG G.Y., XIONG Y.J., GAN Y.G., Moving object segmentation network for multiview
fusion of vehicle-mounted LiDAR, IEEE Sensors Journal, 24(21), 2024: 36204–36215. https://doi.org/
10.1109/JSEN.2024.3466271

[3] WANG X.H., ZHU J., Vehicle-mounted imaging lidar with nonuniform distribution of instantaneous
field of view, Optics & Laser Technology, 169, 2024: 110063. https://doi.org/10.1016/j.optlastec.
2023.110063

[4] CHEN J.F., JI J., XIE C.B., WANG Y.J., Research on the tunable optical alignment technology of lidar
under complex working conditions, Remote Sensing, 17(3), 2025: 532. https://doi.org/10.3390/
rs17030532

[5] WU Z.Y., FENG Z.J., YE S.B., SONG B.M., WEI R.X., YU C.R., Beam properties of a partially coherent
beam propagating horizontally in atmospheric turbulence. Photonics, 10(4), 2023: 477. https://
doi.org/10.3390/photonics10040477

[6] YANG S.J., KE X.Z., SUN D.K., LIANG J.Y., ZHANG Y.H., Kalman filter spot centroid detection algo-
rithm in optical wireless communication, Optical Engineering, 61(5), 2022: 056104. https://doi.org/
10.1117/1.OE.61.5.056104



244 HAIBIN ZHAN et al.
[7] LI J.T., LI J.C., GUO L.X., CHENG M.J., XI L., Polarization characteristics of radially polarized
partially coherent vortex beam in anisotropic plasma turbulence, Waves in Random and Complex
Media, 31(6), 2021: 1931–1944. https://doi.org/10.1080/17455030.2020.1713421

[8] LI Q., ZHANG X., FENG Z., CHEN J., ZHOU X., LUO J., SUN J., ZHAO Y., Enhanced wind-field detection
using an adaptive noise-reduction peak-retrieval (ANRPR) algorithm for coherent doppler lidar,
Atmosphere, 15(1), 2024: 7. https://doi.org/10.3390/atmos15010007

[9] HU Y.L., XIE C.B., ZHOU H., XING K.M., WANG B.X., WANG Y.J., Research on integrated LiDAR
and multi-parameter detection of atmospheric transmittance, turbulence, and wind, Physica Scripta,
99(9), 2024: 095541. 10.1088/1402-4896/ad6e2b

[10] KONG Z., FEI R.N., CHENG Y., WANG X.H., XU N., WANG Z., ZHENG K., ZHAO C.S., LIU D., HUA D.X.,
GONG Z.F., PENG W., MEI L., Imaging-based lidar for atmospheric remote sensing: A review, Optics
& Laser Technology, 191, 2025: 113354. https://doi.org/10.1016/j.optlastec.2025.113354

[11] LU Z.H., GUO Z.F., FAN M.S., GUO M., LI C.J., YAO Y.A., ZHANG H., LIN W., LIU H.F., LIU B., Tunable
Bessel beam shaping for robust atmospheric optical communication, Journal of Lightwave Tech-
nology, 40(15), 2022: 5097–5106. https://doi.org/10.1109/JLT.2022.3172134

[12] RODDIER F., NORTHCOTT M., GRAVES J.E., A simple low-order adaptives optics system for near-in-
frared applications, Publications of the Astronomical Society of the Pacific, 103(659), 1991: 131–149.
https://doi.org/10.1086/132802

[13] ZHANG H., XU L., GUO Y.F., CAO J.T., LIU W., YANG L.Q., Application of AdamSPGD algorithm to
sensor-less adaptive optics in coherent free-space optical communication system, Optics Express,
30(5), 2022: 7477–7490. https://doi.org/10.1364/OE.451350

[14] SHI K., THOMSEN B.S., Sparse adaptive frequency domain equalizers for mode-group division
multiplexing, Journal of Lightwave Technology, 33(2), 2015: 311–317. https://doi.org/10.1109/
JLT.2014.2374837

[15] KUMAR S., SHARMA D., PAYAL A., Performance enhancement of multi channel multi beam FSO com-
munication link with the application of Reed Solomon codes, Optical and Quantum Electronics, 54,
2022: 740. https://doi.org/10.1007/s11082-022-04144-2

[16] LIU Q.H., DI Y.H., ZHANG M.M., REN Z.B., DI J.L., ZHAO J.L., Research progress on atmospheric
turbulence perception and correction based on adaptive optics and deep learning, Advanced
Photonics Research, 6(7), 2025: 2400204. https://doi.org/10.1002/adpr.202400204

[17] STROEBELE S., KASPER M., MADEC P.-Y., Overview on wavefront corrector technologies for astron-
omy and solar adaptive optics systems, Proceedings of the SPIE, Vol. 11448, Adaptive Optics Sys-
tems VII, 2020: 114481B. https://doi.org/10.1117/12.2561224 

[18] WILLNER A., REN Y.X., XIE G.D., YAN Y., LI L., ZHAO Z., WANG J., TUR M., MOLISCH A.F.,
ASHRAFI S., Recent advances in high-capacity free-space optical and radio-frequency communica-
tions using orbital angular momentum multiplexing, Philosophical Transactions of the Royal Society
A, 375(2087), 2017: 20150439. https://doi.org/10.1098/rsta.2015.0439

[19] BIRCH P., ITUEN I., YOUNG R., CHATWIN C., Long-distance Bessel beam propagation through
Kolmogorov turbulence, Journal of the Optical Society of America A, 32(11), 2015: 2066–2073.
https://doi.org/10.1364/JOSAA.32.002066

[20] EFREMIDIS N., CHEN Z.G., SEGEV M., CHRISTODOULIDES D., Airy beams and accelerating waves: An over-
view of recent advances, Optica, 6(5), 2019: 686–701. https://doi.org/10.1364/OPTICA.6.000686

[21] ZHANG Z., LIANG X.L., GOUTSOULAS M., LI D.H., YANG X.T., YIN S.P., XU J.J., CHRISTODOULIDES D.,
EFREMIDIS N., CHEN Z.G., Robust propagation of pin-like optical beam through atmospheric turbu-
lence, APL Photonics, 4(7), 2019: 076103. https://doi.org/10.1063/1.5095996

[22] CHEN K.J., ZHANG P.Y., LIU N.N., TAN L., HONG P.L., ZOU B.S., XU J.J., LIANG Y., Controllable non-
linear propagation of partially incoherent Airy beams, Optics Express, 31(14), 2023: 22569–22579.
https://doi.org/10.1364/OE.492236

[23] VILAR E., HADDON J., Measurement and modeling of scintillation intensity to estimate turbulence pa-
rameters in an Earth-space path, IEEE Transactions on Antennas and Propagation, 32(4), 1984:
340–346. https://doi.org/10.1109/TAP.1984.1143340



Resistance of Bessel beams to strong turbulence... 245
[24] MA X.S., ZHU W.Y., RAO R.Z., Large aperture laser scintillometer for measuring the refractive index
structure constant of atmospheric turbulence, Chin. J. Lasers, 35(6), 2008: 898–902 (in Chinese).
https://doi.org/10.3788/CJL20083506.0898

Received November 21, 2025
in revised form January 23, 2026


