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Transmission and information encryption of
windmill array beams in oceanic turbulence
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Oceanic turbulence-induced beam wandering, scintillation and phase distortion are the main factors limiting under-
water optical communication performance. To address this issue, this study investigates the propagation of windmill array
beams through oceanic turbulence and evaluates their potential application as binary information carriers. A cross-spectral
density evolution model based on the extended Huygens–Fresnel principle and Nikishov’s temperature–salinity spectrum
is employed to analyze the propagation characteristics of windmill beams in oceanic turbulence. Numerical simulation
results suggest that windmill beams can preserve their basic structure during propagation in oceanic turbulence. Further-
more, laboratory experiments conducted in a 1.2 m turbulence simulator demonstrate that windmill beams preserve stable
and distinguishable leaf structures under pump-induced turbulence and varying salinity levels. Since the number of leaves
remains constant at different propagation distances, we further propose an effective encoding scheme mapping leaf number
1–4 to 2-bit symbols, combined with convolutional neural network (CNN) decoding. Experimental results demonstrate
that the system, integrated with CNN-based decoding, maintains high recognition accuracy despite turbulence-induced dis-
tortions. The CNN-based decoder consistently achieves classification confidence above 98.0% under turbulent conditions
and salinity levels ranging from 0 to 3.3%. These findings suggest windmill beams as a promising approach to enhance
reliability and capacity in underwater optical communication.
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1. Introduction
In recent years, underwater wireless optical communica-

tion (UWOC) has demonstrated immense potential application
in marine exploration, underwater sensor networks, and real-
time video transmission due to its wide bandwidth, high data
rates, low latency, and robust security.[1–3] However, the com-
plex marine environment poses significant challenges to opti-
cal signal transmission. Among these, oceanic turbulence in-
duces random fluctuations in refractive index, leading to beam
speckle drift, intensity flicker, and phase distortion, which
severely limit communication quality.[4–6]

To overcome these effects, structured beams with unique
spatial configurations and orbital angular momentum (OAM),
such as Laguerre–Gaussian beams, Bessel beams, and other
vortex beams, have become a research focus.[7–11] Ex-
isting studies have investigated the evolution of various
structured beams in oceanic turbulence, including partially
coherent circularly polarized vortex beams,[12] Laguerre–
Gaussian beams,[4,13,14] partially coherent radially polarized
off-axis double vortex beams,[15] Bessel–Gaussian beams,[16]

Airy vortex beams[17] and rotationally symmetric power-
exponential phase vortex beams.[18] Additionally, studies
on multi-Gaussian correlated anomalous hollow beams[19]

and power-exponent-phase vortex beams[20] have further ex-
panded the theoretical framework for complex beam propaga-
tion in underwater environments. These studies demonstrate
that modulating the beam’s phase,[18,20,21] coherence,[5,19] or
polarization state[12,22] can effectively enhance robustness in
turbulent environments, while offering new degrees of free-
dom for increasing underwater communication capacity.

In recent research, Niu et al. proposed a rotating windmill
array beam with adjustable wing angles. Furthermore, they
employed a phase rotation superposition method to construct
windmill array beams with varying leaf numbers. The results
show that the windmill beam exhibits self-rotating and self-
bending characteristics during propagation.[23,24] Besides that,
the number of its leaves remains constant and clearly distin-
guishable at different propagation distances, which indicates
that this type of beam has potential applications in informa-
tion transmission.

Although the characteristics of windmill beams in free
space have been preliminarily investigated, their behaviors
within more complex random media — such as oceanic tur-
bulence — remain unknown. The propagation of windmill
beams, with discrete leaves and tunable geometric parameters,
under Nikishov’s combined temperature–salinity contribution
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ocean spectrum[6] has yet to be systematically elucidated.
In this paper, we characterize the propagation of windmill

beams through oceanic turbulence for underwater optical com-
munication. We employ a cross-spectral density (CSD) evo-
lution model based on the extended Huygens–Fresnel (EHF)
principle and Nikishov’s spectrum. Both numerical simula-
tions and experiments demonstrate that the fundamental leaf
structure of windmill beams maintains stability during un-
derwater propagation. Furthermore, we explore the reliabil-
ity of these beams as binary information carriers for the first
time. We conduct experimental investigations and employ a
CNN to enhance the decoding efficiency. The experimental
results show that these beams achieve high decoding accuracy
in oceanic turbulent environments, which validates the feasi-
bility of the encoding and decoding scheme based on windmill
array beams.

2. Theoretical model
In this work, the windmill beam is generated by a Gaus-

sian beam passing through a specific phase modulation. The
complex amplitude of the beam at the initial plane (z = 0) can
be expressed as[23,24]

E(r,φ ,0) = E0 exp
(
− r2

w2
0

)
exp[ia · rb ·β ], (1)

where r and φ are polar coordinates at the source plane, E0 is
a constant amplitude, which is set as 1 for convenience, w0 is
the beam waist radius of the fundamental Gaussian envelope,
a represents the stretching extent and rb is a power term of the
radial coordinate. In Cartesian coordinates, the azimuth angle
φ is expressed as follows:

φ = atan2(y,x), (2)

where atan2 function computes the polar angle of the vector
(x, y) measured from the positive x-axis. Its output lies in the
range (−π,π]. To represent the phase variation over the range
(−π,π] as an elliptical distribution, the azimuthal angle β is
defined as

β = atan2
( y

sinα
,

x
cosα

)
,

(x,y) = (r cosφ ,r sinφ) . (3)

Here, α denotes the ellipticity of the windmill beam coordi-
nate distribution. β is a phase-mapping angle used only to
construct the windmill phase term in Eq. (1).

To describe the propagation of structured beams through
oceanic turbulence, we employ the extended Huygens–Fresnel
principle together with the oceanic turbulence spectrum.[25]

Following the unified theory of coherence and polarization,[26]

beam propagation is characterized by the cross-spectral den-
sity (CSD), which is defined between two arbitrary transverse

points. We consider two transverse planes: the source plane
at z = 0 and the receiving plane at z > 0. At the source plane,
the two points are denoted by (r1,φ1) and (r2,φ2), with the
corresponding Cartesian coordinates (x1,y1) and (x2,y2). At
the receiving plane, the two points are denoted by (ρ1,θ1) and
(ρ2,θ2). φ denotes the physical azimuth angle used in the fol-
lowing propagation kernel and the integration measurement,
while β appears only in the source phase term.

Accordingly, the cross-spectral density at the source
plane (z = 0) can be written as

W (r1,r2,φ1,φ2,0) = 〈E(r1,φ1)E∗(r2,φ2)〉

= exp
(
− r2

1 + r2
2

w2
0

)
exp
[

ia
(

rb
1β1− rb

2β2

)]
, (4)

where

βi = atan2
( yi

sinα
,

xi

cosα

)
, i = 1,2,

(xi,yi) = (ri cosφi,ri sinφi) . (5)

The symbols ‘*’ and ‘〈 〉’ represent the complex conjugate and
the ensemble average over the turbulent medium, respectively.

The extended Huygens–Fresnel principle is widely used
to describe beam propagation through turbulence.[6] Accord-
ingly, the cross-spectral density (CSD) of the windmill beam
propagating through oceanic turbulence at a receiving plane
(z > 0) can be expressed as follows:[18]

W (ρ1,ρ2,θ1,θ2,z)

=

(
k

2πz

)2 ∫ +∞

0

∫ +∞

0

∫ 2π

0

∫ 2π

0
W (r1,r2,φ1,φ2,0)

×exp
[
− ik

2z

(
ρ

2
1 −2r1ρ1 cos(φ1−θ1)+ r2

1
)]

×exp
[

ik
2z

(
ρ

2
2 −2r2ρ2 cos(φ2−θ2)+ r2

2
)]

×〈exp[ψ (𝜌1,𝑟1)+ψ
∗ (𝜌2,𝑟2)]〉r1r2 dr1 dr2 dφ1 dφ2. (6)

Here, θ1 and θ2 denote the polar angles at the receiving
plane. The wavenumber is defined as k = 2π/λ , where λ is
the wavelength. 𝜌1 and 𝜌2 represent the position vectors at the
receiving plane, and 𝑟1 and 𝑟2 represent the position vectors
at the source plane. The term ψ(𝜌i,𝑟i) (i = 1, 2) denotes the
random component of the complex phase of spherical wave in-
duced by turbulence. The ensemble average over the oceanic
turbulence is expressed as[19]

〈exp[ψ(𝜌1,𝑟1)+ψ
∗(𝜌2,𝑟2)]〉

= exp
{
− π2k2z

3

∫
∞

0
dκκ

3
Φ(κ)[(𝜌1−𝜌2)

2

+(𝑟1−𝑟2)(𝜌1−𝜌2)+(𝑟1−𝑟2)
2]

}
, (7)

where κ denotes the spatial frequency. Φ(κ) represents the
spatial power spectrum of the refractive index fluctuations in
oceanic turbulence, expressed as

Φ(κ) = 0.388×10−8
ε
−1/3

κ
−11/3
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× χT

ω2

[
1+2.35(κη)2/3

]
×
(

ω
2 e−ATδ + e−ASδ −2ω e−ATSδ

)
. (8)

The strength of oceanic turbulence can be written as

G =
π2

3

∫
∞

0
κ

3
Φ(κ)dκ

=
π2

3

∫
∞

0
κ

30.388×10−8 e−1/3
κ
−11/3 χT

ω2

×
[
1+2.35(κη)2/3

]
×
(

ω
2 e−ATδ + e−ASδ −2ω e−ATSδ

)
dκ, (9)

where δ = 8.284(κη)4/3 +12.978(κη)2, and the coefficients
are AT = 1.863× 10−2, AS = 1.9× 10−4 and ATS = 9.41×
10−3.

Consequently, following the work of Pan et al.,[18] who
derived the analytical expression of the effective oceanic tur-
bulence strength under the Nikishov spectrum through the ex-
tended Huygens–Fresnel treatment, the equivalent tempera-
ture structure constant relation and related asymptotic approx-
imations, the strength of oceanic turbulence G is given by

G = 1.2765×10−8
ω
−2

ε
−1/3

η
−1/3

χT

×
(
47.5708−17.6701ω +6.78335ω

2) , (10)

and

〈exp[ψ(𝜌1,𝑟1)+ψ
∗(𝜌2,𝑟2)]〉

= exp{−k2zG[(𝜌1−𝜌2)
2 +(𝑟1−𝑟2)

×(𝜌1−𝜌2)+(𝑟1−𝑟2)
2]}, (11)

where the Kolmogorov microscale η describes the character-
istic smallest scale eddies in oceanic turbulence. ε represents
the dissipation rate of turbulent kinetic energy per unit mass,
ranging from 10−1 m2/s3 to 10−10 m2/s3. χT is the dis-
sipation rate of mean-squared temperature, varying between
10−4 K2/s and 10−10 K2/s. The parameter ω defines the
temperature–salinity contribution ratio ranging from −5 to 0,
corresponding to a transition from temperature-dominant to
salinity-dominant turbulence. These parameters affect beam
propagation through their influence on the turbulence strength
G in the adopted model. According to Eq. (10), within the
specific oceanic turbulence spectrum adopted in this work, the
strength of oceanic turbulence G increases with the increasing
χT and decreasing ε and η .[27] It should be noted that these
trends are valid within the framework of the adopted spectrum
model, the associated derivation conditions, and the parameter
ranges considered here.

Substituting Eq. (11) into Eq. (6), it can be obtained that

W (ρ1,ρ2,θ1,θ2,z)

=

(
k

2πz

)2 ∫ +∞

0

∫ +∞

0

∫ 2π

0

∫ 2π

0
W (r1,r2,φ1,φ2,0)

× exp
[
− ik

2z

(
ρ

2
1 −2r1ρ1 cos(φ1−θ1)+ r2

1
)]

× exp
[

ik
2z

(
ρ

2
2 −2r2ρ2 cos(φ2−θ2)+ r2

2
)]

× exp{−k2zG[(𝜌1−𝜌2)
2 +(𝑟1−𝑟2)

×(𝜌1−𝜌2)+(𝑟1−𝑟2)
2]}

×r1r2 dr1 dr2 dφ1 dφ2. (12)

Assuming θ1 = θ2 = θ and ρ1 = ρ2 = ρ , the intensity can be
written as

I(ρ,θ ,z) = W (ρ1 = ρ2 = ρ,θ1 = θ2 = θ ,z)

=

(
k

2πz

)2 ∫ +∞

0

∫ +∞

0

∫ 2π

0

∫ 2π

0
W (r1,r2,φ1,φ2,0)

× exp
[
− ik

2z

(
ρ

2−2r1ρcos(φ1−θ)+ r2
1
)]

× exp
[

ik
2z

(
ρ

2−2r2ρcos(φ2−θ)+ r2
2
)]

× exp
{
−k2zG

[
r2

1−2r1r2cos(φ1−ϕ2)+ r2
2
]}

×r1r2 dr1 dr2 dφ1 dφ2. (13)

The assumption θ1 = θ2 = θ and ρ1 = ρ2 = ρ corresponds to
evaluating the cross-spectral density at the same spatial point
at the receiving plane. Equation (13) describes the intensity
distribution of the windmill beam at the receiving plane af-
ter propagating through oceanic turbulence. The beam in-
tensity distribution is jointly determined by the initial field
distribution and the phase disruptions induced by oceanic
turbulence.[5] The phase disruptions are characterized by the
turbulence parameter G. As propagation distance increases
or turbulence intensity intensifies, the term associated with G
leads to intensity attenuation. From the theoretical derivation,
it can be seen that oceanic turbulence mainly affects the beam
intensity rather than completely destroying its fundamental
structure.

3. Numerical simulations
Based on the above theoretical model, we investigate the

propagation properties of windmill beams through oceanic tur-
bulence by numerical simulations.

Firstly, we analyze the influences of beam parameter α on
the propagation properties of windmill beams through oceanic
turbulence by numerical simulations based on the theoretical
model. Following the definition in Eq. (3), α describes the
ellipticity of the windmill beam coordinate distribution. As
shown in Fig. 1(a), for the double-leaf windmill beam, as α

increases, the angle of the two leaves increases accordingly,
accompanied by an increase in the leaf length and the cover-
age area. This trend indicates that α controls the transverse
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geometry of the double-leaf pattern. The elliptic coordinate
transformation introduces transverse scaling. As α increases,
the beam profile gradually evolves from a pronounced ellip-
tical distribution toward a more expanded transverse geome-
try. This leads to a wider angular coverage of each leaf. With
increasing propagation distance, the windmill beam gradu-
ally expands and stretches due to diffraction and the effect of
oceanic turbulence, while the fundamental double-leaf struc-
ture remains recognizable.

In addition, the size of the windmill leaves plays an im-
portant role in beam propagation through oceanic turbulence.
Larger leaves, corresponding to increased leaf length and cov-
erage area at higher values of α , interact with a broader tur-
bulent region. Consequently, beams with larger leaf areas ex-
perience stronger phase distortions and intensity degradation
during propagation. Overall, these results demonstrate that
α offers an effective way to modulate windmill beams for
underwater transmission. Since the three-leaf and four-leaf
windmill beams are generated by rotating a single windmill
phase distribution by multiple angles and superposing the cor-
responding fields, the choice of α directly affects the leaf sep-
aration and pattern overlap. Therefore, we set α = 30◦ in the
following simulations to obtain a clear and complete multi-leaf
windmill structure. This choice also ensures that the individ-
ual leaves are well separated.

Unless otherwise specified, the numerical calculation pa-
rameters are adopted as follows: the beam waist radius is w0 =

2 mm, the characteristic beam parameters are a = 8× 106,
b = 2 and α = 30◦, which correspond to the stretching extent,
the radial power exponent, and the ellipticity of the windmill
beam coordinate distribution, respectively. The Kolmogorov
microscale is η = 10−3 m; the rate of dissipation of turbu-
lence kinetic energy per unit mass of fluid is ε = 10−7 m2/s3;

the dissipation rate of the mean-squared temperature is χT =

10−8 K2/s and the temperature–salinity contribution ratio is
ω = −2.5. We performed the numerical calculations on a
dual-channel 52-core (8272CL) server. Since the numerical
integration requires substantial computational effort, parallel
computing was employed in the simulations to improve effi-
ciency.

We numerically simulated the propagation of multi-leaf
windmill beams through oceanic turbulence as illustrated in
Fig. 1(b). The generation of multi-leaf windmill beams is
achieved by coherently superposing rotated copies of a fun-
damental windmill phase distribution at equal angular inter-
vals. In general, an N-leaf windmill beam is produced by ro-
tating the basic windmill phase distribution in steps of 360◦/N
and coherently adding all N angular components. As shown
in Figs. 1(b1)–1(b4), the single-leaf windmill beam exhibits
a compact and concentrated leaf structure. As the propaga-
tion distance increases, the leaf expands outward while the
leaf tips become more diffused. Between the two wings of
each leaf, tiny spots are observed, which gradually dim as the
radial distance from the beam center increases. Similarly, in
Figs. 1(b5)–1(b8), the double-leaf windmill beam maintains
a clearly identifiable two-leaf structure during propagation.
With increasing distance, both leaves stretch and broaden, and
the tiny spots along each leaf become more pronounced. For
Figs. 1(b9)–1(b12) and 1(b13)–1(b16), the three-leaf and four-
leaf windmill beams both display stable multi-leaf structures
during propagation. As the distance increases, the leaves get
wider and longer, and the central intersection region becomes
broader. Moreover, we can see clearly that the windmill leaf
does not exhibit perfect symmetry after propagation in oceanic
turbulence. There are differences in intensity between the two
wings of each leaf.
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Fig. 1. (a) Numerical simulations of the propagation of windmill beams through oceanic turbulence for different values of the ellipticity parameter
α . (a1)–(a4) α = 10◦, (a5)–(a8) α = 30◦, (a9)–(a12) α = 60◦, (a13)–(a16) α = 80◦. (b) Numerical simulations of the propagation of windmill
beams through oceanic turbulence with different numbers of leaves. (b1)–(b4) 1-leaf, (b5)–(b8) 2-leaf, (b9)–(b12) 3-leaf, (b13)–(b16) 4-leaf.
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Fig. 2. (a) Self-rotation characteristics of the double-leaf windmill beam during propagation through oceanic turbulence. Panels (a1)–(a9)
correspond to the propagation distance z = 0.4 m, 0.5 m, 0.6 m, 0.7 m, 0.8 m, 0.9 m, 1.0 m, 1.2 m and 1.4 m, respectively. (b) Propagation
of the double-leaf windmill beam through oceanic turbulence for different values of χT. (b1)–(b4) χT = 10−4, (b5)–(b8) χT = 10−5, (b9)–
(b12) χT = 10−6, (b13)–(b16) χT = 10−7.

Subsequently, we further investigate the dynamic trans-
mission properties of windmill beams in oceanic turbulence.
In the numerical simulations, we set a = 8×106; in this case,
the windmill beam rotates clockwise as the propagation dis-
tance increases. As shown in Fig. 2(a), each subfigure uses a
dashed line to mark the direction along the main bright lobe.
This reference line is used to determine whether the beam un-
dergoes self-rotation during propagation. It can be seen that
this self-rotation effect is more pronounced at shorter propaga-
tion distances. In addition, the rotation direction is determined
by the sign of the stretching extent a; reversing its sign leads
to self-rotation in the opposite (counterclockwise) direction.
Therefore, as the propagation distance increases, the windmill
beam not only expands and stretches but also exhibits self-
rotation in oceanic turbulence.

Moreover, we investigate the dissipation rate of the mean-
squared temperature χT. This parameter usually takes larger
values in regions of strongly stratified water and energetic
turbulence.[28] In Fig. 2(b), increasing χT causes the double-
leaf windmill beam to diverge more strongly. As χT in-
creases, the low-intensity gap separating the two leaves be-
comes blurred, indicating a gradual degradation of the struc-
tured profile. The normalized intensity profiles extracted along
the transverse center line of each beam pattern are also shown
in the lower-right corner of Figs. 2(b1), 2(b5), 2(b9), 2(b13)
and 2(b5)–2(b8). Here, the beam width is defined as the full
width at half maximum (FWHM) of the normalized intensity
profile. For Figs. 2(b1), 2(b5), 2(b9), 2(b13) at z = 1 m, the
beam width increases from 0.545 mm to 1.185 mm as χT

increases. For Figs. 2(b5)–2(b8), with fixed χT, the beam
width increases from 0.625 mm to 1.328 mm as the prop-
agation distance z increases. It can be seen that the beam

width grows with increasing χT and propagation distance z,
while the beam contrast exhibits a decreasing trend. Within the
adopted oceanic turbulence spectrum, a larger χT corresponds
to a larger turbulence strength G, which enhances intensity
fluctuations and accelerates the degradation of the windmill
beam profile. Furthermore, the influence of χT becomes more
evident at longer propagation distances, suggesting that the
degradation is a cumulative effect rather than an instantaneous
distortion.

When χT = 10−4, windmill beams propagating in such
strong turbulence lose their structured features and degenerate
into a Gaussian-like profile,[12,15,18] consistent with previous
results for other structured beams in underwater oceanic tur-
bulence.

4. Experiments
An experimental setup for windmill beams propagating

through oceanic turbulence was established to verify the nu-
merical simulations. The experimental schematic diagram
for generating the windmill beams is shown in Fig. 3(a). A
laser with a wavelength of 632.8 nm was used as the light
source. After beam expansion and collimation, the light
passed through a circular aperture, which was used to re-
duce stray light and suppress unwanted interference. Then the
beam propagated through a linear polarizer to adjust beam in-
tensity before being incident on a reflective phase-only spa-
tial light modulator (SLM, XinGuang, model I-101; pixel
pitch of 6 µm; pixel number of 1920× 1080). After modu-
lation by the SLM, the beam entered a turbulence simulator
(1.2 m×0.3 m×0.3 m). The received beam intensity patterns
were recorded by a CMOS camera (JAI, GOX-2402-PGE,
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pixel pitch of 3.45 µm, pixel number of 1920×1200). A water
pump (maximum power of 8 W, maximum head of 1 m, maxi-
mum flow rate 450 L/h, and an outlet diameter of 12 mm) was
used to generate flow disturbance in the turbulence simulator.
In the experiment, two laboratory conditions were considered:
static water (pump off) and turbulence (pump on at 8 W). In
addition, different salinity conditions were simulated by vary-
ing the mass fraction of salt in the water. In this work, tur-
bulence was generated by pump-driven flow disturbance and
treated as a laboratory operating condition. Compared with the
static condition (pump off), the turbulence condition (pump
on) leads to more pronounced beam spreading and degrada-
tion, and this effect becomes more significant with increasing
salinity, which is consistent with the Nikishov-spectrum-based
theoretical model in terms of trend behavior.

The water temperature was maintained at approximately
23 ◦C. Before each experiment, all optical components were
aligned along a common optical axis. The experimental re-
sults for the four-leaf windmill beam are presented in Fig. 3(b),
while the results for the single-, double-, and three-leaf wind-
mill beams are shown in Fig. 3(c). Compared with the static
condition, turbulent conditions lead to weakening of the outer
leaves of the windmill beams, together with noticeable struc-
tural degradation. These effects become more pronounced
with increasing salinity level. Meanwhile, the original ro-
tational symmetry is partially broken. Despite these distor-
tions, the overall featured structure of the windmill beams re-
mains distinguishable under turbulent conditions across vary-
ing salinity levels, suggesting the stability of the windmill
beams through oceanic turbulence.
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Fig. 3. (a) Experimental schematic diagram for the generation of windmill beams. (L: laser; L1–L3: convex lens; AS: aperture; LP1: linear
polarizer; SLM: spatial light modulator; TS: a 1.2 m-long turbulence simulator; from left to right: static water and turbulence; LP2: linear polar-
izer; CCD: charge-coupled device). (b) Four-leaf windmill beams under static and turbulent conditions at different salinity levels. (c) Single-,
double-, and three-leaf windmill beams under static and turbulent condition at different salinity levels. From left to right, the mass fraction of
salt is 0%, 1.4%, 2.4% and 3.3%, respectively.

5. Encoding and decoding based on windmill ar-
ray beams
Since double-leaf, three-leaf, and four-leaf windmill

beams can be constructed by the coherent superposition of
equally rotated copies of a single windmill phase distribution,
distinct windmill modes with different spatial structures can
be generated. These modes exhibit good mutual distinguisha-
bility. By encoding information through the number of leaves,
different windmill beam states can be constructed and distin-
guished for optical encoding and decoding. In this work, the
windmill beam leaf number is used to encode digital infor-
mation. The single-, double-, three-, and four-leaf windmill
beams are mapped to the binary states 00, 01, 10 and 11, re-
spectively. Figure 4(a) illustrates the mapping between wind-
mill beam states and corresponding 2-bit symbols. To organize
the data sequence, the detection plane is divided into four re-
gions (regions 1–4), as shown in Fig. 4(b). An example of the
encoded frame is presented in Fig. 4(c), where windmill beam

states are assigned to the corresponding regions. The resulting
region-based bit sequence is summarized in Fig. 4(d). This en-
coding scheme provides a clear mapping between beam states
and binary symbols, which supports reliable decoding of the
encoded information.

As shown in Fig. 5, a convolutional neural network
(CNN) classifier is employed to identify the number of leaves
carried by the received windmill beams. The classifier is based
on a ConvNeXt-Tiny architecture with ImageNet-pretrained
weights, where the backbone is frozen and only the classifica-
tion head is fine-tuned for four classes. The dataset consists of
1506 images and is randomly divided into training, validation,
and test sets with a ratio of 8:1:1 using a fixed random seed of
42. The model is trained using the Adam optimizer, and stan-
dard preprocessing and data augmentation are applied. Both
experimental and simulated beam images are used for training
and evaluation. The preprocessed images are fed into the CNN
for feature extraction and classification, and the predicted class
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is then used to determine the leaf number and decode the en-
coded binary information.

00 01 10 11

(a) Encoding number

Region 2 Region 1

Region 4Region 3

x

y

(b) Region data

(c) Encoding sample (d) Data sequence

00 1 0 0 1 1 1

Region 2Region 1 Region 4Region 3

Fig. 4. Encoding scheme for windmill-beam-based information modulation.
(a) Mapping between the windmill-beam leaf number and the corresponding
2-bit symbols (00, 01, 10, and 11). (b) Division of the detection plane into
four regions (regions 1–4) for data organization. (c) A sample of an encoded
frame formed by windmill beams with different leaf numbers. (d) Region-
based bit sequence corresponding to the encoded frame sample.

The decoding performance of the proposed method is
evaluated as follows. Under turbulent conditions, Fig. 5(b)
presents the classification confidence of windmill beams with
different leaf numbers across varying salinity levels. The
orange, blue, green, and red curves correspond to one-leaf,

double-leaf, three-leaf, and four-leaf beams, respectively.

All curves exhibit a gradual decrease in confidence as
salinity increases. However, no misclassification is observed
for the tested experimental samples. Under turbulent and high
salinity conditions, the CNN maintains classification confi-
dence above 98.0% for all leaf numbers. Figure 5(c) shows
the average classification confidence for each leaf class under
pump-induced turbulence and different salinity levels, where
SEM denotes the standard error of the means. The aver-
age confidence for all four classes exceeds 98.8%, with small
standard errors, indicating stable predictions. These results
demonstrate that the model can reliably distinguish windmill
beam states encoded by different leaf numbers under the ex-
perimental conditions considered in this work. The high clas-
sification confidence is closely related to the stability of the
windmill beam encoding. The discrete leaf structure pro-
vides physically distinguishable features. Moreover, the corre-
sponding windmill beam states with different leaf numbers are
well separated and easily distinguishable. These characteris-
tics remain largely preserved even under turbulent conditions
and salinity-induced distortions.
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Fig. 5. (a) The CNN workflow for windmill-beam decoding. (b) CNN classification confidence of windmill beams with different leaf numbers
under turbulent condition with varying salinity levels. (c) Average classification confidence of windmill beams with different leaf numbers
under turbulent condition and varying salinity levels.

We carried out an experiment for windmill array beams
propagating through oceanic turbulence to validate the feasi-
bility of the encoding and decoding scheme based on wind-
mill array beams. As shown in Fig. 6(a), we generated the

windmill array beams using a phase synthesis method.[29] Let
ϕk(x,y) represent the phase of the k-th channel (k = 1, 2, 3,
4). The specific mode for each channel can be selected from
one-leaf, double-leaf, three-leaf and four-leaf arbitrarily. To
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separate these beams spatially at the receiving plane, we ap-
plied a specific linear phase term to each channel. The final
synthetic phase is calculated by

Φ(x,y) =
4

∑
k=1

ϕk(x,y) · exp [i2πS (pkx+qky)] . (14)

The parameter S controls the separation distance between
the array elements. Parameters pk and qk are the phase shift
factors in the x and y directions, respectively. We can use the
phase shift factors to adjust the position of each windmill beam
in the beam array.

In the experiment, we selected the turbulent condition at
a salt mass fraction of 3.3%. As shown in Fig. 6(b), it can
be seen that under such experimental conditions, the struc-
ture of each windmill beam was affected to varying degrees by

oceanic turbulence, resulting in intensity attenuation and phase
distortion. To minimize the impact of oceanic turbulence on
the edges of each windmill beam, the spacing between each
windmill beam should be as close as possible while ensur-
ing separation. Furthermore, compared to one-leaf windmill
beams, multi-leaf beams are more susceptible to oceanic tur-
bulence, exhibiting more pronounced structural degradation.
The results in Fig. 6(b) indicate that the experimental results
match well with the numerical simulations. Despite varying
degrees of structural degradation observed in the experimental
beam arrays, they could still be accurately identified and clas-
sified by the above-mentioned CNN model. This validates the
feasibility and stability of the encoding and decoding scheme
based on windmill array beams in oceanic turbulence.
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Fig. 6. (a) Schematic illustration of the phase synthesis. (a1)–(a4) Phase distributions of the windmill beams with one-leaf, double-leaf,
three-leaf, and four-leaf structures, respectively. (a5) Synthesized phase distribution. (b) Simulated and experimentally captured intensity
distributions of the windmill beam arrays corresponding to the binary sequences (01001011)B and (00010010)B.

6. Conclusion

In summary, we explored the propagation characteris-
tics and communication potential of windmill array beams in
oceanic turbulence. By using the extended Huygens–Fresnel
principle and Nikishov’s spectrum, we employed a theoret-
ical model to show how these beams maintain their multi-
leaf shapes during underwater transmission. Based on this
model, our numerical simulations provide a parametric analy-
sis and evaluate the propagation behaviors of windmill beams
in oceanic turbulence. Besides that, our laboratory experi-
ments in a 1.2 m turbulence simulator confirm that windmill
beams are stable under turbulent conditions and varying salin-
ity levels. Beams keep their basic features under these ex-
perimental conditions. Accordingly, based on these distin-
guishable structures, we proposed an encoding scheme that
maps the number of leaves to 2-bit symbols. By employing
a CNN for decoding, we successfully identified the different
beam states and achieved high accuracy despite the oceanic
turbulence distortions. These results demonstrate that wind-
mill beams combined with deep learning offer a reliable and
effective way to enhance the performance of underwater wire-
less optical communication systems.

Data availability statement
The data that support the findings of this study will be

made available on request.

Acknowledgement
Project supported by the National Natural Science Foun-

dation of China (Grant No. 62575141)

References
[1] Sun K, Li Y and Han Z 2024 Appl. Sci. 14 206
[2] Liu A, Yuan Y, Yin H, Zhao H and Fu X 2023 J. Mar. Sci. Eng. 11 253
[3] Cai C, Du Z, Liao W, He Y, Ma X, Qin S, Wang R, Wang X, Zhang T,

Song G, Chen Q, Zhang Y, Gao Y, Wang H, Zhang Z and Xu J 2024 J.
Lightwave Technol. 42 8541

[4] Chen D, Li J, Zhou Y and Dong K 2025 Appl. Opt. 64 8425
[5] Korotkova O 2019 Prog. Opt. 64 1
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