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Abstract: Atmospheric effects including absorption and scattering, and turbulence could introduce
signal power loss and severe mode crosstalk for the orbital angular momentum (OAM)-based free-
space optical communication (FSOC). Therefore, it is of great significance to simultaneously increase
signal power and mitigate mode crosstalk. In this paper, for the OAM beam from a coherent laser array
with a discrete vortex (CLA-DV) based on coherent beam combining, we investigate its propagation
characteristics by employing theoretical derivation and the random phase screens simulation in
atmospheric propagation, respectively. The probability density and OAM spectrum are given and
compared for CLA-DV and Gaussian vortex beam. The results demonstrate that the Gaussian vortex
beam exhibits smaller mode crosstalk under weak atmospheric turbulence conditions, while CLA-DV
shows a good performance on crosstalk mitigation for strong atmospheric turbulence conditions in
long-distance links. Furthermore, with a specially designed radial phase-locked Gaussian laser array
composed of two orthogonal polarized coherent laser arrays carrying different OAM states, a scheme
of optical communication system possessing simultaneously polarization-division multiplexing
and OAM multiplexing is proposed. The normalized energy weight matrices of all 16 non-zeroth-
order OAM modes are numerically calculated. To verify the feasibility of the proposed scheme,
the performance of an eight-bit grayscale Lena image facing various atmosphere turbulences is
evaluated. The quality of transmitted images becomes worse with the turbulence strength and
transmission distance increase, which is confirmed by the trend of average optical signal error rates.
This work will provide theoretical insight for improving the performance of OAM-based FSOC under
scattering conditions.

Keywords: mode crosstalk; angular momentum multiplexed free-space optical communication;
coherent laser array with discrete vortex; coherent beam combining; probability density

1. Introduction

Owing to instinct features of inherent orthogonality and unbounded states in princi-
ple [1,2], vortex beams carrying multiple orbital angular momentum (OAM) can be used as
data carriers for mode-division multiplexing and potentially improve the communication
system capacity without specific wavelength or polarization [3,4], which are more suitable
for optical communication [5–7], especially for free-space wireless optical communication
(FSOC) [8–10]. Therefore, OAM-based FSOC has attracted increasing interest in recent
years, giving rise to many developments in deep-space and near-Earth optical communi-
cations [11] secure quantum communication [12], and so on. However, the performance
of OAM-based FSOC seriously suffers from atmospheric absorption and scattering and
atmospheric turbulence [13]. On the one hand, propagating laser power will be attenuated
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because of the existence of atmospheric absorption and scattering. In addition, the diver-
gence of OAM beams may cause power loss [14]. These factors will lead to insufficient
signal power and a poorer signal-to-noise ratio at the terminals. More seriously, due to
the inhomogeneities of the atmospheric temperature and pressure, the random variations
of the refractive index along the transmission path result in the phase distortion of the
OAM mode, which in turn induces the portion of transmitted OAM mode to be coupled
to adjacent OAM modes, generating the so-called mode crosstalk [15–18]. The quality of
OAM-based FSOC will be seriously affected. Thus, it is of great significance to improve
transmitted laser power and reduce mode crosstalk for OAM-based FSOC.

Up to now, many efforts have been devoted to addressing on these issues. To achieve
sufficient signal power for data recovery, one approach is to enlarge the transmitted beam
size and receiver aperture of the system, but the cost is less tolerant to the receiver angular
error [19]. Another approach is to place a focusing lens in front of the transmitter to focus
OAM modes [20] or use a special type of OAM beam, such as a nonzero ring Airy vortex
beam [21], radial index Laguerre–Gaussian beam [22], and the multi-vortex geometric
beam [23], under a limited-size receiving aperture, to obtain a smaller spot at the receiving
end, thereby increasing the signal power. This method requires redesigning the transmitter,
which will increase the complexity of the system and degrade its flexibility. At the same
time, various approaches for mitigating mode crosstalk have been reported [18]. One
possible approach is adaptive optics [24–26], whose working principle is to measure the
distorted phase of OAM mode induced by atmospheric turbulence first, and then an
error correction phase is introduced to eliminate the influence of atmospheric turbulence.
However, the additional measuring devices make the system very complicated. It is found
that the mode crosstalk can be suppressed by reducing the effective interaction area of
OAM beams and atmospheric turbulence. Therefore, the reduction of mode crosstalk can
be realized by using a focusing mirror [27]. However, in this scheme, once the transmission
distance changes, the lens and other device parameters should be adjusted accordingly.
Similarly, the mode crosstalk can be effectively alleviated by adopting the diffraction-
free or autofocusing type of beams such as Bessel beams [28], Hypergeometric-Gaussian
beams [29], autofocusing Airy beams [30], Airy Gaussian vortex beam array [31], pin-like
optical vortex beams [32], and so on. However, these specially designed beams are generally
generated by spatial light modulator (SLM), resulting in complexity and high cost of the
system. Furthermore, the laser power is also limited by the damage threshold of the SLM.

Coherent beam combining (CBC) is an alternate approach for greatly scaling up the
output power with ideal output beam quality [33]. By harnessing the active intensity, phase,
or polarization control of each beamlet in a laser array, various structured beams, such as
vector beams [34,35], airy beams [36] vortex beams [37–39], Bessel-Gaussian beams [40],
and perfect vectorial vortex beams [41], have been proposed theoretically or experimentally.
Furthermore, rapid switching between OAM states (with a frequency higher than GHz)
can be realized with the method of CBC [42,43], which may provide potential solutions
for high-speed optical communications. Based on the previous analysis, the OAM beams
generated by CBC may be a candidate for OAM-based FSOC. However, its propagation
characteristics have not been studied so far.

In this work, based on the theoretical derivation and the random phase screens simula-
tion, we investigate the propagation characteristics of OAM beams generated by a coherent
laser array with discrete vortex (CLA-DV) by using CBC in atmospheric propagation. The
compared results of the probability density and the normalized energy weight of each OAM
mode between Gaussian vortex beams and CLA-DV under the same conditions are numeri-
cally calculated, which are also verified by numerical simulation. Furthermore, a scheme of
the optical communication link based on a specially designed radial phase-locked Gaussian
laser array is proposed. The normalized energy weight matrices of 16 non-zeroth-order
OAM modes are numerically calculated. Finally, an 8-bit grayscale Lena image transmitted
through turbulent OAM channels is used to verify the feasibility of the proposed scheme.
Our results provide a theoretical basis for improving the performance of OAM-based FSOC.
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2. Simulation Analysis Method
2.1. Theoretical Derivation

By assuming a coherent laser array composed of N linearly polarized fundamental
Gaussian beamlets with the same amplitude and waist width, the complex amplitude of
nth beamlet located at central position (R0, φn) can be expressed as [40,41,44]

En(r, θ, 0) = exp

[
−
(
r2 + R2

0
)

w2
0

]
exp

[
2[R0r cos(θ − φn)]

w2
0

]
exp(il0φn) (1)

where R0 is the radius of the array, w0 is the waist width of the laser beam, φn = 2π(n − 1)/N
is the angle between nth beamlet and x axis, and n is the number of beamlets (n = 1, 2 . . .
N), l0 is the topological charge. The superposition of coherent laser array at the source
plane can be written as

E(r, θ) =
N

∑
n=1

exp

[
−
(
r2 + R2

0
)

w2
0

]
exp

[
2[R0r cos(θ − φn)]

w2
0

]
exp(il0φn). (2)

The phase difference of adjacent beamlet ∆φ = 2πl0/N. Obviously, if the number of
beamlets increases to enough large, the phase difference ∆φ will tend to be infinitesimal. In
addition, the summation formula of Equation (2) about n can be approximately regarded
as the integral formula about φ

E(r, θ, 0) =
N
2π

exp

[
−
(
r2 + R2

0
)

w2
0

]∫ 2π

0
exp

[
2[R0r cos(θ − φ)]

w2
0

]
exp(il0φ)dφ. (3)

Utilizing the integral formula [45]∫ 2π

0
exp(x cos ϕ− ilϕ)dϕ = 2πIl(x), (4)

where Il is the lth order modified Bessel function of the first kind. Equation (3) can be
represented as [40]

E(r, θ, 0) = N exp

[
−
(
r2 + R2

0
)

w2
0

]
Il0

(
2R0r
w2

0

)
exp(il0θ). (5)

Equation (5) shows that the CLA-DV is a Bessel-Gaussian vortex beam. In addition,
Pinnell pointed out that a Bessel–Gaussian vortex beam can be recognized as a perfect
vortex beam [46]. Therefore, the perfect vortex beams with desired topological charge can be
flexibly generated with a CLA-DV by adjusting the phase difference of the adjacent beamlet.

With the Huygens–Fresnel integral, after propagation in free space, the electric field
distribution of beam generated from a CLA-DV in the receiver plane can be described as

E f ree (ρ, ϕ, z) = − i
λz

exp(ikz)×
x

E(r, θ, 0) exp
{

ik
2z

[
r2 + ρ2 − 2rρ cos(ϕ− θ)

]}
rdrdθ.

(6)
Substituting Equation (5) into Equation (6), we can get

E f ree (ρ, ϕ, z) = −Ni
λz exp(ikz) exp

(
ik
2z ρ2

)
exp

[
− R2

0
w2

0

]
∫ ∞

0 exp
[
−
(

1
w2

0
− ik

2z

)
r2
]

Il0

(
2 R0

w2
0
r
)

r
∫ 2π

0 exp(il0θ) exp
[

ik
z rρ cos(ϕ− θ)

]
dθdr.

(7)
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According to integral formula [45]∫ 2π
0 exp[inϕ1 − ix cos(ϕ2 − ϕ1)]dϕ1 = 2π(−i)n Jn(x) exp[inϕ2],∫ ∞

0 xe−ax2
Iν(bx)Jν(cx)dx = 1

2a exp
(

b2−c2

4a

)
Jν

(
bc
2a

)
[Rea > 0, Reν > −1],

(8)

where Jn is the nth order Bessel function of the first kind. Equation (7) can be simplified as

E f ree (ρ, ϕ, z) = −π(−1)l0

σ
Nil0+1

λz exp(ikz) exp
(

ik
2z ρ2

)
exp(il0 ϕ)

× exp
[
−aR2

0
]

exp
(

b2−c2ρ2

4σ

)
Jl0

(
bc
2σ ρ
) (9)

where a = 1/w2
0, σ = 1/w2

0 − ik/2z, b = 2R0/w2
0, and c = k/z. Prescribing a limit to

weak atmospheric turbulence, the cumulative effect of atmospheric turbulence on the
propagation path can be considered as adding a phase disturbance to the propagating
beam. Using Rytov approximation, under the condition of weak atmospheric turbulence,
the beam can be represented as [47]

E(ρ, ϕ, z) = E f ree (ρ, ϕ, z) exp[ψ(ρ, ϕ, z)], (10)

where Ψ(ρ, ϕ, z) denotes the random phase disturbance generated by the atmospheric
turbulence along the propagation path. Due to the orthogonality of the vortex beams, the
vortex mode can be used as an orthogonal basis function to describe the beams distribution,
namely, the beams can be considered as the superposition of vortex modes with different
topological charges and different weight factors [48], that is

E(ρ, ϕ, z) =
1√
2π

+∞

∑
l=−∞

al(ρ, z) exp(ilϕ), (11)

where al is the weight factor of lth order vortex mode. Based on the orthogonality of vortex
mode, the expression of weight factor can be expressed as [49]

al(ρ, z) =
1√
2π

∫ 2π

0
E(ρ, ϕ, z) exp(−ilϕ)dϕ. (12)

Substituting Equations (10) and (11) into (12), we can obtain the probability density
〈|al (ρ, ϕ, z)|2〉 for lth order vortex mode〈

|al(ρ, z)|2
〉
= 1

2π
s 〈

E∗f ree (ρ, ϕ1, z)E f ree(ρ, ϕ2, z)
〉

×〈exp[ψ∗(ρ, ϕ1, z) + ψ(ρ, ϕ2, z)]〉 exp[−il(ϕ2 − ϕ1)]dϕ1dϕ2,
(13)

where the symbol of 〈 〉, * denote an ensemble average over the medium statistics and the
conjugation operator, respectively. 〈exp[Ψ *(ρ, ϕ1, z) + Ψ (ρ, ϕ2, z)]〉 represents the ensemble
average atmospheric turbulence, which can be expressed as

〈exp[ψ∗(ρ, ϕ1, z) + ψ(ρ, ϕ2, z)]〉 = exp

[
−2ρ2 − 2ρ2 cos(ϕ2 − ϕ1)

ρ2
0

]
(14)

where ρ0 =
[
π2

3 k2z
∫ ∞

0 κ3φn(κ)dκ
]−2/3

is the coherence length of plane wave in the atmo-
spheric turbulence, κ is the spatial frequency, Φn(κ) accounts for the spatial power spectrum
of refractive index fluctuations of the random medium. Assuming that the atmospheric tur-
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bulence match with Kolmogorov statistical properties, Φn(κ) can be described by modified
von Karman power spectrum as [50,51]

Φn(κ, α) = A(α)C2
n

exp
(
−κ2/κ2

m
)(

κ2 + κ2
0
)α/2 (0 6 κ < ∞, 3 < α < 4), (15)

with
A(αt) =

1
4π2 Γ(αt − 1) cos

( αtπ
2
)
,

c(αt) =
[

Γ
(

5−αt
2

)
A(αt)

2π
3

]
1

αt−5 ,
(16)

where αt is power index, km = c(αt)/lm, k0 = 2π/L0, L0 and lm are the outer and inner scales
of turbulence, respectively. Cn

2 is the refraction structure constant with units m−2/3.
By substituting Equations (9) and (14) into Equation (13), and employing the separation

of variables integral method and unitizing the integral forums Equation (8), after complex
integral calculation, the probability density of beam generated from a CLA-DV can be
obtained as follows〈

|al(ρ, z)|2
〉
= 2π3

|σ|2
M2

λ2z2 exp
[
−2aR2

0
]

exp
(

b2−c2ρ2

4σ∗ + b2−c2ρ2

4σ

)
×
∣∣∣Jl0

[(
bc
2σ

)
ρ
]∣∣∣2 exp

(
− 2ρ2

ρ2
0

)
Il−l0

(
2ρ2

ρ2
0

)
.

(17)

To quantitatively characterize the crosstalk of vortex beam induced by atmospheric
turbulence, we adopt the concept of orbital angular momentum (OAM) spectra, which is
formed by the normalized energy weight of OAM mode Pl. The normalized energy weight
Pl can be represented as [52]

Pl =
pl

∞
∑

l=−∞
pl

,

pl =
∫ R

0

〈
|al(ρ, z)|2

〉
ρdρ,

(18)

where R is the radius of the receiving aperture. For comparison, the probability density of
Gaussian vortex beam is given as [27]〈∣∣aG

l (ρ, z)
∣∣2〉 = π4c2

8|σ1.5|2
ρ2

λ2z2 exp
(

b2−c2ρ2

4σ∗ + b2−c2ρ2

4σ

)
exp

[
− 2ρ2

ρ2
0

]
×
∣∣∣∣I0.5l0−0.5

(
c2ρ2

8σ

)
− I0.5l0+0.5

(
c2ρ2

8σ

)∣∣∣∣2 Il0−l

[
2ρ2

ρ2
0

]
.

(19)

Similarly, by substituting Equation (19) into Equation (18), we can obtain the normal-
ized energy weight Pl of the Gaussian vortex beam. Consequently, the crosstalk characteris-
tics of OAM beams based on coherent beam combining and Gaussian vortex beams can be
calculated and compared under the same atmospheric turbulence conditions.

It can be found from Equations (17) and (19), when coherence length ρ0 tends to
infinity and l 6= l0, the probability density will be zero. This means that no matter for
Gaussian vortex beam or the beam generated by the CLA-DV when they propagate in
the free space, there will be no mode crosstalk between vortex modes, while for the case
of atmospheric turbulence, mode crosstalk will inevitably occur, but the degree of mode
crosstalk is different.
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2.2. Random Phase Screens Method

In fact, each beamlet generally output laser after passing through an aperture, thus
Equation (1) will be rewritten as

En(r, θ) = circ
(
[r2+R2

0−2R0r cos(θ−φm)]
ρ0/2

)
exp

[
− (r2+R2

0)
ω2

0

]
× exp

[
2[R0r cos(θ−φn)]

ω2
0

]
exp(il0φn),

(20)

where circ (r0) denotes the transmittance function of the aperture. If r0 > 1, circ(r0) = 0; if
r0 = 1, circ(r0) = 0.5; if r0 < 1, circ(r0) = 1 [41]. In addition, considering the limited number of
beamlets, it is hard to achieve the analytical solution of probability density directly. There-
fore, we take the random phase screens method to demonstrate our theoretical analysis.

As depicted in Figure 1, the process of the simulating beam propagating in atmo-
spheric turbulence with the random phase screens method can be expressed as the whole
propagation distance can be divided into N segments, and each segment is marked with
∆z. In each segment, the beam first propagates ∆z/2 in free space, then passes through
a random phase screen used to represent phase distortion generated by the atmospheric
turbulence, and finally, the beam again propagates ∆z/2 in free space. By repeating this
process until the beam passes through all segments, the beam distribution on the receiving
screen can be obtained. This process can be expressed in the following mathematical
form [53].

E(ρ, ϕ, zn + ∆z/2) = FFT−1
{

FFT[E(ρ, ϕ, zn)] exp
[
− i

2k ×
∆z
2

(
κ2

x + κ2
y

)]}
E(ρ, ϕ, zn + ∆z) = FTT−1

{
FFT[E(ρ, ϕ, zn + ∆z/2) exp(−iΩ)]× exp

[
− i

2k ×
∆z
2

(
κ2

x + κ2
y

)]} (21)

where FFT and FFT−1 stand for fast Fourier transform and inverse fast Fourier transform,
respectively. k = 2π/λ is the wave number and λ is the wavelength, κx and κy are space
wave number along x and y axis, respectively. Ω is the random phase distribution induced
by atmospheric turbulence, which is given as [54]

Ω(x, y) =
∫ +∞

−∞
dκxeiκx x

∫ +∞

−∞
dκyeiκyyR

(
κx, κy

)√
Φφ

(
κx, κy

)
, (22)

where R(κx,κy) stands for complex Gaussian random matrix, the random phase power
spectrumΦφ(κx,κy) can be obtained with the relation: Φφ(κx,κy) = 2πk2∆zΦn(κ).

Photonics 2023, 10, x FOR PEER REVIEW 6 of 15 
 

 

( ) ( )

( ) ( )

2 2 2 2
0

2
0 0

02

0

0

0

0

2 cos
( , ) exp

/ 2

2 cos
exp exp ,

n
m

n
n

r R R r r R
E r circ

R r
il

θ φ
θ

ρ ω

θ φ
φ

ω

    + − − +    = −
      
  −  ×  
  

 (20)

where circ (r0) denotes the transmittance function of the aperture. If r0 > 1, circ(r0) = 0; if r0 

= 1, circ(r0) = 0.5; if r0 < 1, circ(r0) = 1 [41]. In addition, considering the limited number of 
beamlets, it is hard to achieve the analytical solution of probability density directly. There-
fore, we take the random phase screens method to demonstrate our theoretical analysis. 

As depicted in Figure 1, the process of the simulating beam propagating in atmos-
pheric turbulence with the random phase screens method can be expressed as the whole 
propagation distance can be divided into N segments, and each segment is marked with 
Δz. In each segment, the beam first propagates Δz/2 in free space, then passes through a 
random phase screen used to represent phase distortion generated by the atmospheric 
turbulence, and finally, the beam again propagates Δz/2 in free space. By repeating this 
process until the beam passes through all segments, the beam distribution on the receiving 
screen can be obtained. This process can be expressed in the following mathematical form 
[53]. 

( ) ( ) ( )

( ) ( ) ( )

2 2
n n

2 2
n n

1

1

i2 FFT FFT exp
2 2

iFTT FFT 2 exp iΩ exp
2 2

x y

x y

zE z z E z
k

zE z z E z z
k

Δρ ϕ Δ ρ ϕ κ κ

Δρ ϕ Δ ρ ϕ Δ κ κ

−

−

   + = − × +      
   + = + − × − × +      

, , / , ,

, , , , / ( )
 

(21)

where FFT and FFT−1 stand for fast Fourier transform and inverse fast Fourier transform, 
respectively. k = 2π/λ is the wave number and λ is the wavelength, κx and κy are space 
wave number along x and y axis, respectively. Ω is the random phase distribution induced 
by atmospheric turbulence, which is given as [54] 

( ) ( )ii( , ) d d , , , yx yx
x y x y x yRx y e e κκ

φκ κ κ κ κ κ
+∞ +∞

−∞ −∞
Ω = Φ    (22)

where R(κx,κy) stands for complex Gaussian random matrix, the random phase power 
spectrumΦϕ(κx,κy) can be obtained with the relation: Φϕ(κx,κy) = 2πk2ΔzΦn(κ). 

 
Figure 1. Schematic illustration of beam propagating in atmospheric turbulence with random phase 
screens method. 

3. Numerical Results and Discussion 
Unless otherwise specified, other parameters in the following numerical calculation 

are set as: λ = 1064 nm, R= 0.2 m, L0 = 10 m, lm = 0.001 m, at = 11/3, Cn2 = 10−15 m−2/3, and l0 = 
3. 

Figure 1. Schematic illustration of beam propagating in atmospheric turbulence with random phase
screens method.



Photonics 2023, 10, 634 7 of 15

3. Numerical Results and Discussion

Unless otherwise specified, other parameters in the following numerical calculation
are set as: λ = 1064 nm, R= 0.2 m, L0 = 10 m, lm = 0.001 m, at = 11/3, Cn

2 = 10−15 m−2/3,
and l0 = 3.

3.1. Numerical Results Based on Theoretical Derivation

As reported in [49], there is an “optimum waist width” when a specific beam prop-
agates in atmospheric turbulence. Here, the relationship between the received OAM
spectrum Pl of and waist width w0 for the Gaussian vortex beam is numerically inves-
tigated, as illustrated in Figure 2. The calculated results show that the OAM spectrum
increases with the waist width and decreases when the waist width exceeds the optimal
beam waist.

Photonics 2023, 10, x FOR PEER REVIEW 7 of 15 
 

 

3.1. Numerical Results Based on Theoretical Derivation 
As reported in [49], there is an “optimum waist width” when a specific beam propa-

gates in atmospheric turbulence. Here, the relationship between the received OAM spec-
trum Pl of and waist width w0 for the Gaussian vortex beam is numerically investigated, 
as illustrated in Figure 2. The calculated results show that the OAM spectrum increases 
with the waist width and decreases when the waist width exceeds the optimal beam waist. 

 
Figure 2. The received OAM spectrum Pl for Gaussian vortex beam for different waist width w0. 

Here, in order to give a more representative comparison candidate (target), the waist 
width of the Gaussian vortex beam is set as 35 mm in the following research. Meanwhile, 
to match the size of the Gaussian beam, the radius of the coherent laser array is also set as 
35 mm, and the waist width of each beamlet is taken as 4 mm. 

Figure 3 shows the received OAM spectra for the Gaussian vortex beam (first row) 
and beam generated by the CLA-DV (second row) propagating in the atmospheric turbu-
lence varying with different propagation distances. One can find that received OAM spec-
tra become wider and the normalized energy weight of central OAM mode becomes 
smaller with the increase of propagation distance. This indicates that growing propaga-
tion distance results in stronger phase distortion, which in turn leads to more severe mode 
crosstalk. By comparison, it can be found that the declining rate of the central OAM mode’ 
normalized energy weight of the CLA-DV was bigger than that of the Gaussian vortex 
beam. That is, the crosstalk of the Gaussian vortex beam is smaller for a short distance, 
while the crosstalk of CLA-DV is smaller for a longer distance. 

 
Figure 3. The received OAM spectra Pl for (a–c) Gaussian vortex beam (d–f) and CLA-DV with 
propagation distance of 500 m, 1000 m, and 2000 m in the atmospheric turbulence. 

Figure 2. The received OAM spectrum Pl for Gaussian vortex beam for different waist width w0.

Here, in order to give a more representative comparison candidate (target), the waist
width of the Gaussian vortex beam is set as 35 mm in the following research. Meanwhile,
to match the size of the Gaussian beam, the radius of the coherent laser array is also set as
35 mm, and the waist width of each beamlet is taken as 4 mm.

Figure 3 shows the received OAM spectra for the Gaussian vortex beam (first row) and
beam generated by the CLA-DV (second row) propagating in the atmospheric turbulence
varying with different propagation distances. One can find that received OAM spectra
become wider and the normalized energy weight of central OAM mode becomes smaller
with the increase of propagation distance. This indicates that growing propagation distance
results in stronger phase distortion, which in turn leads to more severe mode crosstalk. By
comparison, it can be found that the declining rate of the central OAM mode’ normalized
energy weight of the CLA-DV was bigger than that of the Gaussian vortex beam. That is,
the crosstalk of the Gaussian vortex beam is smaller for a short distance, while the crosstalk
of CLA-DV is smaller for a longer distance.

To directly see the influence of atmospheric turbulence strength on the OAM mode
crosstalk, we numerically study the normalized energy weight of central OAM mode for
Gaussian vortex beam and beam CLA-DV propagating in the atmospheric turbulence with
various refraction structure constant Cn

2, as depicted in Figure 4. For weak atmospheric
turbulence (Cn

2 = 10−16 m−2/3), the central OAM mode’s normalized energy weight of
Gaussian vortex beam is always greater than that of CLA-DV. While for the cases of
Cn

2 = 10−15 m−2/3 and Cn
2 = 10−14 m−2/3, the central OAM mode’s normalized energy

weight of Gaussian vortex beam is greater than that of CLA-DV at a short transmission
distance, but the results are just the opposite for long transmission distance. Therefore,
we can draw the following conclusions: (1) As for the weak atmospheric turbulence, the
crosstalk of the Gaussian vortex beam is smaller regardless of the link length. (2) The
CLA-DV possesses stronger immunity against strong atmospheric turbulence and is more
suitable for strong atmospheric turbulence conditions in long distance links.
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3.2. Numerical Simulation Results Based on Random Phase Screens Method

In theoretical derivation, the number of beamlets is set as infinite, and the influence
of output aperture is not considered. Thus, there is a deviation between the theoretical
derivation and the practical application. In order to correct the deviation, we adopt the
method of random phase screen to verify the propagation characteristics of CLA-DV and
Gaussian vortex beam in atmospheric turbulence. The size of the simulation phase screen is
0.3 m with 512× 512 pixels and 30 phase screens are placed among the 3000 m transmission
links. In order to obtain sufficient statistics for the average normalized energy weight
of OAM mode, 200 realizations for each propagation process have been independently
simulated. Other parameters used in those simulations are consistent with the numerical
analysis. Figure 5 illustrates the OAM spectra Pl of Gaussian vortex beam and CLA-
DV in the receiving plane (z = 500 m, 1000 m, 2000 m, respectively). It can be found
that, except for the higher normalized energy weight value, the trend of OAM spectra
evolution is basically consistent to the theoretical derivation, which proves the correctness
of theoretical derivation. The phenomenon of higher normalized energy weight value has
been reported [32].
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Figure 6 plots the central OAM mode’s normalized energy weight of the Gaussian
vortex beam and CLA-DV with various turbulence strengths. It is found that, for both the
Gaussian vortex beam and CLA-DV, the normalized energy weight of central OAM mode
drops rapidly when the turbulence becomes stronger. At the same time, one can note that
the trend of the central OAM mode’s normalized energy weight evolution agrees with that
shown in Figure 4, which further proves the effectiveness of theoretical prediction.

Photonics 2023, 10, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 5. The received OAM spectra Pl for (a–c) Gaussian vortex beam (d–f) and CLA-DV with 
propagation distances of 500 m, 1000 m and 2000 m in the atmospheric turbulence. 

Figure 6 plots the central OAM mode’s normalized energy weight of the Gaussian 
vortex beam and CLA-DV with various turbulence strengths. It is found that, for both the 
Gaussian vortex beam and CLA-DV, the normalized energy weight of central OAM mode 
drops rapidly when the turbulence becomes stronger. At the same time, one can note that 
the trend of the central OAM mode’s normalized energy weight evolution agrees with 
that shown in Figure 4, which further proves the effectiveness of theoretical prediction. 

 
Figure 6. The normalized energy weight of central OAM mode for Gaussian vortex beam and CLA-
DV propagating in the atmospheric turbulence with different values of refraction structure constant 
Cn2. (a) Cn2 = 10−16 m−2/3, (b) Cn2 = 10−15 m−2/3, (c) Cn2 = 10−14 m−2/3. 

4. Image Transmission Scheme by Employing Coherent Beam Combining 
Here, based on the previous discussion, and taking advantage of the independent 

modulation of the phase and polarization of each beamlet, we propose a concept and prin-
ciple of optical communication link with CLA-DV, as schematically depicted in Figure 7. 

Figure 6. The normalized energy weight of central OAM mode for Gaussian vortex beam and CLA-
DV propagating in the atmospheric turbulence with different values of refraction structure constant
Cn

2. (a) Cn
2 = 10−16 m−2/3, (b) Cn

2 = 10−15 m−2/3, (c) Cn
2 = 10−14 m−2/3.

4. Image Transmission Scheme by Employing Coherent Beam Combining

Here, based on the previous discussion, and taking advantage of the independent
modulation of the phase and polarization of each beamlet, we propose a concept and
principle of optical communication link with CLA-DV, as schematically depicted in Figure 7.
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The device for OAM mode generation and multiplexing is composed of two groups of
coherent laser arrays arranged crosswise along a circular array arrangement with orthogo-
nal polarization. For each coherent laser array, the vortex phase distribution with variable
OAM can be constructed by flexibly adjusting the phase of each beamlet. Hence, the beams
generated from the coherent laser array are the coaxial superposition propagating OAM
beams with different l0 states, which provides data carriers. Here, an 8-bit grayscale Lena
image composed of 256 × 256 pixels is used as a data packet. To encode information of
the image with 256 gray levels, we use 16 non-zeroth-order OAM modes (e.g., topological
charges from l0 = −8 to l0 = 8 at an interval of 1), as hexadecimal states. The gray valve
(0–255) of each pixel in the grayscale image can be converted into two hexadecimal num-
bers. For example, as depicted in Figure 7b, the gray value of a pixel in the Lena grayscale
image is 182, which can be expressed by two hexadecimal numbers b6, namely, 18210→b616.
According to the definition, these two hexadecimal numbers of b and 6 correspond to the
OAM mode with topological charge lx = 4 (along x polarization direction) and ly =−2 (along
y polarization direction), respectively. More importantly, because atmospheric turbulence
is insensitive to polarization, the distortion between two polarization components is far
less than the distortion of complex-field profile of each polarization component, that is, the
polarization crosstalk can be ignored. Therefore, the polarization mode coupling will not
occur when the orthogonally polarized OAM modes with different topological charges
coaxially propagate in atmospheric turbulence. Meanwhile, they can also be separated by
a polarization beam splitter (PBS) easily. After passing through a quarter wave plate, the
separated OAM mode with appropriate polarization is incident to the SLM loaded with
spiral phase hologram with different topological charges. The intensity profile is captured
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by CCD after passing through a 4f optical system. By calculating the intensity value of
the captured image in the central region corresponding to the spiral phase of different
topological charges, the OAM spectra Pl can be obtained. Accordingly, the OAM mode can
be demultiplexed, thus the data decoding can be realized. Notably, the scheme proposed
in the manuscript combines polarization-division multiplexing and OAM multiplexing,
which can greatly improve the data transmission capacity.

For each transmitted OAM mode at a given turbulence strength, we calculate the
detected signals of each decoding channel. Figure 8 shows the normalized energy weight
matrices of all OAM modes with various turbulence levels at different transmission dis-
tances. For weak turbulence (e.g., Cn

2 = 10−16 m−2/3), the normalized energy weight of all
OAM modes approach 1. Meanwhile, when the transmission distance increases, averaged
normalized energy weight of all OAM modes will decrease slightly, in the case of OAM
modes with larger topological charges happen more rapidly. As the turbulence strengthens
(namely, Cn

2 = 10−15 m−2/3), when the transmission distance is 500 m, the normalized
energy weight of all OAM modes is greater than 0.8, while for a transmission distance of
1000 m, the normalized energy weight of larger OAM mode order drops to below 0.5, and
the normalized energy weight of smaller OAM mode order remains around 0.8. Under the
strongest turbulence strength in the simulation, the average normalized energy weight of
all OAM modes is less than 0.5, and even some OAM modes are indistinguishable with the
increase of transmission distance.
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2 = 10−16 m−2/3, 10−15 m−2/3, and 10−14 m−2/3,
respectively.

Lastly, to verify the feasibility proposed scheme, we numerically investigate the evolu-
tion of transmitted Lena grayscale images with the transmission distances and turbulence
strengths corresponding to Figure 8, as presented in Figure 9. In the data decoding process,
we choose the averaged normalized energy weight 0.5 as the threshold value. When the
average normalized energy weight of a certain OAM mode is lower than 0.5, it is deter-
mined that it cannot be recognized, and a random value is assigned. Obviously, it can be
seen from Figure 9a,d the image can be correctly decoded under weak turbulence strength.
The stronger turbulence strength results in the performance degradation of transmitted
image. As the transmission distance increases to 1000 m, the noise increases significantly,
and the transmitted image is further degraded, as illustrated in Figure 9e. For the strongest
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turbulence strength, the quality of the transmitted image is the worst, and the image is
almost indistinguishable.
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To quantify the quality of the transmitted image, we choose average optical signal
error rate (ER) as evaluation merit, and the formula of ER can be expressed as [55]

ER(N) =
N

∑
α=1

Pα ∑
β 6=α

Pβ|α (23)

where N denotes the total number of OAM modes used, Pα is the probability of date
α in the encoding, and Pα equals 1/N when data α is independently detected. Pβ|α

accounts for conditional probability referring to the probability of detecting data α under
condition of data β. Based on the normalized energy weight matrices, we calculate the ERs
corresponding to Figure 9a–f, which are 1.28%, 3.56%, 8.28%, 23.60%, 51.58%, and 75.58%.
The results show that the trend of ERs is consistent with the performance of transmitted
image, and the larger ER corresponds to the poorer transmitted image quality.

Compared with the traditional scheme of using a spatial light modulator to generate
and multiplex OAM beams, the scheme of generating and multiplexing OAM beams based
on a coherent array laser contains more optical modules, including a laser module, emitting
laser array configuration and dynamic control module, which inevitably results in making
the system expensive and complicated. However, this approach also has its advantages.
A coherent laser array can overcome the power limitation of single laser, significantly
increasing the output power. Additionally, due to the high rate of electro-optic phase
modulators and phase controllers (approximately gigahertz), fast switchable OAM beams
based on coherent laser arrays can be achieved [42]. Therefore, a coherent laser array
with high average power, fast switchable of the OAM beam generation and modulation
capabilities has the potential to enable high-speed OAM multiplexing in FSOC.
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5. Conclusions

In summary, the propagation characteristics of a CLA-DV in atmospheric turbulence
are investigated by the theoretical derivation and numerical simulation method of random
phase screen. The probability density and the normalized energy weight of each OAM mode
(namely, the OAM spectrum) for CLA-DV and the Gaussian vortex beam are numerically
calculated. The results show that the mode crosstalk of Gaussian vortex beam is smaller for
the short distance and weak turbulence strength, while CLA-DV shows good performance
in reducing the crosstalk of the OAM mode for long distances and strong atmospheric
turbulence. These conclusions are also confirmed by the numerical simulation. Based
on these, combined with coherent beam combining, a concept and principle of optical
communication link with CLA-DV is proposed. The core device is a specially designed
radial phase-locked Gaussian laser array composed of orthogonal polarized coherent laser
array carrying different topological charges, which realize OAM mode coaxial generation
and multiplexing. Using 16 non-zeroth-order OAM modes (e.g., topological charges
from l0 = −8 to l0 = 8 at an interval of 1), the normalized energy weight matrices of all
OAM modes are numerically calculated. In general, stronger turbulence strengths, longer
transmission distance, and larger OAM mode order will lead to the rapid reduction of
average normalized energy weight. An 8-bit grayscale Lena image transmitted through
turbulent OAM channel is used to verify the feasibility of the proposed scheme. With
the increase of turbulence strength and transmission distance, the quality of transmitted
images becomes worse, which is verified by the trend of ERs. This work will have potential
in the fields of FSOC under scattering conditions.
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