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Abstract

We present the expression of a partially coherent sine beam and derive the propagation equations of
such a beam in non-Kolmogorov turbulence. The intensity profiles of the beam in non-Kolmogorov
turbulence are simulated and analyzed. The obtained results show that the sinusoidal array profile
is destroyed by non-Kolmogorov turbulence and beam parameters during the propagation, and the
intensity profile of such a beam becomes a sheet, when a and b are set. The array profile properties of
partially coherent sine beams introduced here display new properties, and these beams help free space
optical communications.
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1. Introduction

The influences of turbulent environments on light properties are widely studied owing to the demands

of free space optical (FSO) communications and laser sensing. Analysis of the average intensity of various

coherent beams in the atmosphere [1–5] has found that the intensity profile becomes Gaussian during

the propagation. A partially coherent beam (PCB) is resistant to the harmful effects of turbulence,

and the evolutions of PCBs in turbulence have been extensively studied [6–10]. The shape of PCBs

can be modulated with a spatial coherence function [11], and these beams can overcome the harmful

effects of complex environments. The PCB properties correlated with the special coherence function

have been widely analyzed [12–20], and it has been found that the coherence function influenced on the

PCB evolutions. It is known that a beam array can provide higher power. In studies on models of beam

arrays and their propagation in turbulence [21–30], it has been found that a beam array can evolve into

a Gaussian beam during the propagation. The propagation of a vortex PCB in vertical turbulent links

has been analyzed and found to be suitable for FSO communications [31]. PCBs with flat-topped shapes

can achieve better fiber-coupling efficiency in FSO communications [32]. Recently, a new beam with a

sinusoidal profile was introduced, and the properties of a sine beam in a uniaxial crystal were studied [33].

It will be interesting to view the interaction of sine beams with turbulence. In this paper, we introduce

the equation of a partially coherent sine (PC-sin) beam correlated with a Gaussian–Schell model (GSM)

source. The cross-spectral density (CSD) of the PC-sin beam in non-Kolmogorov turbulence is derived.

The intensity profiles of such beams propagating in non-Kolmogorov turbulence are analyzed in detail.
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2. Theory

The field of a sine beam is expressed as [33]

U(r) = sin(ax) sin(by), (1)

where a and b represent displacement parameters. Considering a PCB correlated with a GSM correla-

tor [34–36], the CSD of a PC-sin beam generated by a GSM source can be written as follows:

Γ(r1, r2, z = 0) = sin(ax1) sin(by1) sin(ax2) sin(by2) exp

[
−(x2 − x1)

2 + (y2 − y1)
2

2σ2
0

]
, (2)

where σ0 is the coherence length.

The CSD of the PC-sin beam propagating in turbulence can be described by the extended Huygens–

Fresnel principle [1, 10],

Γ(ρ1, ρ2, L) =
k2

4π2z2
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with

〈exp[ψ(r1, ρ1) + ψ∗(r2, ρ2)]〉 = exp

[
−(r1 − r2)
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T 2
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]
. (4)

Let T0 be the coherence length in non-Kolmogorov turbulence; it is given by [12,14]
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1

4π2
Γ(α− 1) cos

(απ
2

)
, (6)

c(α) =

[
2π

3
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)
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, (7)

where α is the power-law constant, C2
n is the structure constant, κ0 = 2π/L0 with L0 being the outer

scale, and κm = c(α)/l0 with l0 being the inner scale. After substituting Eqs. (2) and (4) into Eq. (3),

we obtain the CSD of the PC-sin beam at L; it reads

Γ(ρ1, ρ2, L) =
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4π2z2
1
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with
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When ρ1 = ρ2 = ρ is inserted into Eqs. (8)–(16), the intensity of the PC-sin beam is

S(ρ, L) = Γ(ρ, ρ, L). (17)

3. Results and Analysis

Here, we study the intensity of the PC-sin beam propagating in non-Kolmogorov turbulence. The

calculation parameters are set as λ = 1064 nm, α = 3.5, L0 = 20 m, and l0 = 1 mm. In Fig. 1, we

illustrate the intensity profiles of PCBs with a = b = 20 and σ0 = 3 mm propagating in non-Kolmogorov

a) b)

c) d)

Fig. 1. Normalized intensity of a PC-sin beam with σ0 = 3 mm in non-Kolmogorov turbulence. Here, L =
200 m (a), L = 500 m (b), L = 1000 m (c), and L = 5000 m (d).
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turbulence (C2
n = 10−14 m3−α). We find that the intensity profile of the PC-sin beam remains a sinusoidal

array profile at L = 200 m; see Fig. 1 a, and the cross section (with y set at the position of maximum

intensity) of the intensity distribution along the x axis shows the sine profile. The beamlets of the PC-sin

beam spread and overlap as L increases. At a longer distance L = 5000 m, the intensity profile of the

PC-sin beam evolves from the array profile into a Gaussian profile. The intensity profile of the array beam

propagating in turbulence becomes the Gaussian shape owing to the influences of turbulence [26,37–39].

The average intensity profile of a coherent sine beam (σ0 = inf) propagating in non-Kolmogorov

turbulence is shown in Fig. 2 for the same parameters as in Fig. 1. Comparing Fig. 1 c with Fig. 2 a, one

can see that the phenomenon that the overlap between the beamlets of coherent sine beam is not more

obvious as in the case of PC-sin beam at the same L. By comparing Fig. 1 d with Fig. 2 b, one can see

that a sine beam in non-Kolmogorov turbulence remains a sinusoidal array profile.

To show the influences of non-Kolmogorov turbulence and coherence length σ0, we present in Fig. 3

the intensity profile of the sine beam through free space. One finds that the array profile of the sine

a) b)

Fig. 2. Normalized intensity of a sine beam in non-Kolmogorov turbulence. Here, L = 1000 m (a) and L =
5000 m (b).

a) b)

Fig. 3. Normalized intensity of a sine beam in free space. Here, L = 1000 m (a) and L = 5000 m (b).
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a) b)

Fig. 4. Normalized intensity of a PC-sin beam with σ0 = 1 mm in non-Kolmogorov turbulence. Here, L = 200 m (a)
and L = 1000 m (b).

a) b)

Fig. 5. Normalized intensity of PC-sin beam with σ0 = 1 mm in non-Kolmogorov turbulence with C2
n =

10−12 m3−α. Here, L = 200 m (a) and L = 1000 m (b).

beam remains sinusoidal as L increases. From results presented in Figs. 1–3, one can conclude that σ0
and non-Kolmogorov turbulence destroy the array profile of such a beam during the propagation.

In Fig. 4, we present the intensity profile of the PC-sin beam (σ0 = 1 mm) in non-Kolmogorov

turbulence. By comparing Fig. 1 a with Fig. 4 a, one can see that the PC-sin beam with a larger σ0 has

a sinusoidal array profile; see Fig. 1 a, and the beamlets of the PC-sin beam with a smaller σ0 overlap

for short L. As L increases, the PC-sin beam with smaller σ0 will lose the sinusoidal array profile faster.

Therefore, the sinusoidal array profile of a beam will be destroyed more quickly, when σ0 is smaller.

By comparing Fig. 1 with Fig. 5, one can see that, for a PC-sin beam being transmitted in stronger

non-Kolmogorov turbulence (C2
n = 10−12 m3−α), the sinusoidal array profile overlaps faster. From results

presented in Figs. 5 and 6, one can conclude that the sinusoidal array profile of a beam is destroyed more
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a) b)

Fig. 6. Normalized intensity of a PC-sin beam with σ0 = 4 mm, a = 20, and b = 20 in non-Kolmogorov turbulence.
Here, L = 200 m (a) and L = 1000 m (b).

a) b)

Fig. 7. Normalized intensity of a PC-sin beam with σ0 = 4 mm, a = 30, and b = 20 in non-Kolmogorov turbulence.
Here, L = 200 m (a) and L = 1000 m (b).

quickly with a smaller coherence length σ0 and stronger turbulence.

In Figs. 6 and 7, we illustrate the intensity profile of the PC-sin beam with different a and b values

in non-Kolmogorov turbulence. In Fig. 6, one can see that the symmetry profile of the PC-sin beam

with a = 20 and b = 30 is destroyed during the propagation. The beamlets of the PC-sin beam overlap

along the y direction, when a < b, are shown in Fig. 6, where the PC-sin beam has a similar sheet profile

along the y direction. When a > b (Fig. 7), the sheet profile of the PC-sin beam at L = 1000 m becomes

oriented along the x direction. The results demonstrate that the symmetry profile of a beam is destroyed,
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when a �= b, and the array beam profile becomes a sheet profile.

4. Conclusions

In summary, we introduced the expression of the PC-sin beam and derived the CSD of the PC-sin

beam propagating in non-Kolmogorov turbulence. We calculated and analyzed the intensity profile of the

PC-sin beam in non-Kolmogorov turbulence. We found that the array beam shape was destroyed under a

smaller σ0 and non-Kolmogorov turbulence. We state that a PC-sin beam with smaller σ0 or propagation

in stronger turbulence will lose the beam array profile faster. It is also seen that the intensity profile of

such a beam in non-Kolmogorov turbulence can evolve into a sheet profile, when different values of a and

b are set. The phenomenon that the sine beam evolves into Gaussian-like beam may be useful for FSO

communications.
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