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The analytical expressions for the average intensity, root mean square (RMS) beam width and angular spread of Gaus-

sian Schell-model (GSM) beams propagating under slant atmospheric turbulence are derived, and they are used to 

study the influence of different propagation paths on the propagation of laser beams in atmospheric turbulence. It is 

shown that under the same condition, the influence of atmospheric turbulence along a downlink path on the GSM 

beam propagation is the smallest among the three paths. Therefore, the downlink propagation is more beneficial to the 

beam propagation through atmospheric turbulence compared with the uplink propagation and horizontal propagation. 
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The propagation of laser beams under atmospheric tur-

bulence has attracted substantial interest for a long time 

because of the importance with some practical applica-

tions, such as the tracking, remote sensing, optical com-

munications and high-power laser beaming[1-4]. The pro- 

pagation properties of partially coherent beams, such as 

Gaussian Schell-model (GSM) beams, partially coherent 

Hermite-Gaussian beams and partially coherent flat-  

topped beam array, in horizontal atmospheric turbulence 

were studied extensively[5-11]. It was shown that under 

some circumstance partially coherent beams are less af-

fected by turbulence than fully coherent ones, and the 

theoretical prediction was confirmed by experiment[12]. 

Recently, the propagation properties of laser beams were 

studied in atmospheric turbulence in a slant path and in 

ground-to-satellite optical links[13-22]. This paper is de-

voted to the study of the influence of different propaga-

tion paths on the propagation of laser beams in atmos-

pheric turbulence based on the extended Huygens- Fres-

nel principle. 

A GSM beam, whose cross-spectral density function is 

at the plane L=0, is expressed as[23] 
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where si ≡ (six, siy) (i=1, 2) is the two-dimensional posi-

tion vector at the source plane L = 0, and w0 and σ0 de-

note the waist width and spatial correlation length, re-

spectively. 

In accordance with the extended Huygens-Fresnel 

principle[2], the cross-spectral density function of GSM 

beams propagating through atmospheric turbulence along 

a slant path is given by 
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where ∗ denotes the complex conjugate, k is the wave 

number related to the wavelength λ by k=2π/λ, ρi ≡ (ρix, 

ρiy) is the position vector at the L plane, <·> denotes the 

average over the ensemble, and ψ(ρ, s) represents the 

random part of the complex phase of a spherical wave 

due to the turbulence, and can be written as[24,25] 
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where
1 2 1 2

( , )Dψ − −s s ρ ρ represents the phase structure 

function[2,26] 
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The difference between uplink propagation and downlink 

propagation is the different values of η in Eqs.(5)–(7). 

η=1–(h–h0)/(H–h0) and η=(h–h0)/(H–h0) are for the up-

link propagation and downlink propagation, respectively, 

where h0 is the height above ground level of the uplink 

transmitter and/or downlink receiver, H= h0+Lcos(ξ) is 

the receiver altitude for the uplink propagation and/or 

transmitter altitude for the downlink propagation, L is 

propagation distance in a slant path, and ξ is the zenith 

angle[2]. 2 ( )
n

C h describes the variation of the structure 

constant versus the altitude h. One of the most widely 

used models is the Hufnagel-Valley (H-V) model which 

is given by  
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where υ is the wind speed, and A is a nominal value at 

ground level. In our calculations, we use the H-V5/7 

model with υ =21 m/s and A=1.7×10-14 m-2/3[2].  

Let ρ1=ρ2=ρ in Eq.(2), so the average intensity of 

GSM beams in slant atmospheric turbulence obtained 

from the straightforward integration of Eq.(2) is written 

as 
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The on-axis intensity of GSM beams propagating 

through slant atmospheric turbulence can be written as 
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which provides the analytical propagation expression for 

the on-axis average intensity of GSM beams through 

slant atmospheric turbulence. For the case of altitude h=0, 
2 (0)
n

C =1.727×10-14 m-2/3 in Eq.(8) and T1=T2=T3= 

2 2

0.9713 (0)
n

k LC�  in Eqs.(5)–(7), Eq.(11) reduces to the 

on-axis average intensity of GSM beams through hori-

zontal atmospheric turbulence. 

The root mean square (RMS) beam width reflects the 

spreading of beams propagating through atmospheric 

turbulence, and the smaller the RMS beam width is, the 

less the beam is affected by turbulence. The RMS beam 

width is defined as[8] 
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Substituting Eq.(9) into Eq.(12), tedious but straight-

forward integral calculations lead to the RMS beam 

width of GSM beams in slant atmospheric turbulence as 
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which indicates that the beam width of GSM beams in 

turbulence consists of three terms. The first two terms 

under the square root represent the beam-width spreading 

in free space due to diffraction, where the first term 
2

0
2w  is independent of the propagation distance L and 

the second term increases with L
2. The third term 

2T3L
2/k2 describes the effect of turbulence on the beam-  

width spreading. Therefore, the beam width spreads 

more rapidly in turbulence than in free space. For h=0, 

Eq.(13) reduces to the RMS beam width of GSM beams 

through horizontal atmospheric turbulence. 

From Eq.(13), the angular spread[7] of GSM beams in 

slant atmospheric turbulence is expressed as 
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The angular spread θsp can be generally used to de-

scribe the laser beam quality in the far field. The smaller 

the angular spread θsp is, the less the beam is affected by 

turbulence. 

Fig.1 gives the on-axis intensity distributions I(0, L) of 

GSM beams through atmospheric turbulence along hori-

zontal path, uplink path and downlink path versus the 

propagation distance L, and the calculation parameters 

are λ=1.06 μm, w0=3 cm, σ0=3 cm, ξ=60° and h0=0. It is 

seen from Fig.1 that the on-axis intensity distributions of 

GSM beams are different along different paths. The in-

tensity of slant propagation of the GSM beam is bigger 

than that of horizontal propagation, and the result can be 

interpreted reasonably from Eq.(8). Because the structure 

constant 2 ( )
n

C h  decreases with the increase of altitude h, 

the effect of turbulence along the slant path is less than 

that along the horizontal path. Fig.1 indicates that the 

intensity of downlink propagation is bigger than that of 

uplink propagation. It can be explained from Eqs.(10) 

and (11) that the on-axis intensity varies inversely with 

T3, the value of T3 in downlink propagation is smaller 

than that in uplink propagation, so the intensity of 

downlink propagation is bigger than that of uplink 

propagation of GSM beams through atmospheric turbu-

lence. It means that the effect of turbulence along the 

downlink path is less than that along the uplink path. 

The RMS beam widths w(L) of GSM beams in at-

mospheric turbulence versus the propagation distance L 

for different propagation paths are depicted in Fig.2, 

where the other calculation parameters are the same as 
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those in Fig.1. From Fig.2 we see that the RMS beam 

width of horizontal propagation is the biggest among the 

three paths, while the RMS beam width of uplink propa-

gation is bigger than that of downlink propagation. 

Therefore, the beam-width spreading of GSM beams of 

downlink propagation is the least affected by atmos-

pheric turbulence among the three paths, and the 

beam-width spreading of uplink propagation is less af-

fected by turbulence than that of horizontal propagation. 

The physical explanations can be derived from Eqs.(7) 

and (13), Eq. (11) implies that the RMS beam width w(L) 

varies directly with T3, T3 in Eq.(7) of downlink propa-

gation is smaller than that of uplink propagation or hori-

zontal propagation, and horizontal propagation is the 

biggest. From Figs.1 and 2, it is shown that the influence 

of atmospheric turbulence along downlink path on the 

GSM beam propagation is the smallest among the three 

paths, while the influence of atmospheric turbulence of 

uplink propagation is smaller than that of horizontal 

propagation. 

 

 

Fig.1 The on-axis intensity distributions I(0, L) of GSM 

beams through atmospheric turbulence along hori-

zontal path, uplink path and downlink path versus the 

propagation distance L 

 

 

Fig.2 The RMS beam widths w(L) of GSM beams in 

atmospheric turbulence for different propagation 

paths versus the propagation distance L 

 

The angular spread θsp of GSM beams in atmospheric 

turbulence versus the spatial correlation length σ0 for 

different propagation paths at the plane L=10 km is plot-

ted in Fig.3, where the other calculation parameters are 

the same as those in Fig.1. From Fig.3, it is seen that the 

angular spread of horizontal propagation is the biggest 

among the three paths, while the angular spread of uplink 

propagation is bigger than that of downlink propagation. 

The physical explanation of angular spread in Fig.3 is 

similar to that of the beam width in Fig.2. From Figs.1–3, 

it is shown that the slant path is more beneficial to the 

beam propagation through atmospheric turbulence com-

pared with the horizontal propagation, and the downlink 

path is more beneficial to the beam propagation com-

pared with the uplink propagation. 

 

 

Fig.3 The angular spread θsp at the plane L=10 km of 

GSM beams in atmospheric turbulence for different 

propagation paths versus the spatial correlation length 

σ0 

 

In this paper, a comparative study of the influence of 

different propagation paths on the propagation of laser 

beams in atmospheric turbulence is made by using the 

average intensity, RMS beam width and angular spread. 

It is found that the intensity of slant propagation of the 

GSM beam is bigger than that of horizontal propagation, 

and the intensity of downlink propagation is bigger than 

that of uplink propagation. The RMS beam width of 

horizontal propagation is the biggest among the three 

paths, while the RMS beam width of uplink propagation 

is bigger than that of downlink propagation. The angular 

spread of horizontal propagation is the biggest among the 

three paths, while the angular spread of uplink propaga-

tion is bigger than that of downlink propagation. There-

fore, the influence of atmospheric turbulence along 

downlink path on the GSM beam propagation is the 

smallest among the three paths, while the influence of 

atmospheric turbulence of uplink propagation is smaller 

than that of horizontal propagation. Consequently, the 

slant path is more beneficial to the beam propagation 

through atmospheric turbulence in comparison with the 

horizontal propagation, and the downlink path is more 

beneficial to the beam propagation in comparison with 

the uplink propagation. Results obtained in this paper 
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may provide potential applications in free-space optical 

communications. 
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