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Abstract

In this paper, we introduce a planar optical Schell-model source correlation function for a
Bessel-modulated Gaussian Schell-model beam (QBGSMB) with quadratic radial depend-
ence. Based on the generalized Huygens-Fresnel diffraction integral and the Rytov theory,
the spectral density of QBGSMB propagating through a paraxial ABCD optical system in
atmospheric turbulence is derived. The impact of the source parameters and the turbulence
strength on the behavior of the diffracted beam is investigated through numerical examples
and discussed in detail. The obtained results indicate that the beam profile widens and the
beam intensity becomes less weak as the atmosphere is more turbulent. Our results can be
useful for applications in optical communications and remote sensing.

Keywords Bessel-modulated Gaussian Schell-model beam - Spectral density -
Atmospheric turbulence

1 Introduction

Over the past years, the interaction of laser beams with turbulent atmosphere media has
paid much attention owing to their wide applications in free-space optical communica-
tions (Navidpour et al. 2007), optical imaging systems (Hajjarian et al. 2010), and remote
sensing (Korotkova and Gbur 2007). Therefore, the propagation properties of laser beams
in atmospheric turbulence have been extensively studied by many authors (Belafhal et al.
2011; Lukin et al. 2012; Boufalah et al. 2016, 2018; Ez-zariy et al. 2016; Saad and Belafhal
2017; Zhang et al. 2019; Lin et al. 2020; Deng et al. 2020; Li and Gao 2020; Nossir et al.
2021). Recently, a lot of works have been focused on the investigation of the propagation of
partially coherent beams traveling through turbulent environments due to their advantage
of being less affected by the degradation induced by the turbulence (Wolf 2007; Korotkova
2004; Cai and He 2006; Gbur and Korotkova 2007; Cai et al. 2007; Yuan et al. 2009; Lu
et al. 2007; Yang et al. 2008, 2009; Zhou and Chu 2009; Chib et al. 2020).
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Generally, in the coherence theory, the cross-spectral density (CSD) function is used,
in the space-frequency domain, or in the space-time domain to describe the correlation
properties of partially coherent beams through the average fluctuations of the electric fields
at two spatial points. The CSD function permits information concerning the field correla-
tion at two points to be acquired during the propagation of the beam crossing a certain
environment. On the other hand, the form of the planar correlation function for the opti-
cal field in the source plane is related to the intensity distribution of the far-field (Sahin
and Korotkova 2012; Mei and Korotkova 2013). The analytical models for the correlation
function are not very developed for Schell-model beams because to obtain a real correla-
tion function a sufficient condition must be fulfilled. The correlation function of the planar
source introduced so far are Gaussian Schell-model sources (Gori 1983), multi-Gaussian
Schell-model sources (Sahin and Korotkova 2012), Bessel-Gaussian Schell-model sources,
and Laguerre-Gaussian Schell-model sources (Mei and Korotkova 2013).

Based on the above-quoted correlation functions, the comportment of some Schell-
model beams propagating through a turbulent environment has been examined by certain
researchers (Jian 1990; Zhu et al. 2008, 2016; Cang et al. 2013a, 2013b; Zhou et al. 2020;
Dong et al. 2020), however, we note that the case of QBGSMB has not been reported yet,
to the best of our knowledge. Motivated by the work of Belathal and Dalil-Essakali (Belaf-
hal and Dalil-Essakali 2000) which concerns the propagation of the QBG beam through
free space and the Fourier transform system, we introduce an optical Schell-model source
for QBGSMB and investigate the evolution of the spectral density of this beam upon their
propagation through a paraxial ABCD optical system in a turbulent atmosphere. It is well
known that the QBG beam possesses both the usual Gaussian collinear geometry and fas-
cinating non-Gaussian properties for certain values of its parameters. In order to have these
features as well as the reduction of undesirable atmospheric effects, the use of the QBGSM
beam is necessary. The rest parts of this manuscript are organized as follows: In Sect. 2,
we introduce a mathematical model of the spectral degree of coherence for the QBGSMB
source. The theoretical formula of the spectral density for QBGSMB propagating through a
paraxial ABCD optical system in a turbulent atmosphere is performed in Sect. 3. The evo-
lution of the spectral density of the diffracted beam, by varying the incident beam param-
eters and the turbulence strength, is exposed in Sect. 4. Finally, Sect. 5 concludes the paper.

2 The mathematical form of the spatial correlation function
for QBGSMB

In this Section, we will give the expression of the spectral degree of coherence for the
QBGSMB source. Let’s consider the CSD function that satisfies the nonnegative definite-
ness requirement, to be physically realizable. It can be expressed as follows (Gori and San-
tarsiero 2007)

WO(ry,r,) =/p(V)H*(I’l,V)H(I'z,V)dZV, (1)

where p(v) is a nonnegative Fourier transform function, H(r,v) is an arbitrary kernel,
r; = (xi, yi)(i = 1,2) are two-position vectors at z = 0 and (*) designates the complex con-
jugate. Note that, the position vector r and the corresponding vector in Fourier space v are
taken in the polar coordinate (r(r, @) and v(v,8)). The aforementioned functions can be
written under the form
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p(v) = (=i)"p(v)exp(imb), 2

where m is the azimuthal mode index, (—i)" is a transform coefficient independent of the
coordinate variables v and 6, p(v) is a nonnegative function,
and

H(r,v) = 7(r)exp 2xzir - v), 3)

with z(r) is a profile function. In the next step and for brevity, the function z(r) is chosen as
a Gaussian profile, exp(—|r | /463) with o is the source width.
On substituting Eqgs. (2) and (3) into Eq. (1) and by using the following integral
(Gradshteyn et al. 2007)
2

/ exp [ing + ixcos (¢ — 0)1de = 2z(i)" exp (inf)J,,(x), @)
0

Equation (1) becomes

(S}

WO(r,,r,) =2z exp (im|p,|) exp [-(r] +13) /407 /p(v)]m [2zv|r; —ry|vav, (5)
0

with @, is the phase coordinate of vector r; —r, and J,,(.) is the m-order Bessel function
of the first kind.
In the following, we will be interested in the case of the Bessel function of zero-order
because the spectral density will be equal to zero in the input plane for m # O(m > 0).
Hence, the CSD function can be rewritten as

WOk, 1) = 27 exp [~ + 12) /407 / POV [27]r, = o] vy, ©
0

Based on the work of Ref. (Mei and Korotkova 2013), on sets for the QBGSMB
source the function p(v) as follows

_\/“J““zj()( a 2>, )

P0) = g o5

where J(.) is a Bessel function with quadratic radial component of zero order.
By inserting Eq. (7) into Eq. (6), and applying the below identity (Gradshteyn et al.
2007)

exp (—ax2/4)J0 (ﬂx2/4)J0(yx)xdx =

0\8

A )
vaip \asp )\ Tarp )
®)
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the CSD function of QBGSMB turns out to be

(r?+r?) 1
WO (r,.r,) =exp | ———22 | ex [——r -r 2]] [ﬁr -r 2],
(r.1y) p 207 p 252|1 2710 52|1 o )
2
where 6% = (41:2,2) denotes the coherence width and u =:—11 describes the transverse
wavenumber.

Therefore, the spectral degree of coherence at two points in the source plane for
QBGSMB can be defined as

1
Ko (11 =12) = &b =51y = 01| Iy = - (10)

Equation (10) is the mathematical form of the QBGSMB source developed in this study.
This equation is our first main result in the present study.

In Fig. 1, we illustrate the degree of coherence of the QBGSM source given by Eq. (10)
versus |r2 -r | /6 for various values of the transverse wavenumber u. From this plot, we
can observe that side lobes appear for large values of u and the spectral degree of coher-
ence reduces to a fundamental Gaussian profile when the transverse wavenumber u tends
to zero.

In the following Section, we derive the paraxial propagation formula of the cross-spec-
tral density for QBGSMB traveling through a paraxial ABCD optical system in a turbulent
atmosphere.

3 Average intensity of distribution QBGSMB in a turbulent
atmosphere

The cross-spectral density from the source plane (z = 0) to the output plane through a par-
axial ABCD optical system in atmospheric turbulence can be expressed by utilizing the
generalized Huygens-Fresnel diffraction integral in the paraxial approximation and the
Rytov theory (Andrews and Phillips 2005; Noriega-Manez and Gutiérrez-Vega 2007)

Fig. 1 Degree of coherence of 1
the QBGSMB source versus 1=0
|7y = 7| /8 for different values 0.8 - = =p=25|1
ofu RN e =5
o6 LivN 0 oLz== w2 ]
= 04
&
g
o 0.2
-4
0 -
-0.2
-0.4 ;
2.5 3
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W(p. ps. zi0) /12B2[///W(0) I, Ty;m) exp [—ik(r] —r})/2F]

xexp{—ﬁ[( —2r, - p; +Dp?) — (Ar] —2r, - p2+Dp2)]}

x{exp [y*(r). p1.z0) + v (ry. py. z50)] ), drid’r,

1D
where p, = ( Py ply) and p, = ( Poys pzy) are two-position vectors at the receiving plane,
7 is the propagation distance, d°r; = dx,dy,(i = 1,2), k = 2z /A is the wavenumber with 4
denotes the wavelength of the source radiation, A,B and D are the elements of the transfer
matrix of the optical system, and F describes the wave-front radius of curvature of the
initial beam.
The average intensity at a particular frequency w is obtained by setting p; = p, = p
in Eq. (11), which leads to the following form

/12132 // / W(0>(rl,r2;a)) exp [—ik(r§ — rlz)/zpo]

><exp{—%[(Ar22—Ar12—2r2~p2+2rl -pl)]} (12)

S(p, z;0) =

x(exp [y/* (r.p.z0) + w(r,, p,z;a))] )mdzrldzrz,

where (.),, is the ensemble average over the turbulent media; which describes the influence
of the turbulence on the propagation of laser beam and can be expressed as

D,(r;—r - 3/3
(exp [y (1 .20) +w(r2.p,20)] ), = exp [%] = e (Q) a3

with D, (r; —r,) is referred to the generalized wave-structure function of the random
phase in the Rytov’s representation and 6, = (().545C2k21)_3/5 is the coherence length of
a spherical wave propagating in the turbulent environment, with Cﬁ is the refractive index
structure constant of the atmospheric turbulence.

By substituting Eqs. (9) and (13) into Eq. (12) and by introducing the variables of
integration defined as s; = (r1 + rz)/2 and s, =r, —r;, we obtain

S(p, z,0) = R / //exp (4S1 +sz)/802] exp [—|82| /252]J0 [;4|S | /52]
. % 5/3
X exp <—Il7];slsz> exp (%5152 - %sz> exp l (Z—i) d*s,d’s,.

14
To evaluate this last equation, we use the below integral formulae (Gradshteyn et al.
2007)

+o0

2
/exp (=p*x* + gx)dx = ﬁ exp (q—2>, (15)
)4 4

—00
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and
2z

/exp [—ixcos (0 — @)]do = 27J,(x), (16)
0

and after some rearrangements, Eq. (14) becomes

2.2

dr-o? o kps
S(p, zw) = R /eXp( —ns exp[ |SZ|/O'0 ]Jo[g—z|s2|2]Jo<T2>s2ds2,

0
(7
where

1 | Ko? B\
=y —4+—(a-Z2). 1
1= %2728 " 2B ( F0> (18

To develop the above integral, we apply a Taylor-type limited expansion to the second
exponential term quoted in Eq. (17). The exponential function can be written as (Wandzura
1981; Chu and Liu 2010)

( 5/3 S% S§ ) (52> Sg
exp |—(|s,|/o =exp| ——= |+ —=In{ = )exp| —= ] +... 19
p|=(s21/00)""] = exp ) e A W= (19)

Using the first-order Taylor-type developments, the spectral density takes the following
form

262 J P, z;0)
0BGsm\P> <5
S & I , +— )
oBGsm (P> 2:0) = TR ( 08Gsm (P> Z0) 302 (20)
where
+o0
Lopasu(P.z0) = | exp (=) Jy( %72 )Jo(Boydr, (202)
0. 52
0
and
+o0
U t
Jopasu(P z0) = / £ exp(—n’tz)fo(a—ztz)fo(ﬁnln (;)dz, (20b)
o 0
with
2.2 2
, 1 1 1 ko) B
=—+—=+=+ A-=,
"y 2 T " F, (20c)
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and

_kp

P=%

(20d)

Recalling the following integral (Gradshteyn et al. 2007)

+o0

/ texp (=72 )y, QanJ, (b2)dt = ———— exp ( - <7 Ny (€2 o
i ' 2472 + 12 4+ )\ 2+ b2 )
0

the quantity /,p;s,(P, 2;0) reduces to

1
2 /nrz + ﬁ
54

Lopgsu (P, 2:00) = exp [—/325411’/4(11/254 + /42)]]0 [ﬁzézy/4(n’254 + /42)].

(22)
To perform Eq. (20b), we use the following identities (Gradshteyn et al. 2007)
oo (2 /)"
Jo(t) = ;6 <( n{ !)Z : (23)
and

+oo

/f‘ exp (—y#*) In(br)dt = ;FC +1 > In <b—2> + u/<s+ 1 )] (24)

44/yG+D 2 y 2

0

with y(.) is the psi-function, hence, the quantity J,pgs, (P, z;0) can be written as

+o0 2 7 o4\ 2 "
1 (=2 /4n'8%)" (=p2/41') 1
Josesmu (P, ) = 4]7—,2 m,§=0F(2m +r+2) (m!)2 e In m +yQCm+r+2)|.

(25)
Finally, the average intensity of QBGSMB traveling through the ABCD optical sys-
tem in a turbulent atmosphere is expressed as

252
2n°0; 52

B | (st 4 2)'

Sonosn (.5 = xp [0 [4(17%5* + 50) o125/ 4(5" + 7))

400 2 1 c4\m 2 AV
1 (w2 /4n'8%)" (=p2/4n')
5 m;() TQm+r+2) p— o

[In(1/n'c5) +w@m+r+2)] }

(26)
The average intensity for QBGSMB passing through the ABCD optical system in
the absence of turbulence (free space) can be defined as

27262
(FS) LN — s [ 20 1n2c4 2\—1/2 24 2 o4 2 202 2 o4 2
Soaosu P 5®) =~ (820725 + 12) 7 exp [-026%0' 4(n7" + 2) 1 [25% /4 (15" + )]},
27)
These two last equations are our second main result. In the next Section, we inves-
tigate the evolution of the average intensity of QBGSM beams after passing through a
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paraxial ABCD optical system in atmospheric turbulence. Therefore, we carry out the
graphical representations utilizing the derived results cited by Eqgs. (26) and (27).

4 Numerical results and analyses

The elements of the transfer matrix are taken as A = 1,B = z and D = 1. In the simulation,
the wave-front radius of curvature of the beam is considered infinite and the width of the
source is fixed at o, = Scm.

Figure 2 depicts the normalized intensity distribution of QBGSM beams versus p and
in three-dimensional plots at various propagation distances with different turbulence
strengths. The beams and source parameters in this plot are set as 6 = 3cm, 4 = 1064nm
and y = 0.6. From these plots, it can be seen that the QBGSM beams keep their initial
profile during propagation both in free space and in the turbulent atmosphere. Furthermore,
the curves corresponding to the propagation of the QBGSM beams in free space (Fig. 2a)
act as an asymptote for the other curves describing the evolution of the beam in a turbulent
atmosphere. It is also shown that the lobe width of the diffracted beam widens at far-field
and the brightness of the beam becomes weak for a strong turbulent atmosphere and large
propagation distance.

To show the influence of the wavelength on the behavior of the QBGSMB, we illustrate
in Fig. 3 the normalized intensity distribution versus p for different values of A and three
values Ci. The calculation parameters are taken as follows: z = 5km,6 = 3cm and u = 0.6.
We can see from this figure that the luminosity of the diffracted beam becomes less intense
when the wavelength is large and the turbulent is weak (see Fig. 3a-b). The intensity of the
QBGSMB follows the opposite evolution law versus the wavelength when the turbulence is
strong (Cﬁ = 107"m~?/3). As a result, the brightness of the diffracted beams increases with
the increment of the wavelength. (Fig. 3c).

In Fig. 4 the normalized intensity distribution of the QBGSMB is represented as a func-
tion of p and in three-dimensional plots for three values of turbulence strength and with
different coherence widths. The parameters used in the simulation are chosen as z = Skm
and A = 1064nm.

As shown from Fig. 4, the QBGSMB has a peak intensity in the center surrounded by
side lobes. Additionally, the number of the side lobes in the beam pattern of QBGSMB
increases with the increase of the coherence width 6. Moreover, it is observed that the
intensity reduces when the turbulence is strong. It can also be noted that the maximal
intensity of the peaks rises when ¢ is greater. Furthermore, by comparing Figs. 2d and 4c
for Cﬁ = 10""m=2/3 and z = 5km, we can observe that when the coherence width § is in
the order of millimeters the beam profile contains the main lobe with secondary lobes but
when the value of § increases taking for example 6 = 3cm the profile consists of only one
lobe.

It is necessary to note that for 4 = 0, the spectral density of QBGSMB expressed by
Eq. (26) is reduced to the spectral density of Gauss-Schell model beam developed in Refs.
(Mei et al. 2013; Chib and Dalil-Essakali 2022).
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Fig.2 Normalized intensity distribution and 3D plots of QBGSMB propagating in a turbulent atmosphere
at several propagation distances with different strength turbulence: a Free space, b €2 =3.10""m™2/3, ¢
C2=510"5m3andd C? = 10~ 44m~2/?

n n

5 Conclusion

To summary, a mathematical form of the spectral degree of coherence for QBGSMB
source is introduced in this manuscript. The analytical expression of the cross-spectral
density for QBGSMB propagating through a paraxial ABCD optical system in a tur-
bulent atmosphere is derived by using the extended Huygens-Fresnel integral formula
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Fig. 3 Normalized intensity distribution of the QBGSMB in the turbulent atmosphere for different wave-
lengths with: a C2 = 10719m™2/3, b C2 = 10~m 2/ and ¢ C2 = 10~ 4m~2/3
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Fig.4 Normalized intensity distribution and 3D plots at the receiving plan for the QBGSMB for three val-
ues of the structure constant Cﬁ with y = 0.6 and 6=: a1.5mm b 2mm, ¢ 3mm and d 4mm

and the Rytov theory. The numerical results revealed that the profile width of the dif-
fracted QBGSMB widens and the intensity decreases when the turbulent atmosphere is
strong and the propagation distance is large. It can be also observed that the intensity
distribution of the beam increases with the increase of the wavelength for an atmos-
phere with strong turbulence while the beam loses its luminosity when the turbulent
strength reduces. The obtained results can have a great deal of interest in many fields

such as combination technology of laser beams, remote sensing, and free-space optical
communications.

@ Springer



Effects of turbulent atmosphere on the spectral density of... Page 110f12 468

Funding The authors have not disclosed any funding.

Declarations

Conflict of interest The authors have not disclosed any conflict of interests.

References

Andrews, L.C., Phillips, R.L.: Laser Beam Propagation through Random Media, 2nd edn. SPIE Press, Bell-
ingham, Wash (2005)

Belafhal, A., Dalil-Essakali, L.: Collins formula and propagation of Bessel-modulated Gaussian light beams
through an ABCD optical system. Opt. Commun. 177, 181-188 (2000)

Belafhal, A., Hennani, S., Ez-zariy, L., Chafiq, A., Khouilid, M.: Propagation of truncated Bessel-modu-
lated Gaussian beams in turbulent atmosphere. Phys. Chem. News 62, 36-43 (2011)

Boufalah, F., Dalil-Essakali, L., Nebdi, H., Belathal, A.: Effect of turbulent atmosphere on the on-axis aver-
age intensity of Pearcey-Gaussian beam. Chin. Phys. B 25, 064208-064213 (2016)

Boufalah, F., Dalil-Essakali, L., Ez-zariy, L., Belafthal, A.: Introduction of generalized Bessel-Laguerre-
Gaussian beams and its central intensity travelling a turbulent atmosphere. Opt. Quantum Electron. 50,
305-324 (2018)

Cai, Y., He, S.: Propagation of a partially coherent twisted anisotropic Gaussian Schell-model beam in a
turbulent atmosphere. Appl. Phys. Lett. 89, 041117-041121 (2006)

Cai, Y., Lin, Q., Baykal, Y., Eyyuboglu, H.T.: Off-axis Gaussian Schell-model beam and partially coherent
laser array beam in a turbulent atmosphere. Opt. Commun. 278, 157-167 (2007)

Cang, J., Fang, X., Liu, X.: Propagation properties of multi-Gaussian Schell-model beams through ABCD
optical systems and in atmospheric turbulence. Opt. Laser Technol. 50, 65-70 (2013a)

Cang, J., Xiu, P, Liu, X.: Propagation of Laguerre-Gaussian and Bessel-Gaussian Schell-model beams
through paraxial optical systems in turbulent atmosphere. Opt. Laser Technol. 54, 35-41 (2013b)
Chib, S., Dalil-Essakali, L.: A, Belafhal, Comparative analysis of some Schell-model beams propagating

through turbulent atmosphere. Opt. Quantum Electron. 54, 1-17 (2022)

Chib, S., Dalil-Essakali, L., Belafhal, A.: Evolution of the partially coherent generalized flattened Hermite-
Cosh-Gaussian beam through a turbulent atmosphere. Opt. Quantum Electron. 52, 484-501 (2020)

Chu, X., Liu, Z.: Comparison between quadratic approximation and § expansion in studying the spreading
of multi-Gaussian beams in turbulent atmosphere. Appl. Opt. 49, 204-212 (2010)

Deng, Y., Wang, H., Ji, X., Li, X., Yu, H., Chen, L.: Characteristics of high-power partially coherent laser
beams propagating upwards in the turbulent atmosphere. Opt. Express 28, 27927-27939 (2020)

Dong, Y., Dong, K., Chang, S., Song, Y.: Propagation of rectangular multi-Gaussian Schell-model vortex
beams in turbulent atmosphere. Optik 207(163809), 1-10 (2020)

Ez-zariy, L., Boufalah, F., Dalil-Essakali, L., Belafhal, A.: Effects of a turbulent atmosphere on an apertured
Lommel-Gaussian beam. Optik 127, 11534-11543 (2016)

Gbur, G., Korotkova, O.: Angular spectrum representation for the propagation of arbitrary coherent and par-
tially coherent beams through atmospheric turbulence. J. Opt. Soc. Am. A 24, 745-752 (2007)

Gori, F.: Mode propagation of the field generated by Collet-Wolf Schell-model sources. Opt. Commun. 46,
149-154 (1983)

Gori, F., Santarsiero, M.: Devising genuine spatial correlation functions. Opt. Lett. 32, 3531-3533 (2007)

Gradshteyn, 1.S., Ryzhik, I.M., Jeffrey, A.: Table of Integrals, Series, and Products, 7th edn. Academic
Press, Amsterdam, Boston (2007)

Hajjarian, Z., Kavehrad, M., Fadlullah, J.: Spatially multiplexed multi-input-multi-output optical imaging
system in a turbid, turbulent atmosphere. Appl. Opt. 49, 1528-1538 (2010)

Jian, W.: Propagation of a Gaussian-Schell beam through turbulent media. J. Modern Opt. 37, 671-684
(1990)

Korotkova, O.: Model for a partially coherent Gaussian beam in atmospheric turbulence with application in
Lasercom. Opt. Eng. 43, 330-341 (2004)

Korotkova, O.A., Gbur, G.: Angular spectrum representation for propagation of random electromagnetic
beams in a turbulent atmosphere. J. Opt. Soc. Am. A Opt. 24, 2728-2736 (2007)

Li, Y., Gao, M.: Spectral and coherent properties of partially polarized pulsed electromagnetic beams upon
turbulent atmosphere propagation for different source conditions. Appl. Phys. B 126(34), 1-12 (2020)

@ Springer



468 Page 120f 12 S.Chibetal.

Lin, S., Wang, C., Zhu, X., Lin, R., Wang, F., Gbur, G., Cai, Y., Yu, J.: Propagation of radially polarized
Hermite non-uniformly correlated beams in a turbulent atmosphere. Opt. Express 28, 27238-27249
(2020)

Lu, W,, Liu, L., Sun, J., Yang, Q., Zhu, Y.: Change in degree of coherence of partially coherent electromag-
netic beams propagating through atmospheric turbulence. Opt. Commun. 271, 1-8 (2007)

Lukin, V.P., Konyaev, P.A., Sennikov, V.A.: Beam spreading of vortex beams propagating in turbulent
atmosphere. Appl. Opt. 51, C84-C87 (2012)

Mei, Z., Korotkova, O.: Random sources generating ring-shaped beams. Opt. Lett. 38, 91-93 (2013)

Mei, Z., Schchepakina, E., Korotkova, O.: Propagation of cosine-Gaussian-correlated Schell-model beams
in atmospheric turbulence. Opt. Express 21, 17512-17519 (2013)

Navidpour, S.M., Uysal, M., Kavehrad, M.: BER performance of free-space optical transmission with spa-
tial diversity. IEEE Trans. Wirel. Commun. 6, 2813-2819 (2007)

Noriega-Manez, R.J., Gutiérrez-Vega, J.C.: Rytov theory for Helmholtz-Gauss beams in turbulent atmos-
phere. Opt. Express 15, 16328-16341 (2007)

Nossir, N., Dalil-Essakali, L., Belafhal, A.: Behavior of the central intensity of generalized Humbert-Gauss-
ian beams against the atmospheric turbulence. Opt. Quantum Electron. 53, 1-13 (2021)

Saad, F., Belafhal, A.: A theoretical study of the on-axis average intensity of generalized spiraling Bessel
beams in a turbulent atmosphere. Opt. Quantum Electron. 49, 1-12 (2017)

Sahin, S., Korotkova, O.: Light sources generating far fields with tunable flat profiles. Opt. Lett. 37, 2970—
2972 (2012)

Wandzura, S.M.: Systematic corrections to quadratic approximations for power-law structure functions: the
d expansion. J. Opt. Soc. Am. 71, 321-326 (1981)

Wolf, E.: Introduction to the Theory of Coherence and Polarization of Light. Cambridge University Press,
Cambridge (2007)

Yang, A., Zhang, E., Ji, X., Lii, B.: Angular spread of partially coherent Hermite-cosh-Gaussian beams
propagating through atmospheric turbulence. Opt. Express 16, 8366—-8380 (2008)

Yang, A., Zhang, E., Ji, X., Lii, B.: Propagation properties of partially coherent Hermite—cosh-Gaussian
beams through atmospheric turbulence. Opt. Laser Technol. 41, 714-722 (2009)

Yuan, Y., Cai, Y., Qu, J., Eyyuboglu, H.T., Baykal, Y., Korotkova, O.: M?2-factor of coherent and partially
coherent dark hollow beams propagating in turbulent atmosphere. Opt. Express 17, 17344-17356
(2009)

Zhang, Y., Zhou, X., Yuan, X.: Performance analysis of sinh-Gaussian vortex beams propagation in turbu-
lent atmosphere. Opt. Commun. 440, 100-105 (2019)

Zhou, G., Chu, X.: Propagation of a partially coherent cosine-Gaussian beam through an ABCD optical sys-
tem in turbulent atmosphere. Opt. Express 17, 10529-10534 (2009)

Zhou, Z., Zhou, X., Yuan, X., Tian, P.: Research on characteristics of Bessel-Gaussian Schell-model beam
in weak turbulence. Opt. Commun. 474(126074), 1-7 (2020)

Zhu, K., Zhou, G., Li, X., Zheng, X., Tang, H.: Propagation of Bessel-Gaussian beams with optical vortices
in turbulent atmosphere. Opt. Express 16, 21315-21320 (2008)

Zhu, W., Tang, M., Zhao, D.: Propagation of multi-Gaussian Schell-model beams in oceanic turbulence.
Optik 127, 3775-3778 (2016)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer



	Effects of turbulent atmosphere on the spectral density of Bessel-modulated Gaussian Schell-model beams
	Abstract
	1 Introduction
	2 The mathematical form of the spatial correlation function for QBGSMB
	3 Average intensity of distribution QBGSMB in a turbulent atmosphere
	4 Numerical results and analyses
	5 Conclusion
	References




