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Propagation Properties of Multi-Gaussian Schell-Model Beams
through Oceanic Turbulence

Fu Wenyu Zhang Hanmou Zheng Xingrong
Department of Physics, Long-Dong University, Qingyang, Gansu 745000, China

Abstract Based on the model developed recently for describing a spatial power spectrum function of clear oceanic
water and the extended Huygens-Fresnel integral in linear media, the effects of oceanic turbulence on propagation
properties of a multi-Gaussian Schell-model (MGSM) beam is studied. The analytic expressions such as the spectral
density, the degree of coherence and the propagation factor M? of the beam are derived. Numerical results show
that, the oceanic turbulence has a significant influence on propagation properties of a MGSM beam. With the suitable
choice of beam parameters. the center of the intensity profile not only forms a plateau in the far-field but also the
formed plateau can keep a long distance in oceanic turbulence. Furthermore, a MGSM beam with a large source
parameter N could further reduce turbulence-induced spreading effect.

Key words oceanic optics, multi-Gaussian Schell-model beams, degree of coherence. propagation factor M?,
oceanic turbulence

OCIS codes 010.4450; 010.4455; 010.7060; 30.1670

2 W= R B R AR TR i A P G
5 e PEF oY

XA KR AXF

B 7R “# Be W B & HOl RFH 74500

EE LT BGI R R A 1 A E PETR AY AS ) T SR R R A R ) - FE R E RS AR ER T EZE
Hir- 8 R AR S SR SR A T B BOG R T & 4 MR AR AT 2R 2 DS T U VR O X 22 R - 2R R RO R AL i

fhtiﬂﬁﬁﬂlﬁo A THE S5 SR W]V I TN 2 E - R BB R R A E I, & RO S

B, 83T 37 0 5 AU TT LATE BT 0043 A o T L 33 b SF- T00 43 7 76 it A HH BE 68 0 47 AH 244 19 15 B9, 0F B 2 i - R AR

RIS R N K i W S G R JR N

IR TR ZH M- R B R A T R MP AR R I T TR TR A

FESES 0436 XEARIRES A

doi: 10.3788/CJL201542.5113002

1 Introduction
The propagation properties of many types of laser beams in free space and in turbulent media have been

studied extensively due to their wide application such as polarization remote sensing, coherent optical

[1-8]

communication, etc. It is shown that partially coherent beams are less sensitive to that of fully

[9-10]

coherent beams , so much attention have been paid to propagation of partially coherent beams through

atmosphere turbulence. Also, a few of papers have been focused on propagation of beams in ocean,
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2] However, among partially coherent beams in the

biological issues, optical fibers, chiral media, etc. "
previous literatures, the one which satisfies a set of physically meaningful conditions and enjoys a
comprehensive version is Gaussian Schell-model beams, the other models of beams have just remained of
purely academic interest.

Recently, a multi-Gaussian Schell-model (MGSM) beam has been introduced”*! , whose intensity profile
is Gaussian function but the degree of spectral coherence is a sum of suitably weighted Gaussian functions
with different variances and sign-alternating heights. The realizable condition for a MGSM beam has been
derived*. The most important property of a MGSM beam is that the initial intensity has a Gaussian
profile, but its intensity distribution evolves gradually into a flat-topped profile in far field. The behavior
of the polarization properties of a MGSM beam in free space and in image-forming optical system were
reported, and propagation of a MGSM beam through ABCD optical systems was studied*”. The second-
order moments of the wigner distribution function of a MGSM beam in turbulent atmosphere were
investigated”*!. The scintillation index of a multi-Gaussian Schell-model beam in turbulent atmosphere was
discussed™. However. as far as we know, the issue concerning the propagation of a MGSM beam in
turbulent ocean has not yet been reported. A laser beam is used in underwater medium sometimes,
communication among the divers, submarines, ships, sensors and the unmanned underwater vehicles
requiring high data rates brings the necessity of employing optical communications rather than the
acoustical communications. Hence, it becomes important to research how oceanic turbulence affects on the
propagation properties of a MGSM beam.

In this paper, we explore propagation properties of a MGSM beam through oceanic turbulence. With the
model developed recently for describing a spatial power spectrum function of clear oceanic water

(4151 and the extended Huygens-Fresnel integral in linear media, the analytic expressions for the

turbulence
spectral density and the degree of coherence are derived. Then, employing the second-order moments of
beams and some mathematical skills, the propagation factor of the beam is obtained. The trends of the

beam characteristics with numerical examples are analyzed.

2 Propagation of MGSM beam through oceanic turbulence
2.1 Matrix elements of a MGSM beam propagating through oceanic turbulence

Adopting one-dimensional representation, the cross-spectral density of the MGSM beam covering two
distinct points of the source plane can be expressed as

1 AN (N D G =2l
. exp( P )Z 7exp[ Y ], (D

m m

W(O) (I/] aI/g 90) -

m =1

where the parameter ¢ is the transverse beam width of the source, ¢ denotes the r. m. s. correlation width,

N N —1
. . . . — 1) ..
while 2’1 and 2, are two different coordinates along the x axis. C, = 2 [ ]H is the normalization
m m

m=1

N
factor, [ ] represents binomial coefficients. The condition which can generate a beam-like field for the
m
MGSM source is same as that for the Gaussian-schell model sources:
2
Ly lin )

iy s
where A is the wavelength of the source, under the paraxial approximation and by Huygens-Fresnel
integral, the cross-spectral density through oceanic turbulence for a MGSM beam in the half-space z > 0

can be expressed as
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W(l’lyl'z 72’) - ZL (W(O)(I/]al'/z 90) . E(;T]v]‘z 917/19‘1”/2 aZ)dl‘lldI/’ (3)
T

where % denotes the wave number, ¢is the propagator given by the expression™® in the random medium:

/ P /
(Il B 1)2 _(1'2 -~ 2)2

2z

’ / .
C(ay sy s’ 52 2 92) = exp[*lk

]<exp[¢* (122" )+ ¢ (2ps2’s) P (D

equation (4) consists of two terms, the first term describes the effect of the free-space diffraction on the

beam, and second term takes the formt™

<eXp[¢J* (I[ 9I/1)+§[}* (Iz 917/2)]>,,, — EXp{ T(Z) [ (171 _Iz)z + (1'1 _1"2)(17/1 _Ifz) + (I/l _I/z)z] } ’ (5)
e arah

3 Joyksgon(/e)d/e s ¢, (k) is the spatial power spectrum of refractive-index fluctuations.

The power spectrum of turbulence fluctuations of the oceanic water has been developed recently in

where T(2) =

literatures specifically for isotropic and homogeneous oceanic turbulence, as a linearized polynomial of two
variables: the temperature fluctuations and the salinity fluctuations. A particular case is considered here,

when the eddy thermal diffusivity and the diffusion of the salt are equal. Then

11

@ (k) = 0.388 X 10 % Tk 7 [142.350kp) T ]/ (kalay, ) (6)
where ¢ is the rate of dissipation of turbulent kinetic energy per unit mass of fluid which may vary in the

2

range from 10" to 10" m* « s*, =10"m being the Kolmogorov micro scale (inner scale), and

%[@Zexp<—ATr> + exp(— Aet) — 2Lexp(— Ao |- (7

with . being the rate of dissipation of mean-square temperature taking value in the range from 10" to 10"
K? « s, Ar =1.863X10%, As =1.9X10", Ars =9.41 X107, z=38. 284 (kp " +12. 978 (kp*, { (non-

dimensional) being the relative strength of temperature and salinity fluctuations, which can vary in the

SEy,) =

interval of [ —5, 0] in the ocean waters, —5 value corresponding to the case when temperature-induced
optical turbulence is dominated, and 0 corresponding to the situation when salinity-driven turbulence
prevails. In order to illustrate these typical dependence on oceanic parameters e, y and § clearly, the
numerical results are plotted in Fig. 1. It is seen that the parameters of e and y, mainly affect the attitude
of the power spectrum, and the balance parameter { influences its shape and height. Figure 1(a) reveals
that the smaller the values of e, the lower the height for power the spectrum. Figures 1(b) and 1(c) show
that the bigger the values of y or ¢, higher the altitude of it, and { also affects its shape. It means there

are the larger values of y,. and {. smaller values of e, and the stronger of the turbulence,
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Fig. 1 Log-log plot of the spatial power spectrum @, (k) for several values of €, y, and {, calculated from Eq. (6) and

normalized by the Kolmogorov power-law £ ''*, (a) e=10"'" (solid curves), e=10 " (dashed curves), e=10""*

(dotted curves) while Xr =10"7 and {=—2.5; (b) Xt =10"""(solid curves) , X =10"°(dashed curves) ,
%, —10 ' (dotted curves) while e=10""" and {=—2.5; (¢) §=—4.9 (solid curves), {=—2.5

(dashed curves) ., {=—0.1 (dotted curves) while e=10""" and y =10~
By substituting Egs. (4) and (5) into Eq. (3) and performing mathematical calculation, we can obtain a
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formula of the cross-spectral density for a MGSM beam propagating in turbulent ocean as follows:

N (N e ‘
Wz sx,,2) = 1 Z( )(l)l,cxp[w]-

Co, i m Jm w2, 80°4 , (2)"
exp{’%[mi@ 1 fQ(’”Z)Zfl)T(z)](Ig*I?)}X (8)
exp{[Wﬁf(z)-m(lJrQ,”T(z))z](xz*xl)z},
with
.
Q. — [4; mé\z ] , (9
B, () =1+ ZQ;”,,Z’ (10)

2.2 Average spectral density and spectral degree of coherence
Setting xr1 = x; = x , we derive the average spectral density of a MGSM beam propagating through

oceanic turbulence

N (N  ymet 5
S(x,2) = gomz)] (m]m(.Alm)(Z)zexp[W], (1)
According to the unified theory of coherence and polarization, the spectral degree of coherence for the beam
at a pair of coordinates x;and x, can be defined by
Wz, ,x5.2)
SCrrv2) + SCasa2)
Substituting Egs. (8)- (11) into Eq. (12) and considering a specific situation when x, =-x,=x, we have

12

/1(1'1 Y T2 s2) =

o (N enm L ) o
2 Wexp{{ZQmT(z) *4T(Z)*m[1 + QLT ()] }1.~}
mo—=1\m)ne m e "

SN o e
,,Zl[m)m-m(z)?exp[ 27 A, () ]

2.3 Second-moments and propagation factor

p(x,-x,2) = , (13)

The second-order intensity moments for a monochromatic light beam in frame of one-dimensional

cartesian coordinate are defined as

J:\:”z:ZS(I,z)dI

L= ’ (14
J “S(x,z)dx
J IW (75 ,2)
— |y da
() = B l ’ (15)
/zzj S(x.2)dx
= ‘:)W(Il’xst) {—)W(Il’xz’z)
[1-1 (’)J‘ Xy (’)J‘ ] a = ay=x dl,'
() = ) 5 (16)

2k | SCxiorda

In order to describe the spreading of a MGSM beam affected by oceanic turbulence, we employ the

[28]

propagation factor which was introduced by Siegman-*** and can be define in terms of the second-order

moments as follow:
M = 2k([2% ] [’ ]— [au])?. an
After tedious integral but straightforward calculations, we can obtain
N

! N o m—1 _2 N N o m—1 . N N o m—1 _2 2 %
M — 2k 2 N (=D TA (o). 2 (— D" ok, (2) + 2 NA(—=1D""6°R, (2) «
m m m m

m=1 m=1 m m=1 m

s113002-4



H = # ot

N N (7 1 )/1171 7%
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with
R () = [1+(QrA (*)T(2)], 19
_ 2 :
R.(x) = %R () INOHE + I+ Tl 20)

3 Numerical example and analysis

Here the numerical results of propagation properties of the MGSM beam propagating in the oceanic
turbulence are illustrated by using the analytical formulas. The common calculation parameters are chosen
as A=632.8 nm, 6=2 cm, =1 mm unless they are specified in the particular condition. One finds from
Eq. (11) that the profile of the MGSM beam is a superposition of different weighted Gaussian functions
with different variances and sign-alternating amplitudes as expected. We calculate the variation of the
spectral density versus transverse coordinate x at the plane ¥ = 1 km for several values of oceanic
parameters €, { and y with different beam parameter N in oceanic turbulence. Form Figs. 2~4, we clearly
see that, when N=1, all solid curves described distributions of the spectral density of a Gaussian-schell
beam. When oceanic turbulence gradually becomes strong, that is, when values of { and y_ increase or
value of € reduces, the spectral density goes to weaken due to spreading effect of the beam in oceanic
turbulence. With the increase of parameter N, the center of the intensity profile appears plateaus, and the
larger the value of N is, the wider the plateau becomes. However, the influence of oceanic turbulence on
the distribution of spectral density for a MGSM beam is to damage the central flat of intensity. The
stronger the oceanic turbulence, the more obvious the damage. The different oceanic parameters affect
differently on the intensity profile, the parameters { and y_ play more of a role than the parameter e. The
numerical results also show that, when e changes in the range from 10 ' to 10 7, and ¢ varyies in the
interval [ —5; —2.5], it is almost the same as that of a MGSM beam in free space for profiles of the
spectral density. Under this condition, the oceanic turbulence is so weak that the influence on the beam

can be ignored.
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Fig. 2 Variation of the spectral density of a MGSM beam with transverse coordinate x at z=1 km for several values

of parameters e and N with {=2.5, y = 107" in oceanic turbulence
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Fig. 3 Variation of the spectral density of a MGSM beam with transverse coordinate x at x=1 km for several values

of parameters y. and N with {=2.5, e=10 ° in oceanic turbulence
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Fig. 4 Variation of the spectral density of a MGSM beam with transverse coordinate x at z=1 km for several values

of parameters § and N with , =10 ", e=10 * in oceanic turbulence
Figure 5 illustrates the evolution of spectral degree of coherence for a MGSM beam at several
propagation distances in oceanic turbulence. From Fig. 5, we can find that, at relatively short distance
from the source [ see Figs. 5(a) and (b)], for the larger parameter N, spectral degree of coherence of the

beam is narrower. With the increase of the propagation distance, the effect of the oceanic turbulence on the
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beam becomes strong, the spectral degree of coherence of the beam broadens gradually. When propagation
distance is greater than 1 km, all the curves evolve into Gaussian profiles with monotonically increasing

variance [ see Figs. 5(c) and (b)].

1.0 1.0
(@) (b)
CINZIO NZ10
08 CNZa 08 NZa
__N=1 — N=1
0.6 ~ 0.6
= =
g g
S 04 3 04
0.2 0.2
0.0 ,\.\ N :\ - L ) |\‘ - _ N B —
0.0000  0.0006 ~.0400127770.0018  0.0024  0.0030 0.0000  0.0006 ..000T2 " 0.0018 0.0024  0.0030
T x/m o x/m
1.0 1.0
N 7 et O O N NZ10 @
08 O\ — N=4 08F N\ L N-4
—N=1 —N=1
06 506
(=4 =
=1 =
— —
) 0.4 04
s s
0.2 0.2
0.0 . o3 X 0.0 ) . . . )
0.0p00  0.0006 0.0018  0.0024  0.0030 0.0000  0.0006 0.0012  0.0018 0.0024  0.0030

x/m x/m
Fig. 5 Spectral degree of coherence of a MGSM beam versus transverse coordinate x for several different

distances with e=10 °, x =10 ", £=2.5 in oceanic turbulence

Figure 6 describes the effects of oceanic turbulence on the spectral degree of coherence at the plane 2=
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Fig. 6 Spectral degree of coherence of a MGSM beam versus transverse coordinate x at z=1 km for several values of oceanic

parameters (a) §, (b) . » (¢) e and (d) different correlation widths ¢ with N=10 in oceanic turbulence
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1 km for several different values of oceanic parameters and source parameters. It is shown from Fig. 6 that
the distribution of spectral degree of coherence narrows down sharply for a large values of the parameters ¢
and y . in which the oceanic turbulence impacts on the beam strongly. the behavior of spectral degree of
coherence is the same for small values of the parameter e, but for the large correlation widths of the source
J, it is a little narrow for the spectral degree of coherence.

Figure 7 shows dependence of normalized propagation factor M* of a MGSM beam on the oceanic
turbulence parameters and the beam parameter at propagation distance x=1 km. For the convenience of
comparison, the parameters of a MGSM beam with N=10 are chosen as e=10 *, y =10, {=—2.5,
0=1 mm, and then the change of propagation factor M* is analyzed when one parameter varies and the
other parameters are fixed. From Fig. 7, we also see that the propagation factor M increases sharply in
strong oceanic turbulence such as large values of y. and {. or small value of e. However. for large value of

correlation width &, the propagation factor M*increases rapidly.

20 r .20

M(2)/MP(0)

2/km ’ 2/km
Fig. 7 Normalized propagation factor M* (2) /M?(0) of a MGSM beam versus propagation distance z for
several values of oceanic parameters (a) §» (b) y.+ (¢) e, and (d) different
correlation widths & with N=10 in oceanic turbulence
Figure 8 plots variation of normalized propagation factor M* with propagation distance z and parameter N
in oceanic turbulence for a MGSM beam, respectively. From Fig. 8(a), we can find that propagation factor
M increases with increasing the propagation distance z quickly. Furthermore, the advantage of propagation
factor M? with smaller parameter N over these with larger parameters N is enhanced, particularly at a long
propagation distance. Figure 8(b) describes effect of the oceanic turbulence parameter ¢ on propagation
factor M”at propagation distance =1 km. From it, we can also find that, with the increase of the source
parameter N, the propagation factor M*decreases graduanlly, moreover, when oceanic turbulence becomes
strong, which means that the value of parameter € is smaller, the affection on propagation factor M?is

larger.
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Fig. 8 Normalized propagation factor M* (2)/M?(0) of a MGSM beam versus propagation distance  and beam
parameter N in oceanic turbulence, respectively, for (a) several values of source parameter N with
e=10"°, zy =107, £=2.5, =1 cm and (b) several values of the oceanic parameter

e withxr =107, {=2.5, 6=1 cm at x=1 km

4 Conclusion

The propagation characteristics of a multi-Gaussian Schell-model ( MGSM) beam through oceanic
turbulence are researched. We derive the analytic expressions for the cross-spectral density of the beam
based on the extended Huygens-Fresnel integral, and deduce the expressions for the spectral density and
the spectral degree of coherence. Furthermore, employing second-order intensity moments for a
monochromatic light beam, we obtain formula of the propagation factor for a MGSM beam. Numerical
results indicate that, both source parameters and oceanic turbulence models impact on the propagation
behavior of the beam. For spectral density, with the suitable choice of beam parameters, the intensity
profile of the beam not only forms plateau in the far-field but also this plateau can keep a long distance in
oceanic turbulence. Compared with correlation width, the spectral degree of coherence seems more
sensitive to slight change in values of the oceanic parameters. However, so far as propagation factor, it
increases sharply in strong oceanic turbulence. Moreover, numerical results also show that influence of

oceanic turbulence on the MGSM beam with a large N is less than that with a small N.
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