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turbulence on intensity fluctuations of a Gaussian—Schell model
beam in marine atmosphere”
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The scintillation index (SI) of a Gaussian—Schell model (GSM) beam in a moderate-to-strong anisotropic non-
Kolmogorov turbulent atmosphere is developed based on the extended Rytov theory. The on-axis SI in a marine atmo-
sphere is higher than that in a terrestrial atmosphere, but the off-axis SI exhibits the opposite trend. The on-axis SI first
increases and then begins to decrease and saturate as the turbulence strength increases. Turbulence inner and outer scales
have different effects on the on-axis SI in different turbulent fluctuation regions. The anisotropy characteristic of atmo-
spheric turbulence leads to the decline in the on-axis SI, and the rise in the off-axis SI. The on-axis SI can be lowered by
increasing the anisotropy of turbulence, wavelength, and source partial coherence before entering the saturation attenuation
region. The developed model may be useful for evaluating ship-to-ship/shore free-space optical communication system

performance.

Keywords: atmospheric turbulence, Gaussian—Schell model beam, scintillation, atmospheric propagation
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1. Introduction

Research on the propagation behavior of laser beams
through atmospheric turbulence is of significant importance
in various applications, including free-space optical (FSO)
communications, imaging systems, and remote sensing.[!! At-
mospheric turbulence produces several negative effects that
can severely degrade these systems’ performance, of which
the most noticeable is the intensity fluctuation, known as
scintillation.!?! To mitigate these turbulence effects, consider-
able effort has been put into partially coherent beams. >*! Both
theory and experiment show that partially coherent beams
have a significant advantage over fully coherent ones in mit-
igating turbulence-induced scintillation.>®! The Gaussian—
Schell model (GSM) beam is an important member of the
partially coherent beams, whose amplitude distribution and
spatial coherence function are both Gaussian shapes. It
can be easily generated by passing through the phase dif-
fusers at the laser transmitter. Over the past decades, the
irradiance scintillation index (SI) for Gaussian beams under
weak and moderate-to-strong turbulence regimes has been
developed,!”"'?! and employed to examine the performance
of FSO communication systems based on GSM beams.[!3-15]
However, these studies mainly focused on the isotropic Kol-
mogorov or non-Kolmogorov terrestrial atmospheric turbu-
lence.

With increasing activities and communication needs in
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the marine environment, it is essential to understand the tur-
bulent effects in the marine atmosphere. The SI of a laser
beam in a marine atmosphere is relatively less explored com-
pared to that in a terrestrial atmosphere. In the marine at-
mosphere, large bodies of water act differently from soils, ']
which makes the marine atmospheric turbulence behave dif-
ferently from the terrestrial atmospheric turbulence. The sta-
tistical models derived for terrestrial atmospheric turbulence
cannot be applied directly to marine atmospheric turbulence.
A new power spectrum of marine atmospheric turbulence
was proposed and used to develop the SI models for plane
waves, spherical waves, and higher-order laser beams in a
weak Kolmogorov turbulent marine atmosphere.!!’!°1 The
non-Kolmogorov marine atmospheric turbulence spectrum has
been adopted to analyze the SI of a Gaussian beam in a weak
marine atmospheric turbulence.*’! Due to the sea surface fric-
tion on the air motion, optical turbulence in a marine at-
mosphere can be anisotropic. The polarization, beam wan-
der, and spreading of Gaussian—Schell model beams propagat-
ing in an anisotropic non-Kolmogorov turbulent marine atmo-
sphere were investigated.[>!??1 In 2016, Cui developed the SI
of Gaussian beams through weak anisotropic non-Kolmogorov

e.1231 To the best of our knowledge, the SI of partially

turbulenc
coherent GSM beams in moderate-to-strong anisotropic non-
Kolmogorov marine atmospheric turbulence has never been

examined.
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In this paper, the on-axis and off-axis SIs of a GSM beam
through a moderate-to-strong anisotropic non-Kolmogorov
marine atmosphere are developed by adopting the extended
Rytov theory. The influences of the anisotropy coefficient,
power-spectrum index, turbulence inner-, outer-scales, turbu-
lence structure parameter, off-axis distance, propagation dis-
tance, spatial correlation length, wavelength, and beam width
on the SIs of GSM beams are discussed in detail.

2. Theory

Based on the extended Rytov theory, the effective
anisotropic non-Kolmogorov modified atmospheric spectrum
model can be expressed as!!!!

DK, ) = By (K, ) [Go(Kk, @) + Gy(k,@)], 3<a<4,(1)

where @,(x,a) represents the anisotropic non-Kolmogorov
spectrum over the inertial sub-range?*!

D (k,a) =A(@) > *Cox ™, k= \/K2+K2+K2, (2)

where C? is the generalized refractive-index structure param-
eter with units m3>~%, u denotes the anisotropy coefficient, o
is the power-spectrum index, A(a) is a constant that main-
tains consistency between the refractive-index structure func-
=I'(a-
) with symbol I'(+) being the Gamma

tion and its power spectrum that has the form A ()
1)sin[(a —3)7m/2]/ (47>
function.>>! When o = 11/3 and u = 1, equation (2) reduces
to the standard Kolmogorov spectrum model.

The high-pass filter function of small-scale G,(x, ¢t) and
low-pass filter function of large-scale G,(k, @) can be written
as

Gy(x,0) = exp (AKPEZ/K) K%/ (2 +0) ", k> 1,3)
2 2
i i
[l—exp( 2) exp (——K)%
3-a/2
1+a1< “) +ay (“) 1 @)
K Kj
where K, = /K2 +p2k3,. In the marine atmosphere, a; =

—0.061, ap =2.836, and in terrestrial atmosphere, a; = 1.802,
a, = —0.254. Specifically, the parameter K is a large-scale

Gi(x,a) =

(or refractive) cutoff spatial frequency for the large-scale tur-
bulent cells, and k;, is a small-scale (or diffractive) cutoff spa-
tial frequency for the small-scale turbulent cells. k3 = co/lp,
Ko = 87/Ly, ly, and Ly are turbulence inner-scale and outer-
scale; parameter c( has the form of1]

co = {nA(a) {1“(32) 3 3a+a11“<275> 4_Ta

B 1/a-5
bl (3_35‘> 42“” . 5)

The total SI of a GSM beam propagation in the turbulent
atmosphere is composed of radial (off-axis) and longitudinal
(on-axis) components!?!

512 (I’,L) = 5121 (L) + 6I2r (rv L) ) (6)

where

() = 1620°L [ [Tkl a)exp (~ALCEK)

x sin® [LK*E (1 —0:E) / (2k)] dkdé, ©)
82 (rL) = 8m*k’L /0 l /O ) KDy (K, &) exp (—ALK2E? [k)
x [lo (2Aerk&) — 1]dkdg, ®)

where k =27 /A is the wavenumber with A being wavelength,
Ip(x) is a modified Bessel function of the first kind; L is the
propagation distance, & is the normalized path coordinate and
related to z by & = z/L; r is the off-axis parameter; the com-
plementary parameter @, = 1 — O,s, O, and A, are effective
output beam parameters of GSM beams, that are related to the
input beam parameters @ and Ay of Gaussian beams!?]

0. =06,/ (@g+A§Cs)7 Ae:AOCs/ (®02+A§)a )

where @y and Ag are defined by @) = 1 —L/F and Ay =
2L/ (kw}), respectively. Here, F and wo denote the phase
front radius of curvature and beam radius at the input plane,
respectively. s = 1 +4qc/Ag = 1 +w}/I? is the source co-
herence parameter of the GSM beam (if {; = 1, the beam is
fully coherent, if {s > 1, the beam is partially coherent), and
ls is the partial coherence length, which describes the partial
coherence properties of the source.

The on-axis SI of GSM beam propagation in moderate-to-
strong anisotropic non-Kolmogorov turbulence takes the fol-
lowing form:

512,1( ) = €xp (61nxl+61nyl)

where 82, and 51[1%1 are large-scale and small-scale log-
irradiance on-axis SIs of GSM beams, respectively, and given
by

L peo ALK2E?
ix,l 167T2k2L/0 /0 K(pn(K, (X)GX(K‘) exp <_ekK§>

(10)

[Lx%E (1-6:8) |
.2 e
— >\ ®5/ 11
X sin T dxdé&, (11
1 poo AL 2£2
20 = 16mK°L /O /0 KD, (k,00)G, (K)exp <_ek’<§>
[Lk2E (1-6.8) ]
X sin’ w ddé. (12)

For large-scale log-irradiance on-axis SI, we use the geo-
metrical optics approximation of sin x =~ x, equation (11) can
be expressed as the difference, viz.,

et = Oy (l0) — 82y (Lo), (13)
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where

Sy (lo) = 27°A (o) [1.23R ()] ' Ggu*

// 1+a1 ()" +ax (nm; )3/2_06/4}

xE2(1-6.8)* n>/?

xexp[— (Ac&>+n, '+ 0, )n]dndg, (14
8es (Lo) = 27°A () [1.23R ()] ' Sgu> @
L oo 12 _1\3/2—a/4
X/O /0 [lJra[ (T]T[] 1)1/ “+ap (T]T[l 1) / a/]
<8 (1-6.8) n>
xexp [— (Ae&?+n; "+ 0, + 19" n]dndg,
(15)
where
2 ,  —6.5m%A(a) a T
Ox = R(a) X Syt o 1"(1—5) sin (az>

2 21%A (o)

nt (0) = T 33R (@)
(o33 el
-%am (- S Aenx>+@532F1 (3-2
X [;2131 (33;‘ ; ; Aeﬁx) 7%2131 (za, -3

Analogously, equation (15) can be expressed as

2m2A (@)

2 _ 2 2-ap3-0/2 CANES
8lnx,l (LO) - 1.23R (a) 5RlJ' nxO {r (3 2 ) |:32F1

02 a5 7 7

+ ?ZFI (3272,2, eﬂxO)] Jralr(2
&2

1233, Aeﬂx0> 56 2Fy (

:

O, 7 o
——%,F
22‘<2 2’

9 3a\ [\ VY1
rar(3-5) (%) |

6. 9 3a . . 6?
——2F (2 - 4,2,3,—Ae77x0) +?2F1

where ,F|(a, b; c; x) is a hypergeometric function, ), =

MM/ (Ne+m) and o = Mo/ (MeMo + MM+ NoM)-
When Acfly < 1, all the above hypergeometric functions are

approximately equal to one, thus equations (18) and (19) re-
duce to
2m%A (@)

2, 2—053-0/2 179 0;
23R () RH (3 >t s

X {F(3—Z) —|—a]l"<;_a> <Zj)1/z

ix,l (ZO) ~

x 123235 L%

is the SI of a plane wave in weak non-Kolmogorov turbu-
lence, n = Lk?*/k, n; = Lx?/ (ku?), nx = L2/ (ku?), no =
Ly / (k).

Based on the integrals, 2!
[ e tan =T /5 (16)
0
and
[(c) ! b—1 c—b—1
Fi(a,bic;z) = —————— 1—t¢
2P (a,b:c32) F(b)F(c—b)/() (1)

X (1—zt)"%dt, ¢>b>0, 17)

equation (14) becomes

[0) o .
— —haFy (3 5,2;3;—Aenxo)

3

2

N 1/2

M0 1o (7 _a35 .
<m> {321:1 (2 2709 o
5
2

7T o 7 N
575 ,2,_Aenx0>:|

33 )
)|} @)
| 0 3\ [f\2-al
(3G ) e
)

27%A (@) 1_e_ e
1.23R (a 325

12
o MNxo0
<re-5)rar(3-5) ()
~ 3/2—a/4
er(3-3) ()]
2 m

Note that when u =1, Iy — 0, Ly — oo, equation (13)

2 2 2—ap3—a/2
nx,l(LO) ~ 5R * 0 /

2
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reduces to Similar to Ref. [11], the large-scale and small-scale pa-
rameters can be calculated as

» 2mA(Q) o soap 1_@ (iez o«
nxd ¥ T23R (o) R'™ 35t )Te7) @ | [t ar(3_g) 1_9_’_@2 A(o) 8272/6°
0.3 2)\37 2 R(a) 52
098 & N\ oy
(rar@esg) 8] e
~ [1.23xIn2 (e —2)R(a) ¥
TETse A&

which is the large-scale log-irradiance on-axis SI for the zero- Mx

scale case in the isotropic turbulent atmosphere.[!!)

Along the same lines, we adopt the approximation of

1 —cosx ~ 1 for the small-scale log-irradiance on-axis SI
51%1“ ;» and equation (12) can be written as

2/(2—a)
4x? A(oc) n —o/2 (OSI >
2 2,,2-0 }

- dnd 1+ d ; (25)
8717 Ala 2 1—a/2

~ 13 REO&; aafzny oz, (23)  where 82 = u?~*82 is the SI of GSM beam wave in weak

anisotropic turbulence and is related to that in weak isotropic
where 1, = LKS /k. turbulence 2!

4n? A0) oo 1-a)2 o o 13 33—«
2 = T (1==)oF ([ 1—=, 252 —A r
% 123R() Ul { ( 2)“ PR AL R
o

3—a 13 10-3
x 2F (2,2;2;—/\&71) —|—a21"( 1

1 [z%/2 a a a;z@-V2 /3 _q a—1 a,73e=0)/4 /5 3¢
—= I'il1——)sin{ = r in| — — I = ——
T[ a (1-3)sin (30 +0) + (a—1) ( 2 )Sm< 2 (P1+(”2)+ (Ga/2—3) (2 4 )
. (30—6 Ay |1 o ay 33—« a 5 3a
—I'(l1—-— r rf-—— 26
Xsm( 4 ¢1+(P2>}+3T2 {a ( 2)+(a—1) ( 2 >+(3a/2—3) (2 4)]}’ (26)
| 2
where A o —2_(2—oa\ A(a)
U = . 31
s (@) = 137"« ( 2 )R(a) @D
7= [4(am)?+ (120, 0F] /6,
) 5 7l Considering additional beam wander and diffraction ef-
Z= [(3+2Ae"11 )"+ (1+26) m} /3, fects, the effective beam parameters are adopted by Apec =
@ =tan"! 2A./ (1426,)], 2L/ [kWgp (L)]; Wir (L) is the long-term spot size for the
o1 = tan”~! [(14206)n1/ (3+2Ae)] - GSM beam through anisotropic non-Kolmogorov turbulent
atmosphere (2]
N(OC) _ 8m2A (OC) r 6—«o B((X)(ﬁia)/(aiz) W2 (L)
1.23R(at) (@ —2) \o—2 ’2 LT 5
5 5 ( 7) ~ W0+WOA0 §S+ 37172A((X)C~',%/.L_2L3
B(a) = " 42220 (1 - a/2)A(a) 28) \
= Ay —a
1.23 (0 —1)I"(a/2) R (x) Oe o L {F(E—Z) +01@F £l T a_s
U ua I'a/2) 2 Ko \2 2 2
M(a) :/ e (1 @é) 3-a/2
° carecay () rGE-E)r(E-3)
-~ _ —o —o | — —-— — —_—— =
X [(1_@@)“ 2o (1-6,)" 1} dé, K 2 4 4 2
5 «
(29) 4—a _a >«
T {r(z 2)“”F<2 2)
The off-axis SI for an untracked GSM beam in moderate- tarT <7 3o >} } (32)
to-strong anisotropic non-Kolmogorov turbulence!!!l is given 2 2 4 '
by
1 5 Based on equations (20), (21), and (30), the total SI of
— a/l—
8 (L) = U(a) > *8gAwl™ [r/Wir (L)), partially coherent GSM beams propagating through moderate-

0<r<Wir(L), 30) to-strong marine or terrestrial atmospheric turbulence can be
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expressed as

Aa/27lr26§
2(rL) = U(a)p> *=—R

2A(0) 5 2 g1 G 62
JreXp{l.BR(a)SR“ 37275

Lo\ 1/2
~3—a)2 _g z_g &
-9 r (-9) (3
9 3q e 3/2—a/4
ol (2 B 4) (m>

Lo\ 12
_ple _a T_2)\ (o
w(re=3)rar (G-3) ()

(33)

3. Numerical discussion

In this section, the numerical results of the SIs for
partially coherent GSM beams propagating in a moderate-
to-strong anisotropic non-Kolmogorov turbulent marine at-
mosphere are discussed. The following parameter values
are assumed unless otherwise specified: anisotropy coeffi-
cient u = 1.2, power-spectrum index o = 3.8, turbulence
inner-scale [y = 1 mm, and outer-scale Ly = 1 m, turbulence

" "
maritime

141 (a) atmosphere ]
environment
1.2
1.0p
2 0.8f +l,=5cm |
s terrestrial < ls=1cm
0.6 atmosphere — ls="5 mm 4
environment —+-ls=>5 cm
0.4} +ls=1cm |
--ls=5 mm
0.2 % - - : -
0 2000 4000 6000
Propagation distance L/m
2.5 T
(b) =-l=5cm maritime
< ls=1cm atmosphere
2.01 —1,=5 mm environment
—+1ls=5 cm
s -+ [;=1cm
~ 151 --ls=5 mm b4
E
§ 1.0}
terrestrial
atmosphere
0.5h environment
0, -——
0 0.1 0.2 0.3

r/m

Fig. 1. (color online) On-axis (a) and off-axis (b) SIs of GSM beams
versus L and r for different /; in marine and terrestrial atmospheres.

structure parameter C2 = 5 x 101> m> | propagation dis-
tance L = 4 km, wavelength A = 1550 nm, beam width wg =
1 cm, phase curvature parameter Fp = 10 km, and spatial cor-
relation length [y = 5 cm.

Figure 1 shows the dependence of the on-axis (Fig. 1(a))
and off-axis (Fig. 1(b)) SIs of GSM beams through anisotropic
non-Kolmogorov turbulence with source spatial coherence
length ;. A comparison of results in the marine and terres-
trial atmosphere is also presented in Fig. 1. Both the on-axis
and off-axis SIs for GSM beams are sensitive to the changes
in [5, and the negative effect of the turbulence on GSM beams
can be reduced by decreasing the value of ;. Partially coher-
ent beams showed an obvious advantage over fully coherent
ones in lowering the turbulence-induced SI. The on-axis SI in
a turbulent marine atmosphere is higher than that in a turbulent
terrestrial atmosphere. The result of the off-axis SI is different
from that of the on-axis SI: terrestrial atmosphere produces a
larger effect on the off-axis SI than the marine atmosphere.

1.5¢ (a)

. Seg
oy O
g
4o,
AT s

3
o
«© ——p=1.0
0.5} P4 -+-p=11
g 1} e o =1.2
boed —vop=13
&
¥
0 L L L L
2 4 6 8
6Ryt0v
2.5
(b) —-—p=1.0 W
20" —rop=1d ‘;7#-
. ke =12 /# -t-
=13 Vy'**ﬁ

Fig. 2. (color online) On-axis (a) and off-axis (b) SIs of GSM beams
versus 51% and r for different p in the marine atmosphere.

The impact of the anisotropy coefficient 4 (u =1, 1.1,
1.2, and 1.3) on the on-axis (Fig. 2(a)) and off-axis (Fig. 2(b))
SIs of GSM beams in an anisotropic non-Kolmogorov marine
atmosphere is investigated in Fig. 2. The on-axis SI of GSM
beams increases with the turbulence strength until it reaches
a maximum value in the focusing regime, where large-scale
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inhomogeneity achieves its strongest effect; the on-axis SI en-
ters the saturation decreasing regimes after reaching a maxi-
mum value because the focusing effect is weakened by multi-
ple scattering in the turbulent saturation region. Atmospheric
spatial coherence increases as the anisotropy parameter [ in-
creases; the increase in U leads to turbulent eddies acting as
lenses with longer radii of curvature. A beam passing through
an anisotropic turbulent eddy is less deviated from the direc-
tion of propagation and has a narrow spot size.!?*! The point of
large off-axis Sl is closer to the beam center in anisotropic tur-
bulence than that in isotropic turbulence. At a fixed position,
the anisotropy characteristic of atmospheric turbulence leads
to the decline in the on-axis SI and the rise in the off-axis SI.
This effect is obvious in the moderate fluctuation regions for
the on-axis SI, whereas for the off-axis SI, it is obvious at the
positions far from the beam center.

2.0
1.5}
2 10p ¢ F
s 17
Y ——Jp=1mm, Lo=1m
0.5F , R lg =1 mm, LO =10 m
-+-lp=1cm, Lo=1m
=¥ lp=1cm, Lo=10 m
0 . . .
0 2000 4000 6000

Propagation distance L/m

Fig. 3. (color online) On-axis SIs of GSM beams versus L for different
lp and Ly in the marine atmosphere.

1.4
1.2
1.0
2 osf
NLQH E
o} 1Y ~9-A=1550 nm
41“; - A= 1064 nm
o4l , -+-A=850 nm
-t?I —— A =0632.8 nm
i
0.2+ ' ‘ ‘
0 2000 4000 6000

Propagation distance L/m

Fig. 4. (color online) On-axis SIs of GSM beams versus u for different
A in the marine atmosphere.

Figure 3 depicts the influences of turbulence inner-scale
lp and outer-scale Ly on the on-axis SIs of GSM beams as
a function of propagation distance L in an anisotropic non-
Kolmogorov marine atmospheric turbulence. The curves of
the on-axis SIs for different /y and Ly values follow similar

trends, but different values are obtained. Turbulence inner-
scale has an important effect on the on-axis SIs in moderate
fluctuation regions. Turbulence outer-scale plays a more im-
portant role in determining the strength of the on-axis SI in
strong-turbulence regions. Both the turbulence inner-scale and
outer-scale effects should be considered in the evaluation of
the SI when the beam propagates in moderate-to-strong atmo-
spheric turbulence.

Figure 4 illustrates the importance of wavelength A on
the on-axis SIs of GSM beams through an anisotropic non-
Kolmogorov marine turbulent atmosphere as a function of L
for A = 1550, 1024, 850, and 632.8 nm. In weak-to-moderate
turbulence regime, the on-axis SI increases with the decrease
of A; it trends toward a steady value when entering into the
turbulence saturation phase. Wavelength also has a significant
effect on the distance from the point (at which the maximum
value is obtaining) to the source plane, a decreasing value of
A leads to a short distance.

—o—1/Wir=0, 6ti(L)
-+ - T/WLT =0.5
—4—r/Wir=1

-7 T/WLT = 0, U’I?Y(T,L)

1g(Ao)

Fig. 5. (color online) SI of GSM beams versus Agfor different r in the
marine atmosphere.

Figure 5 shows a plot of the total SIs of GSM beams in
an anisotropic non-Kolmogorov marine turbulent atmosphere
versus input beam parameter Ay from 107! to 10° at a fixed
propagation distance L = 1 km, where the effects of different
values of the off-axis parameter r are considered. With the in-
crease of Ay, the on-axis SI first decreases down to a trough
and then begins to increase again. The curves of the off-axis
SIs are different from the case of the on-axis SIs, which in-
crease steeply to a peak value, and then decrease to zero. As
Ag — oo, GSM beams tend to be spherical waves, the on-axis
SI of GSM beams is approximately equal to that of the spher-
ical wave, and the off-axis SI disappears. The off-axis param-
eter r has a significant effect on the SIs of GSM beams in the
vicinity of Ag = 1 in a marine atmosphere.

Figures 6 exhibits the effect of power-spectrum index
o on the SIs of GSM beams for ¢ = 3.2, 3.4, 3.6 to 3.8
in an anisotropic non-Kolmogorov marine turbulent atmo-
sphere. The on-axis SI increases with the decrease of & in
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the moderate-turbulence regime, which is consistent with the
results in the weak turbulence regime.?°! whereas the on-axis
SI enters into the turbulence saturation regime after reaching a
maximum value, & has an opposite effect on it. Different val-
ues of & lead to obvious variations in the SIs which are away
from the beam center.

1.4

1.2¢

1.0+

0.8}

ot (r,L)

0.6

0.4+

0.2

0 2000 4000 6000

Propagation distance L/m

0'% (T7L)

1.0

0 2000 4000 6000

Propagation distance L/m

Fig. 6. (color online) SI of GSM beams versus L for different o and r
in the marine atmosphere.

4. Conclusion

In conclusion, we have quantitatively investigated the
SIs of GSM beams in a moderate-to-strong anisotropic non-
Kolmogorov turbulent atmosphere. Both the on-axis and off-
axis SIs of GSM beams in the turbulence were sensitive to
changes in spatial correlation length; partially coherent beams
showed an advantage over fully coherent ones in lowering the
turbulence-induced SI. The on-axis SI in the marine atmo-
sphere was higher than that in the terrestrial atmosphere, but
the off-axis SI exhibited the opposite result. The anisotropy
characteristic of turbulence led to a decline in the on-axis SI
and a rise in the off-axis SI. Turbulence inner-scale had an

obvious influence on the on-axis SI in moderate fluctuation re-
gions, but the outer-scale effect was more apparent in strong-
turbulence regions. The decrease in the on-axis SI induced
by wavelength was remarkable in the moderate-to-strong. The
on-axis Sl initially increased with the turbulence strength, then
began to decrease after reaching a maximum value. The on-
axis SI increased with the decreasing power-spectrum index
in the moderate-turbulence regime; it had the reverse effect in
the saturation regime. The off-axis SIs strengthened as the oft-
axis parameter and propagation distance increased. With the
increase in beam parameter Ag, the on-axis SI first decreased
to a trough, and then began to increase again; the result of
off-axis SI was opposite to that of the on-axis SI.
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