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Propagation properties of spatially pseudo-partially coherent Gaussian Schell-model beams through the atmo-

spheric turbulence over a long-distance uplink path are studied by numerical simulation. A linear coordination trans-

formation is introduced to overcome the window effect and the loss-of-resolution problem. The beam spreading, beam

wandering, and intensity scintillation as functions of turbulence strength, source correlation length, and change fre-

quency of random phase that models the partial coherence of the source are analyzed. It is found that the beam

spreading and the intensity scintillation of the partially coherent beam are less affected by the turbulence than those of

the coherent one, but it suffers from severer diffractive effect, and the change frequency of random phase has no evident

influence on it. The beam wandering is insensitive to the variation of source correlation length, and decreases firstly

then goes to a fixed value as the change frequency increases.
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1. Introduction

It is widely accepted that distortions due to ran-
dom variation in the refractive index of atmospheric
turbulence, such as beam wandering, beam spreading,
and scintillation, have significant adverse effects on
many applications of laser engineering, such as remote
sensing, tracking, and optical communications.!!=%
The turbulence-induced intensity fluctuation and the
beam wandering at the receiver result in the rise of
system bit error rate and tracking error, respectively,
and the beam spreading may decrease the power and
the power density at the receiver, which are unsatis-
factory in most applications. And the fully coherent
laser beams are very sensitive to the distortions of
atmospheric turbulence. Consequently, these adverse
effects become main restricted factors of the improve-
ment of system performance. Hence, there has been
growing interest in developing techniques to overcome
the turbulent effects, and it would be useful to uti-
lize new beams that are affected as little as possible
by the presence of atmospheric turbulence. Recently,
there were many theoretical researches on the propa-
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gation effects of partially coherent beams (PCBs) in
turbulence, and the results indicated that PCBs are
less affected by the turbulence than the fully coherent
beams (CBs).>~13] Some experiments also suggested
that the use of a partially coherent beam source does
reduce the intensity scintillation at the receiver.!4—16]

The partially coherent Gaussian Schell-model
(GSM) beam is a typical spatially partially coherent
beam, which has been intensively studied in some pub-
lications. But it is very difficult and not necessary
to generate a fully-developed GSM beam. A more
practical beam, the pseudo-partially coherent beam
(PPCB), was proposed.l'” A PPCB can be generated
by sending a CB through a random phase screen that
changes a few times during the time within which
The

propagation effects of beam spreading, beam wander-

the atmospheric turbulence has changed once.

ing, and intensity fluctuation on PPCBs through the
turbulence were studied in Refs. [17]-[19]. However,
most previous works were concentrated on the short-
distance propagation. The case of long-distance prop-

agation, which is involved in many applications, such
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as satellite-ground laser communications, was seldom
studied. On the other hand, the change frequency of
the random phase, which models the partial coherence
of the source, is an important parameter in generating
a PPCB, but little attention has been paid to the ef-
fects induced by the variation of the change frequency.

In this paper, propagation properties of spa-
tially pseudo-partially coherent Gaussian Schell-
model beams through the turbulent atmosphere along
a long-distance uplink path up to hundreds of kilome-
ters are investigated by using wave optics numerical
simulation. A linear coordinate transformation ap-
plied to the simulation of long-distance propagation
is presented to overcome the window effect and the
loss-of-resolution problem. In Section 2, the basic pa-
rameters and properties of spatially pseudo-partially
coherent Gaussian Schell-model beams are introduced.
In Section 3, the approach for the numerical simu-
lation of the propagation process of PPCBs is pre-
sented, and the linear coordinate transformation is in-
troduced. Then the influences of turbulence strength,
source correlation length, and change frequency of
random phase on the beam spreading and the beam
wandering are analyzed statistically in Section 4. The
intensity scintillation property of the PPCB is stud-
ied in Section 5. Finally, in Section 6, we give some

discussion and summarize the main results.

2. Basic parameters

As proposed in many publications, the partial co-
herence can be modeled by a diffuser or a random
phase assumed to be ¢(x,y;t), and the initial optical
field of a partially coherent beam can be expressed as

E(z,y,z=0;t) =FEo(z,y,2 = 0)
x explig(z,y; t)], (1)

where Eo(x,y,z = 0) is the initial optical field of the
corresponding fully coherent beam. For a spatially
partially coherent GSM beam, the random phase sat-
isfies the Gaussian spatial coherence function, and can
be described by a random signal convoluted with a
Gaussian distributed function!20!

o(z,y;t) = r(z, y;t) @ g(,y), (2)
where r(z,y;t) is the spatially uncorrelated random
signal with a standard deviation o,, and g(z,y) is a
Gaussian function with standard deviation o,

x? + y2
20§ ) (3)

1
9(,y) = 5 eXP(—
g

The lateral correlation length [, is introduced to de-
scribe the spectral degree of coherence, which is given
by

2
¢

_ 1671'0;l

(4)

For a fully coherent beam, [, goes to infinite, and the

2
O;

degree of source coherence degrades as [. decreases.

The random phase ¢(z,y;t) is representative of
the phase modulation of a coherent beam source. The
changing frequency of ¢(x,y;t) is often described by
the relative modulation frequency K compared with
the change of atmospheric turbulence. It means that
during the period that the atmospheric turbulence has
changed once, the random phase has changed K times.
The main difference between the partially coherent
and the pseudo-partially coherent GSM beams is the
change frequency of ¢(x,y;t). For the partially co-
herent beams, the change frequency is infinite, but
for the pseudo-partially coherent beams, the change
frequency is often chosen to be several times of the
frequency of the turbulent fluctuation. So we point
out that the propagation properties of the pseudo-
partially coherent GSM beams may not follow the
fully-developed partially coherent GSM theory under
all conditions.

3. Numerical simulation method

Based on the Maxwell equation and the parabolic
approximation, the optical field in turbulent media
satisfies the following equation:
oF
9z

where k = 27 /) is the wave number, and n; is the

2ik— + V3 E +2k*n E = 0, (5)
variation of the refractive index. The multiple-phase
screen method?! is used to solve Eq. (5) and to sim-
ulate the propagation processes of beam in free space
and in the turbulent atmosphere. Considering the
concept of pseudo-partially coherent GSM beam, we
use the approach described in Refs. [19] and [20] to
generate GSM beams and to get each realization of
the intensity field at the receiver, based on which the
beam spreading and the beam wandering are analyzed
statistically.

For the long-distance propagation, the beam size
at the receiver may be tens or hundreds of times larger
than that at the transmitter due to the strong diffrac-
tive effect. If the numerical mesh keeps the same at
each turbulent phase screen, the light beam at the
transmitter could not be sampled sufficiently, or the
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light beam at the receiver would collide with the edge
of the phase screen, i.e., the window effect, both would
result in a low simulation precision. So the grid in-
terval should be varied according to the beam size
at different turbulent phase screen to overcome the
window effect and the loss-of-resolution problem. We
use the coordinate transformation to achieve this pur-
pose. The schematic diagram of coordinate transfor-
mation is shown in Fig. 1. At the first phase screen
of transmitter, the size of phase screen is assumed to
be Lg x Lo, and that of the last phase screen at the
receiver is assumed to be Ly x Ly, Lo and Lq should
be at least several times of the sizes of the light beams
at the transmitter and the receiver, respectively. The
linear coordinate transformation is used, and the co-
ordinate transformation factor D(z) at position z can
be given by

Ly +2 (ﬂ -1

Ly L\Ly

where L is the propagation length, and

):1—5z, (6)

Fig. 1. Schematic diagram of coordinate transformation.

Consider a new Cartesian coordinate system
(2',y,2") defined by

1 1
Yy =y/D(2), 2= 5(1 —5, 1),
relation between optical field
Er(2',y’,2") in the new coordinate system and that

2 =1x/D(2),

and assume the

in the original coordinate system satisfies

1
E(:r,y,z) = WET(IE/,Z/,Z/) eXp[iE(l’,y,Z)], (7)
where
- k[l — D(2)] 2 2
then the parabolic equation can be written as
oF
Zika—; +V?2Er + 2> D*Er =0.  (8)

Equation (8) is similar to Eq. (5). Thus we can use

the same simulation algorithm to solve Eq. (8), and

the variation of refractive index becomes nqD? in the
new coordinate system. Set the numerical grid inter-
val in the new coordinate system to be Az’ = Ly/N
at all turbulent phase screens, N x N is the number of
grids in the numerical mesh, and Ly x Lg is the sim-
ulation window dimension. Therefore in the original
coordinate system, the grid interval is transformed to
be Az = D(z)Az’, which changes according to the
beam size at different position by factor D(z).

The simulation of light propagation is carried out
in the new coordinate system by using the classical

[21] Unlike in the origi-

split-step Fourier algorithm.
nal coordinate system, the phase fluctuation spectrum
Pas: of the thin turbulent phase screen is related to
the power spectrum of the fluctuation of refractive in-

dex, &,,, through the expression
Das (Ko, Kyr)

=2k’ D* A2 P, (K, Ky, Ky = 0) (9)
in the new coordinate system based on Eq. (8), where
K., Ky, K, are the wave number coordinates, and
Az’ is the separation between the phase screens. And
the propagation length in the (z/,%/,2') system is
transformed from L to L', which satisfies

1 1 L
L==(=5-1) = . 10
d\1-46L 1-46L (10)
After obtaining the optical field Er (2/,y', 2" = L'),
the real optical field F (x,y,z = L) in the original

coordinate system can be obtained through Eq. (7).

4. Beam spreading and beam

wandering

The propagation paths involved in this paper are
all vertical uplinks, the Kolmogorov spectrum of tur-
bulence and the HV-5/7 profile of construct constant
of refractive index are assumed. The wavelength of
the beam is 1.0 um, and the initial beam radius at
the transmitter is 100 mm. Each data point in the
following figures and tables is the statistic average re-
sult of 100 simulation realizations.

4.1. Turbulence strength

The HV-5/7 profile of construct constant of re-
fractive index used here can be expressed as

67217HV-5/7(h) =8.2 X 10—26(21)2h1oe_h

+2.7x 1076 15
+ 1.7 x 107 e 7100 (11)
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where h is the altitude from the ground. But in this
paper, we assume a C2 profile that is normalized to
the construct constant of refractive index at ground
C? o, which is utilized to define the strength of turbu-
lence. Thus, the assumed C2 profile can be expressed

as

Cio c? (h).  (12)

2 _
Cn(h) - (h _ O) n,HV-5/7

C?z,HV-5/7
Although equation (12) is not suitable for describing
the real C2 profile, it is a feasible way to study the
influence of turbulence strength on the propagation
property.

Set C2 o to be 1 x 10710 m=2/3, 5x 10716 m=2/3,
1x107° m=2/3,5x 107 m=2/3, 1 x 1071 m—2/3,
5x107 m~2/3 and 1x 10~ m~2/3 respectively, and
the propagation length L is chosen to be 100 km. In
the new coordinate system (z’, 3/, 2), the grid interval
Az’ is set to be Az’ = 10Wy/N, where N = 256. For
PPCBs, the relative modulation frequency of ¢(z, y; t)
is assumed to be K = 10, and the source correlation
length is I = 1 ¢cm. Figure 2(a) shows the beam
radii of PPCB and CB each as a function of C}, , and
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Fig. 2. (a) Beam radii and (b) relative beam spreadings
of PPCB and CB versus C?L’O over a propagation distance
of 100 km in turbulence.

figure 2(b) shows the relative beam spreading, which
is defined by Wegt/Weso, where Weg and Wego are the
beam radii in the turbulence and in the vacuum, re-
spectively. It can be seen that the beam radius of
PPCB is much larger than that of CB, which indi-
cates that the diffractive effect of the PPCB is more
serious than that of the CB. However, as the turbu-
lence strength grows, the beam radius of the PPCB
increases much more slowly than that of the CB. Even
when C2 =1 x 107"® m~2/% (Rytov index is 36.2),
the relative beam spreading of the PPCB is only 1.12,
while that of the CB grows to 5.9. This means that
the beam spreading of the PPCB is not very sensitive
to the distortion of the atmospheric turbulence, and
the PPCB is less affected by the turbulence than the
CB.

Figure 3 shows the beam wanderings of PPCB
and CB each as a function of the turbulence strength,
where the y axis denotes the root of mean square
(RMS) o, of the wandering of beam centroid. We can
see that as the turbulence strength grows, the RMS
of beam wandering of the PPCB rises rapidly. When
CZo=1x10"" m=%/3 5, rises up to 0.61 m. The
beam wandering of the PPCB is almost the same as
that of the CB. However, at low C? , the beam wan-
dering of the PPCB is a little larger than that of the
CB. As the turbulence strength grows, the difference
tends to disappear. For the PPCB, the beam wander-
ing is caused by two kinds of disturbances, the limited
randomicity of random phase ¢(z,y;t) and the atmo-
spheric turbulence. So even in vacuum, there is also
some extend of beam wandering of the PPCB (it can
also be seen in Fig. 6), whereas the beam wandering
of the CB is zero in vacuum. This causes the little

larger beam wandering of the PPCB at low C7, ;.
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Fig. 3. RMS of beam wanderings of PPCB and CB versus
0721,0 over a propagation distance of 100 km in turbulence.
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For the propagation length of 500 km, Table 1
displays the beam radius Weg, the relative beam
spreading Weg/Wego, the RMS of beam wandering
0p, and the Rytov index of when C? j is chosen to be
1x107% m=2/3 1 x 107" m~2/3, 1 x 1014 m~2/3,
and 1 x 1013 m—2/3 respectively. It can be seen that
the beam radius grows very slowly with the increase of
the turbulence strength. Even when the Rytov index
goes up to 139.3, the relative variation of the beam
radius is less than 23%. But the RMS of beam wan-
dering increases from 0.45 m to 3.15 m when the Rytov
index rises from 0.139 to 139.3. Therefore, the beam
wandering of the PPCB is affected more severely by

the turbulent distortion than the beam spreading.

Table 1. Beam spreading and beam wandering of PPCB
versus C’g’O over a propagation distance of 500 km.

CZo/m=2/3 1x10716 1x 107 1x 1071 1x 10713

Wegr /m 24.19 24.23 24.54 27.23

Weet/Westo — 1 7.3% 7.5% 8.8% 20.8%
op/m 0.45 0.62 1.14 3.15

o? 0.139 1.39 13.9 139.3

4.2. Source correlation length

Set C7 y=1x 1071 m~2/3 chose the source cor-
relation length [. of the PPCB to be 0.5 cm, 1 cm,
2 cm, 3 cm, 4 cm, 5 cm, and 6 cm respectively, and as-
sume K = 10. Figure 4 shows the variations of beam
radius in vacuum and in turbulence each as a func-
tion of I, over a propagation distance of 100 km. We
note that the increase of the source correlation length
causes a significant decline of the beam radius, and the
beam radius in turbulence is only a little larger than
that in vacuum. Under the same condition, the short-
term beam radii of the corresponding CB in vacuum
and in turbulence are 0.33 m and 0.56 m, respectively.
It is clearly revealed that a pseudo-partially coher-
ent Gaussian Schell-model beam has severer diffrac-
tive effects than the corresponding coherent Gaussian
beam. Though the relative beam spreading of a par-
tially coherent beam is less susceptible to the turbu-
lence (Fig. 2), the turbulent beam radius of a partially
coherent beam is generally still larger than that of a

coherent beam due to the larger spreading in vacuum.

10

—=— in vacuum
--0- in turbulence

Wege/m

l./cm

Fig. 4. Beam radii in vacuum and in turbulence of the
PPCB versus [ over a propagation distance of 100 km.

In Table 2, the RMS of beam wandering is illus-
trated with the variation of I., and the last column
denotes the RMS of beam wandering of the corre-
sponding CB. It can be seen clearly that the change
of I, does not lead to an evident variation of the beam
wandering. The average relative variation is less 4%.
The beam wandering of the PPCB is almost the same
as that of the CB. This indicates that the beam wan-
dering of the PPCB is not sensitive to the degree of
source coherence.

Table 2. RMS of beam wandering versus Il over a prop-
agation distance of 100 km.

lc/cm 0.5 1.0 20 30 40 50 6.0 CB
op/m 0.236 0.223 0.224 0.234 0.225 0.249 0.245 0.226

Change the propagation length to be L = 500 km,
and all the other parameters are kept the same as
those in Fig. 4. Table 3 shows the beam radii, the rel-
ative variations of beam radius, and the beam wander-
ings with different source correlation lengths. There is
a quick decline of beam radius as the source becomes
more coherent. But at the same time, the relative
variation of beam radius (data in the forth row of Ta-
ble 3) keeps a noticeable rise. When I, = 0.5 cm, the
relative variation of beam radius is only 6.5%, when
I = 6 cm, it grows to 23.0%, and it becomes 70.0%
for the CB. It means that the beam spreading due to
the turbulent distortion is weakened by using partially
coherent beams. However, the severe diffractive effect
in vacuum causes significant reductions of power and
power density at the receiver, which may be an un-
satisfactory property in some applications. Thus, the
utilization of partially coherent beams and to which
extent partially coherent beams are used may depend
on the real requirements. From this table, we also see
that the beam wandering is almost independent of the
source correlation length.
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Table 3. Beam radius and wandering versus lc over a propagation distance of 500 km.

le/cm 0.5 1.0 2.0 3.0 4.0 5.0 6.0 CB
Wegto /m 45.02 22.55 11.36 7.67 5.85 4.77 4.07 1.59
Weg /m 47.96 24.54 12.62 8.77 6.88 5.75 5.01 2.70
Wes /Wesro — 1 6.5% 8.8% 11.1% 14.4% 17.7% 20.5% 23.0% 70%
o,/m 1.14 1.14 1.15 1.15 1.09 1.11 1.05 1.03

4.3. Modulation frequency

According to the concept of PPCB, besides the
turbulence, ¢(z, y; t) may also bring some distortion to
the intensity pattern because of its limited randomic-
ity. Thus, the relative modulation frequency K is an
important parameter for the generation of the PPCB,
and the change of K may cause some variations of
beam spreading and beam wandering both in vacuum
and in atmospheric turbulence.

Figure 5(a) gives the beam radii in vacuum and
in turbulence (CZ, = 1 x 107" m~2/%) each as a
function of K, figure 5(b) shows the relative variation
of beam radius compared to the average value. In-
put parameters are L = 100 km and [, = 1 cm. We
can see that the beam radius fluctuates around the
average value, but the largest relative variation is less
than 0.7%. The change of modulation frequency may
not cause any obvious variation of beam radius of the
PPCB both in vacuum and in atmospheric turbulence.

4.94
(a)
4.92+
g 4.90r --#-- in vacuum
~ .
g —o— in turbulence
= 4.88f L =100 km, [, =1 cm
4.86 omeR PN
= /' SN g AN
\ ’ - N LW g
NS Las
4.84
0 10 20 30 40 50
K
0.4
(b)
0.2
X
=
g 0.0
o
[}
o —0.2F
2
e}
%3 —04r --=-- in vacuum
o —o— in turbulence
_06 L
—0.8 1 1 1 1 1 1
0 10 20 30 40 50
K

Fig. 5. (a) Beam radii and (b) relative variations of beam
radius of PPCBs compared to the average value.

Due to the limited modulation frequency, even in
vacuum, there also has some beam wandering. Fig-
ure 6 illustrates the RMS of beam wanderings in vac-
uum and in turbulence each as a function of K. In
vacuum, there is a great beam wandering o, = 0.28 m
when K = 1. But with the increase of K, the beam
wandering declines quickly, and it is less than 0.05 m
when K = 50. And it can also be predicted that the
beam wandering keeps going down to zero when K ap-
proaches infinite, because the fully-developed partially
coherent beams have no beam wandering in vacuum.
In turbulence, the beam wandering is larger than that
in vacuum due to the additional influence of the tur-
bulent distortion. We can see that the effect of partial
coherence on the beam wandering is larger than that
of the turbulence at K = 1. But after K increases to
5, the turbulence is the dominant contribution to the
beam wandering, and the beam wandering fluctuates
slightly around an average value of 0.226 m. Thus,
to some extent, it can be said that beam wandering
is insensitive to the modulation frequency of random
phase ¢(z,y;t) when K > 5 in turbulence.

0.40
0.351

—s=— in vacuum
--o- in turbulence

L =100 km, I,=1 cm

Q
\
\

1

1

0.30f \‘
0.25F

0.20f
0.15f
0.10}
0.05f
0.00 eSS ™S

- _.o-
SO g0

o-"
\

TOo. -0--
~o- o

RMS/m

Fig. 6. RMS of beam wanderings in vacuum and in tur-
bulence versus K.

5. Intensity scintillation

The property of intensity scintillation is an im-
portant factor for evaluating the performance of free-
space light communications. Set the coherence length
of the PPCB to be I, = 1 cm, L = 100 km, and C7, ; =

5x 1070 m=2/3 1 x 107 m=2/3, 5 x 10714 m~2/3,

and 1 x 107 m~2/3 respectively. Figure 7 shows the
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off-axis scintillation index as a function of the nor-
malized off-axis distance and the turbulence strength,
where p is the off-axis distance, and Wegp is the beam
radius in vacuum. It can be seen that the scintilla-
tion index increases as the turbulence grows stronger.

However, even when C2 ; = 1x107'¥ m=%/3

, the scin-
tillation index is less than 1, which indicates that the
partially coherent beam is insensitive to the turbulent

fluctuation.

0.6L —v— 5x10716 m~%/3
[ — 1><10—14 m—2/3
0.5F —e— EX10~14 m—2/3
1X1071% m=%/3

0.4

0.3

O.ZﬂJ—/M

0.1

Scintillation index

04 06 08 1.0 12 14
P/Weffo

Fig. 7. Off-axis scintillation index versus 6’721 o and nor-
malized off-axis distance.

Figure 8 illustrates the off-axis scintillation in-
dex as a function of coherence length /. when CEMO =
1 x 107 m~2/3 and L=500 km. We can see that as
the coherence length decreases, the scintillation index
decreases rapidly. It means that the degradation of
beam coherent degree may cause less intensity fluctu-

ation.

Scintillation index

P/ Weso

Fig. 8. Off-axis scintillation index versus [, and normal-
ized off-axis distance.

6. Conclusion

Using the wave optics numerical simulation, we
have studied the characteristics of spatially pseudo-
partially coherent Gaussian Schell-model beams prop-
agating through the atmospheric turbulence over long

distances up to 500 km. To overcome the window
effect and the loss-of-resolution problem, we have pro-
posed a method of linear coordinate transformation.

The properties of beam spreading, beam wander-
ing, and intensity scintillation of PPCBs as functions
of turbulence strength, source correlation length, and
change frequency of random phase were examined. It
was found that the beam radius of the PPCB increases
very slowly as the turbulence strength grows for sev-
eral orders of magnitude, but increases quickly with
the degradation of the source coherence. This means
that the beam spreading of the PPCB is not very sen-
sitive to the turbulent distortion but is sensitive to
the diffractive effect. Unlike the beam spreading, the
beam wandering of the PPCB increases as the tur-
bulence strength grows just like the behavior of the
CB, and almost does not change with the variation
of the source correlation length. This indicates that
the beam wandering of the PPCB is insensitive to the
degree of source coherence. The scintillation index of
the PPCB decreases evidently as the beam becomes
less coherent, and this property can be used to im-
prove the signal-to-noise ratio and reduce the bit er-
ror of light communications. As the change frequency
varies, there is no evident change of the beam radius
either in vacuum or in turbulence. However, even in
vacuum, there is also a significant beam wandering
when K = 1. But as K increases, the beam wander-
ing quickly declines and becomes zero once K goes to
infinite. Whereas in turbulence, the beam wandering
declines to a fixed value for K > 5.

Therefore, form the point of view of beam wander-
ing, the partially coherent beams have no advantage
over the coherent ones. The beam spreading and the
intensity scintillation of the partially coherent beam
are less affected by the turbulence than those of the
coherent beam. This may be one of the most impor-
tant properties of the partially coherent beams that
could be utilized to improve the performance of laser
engineering. But the partially coherent beams have
larger beam radii, which result in lower power density
and may be unsatisfactory in some particular applica-
tions. So to which extent a partially coherent beam is
used and the selection of optimal beam should depend
on the real requirements.
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