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We have explored a method to reduce turbulence-induced scintillation by using an incoherent beam array com-
posed of beamlets with nonuniform polarization. It is shown that significant scintillation reduction of such an
incoherent beam array can be obtained by using nonuniformly polarized beamlets whose scintillation properties
are optimized. © 2012 Optical Society of America
OCIS codes: 010.1300, 260.5430.

When optical beams propagate through the atmosphere,
they suffer from turbulence-induced intensity fluctua-
tions, known as scintillations, that can severely degrade
the performance of free-space optical communication
systems. Therefore, understanding and reducing scintil-
lation is one of the primary concerns in the development
of such systems [1]. One viable option for scintillation re-
duction is the use of partially coherent beams. It has been
shown by numerous researchers that scintillation of a
partially coherent beam can be lower than that of a com-
parable fully coherent beam (see Ref. [2] for a review). In
2005, Schulz theoretically showed that beams that mini-
mize scintillation are in general partially coherent [3].
These results have inspired investigations of the use of
partially coherent beams in free-space communication
systems. A number of optimization schemes for partially
coherent beams in free-space optical communications
have been proposed [4–6].
However, the generation of partially coherent beams

with controllable coherence properties is still challen-
ging. With this in mind, a number of researchers have
turned to incoherent beam arrays as a readily realizable
partially coherent source. Their usefulness in scintilla-
tion reduction has been theoretically and experimentally
demonstrated [7,8]. A recent study further showed that
scintillation properties of a general partially coherent
beam can be well-approximated by an appropriately de-
signed incoherent beam array [9]. These results suggest
that incoherent beam arrays are a promising class of par-
tially coherent sources for turbulence applications.
In general, the scintillation properties of an incoherent

beam array strongly depend on the scintillation proper-
ties of its constituent beamlets. Therefore, a straight-
forward consideration in reducing scintillation of an
incoherent beam array is whether it can be achieved
by selecting a type of beamlet with small inherent scin-
tillation. Scintillation properties of various beam types
have been studied in recent years (see Ref. [10] for a re-
view). It is shown that scintillations strongly depend on
the initial beam properties, such as phase and intensity
profile. In general, due to the complicated nature of
turbulence-induced beam scintillation, it is difficult to
find general guidelines for scintillation reduction by ma-
nipulating initial beam parameters. However, the beam
types investigated so far are scalar. The vectorial nature
of optical beams and noninterference of orthogonal

polarizations suggest that a beam of complex polariza-
tion can act effectively as a two-mode partially coherent
beam. Our recent study demonstrated that an appropri-
ately chosen nonuniformly polarized beam (NPB) can
have appreciably smaller scintillation than comparable
beams of uniform polarization [11]. This result suggests
the use of NPBs in incoherent beam arrays for scintilla-
tion reduction. In this Letter, we demonstrate that
the scintillation of an incoherent beam array can be sig-
nificantly reduced by using NPBs with optimized self-
scintillation properties.

We consider an NPB generated by a simple orthogonal
superposition of an x-polarized Laguerre–Gauss (LG)
mode of order n � 0, m � 0 (LG00) and a y-polarized
LG mode of order n � 0, m � 1 (LG01) [11], namely
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From calculations of the scintillation index of an electro-
magnetic beam [12], it can be shown that an NPB has a
minimum scintillation index
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when the ratio of their amplitudes takes an optimal value
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hIxi and hIyi in Eq. (3) are the average intensities of the
two orthogonally polarized modes when their amplitudes
A0x and A0y are unity. Here, σ2xx and σ2yy are the self-
scintillation indices of the x or y polarized modes and
σ2xy is the cross scintillation index.

Equation (2) suggests that scintillation reduction by an
NPB arises from the different scintillation properties of its
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two orthogonally polarized modes on propagation
through the atmosphere. We use amultiple random phase
screen method [13] to numerically study the on-axis
scintillations of such a beam. In this Letter, the wave-
length is λ � 1.55 μm and turbulence strength is C2

n �
10−14 m−2∕3. For an NPB whose mode widths are w0x �
w0y � 0.05 m, the simulated on-axis self-scintillation
indices of LG00 and LG01 are σ2xx � 0.57 and σ2yy � 1.25
after it propagates through the turbulence for 2.5 km.
The on-axis cross scintillation index is σ2xy � 0.19. From
Eq. (2), the minimum on-axis scintillation index of the
NPB is 0.47. The simulated scintillation index of a uni-
formly polarizedbeam (UPB),where LG00 andLG01 super-
posewith the same linear polarization state, is 0.88. These
results indicate that the NPB’s small scintillation is the re-
sult of its nonuniform polarization. This 18% reduction as
compared to the scintillation of the Gaussian beam (LG00)
alone is due to the low correlation between the intensity
fluctuations of the two orthogonally polarized modes.
Even though they have the same width and propagate
through a similar region of turbulence, the correspond-
ing correlation coefficient between their on-axis
intensity fluctuations is small, namely ρIx;Iy � σ2xy∕��������������
σ2xxσ2yy

q
� 0.23. This effect is possible because the

LG00 and LG01 modes have different transverse profiles
at the source, consequently have different propagation
characteristics in both free space and turbulence, and
therefore produce statistically low correlated intensity
patterns at the detector.
As the turbulence propagation of a mode depends on

its initial profile parameters, the scintillation properties
of an NPB could be further optimized by varying the
width of its modes. Figure 1 illustrates the minimum
on-axis scintillation index of an NPB as a function of
the initial width of the LG01 mode. It can be seen that
the on-axis scintillation could be further reduced from
18% to 38% when the width of the LG01 mode decreases
from 5 cm to 2.2 cm. The variation of the intensity cor-
relation coefficient ρIx;Iy is illustrated in Fig. 2, which
clearly shows that the correlation between the intensity
fluctuations of these two modes strongly depends on the
initial beam profiles and can even be nearly zero when
the width of the LG01 mode is around 1.5 cm.
Now we use this optimized NPB as the fundamental

component of an incoherent beam array. As the LG01

mode gradually evolves to a Gaussian profile on propa-
gation in turbulence, an NPB propagates along a straight
line. Therefore, the constituent beamlets of this NPB ar-
ray are mutually inclined to an on-axis detector on the
receiver plane so that the received intensity can be max-
imized. A 4-beamlet array takes the following form in the
plane z � 0;
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where m � 1, 2, 3, 4 labels the mth beamlet. The config-
uration of this beam array is illustrated in Fig. 3.
Each beamlet is located at �dmx; dmy� on the source
plane. The corresponding off-axis distance is d ������������������������
d2mx � d2my

q
. �kmx; kmy� is the transverse wave vector. In

order to make all beamlets overlap at the receiver plane
z � L, kmx � kdmx∕L and kmy � kdmy∕L.

Figure 4 illustrates the on-axis scintillation index of
this 4-beamlet NPB array as a function of the off-axis dis-
tance d after propagating in turbulence for 2.5 km. The
on-axis scintillations of 4-beamlet Gaussian beam (GB)
and UPB arrays are also shown for comparison, whose

1 2 3 4 5 6 7 8
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

w0y (cm)

x*LG00 + y*LG01
LG00

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

 (a)  (b)

σ 
   

 (0
,L

)
m

in2

1 2 3 4 5 6 7 8
w0y (cm)

A
0y

/A
0x

Fig. 1. (a) Minimum on-axis scintillation of an NPB [σ2min�0; L�]
as a function of the initial width of the LG01 mode. (b) The
optimal amplitude ratio A0y∕A0x. Here the propagation distance
is 2.5 km and width of the LG00 mode is w0x � 0.05 m.
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Fig. 2. Intensity correlation coefficient ρIx;Iy as a function of
the initial width of the LG01 mode. The parameters are the same
as in Fig. 1.
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Fig. 3. Geometry of incoherent beam array.
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beamlets are generated in a way similar to the NPB array.
It can be seen that the NPB array has lower scintillation
than a comparable GB array and UPB array as its beam-
lets have small scintillation due to a nonuniform polari-
zation effect. When d � 10 cm, the on-axis scintillation of
the NPB array is 61% of the scintillation index of the GB
array. In addition, as the beamlets’ propagation paths in
the atmosphere becomemore independent as the off-axis
distance d increases, the scintillation of the NPB array
has a 75% reduction as compared to the scintillation of
the NPB array when d � 0. This value is the theoretical
maximum reduction of a 4-beamlet incoherent beam
array [14].
The on-axis scintillation index of this NPB array over a

range of propagation distances is shown in Fig. 5. It out-
performs the corresponding GB array beyond the propa-
gation distance of L � 1.5 km. It is worth noting that the
initial beam width and amplitude parameters used in
Fig. 5 are selected to optimize the on-axis scintillation
of the NPB array under particular propagation condi-
tions, which are L � 2.5 km and C2

n � 10−14 m−2∕3. For
another propagation scenario, such as different propaga-
tion distance or turbulence strength, the optimal choice
of the initial beam parameters will in general be different,
but can be obtained by Eqs. (2) and (3).
In conclusion, we have demonstrated significant re-

duction of turbulence-induced scintillation by using an
incoherent beam array whose constituent beamlets are
NPBs with optimized scintillation properties. This result
suggests a relatively easy method to improve scintillation
reduction by utilizing polarization effects. The key factor
for this reduction is the low correlation between the two

orthogonally polarized modes on propagation in the at-
mosphere. An observation from Eq. (2), which is that
σ2min decreases monotonically as σ2xy decreases, also
suggests that scintillation of an NPB as well as the cor-
responding incoherent beam array might be further re-
duced by exploring methods to make orthogonally
polarized modes low or even negatively correlated on
propagation in the atmosphere.
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Fig. 4. On-axis scintillations of NPB, GB, and UPB arrays
[σ2�0; L�] as a function of the off-axis distance d. w0x � 5 cm,
w0y � 2.2 cm, E0x � 1 V∕m, and E0y � 1.8V∕m. The rest of the
parameters are the same as in Fig. 1.
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Fig. 5. On-axis scintillation of an NPB array [σ2�0; L�] as a
function of propagation distance. Here, d � 10 cm and the rest
of the parameters are the same as in Fig. 4.
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