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Reduction in the scintillation index of Multi-Gaussian Schell-model beams propagating in turbulent air is
demonstrated as a function of two source parameters: the r.m.s. coherence width and the summation index. The
beams were generated with the help of a nematic phase-only, reflective spatial light modulator at a cycling rate of
333 frames per second and recorded after propagating through a weakly turbulent air channel over a distance of
70 meters. Experimental results are in good agreement with theory.
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1. INTRODUCTION

For mitigation of turbulent atmosphere, in terms of reduction of
intensity fluctuations (scintillations) in optical links, various
approaches have been employed: aperture averaging [1], receiver
arrays [2], as well as spectral and polarization diversification [3, 4].
The fine control of spatial partial coherence of the source has also been
successfully demonstrated both theoretically and experimentally to
lead to suppression of scintillations [5-13]. So far, the majority of work
has been dedicated to the coherence properties of the classic Gaussian
Schell Model (GSM) sources, characterized by one coherence-related
parameter, r.mss. (typical) coherence width. It has been shown that the
GSM sources can be optimized with respect to this parameter, which
takes a certain value for a given atmospheric channel in order to
minimize the scintillation index [9]. For values smaller than the
optimal, the beam diverges too fast, and for values larger than the
optimal the partial coherence is under-utilized.

Recently, a variety of random sources with non-Gaussian shapes
of the degree of coherence have been introduced [14-20]. The beams
radiated by such sources can form practically arbitrary average
intensity distributions in the far zone on propagation in free space. On
passing through the turbulent air the beams with these special source
coherence characteristics can form the prescribed average intensity
patterns at certain distances from the source plane, which gradually
convert to Gaussian-like intensity patterns with further propagation
[21-25]. In particular, the Multi-Gaussian Schell-Model (MGSM)

sources have been shown to produce flat circular intensity profiles at
the beam center with Gaussian decay at the beam edges [15, 16]. This
feature can be employed in any application where power-optimized,
uniform illumination of circular distant objects is required. The MGSM
beams are mathematically described as a two-parametric model: one
parameter is the r.m.s. coherence width (just like for the GSM beams)
and the other is the number of terms in summation relating to beam
size and flatness. A recent theoretical investigation of the scintillation
index for the MGSM beams on propagation in turbulent air has shown
that with an increase of the flatness parameter (and with a fixed
coherence width parameter) the scintillation index must
monotonically decrease [26]. Such a result implies that not only the
width of the source coherence function, but also its spatial profile can
influence the intensity fluctuations. In this paper we provide the
experimental justification for this theoretical prediction (see also [27]
where our preliminary results have been reported).

The random beams with spatial correlation functions may be
produced with the help of holograms [28-30] or spatial light
modulators (SLM) [31-33]. In our experimental setup we employ a
commercial phase-only, nematic, reflective SLM with high spatial
resolution and high temporal turnover rate. In creating the phase
screens we have followed the procedure discussed in details in Refs
[31 - 33, 35, 36]. The turbulent air channel that the beam propagated
through had a range of 70 meters and a C+? of approximately 10-14m-2/3,

Partially coherent beams can only be a solution to the "last mile"
problem, ie. they are only applicable for relatively short links with
weak turbulence. For larger distances with stronger turbulence the



divergence of the partially coherent beams becomes too large and
power in the bucket too small, regardless of the scintillation level. This
paper illustrates the reduction in scintillation index only for short links
for which the scintillation is reduced, but the divergence is still small.

The paper is organized as follows; Section 2 addresses generation
of MGSM beams and the data analysis. Section 3 lays out the
experimental set-up and the procedure and Section 4 gives the results.
Section 5 summarizes our findings.

2. MULTI-GAUSSIAN SCHELL-MODEL BEAMS

A. Theoretical model

This section reviews published work on generating the MGSM
beams [21] in order to provide the context for the experiments
presented in this paper.

The Schell-type cross-spectral density of a wide-sense statistically
stationary random field at the planar source surface has form [17]

W (p,. py;0) =S (p;0)S (p;0)u” (p, - pi0) (1)

where p; and p, are two-dimensional position vectors, w is the
angular frequency, S(© is the spectral density and u (@ is the spectral
degree of coherence in the source plane. For the MGSM beams §(©
and u® are chosen as

2
P

g (Pl;w) - eizam)2 (2)

where o (w) is the r.m.s. width of the source and
P

m-1_|p=p
0 1 &M (-1 T 2ms(w)’
ﬂ”(pz—p,;w)=72( ]—( S e (3)

0 m=l1 m m

Here, C, is the normalization factor used for obtaining the same
maximum intensity level for any number of terms, M is the upper
summation index, C, = XM _, (M) com (M) is the binomial
m/ m m
coefficient, and 6 (w) is the r.m.s. correlation width.
At a distance z from the source plane the spectral density at any
point (p,z) within the cross section of the MGSM beam has been
shown to be [20]:
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Here, ®(x) is the three-dimensional power spectrum of
fluctuations in the refractive index of the isotropic random medium, k¥

is the spatial frequency and k = 27" is the wave number.

The upper index M relates to the flatness of the intensity profile
formed in the far field: M = 1 corresponds to the classical Gaussian
Schell-Model source and M — oo corresponds to sources producing far
fields with flat centers and abrupt decays at the edges.

For any position or each pixel on the camera the scintillation index
[SI] is defined as

x?)
SI = W - 1, (6)

where X is a time series of the fluctuating light intensity and ( )
represents the mean value.

B. Generating SLM screens

A reflective nematic Spatial Light Modulator (SLM) was used to create
phase screen realizations compatible with the MGSM phase correlation
(see section 2A). Papers [32, 35, 36] by Hyde at al, were referenced to
create diffraction-shifted (MGSM) phase screens for use with a phase-
only SLM with pixel resolution 256 x 256. The phase correlation
function is defined in [21] and given in eq. 3. Since Hyde’s method is
given in [32, 36], here we address only additional steps to reflect the
experimental circumstances that pertain to our application. Figure 1
shows the measured intensities as a function of the beam radius for the
experimental runs. For very small radii the values are noisy reflecting
the fact that only a very few pixel values are used in the calculation of
the radial intensity. As we expand the radius the averaging affect
dominates the beam.
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Figure 1. Radial intensity distribution for partially coherent beams
with two different levels of coherence: a) 62 = 512 pixels? and b) & =



1024 pixels?, and with varying flatness factor M =1, 2, 5, 10, 20 and 40.
Radius is given in mm.

256, saw-tooth parameter d = 8. F(hd) is not included in this figure
since it is a constant phase shift in our scenario.

Screen generation procedure sets the parameters from eq. 3 to vary
M between 1 and 40, and & to be either 512 or 1024 pixels? (where
each pixel width is 24 pm). We consider M =40 to be representative of
large M, and the choice of §? is motivated by the necessity to deliver an
adequate power level at the target considering the length of the
propagation link.

Hyde’s method for creating phase screens, phi, uses complex
Gaussian variables and combines three phase contributions as follows
(see the eq. 22 from [36]) :

phi = mod(G(h,d) + phiy + F(h,d)) (7)

where mod is remainder of division with 2m, phio is the phase screen
defined by eq. 3. G(h,d) is a saw-tooth grating with height h, and F(hd)
is a phase correction term that corrects the distortion that G(hd)
induces in phig, and d is the saw-tooth parameter which gives the
period of the grid, in phase screen pixels, of the saw-tooth grating. We
are only concerned with phase modulation and h does not vary with
space so that correction F(hd) required by Hyde’s method is constant
in our application.

The saw-tooth grating causes power to be deposited primarily in
the first diffraction order, which is displaced away from the zeroth
order diffraction mode (the hotspot). The saw-tooth acts like a slight
tilt of the SLM reflective surface. The MGSM diffractive phase screen
pattern is then laid on top of the saw-tooth, causing the shifted beam to
also change shape. The diffracted beam maintains the shape
prescribed by the phase screen phip, separating the hot spot and the
beam.

We assume that the incident laser beam on the SLM has a
Gaussian profile with radius ~1.5 mm. Hyde’s method to modulate the
effective amplitude by allowing h to vary spatially was not used. Hyde
defines E(h) is an algorithm parameter related to the ratio of the power
sent to each diffracted mode. We fixed the ratio E(h)/E(h = lambda) at
0.7, seeking the maximum delivered power into the first diffraction
mode and minimizing computational effort, and as such optimizing the
power distribution in our experimental set up. We set d, the saw-tooth
size parameter, to 8 pixels, and we set the saw-tooth axis on the 45
degree diagonal. A representative screen generated for our
experiments using Hyde’s method is given in Fig. 2.
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Figure 2. Representative screen generation: a) Saw tooth grating G(h),
b) phase mask phis, ¢) SLM screen, phi. Screen parameters &2 =512
pixels?, M = 40, SLM size 6.04 x 6.04 mm2, Number of SLM pixels 256 x

The Hyde’s method convolves a specified window function, (eq. 3),
with a field of white complex Gaussian noise. From the resulting
smooth complex noise the amplitude is discarded and phase is kept.

C. Data analysis method

The data analysis in this paper follows the methods presented in [33],
and only modifications that reflect experimental procedure used in the
present effort are described in the following section.

In particular, the background intensity of the ambient was
measured when the laser was completely blocked and subtracted from
the measured intensity at every pixel at every frame. This step partially
eliminates the bias in measurements due the manufacturer introduced
variations in pixel’s sensitivity to the light intensity. Camera data was
taken by photographing a whiteboard with a lens rather than shooting
the beam directly into the sensor. This step differs from the method
presented in [33]. This led to three additional concerns: spatial
inhomogeneity, lens vignetting, and lens distortion.

When shooting into the beam, the camera sensor area (4.736 mm
x 3.552 mm) is small compared to the full "flattop" area of the
developed beam (ten centimeters or larger). As a result, the time series
of every pixel can be considered quasi-homogenous: while they have
some speckle correlation, they see approximately the same intensity
envelope. When recording with a lens, the field of view is much larger
(30 cm), and this assumption is no longer valid.

To correct for this, and analyze only the on-axis and near-axis
region of the beam, we created a mask of the beam area. The
procedure for the mask creation is as follows: for each pixel, examine
the background corrected mean intensity of the pixel time series, X and
if X is greater than a prescribed threshold, {, pass that pixel on to
analysis. Otherwise, if X < ¢, omit the pixel. For each value of “flattop”
parameter M, a different mask was generated. This procedure
removes the off-axis dark region and passes only the circular region
on-axis through for analysis. As the size and shape of the beam
changes, from varying M or &, the exact size and shape of the mask
also changes. This step was considered an acceptable compromise
between measuring across the entire beam and not measuring the low
intensity off-axis signal.

To address our second concern, lens vignetting, simplistically is
caused when some light paths to the regions of the sensor are blocked
by the lens system [34]. This can be seen as a reduction in signal
intensity at pixels near the edge of the photograph of the beam and
because of this extra precautions were implemented to center the
beam on the photographs taken by the camera. While we were able to
detect vignetting (especially in scintillation measurements), it is only
significant far from the center of the beam. Because our masking
technique only lets though pixels near the center of the beam, we
ignored any signal distortion due to lens vignetting.

To address our third concern of lens distortion, the camera was
oriented at a small angle with respect to the optical axis of the beam.
The whiteboard was perpendicular to the optical axis. We ignored any
distortion that may have been introduced by either geometric effects
or non-ideal lens.

3. EXPERIMENTAL SET-UP

The experimental set-up used a simple layout with a laser beam from a
red HeNe laser source, expanded and collimated to cover the reflective
surface of the SLM (see Fig. 3). All of the reflected light form the SLM
screen is modulated due to the 100% fill factor [37]. The generated
MGSM beam was propagated for 70 m in weak turbulence in air. The
beam on the target was photographed on a white board using a



camera with a suitable lens. The experimental procedure consisted of
photographing the beam intensity using camera at the rate of 10
frames per second. Beams were generated from a pool of 8000 phase
screens with the same statistics and cycled on an SLM with the rate of
333 screens per second. This step assured close to theoretical statistics
with the fastest possible rate of change utilized to create spatially
pseudo-partially coherent beams. An initial background measurement
was taken, and subsequently for each M value a 30 second movie was
recorded. We selected M = 1 to create a reference Gaussian Schell
model beam and then increased M to 2, 5, 10, 20 and 40 to embody the
increasing beam flatness for the MGSM. We tested the beams with 2 =
512 pixels? and &2 = 1024 pixels? to provide the variety of the
coherence level and to realistically capture the beam intensity
necessary for scintillation analysis.

a) b)

Figure 3. Experimental set up. A - laser source, B - beam expander, C -
SLM. a) Instrumentation and b) schematic set up.
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Figure 4. Applied mask with a threshold, ¢, of 350 to extract only
intensity region on the photograph, suitable for scintillation index
analysis (top row). Mean beam spatial intensity distribution
photographed at target (middle row). Point cloud plots to
demonstrate independence of scintillation index calculations from the
beam intensity (bottom row). Left column 62 = 512 pixels? and right
column & = 1024 pixelsz, M = 40.

4. RESULTS

Measurement results are summarized by first establishing the scope of
the performed experiments to include beams with suitable
directionality that clearly exhibit the scintillation index dependence on
beam shape over the experimental link. Next, the scintillation
measurements as a function of M, demonstrate the successful
investigation in scintillation index reduction for larger values of M.

Fig. 4 presents the measured intensity of the laser beam after
propagating 70 m and the mask used to differentiate the laser light
from background on the beam photograph. Additionally, we show the
scintillation index vs. pixel-intensity point clouds as justification that
there are no systematic errors due to camera gain. There is no
significant correlation between the measured laser light intensities and
the calculated scintillation.

We introduce a mask to isolate only the part of the beam that is
bright enough for reliable calculations. The final results are averaged
over the area of the mask (Fig. 5).
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Figure 5. a) Measured mean normalized intensity and b) Calculated
mean scintillation index within the mask as a function of changing M.

5. CONCLUSIONS

In this work, we present to our knowledge, the first experimental
verification of the fact that not only the typical width of the source
correlation function but also its shape can reduce the scintillation index
of a beam propagating in atmospheric turbulence. The family of the
MGSM beams that we have used presented a great opportunity for
this: since each beam of this type being depends on two parameters,
the rm.s. correlation width and the flatness parameter. We have
investigated the scintillation index of the beams with the same values
of the rm.s. widths but different values of flatness parameter and
found that for larger values of the latter the scintillation index reduces
substantially, in agreement with previous analytical results and
computer simulations.

While for one-parametric model sources (like the GSM sources)
the minimization of the scintillation index can be done solely by tuning
the correlation width, as is seen from our results, for two-parametric
models (like MGSM sources) the two-step optimization is needed, in
terms of the correlation width and then in terms of the flatness
parameter.

Our results might find applications in free space optical
communication systems which involve short-link atmospheric
channels and low power laser sources.
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