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ABSTRACT

Monitoring atmospheric turbulence is key for improving the reliability of future free-space optical communication
networks and developing efficient mitigation techniques. Of particular interest is the knowledge of the refrac-
tive index structure parameter (C2) profile along the line of sight, that can be obtained thanks to the Single
Coupled Slopes and Intensities Detection and Ranging (SCO-SLIDAR) method. This method is based on the
exploitation of spatial covariances of wavefront slopes and intensities gathered by a Shack-Hartmann wavefront
sensor (SHWFS). Furthermore, the joint exploitation of temporal covariances of SHWFS measurements offers
the perspective of a simultaneous wind profile measurement. We present in this paper our extensions to the SCO-
SLIDAR method to extract the wind profile from SHWFS data. Our approach is first validated on experimental
data collected with the PICOLO turbulence emulation bench before being applied to SHWFS measurements
obtained during a GEO to ground optical link with FEELINGS optical ground station.
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1. INTRODUCTION

As the technology for free-space optical communications (FSOC) between the ground and satellites is maturing,
much efforts are still required to ensure the reliable operation of future FSOC networks. A major challenge is
atmospheric turbulence, impacting the propagation of optical waves through the atmosphere and degrading com-
munication signals.™»? To accurately characterize and potentially mitigate this effect (e.g., using adaptive optics),
the knowledge of both the refractive index structure parameter (C2) profile and wind profile is paramount.® This
knowledge is especially important along the line of sight of optical links in order to estimate and predict optical
communication performance.*:?

Monitoring of C2 profiles is usually achieved remotely (i.e., without requiring in-situ measurements) with
dedicated optical turbulence (OT) monitoring instruments such as SClntillation Detection And Ranging (SCI-
DAR) or Slope Detection and Ranging (SLODAR) instruments.®” However, these instruments, relatively large
and costly, were developed for astronomical applications and require binary stars for operation. Other compact
instruments using a single source exist, such as the Differential Image Motion Monitor (DIMM) instrument
measuring the seeing (i.e., an integrated parameter of the C?2 profile) or the Multi-Aperture Scintillation Sensor
(MASS) instrument that gives access to a few layer C2 profile.®? For optical communication applications, new
generation OT monitoring instruments are being developed, including the Shack-Hartmann Image Motion Mon-
itor (SHIMM) instrument.'® 1! However, these different instruments are unlikely to deliver C2 profiles aligned
with the optical link line of sight. As an alternative, the Single Coupled Slopes and Intensities Detection and
Ranging (SCO-SLIDAR) method enables to estimate C2 profiles along the line of sight from Shack-Hartmann
wavefront sensor (SHWFS) measurements of a single source (e.g., natural star, laser guide star, or satellite laser
terminal).!?

Regarding the estimation of wind profiles, it can be conducted with SCIDAR instruments'? ' or from SHWFS
observations of multiple guide stars.'®'® However, alternative approaches are necessary to estimate the wind
profile from single sources.

In this work, we present our extensions to the SCO-SLIDAR method to measure both C2 and wind profiles
along the line of sight, based on the exploitation of spatio-temporal covariances from SHWFS measurements. Our
approach is detailed in Section 2. Section 3 presents the experimental validation of the method with the PICOLO
turbulence emulation bench,'” while Section 4 shows our first results of C? and wind speed estimation from
SHWFS data collected during a GEO to ground optical link with FEELINGS optical ground station (OGS).!®



2. WIND PROFILE ESTIMATION FROM SCO-SLIDAR APPROACH

First, key equations of the SCO-SLIDAR are reminded in Section 2.1, before being extended to wind profile
estimation in Section 2.2.

2.1 SCO-SLIDAR

The SCO-SLIDAR approach makes use of SHWFS data from a single source and is based on the computation
of spatial covariances between subaperture pairs. Both measured intensities and slopes in the SH subapertures
are exploited. The fluctuations of the intensity in a subaperture m is denoted d,, (normalized), while the slopes
are noted sz ., and sy ,,, for the z- and y-directions respectively.

The key equations of the SCO-SLIDAR approach!? 9 are
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where d,,,, is the subaperture pair (m,n) spacing distance and z is the distance along the propagation path. In (1)
to (4), the first terms refer to the covariances of intensity (resp. slopes) between subapertures m and n, with
() depicting the expectation operator. These covariances are measured from temporal averaging over numerous
frames (typically, 10000 collected at 1 to 2 kHz) of the SHWF'S camera and are averaged for subaperture pairs
having the same spacing, leading to so-called covariance maps.

Equations (1) to (4) involve the weighting functions of the instrument, i.e., w;(z, dmn), ws, (2, dmn), Ws,, (2, dmn)
and w;, (2, dpmy ). Assuming plane waves, small perturbations and a modified von Kdrmén spectrum for describing
the refractive index fluctuations, they are given by

Wiz dn) = F7 {4 P W) (sin(mdz2)"} (donn) (5)
we, () = F{N2F2 P(F) Wi () (cos(mrzf)"} (dmn) (6)
W, (zrdn) = F {2 Loty PAE) W) (cos(mhz2))" } (donn) (7)
we, (2 dun) = F {2 P2(P) Wolf) (cos(mA=f2) } (), ®)

where .Z ! {} (d,n) denotes the 2D inverse Fourier transform (f = (f,f,) is the spatial frequency, with

f = |f]) sampled for d,,,, positions, P(f) is the Fourier transform of the subaperture averaging function P(x)
corresponding to the subaperture shape (e.g., circular, square), and W, (f) is the power spectrum of the phase
without the C2(z) dependency, i.e., W, (f) = C2(z)W,(f). In the case of a modified von Kérmédn spectrum,
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with [y the inner scale of turbulence and Lg the outer scale of turbulence. The wavelength is depicted by A.

The SCO-SLIDAR approach aims to recover the C?2 profile from the observed covariance maps, knowing the
instrument weighting functions. An inversion problem is defined, that is solved with a Maximum A Posteriori
(MAP) estimator.2?>2! Cross-covariances between intensity and slopes are not exploited in this paper.
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(a) Spatio-temporal covariance maps of intensity for a single turbulent layer at 10 km and moving at 10 m/s.
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(b) 1D slice along z-axis of intensity covariance maps for two layers
(5 km (red) and 10 km (blue), both moving at 10 m/s).
Figure 1: Example of theoretical spatio-temporal covariance maps of intensity (normalized).

2.2 Wind profile estimation

For estimating wind profile, spatio-temporal covariance maps are exploited, adding the temporal dimension.
From SHWFS data, they are computed by delaying frames in the temporal average (i.e., over the numerous
frames) used for estimating covariances.

Assuming Taylor frozen flow, the velocity of turbulent layers leads to translations of the spatial covariances
maps, proportional to the layer wind speed and following its wind direction.?>23 Hence, the theoretical weighting
functions of the SCO-SLIDAR approach are adapted to include the temporal delay and the effect of wind velocity
v(z) for the turbulent layers with the addition of a complex exponential exp (—j27tv(z)- f), as originally
suggested for intensity fluctuations.?* For example, the intensity weighting functions is given by

Wiz, dyn, 1) = F {4 P2(F) W) (sin(mAzf)? exp (=g2nto(2) - £)} (dyun): (9)

Equations (6) to (8) are adapted accordingly.



Table 1: Theoretical and estimated values for PICOLO parameters.

Layer | z [km] C2 dz [m'/?] Wind speed [m/s] | Estimated C2 dz [m'/3] Estimated wind speed [m/s]
1 (L) 0  256x10"'' 5 (rot. right) 1.78 x 1011 5 (rot. right)

2 (M) | 288 1.40x 107! 10 (rot. right) 8.73 x 10712 10 - 12.5 (rot. right)

3 (H) 57.8  1.01 x 1072 20 (rot. left) 9.28 x 10713 20 - 25 (rot. left)

Figure 1a presents the theoretical spatio-temporal covariance maps of intensity for a single turbulent layer lo-
cated at 10 km and moving at 10 m/s, for the specific SH configuration of FEELINGS ground station (17 x 17 SH,
telescope diameter of 60 cm). The associated subaperture spacing d is 3.53 cm, and the operating wavelength is
1550 nm. The chosen temporal delays (3.33 ms and 6.66 ms) are such that the translation due to the wind speed
in the successive figures is close to one subaperture spacing. This is further illustrated in Figure 1b, showing
one-dimensional (1D) slices taken along the x-axis. The theoretical response for a layer at 5 km moving at
the same speed (i.e., 10 m/s) is also depicted (red curve), highlighting that layers with the same displacements
lead to the same motion in the covariance maps. Hence, their peaks will be superimposed and challenge layer
identification, as discussed in Section 4.

The color scale is normalized by the magnitude of the covariance peak at 0 ms. In practice, the magnitude
of this main peak is expected to decrease with the temporal delay, as the validity of the Taylor hypothesis is
reduced.

3. EXPERIMENTAL VALIDATION WITH TURBULENCE EMULATION

Experimental validation of the SCO-SLIDAR and wind estimation approaches is conducted with PICOLQO, that is
a turbulence emulator bench equipped with adaptive optics (AO).17 It represents a satellite LEO communication
at 10° elevation (downlink) thanks to three rotating phase screens. The AO system contains a 8 x 8 SHWFS
and the modelled telescope diameter is 40 cm (i.e., the subaperture spacing projected on the telescope aperture
is d = 5 cm). The operating wavelength is 1550 nm. The rotation speeds of the phase screens can be chosen,
while the equivalent C? dz’s of each screen are fixed and given in the left part of Table 1. The screen altitudes
are also fixed: one screen is in the pupil (L, low altitude), one is located at 2.88 km (M, mid altitude), and the
last screen is at 57.8 km (H, high altitude).

For the configuration detailed in the left part of Table 1, C2 dz is estimated with the SCO-SLIDAR. approach.
It shows a slight underestimation of C2 dz at low and high altitudes, while this underestimation is more important
for the mid altitude screen. Proper calibration of the SHWFS and the intensity and slope estimation algorithm
is expected to reduce this underestimation.

Regarding the wind speeds of each layer, they are measured from the sequence of spatio-temporal covariance
maps relying on a peak detection and tracking algorithm, as depicted in Figure 2. The velocity v of the layer
is computed from the measured displacement in pixels 7pixels and with the relationship v = npixels%y for each
direction. With PICOLO, only one direction can be used, associated to the phase screen rotation (rot.), either
left or right.

Figure 2 leads to important comments:

e The intensity spatio-temporal covariance maps show two distinct turbulent layers, with one moving rapidly
to the left (associated to the high altitude layer) and another one moving to the right (associated to the
mid altitude layer). The layer in the pupil is not visible as it does not introduce intensity fluctuations.

e On the contrary, the covariance maps for the slopes in the z-direction enable to identify the two bottom
layers. These layers first appear superimposed, before being clearly separated (e.g., at 20 ms).

e With our current peak detection and tracking approach, the estimation of the wind speed is limited by the
spatial resolution of the covariance maps, i.e., the distance d, leading to the ranges of estimated speeds
presented on the right part of Table 1.
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Figure 2: Sequence of measured spatio-temporal covariance maps with the PICOLO bench (normalized color
scale).
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Figure 3: Sequence of measured intensity spatio-temporal covariance maps with FEELINGS on 23/09/2024 at
15h03 (normalized color scale for 0 ms, based on the logarithm in base 10 of the amplitude).

4. APPLICATION TO FEELINGS MEASUREMENTS

On-sky experiments have been conducted with FEELINGS optical ground station and TELEO payload (34°
elevation link, with a GEO satellite, downlink), for several days in September 2024.!8 As preliminary results,
measurements collected on September 23, 2024, at 15h03 (UTC time) are exploited to estimate the C2 profile and
wind speed. SHWEFS data are collected in closed loop and are first converted to pseudo-open loop measurements,
before computing the observed covariance maps.

The spatio-temporal covariance maps are shown in Figure 3, for the intensity only as the extraction of relevant
features from slopes covariance maps is ongoing. They enable to identify two turbulent layers having for wind
speed 11.8 m/s (10.6 m/s in = and 5.3 m/s in y), and 19.9 m/s (14.1 m/s in « and 14.1 m/s in y), highlighting
the exploitability of FEELINGS’ SHWFS data for wind speed estimation. They also show the limitation of the
Taylor hypothesis, with temporal decorrelation appearing progressively (magnitude of the peak is decreasing, as
seen with the color varying from yellow to green and then blue).

Comparisons of the measured wind speed with meteorological data from ECMWEF ERA5 database?® and
Weather Research and Forecasting (WRF) simulations?® are shown in Figure 4. The estimated C? profile from
the SCO-SLIDAR method is also depicted. A possible identification of the two turbulent layers for which wind
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Figure 4: Wind profile from ERA5 data (plain line) and WRF simulations (dash-dotted line) and reconstructed
C?2 profile from SCO-SLIDAR approach.

speeds have been estimated is depicted by the gray areas. The wind speed estimates appear to be realistic and
in agreement with meteorological data, even though layer identification remain challenging and is part of future
work, with layer altitudes that can potentially be estimated from the widths of the peaks in the spatio-temporal
covariance maps.2?

The strong turbulent layer located at high altitude (~ 30 km) in Figure 4 is probably not realistic and asso-
ciated to biases in the SCO-SLIDAR model, most likely arising from phenomena not modelled in the theoretical
weighting functions (e.g., vibrations, tracking error and mis-pointing that could lead to intensity variations). The
wind speed of the turbulent layer close to ground cannot be sensed with the intensity spatio-temporal covariance
maps and require the exploitation of slopes spatio-temporal covariance maps.

5. CONCLUSION

This work provides extensions to the SCO-SLIDAR approach to estimate the velocity of turbulent layers based
on spatio-temporal covariance maps of intensities and slopes measured with a SHWFS. The approach is validated
with the PICOLO turbulence emulator bench, highlighting the need for both intensity and slope measurements,
and first on-sky results with FEELINGS OGS are shown.

From spatio-temporal covariance maps, the wind speed is estimated using a peak detection and tracking
algorithm. This approach is limited by the pixel resolution of the SH geometry and associated to challenges for
turbulent layer identification.

Future work includes the estimation of continuous wind profile (including wind direction), the study of
temporal decorrelation, and the validation of C2? and wind profiles measured at FEELINGS OGS. A joint
approach for estimating both C2 and the wind speed is under study.
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