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ABSTRACT. We present a method to develop a turbulence emulation bench for low-Earth-orbit
satellite-to-ground optical communication links under strong turbulence. We provide
guidelines to characterize the spatio–temporal dynamics of phase disturbances and
scintillation produced by the emulator on a laser beam. We implemented such an
emulator for a link at 10 deg elevation and discuss here its design method and char-
acterization. The characterization results are compared to numerical simulations,
and this characterization results in the validation of a digital twin of the emulator.
The emulator will serve as a testing platform for adaptive optics systems and other
free-space optical communication components under strong turbulence conditions.
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1 Introduction
Optical communication between satellites and optical ground stations will deliver high speed
data transfer between space and Earth.1,2 In the case of low-Earth orbit (LEO) satellites, higher
throughput would enable direct-to-earth (DTE) links, which download high resolution sensor
data directly from the satellite hosting the payload to ground. DTE links serve as an alternative
to geostationary satellite relay architectures, which may not be available for small constellations.

High data-rate optical communications rely on single-mode fiber coupling for different tech-
niques, such as optical amplification and coherent detection. Unfortunately, the atmospheric tur-
bulence present in the few tens of kilometers close to the ground impacts the quality of the optical
beam and hinders fiber coupling,3 leading to a reduction of the possible data rate due to signal
fading.4 Atmospheric turbulence causes phase distortions on the wavefront of the transmitted
laser beam. The use of adaptive optics (AO) provides phase correction of the wavefront and
thus improves coupling. However, unlike in traditional astronomical applications, LEO-to-
ground links may face strong turbulence conditions that lead to amplitude distortions. The ampli-
tude distortions result in spatio–temporal variations in optical intensity known as scintillation.5

Scintillation causes variations in the intensity of the received optical signal6 and impairments in
the wavefront measurements.7 Two factors lead to this strong turbulence regime. First, LEO links

*Address all correspondence to Pablo Robles, pablo.rodriguez_robles@onera.fr

2329-4124/2023/$28.00 © 2023 SPIE

J. Astron. Telesc. Instrum. Syst. 049002-1 Oct–Dec 2023 • Vol. 9(4)

https://orcid.org/0000-0002-1339-7401
https://orcid.org/0000-0002-5923-1079
https://orcid.org/0000-0003-0529-8435
https://orcid.org/0000-0001-8184-2389
https://doi.org/10.1117/1.JATIS.9.4.049002
https://doi.org/10.1117/1.JATIS.9.4.049002
https://doi.org/10.1117/1.JATIS.9.4.049002
https://doi.org/10.1117/1.JATIS.9.4.049002
https://doi.org/10.1117/1.JATIS.9.4.049002
https://doi.org/10.1117/1.JATIS.9.4.049002
mailto:pablo.rodriguez_robles@onera.fr
mailto:pablo.rodriguez_robles@onera.fr
mailto:pablo.rodriguez_robles@onera.fr


need to work at low elevation angles (desirably down to 10 deg) in order to extend the link
duration. At these angles, the propagation distance in the atmosphere is very long (>50 km),
leading to a longer propagation path and a larger volume of turbulence crossed, increasing the
total turbulence distortion strength. Second, day-time operation faces stronger turbulence due to
temperature gradients caused by solar radiation.

In order to test AO systems and optical communication components under strong turbulence,
ONERA has developed the PICOLO bench:8 a turbulence emulation for an LEO-to-ground opti-
cal link. This laboratory emulator will complement the current efforts in numerical simulations9

and experimental tests.10 The development of satellite-to-ground links requires extensive
testing of the different subsystems. Testing with satellites11–13 is limited by link duration and
the lack of LEO satellites equipped with on-board optical terminals. Different ground-to-ground
experiments14–16 have been designed to replicate the conditions of those links, but it is difficult
to achieve realistic and reproducible turbulence conditions. Turbulence emulators17–19 provide
well-known, reproducible, and available optical turbulence conditions that enable the testing of
AO systems and other optical communication components.

The originality of this work is threefold: first, this emulator is one of the few systems rep-
resentative of low elevation LEO-to-ground links including phase but also scintillation effects
emulation; second, we provide a thorough laboratory characterization of these effects and com-
pare them to numerical simulations; and third, we have produced a digital twin of the laboratory
emulator. The digital twin complements the experimental validation of new instrumental con-
cepts in a two-stage process: first, it is used to assess the expected performances and, later,
to interpret the experimental results.

This paper reports the method used for the development and characterization of the PICOLO
turbulence emulator. In the first part, the main phases of the bench definition will be detailed, in
particular the different steps followed to optimize and validate the sampling of the turbulence
volume by only three layers and the down-scaling of the experimental setup to be representative
of phase and scintillation effects. The second part is devoted to the characterization of the phase
and scintillation of the turbulence produced by the bench and a comparison to numerical sim-
ulations. Finally, we discuss perspective upgrades of the bench to meet future needs.

2 Optical Turbulence Emulation
Most approaches and experiments for turbulence emulation have been developed for either astro-
nomical cases (i.e., weak turbulence) or horizontal links20 (i.e., constant turbulence profile), but
those do not cover the specific needs of the propagation channel of an LEO-to-ground link at low
elevation: multi-layer profile, strong turbulence, and high layer translation speeds. Having multi-
ple layers of turbulence is necessary since satellite-to-ground links are slanted links that go across
different atmospheric altitudes. The strong turbulence is a result either of day-light conditions,
where turbulence is stronger due to solar radiation, or of low elevations, where the path across the
turbulence is longer and therefore turbulence is stronger. Per-layer translation speeds are higher
for LEO links since there are two different components: natural wind and apparent wind. Natural
wind corresponds to the atmospheric local wind that causes a shifting of the different turbulence
layers; its vertical profile depends on the dynamics of the atmosphere. Apparent wind corre-
sponds to the apparent translation of the different turbulence layers due to the relative movement
of the line-of-sight with respect to the layers during satellite tracking. The apparent wind speed
depends on the angular tracking velocity of the telescope and the distance to a given layer. These
speeds are typically an order of magnitude higher at the upper atmospheric layers than the typical
wind speeds in astronomical applications; therefore, they represent an additional emulation
challenge.

Different methods are available for generating laser beam distortions similar to the ones
caused by atmospheric turbulence in a laboratory setup. We discuss briefly the methods available
(see Ref. 21 for a more detailed overview) and motivate our choice for the emulator design.
We distinguish three methods for turbulence production: passive screens, active screens, and
turbulence chambers.

Passive phase screens22,23 use an optical surface with a fixed phase mask structure providing
the optical path difference (OPD) corresponding to atmospheric turbulence distortions. This
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mask can be in transmission or reflection. The OPD is generated by controlling the thickness of
the surface in a homogeneous optical index medium or by using a controlled inhomogeneous
optical index. The phase screens are often mounted on a rotating stage, which produces a shift
that approximates the linear displacement of atmospheric turbulence layers due to wind. Since
the phase mask pattern used is specified by the user, the phase screens produce deterministic
turbulence and can implement profiles by employing one layer per screen. This is a method
that has been preferred by several astronomical projects.24–27 The OPD is engraved on the optical
surface by different methods, such as index matching by Lexitek,23,28 acrylic paint spraying,24,29

or the cumulative etching by SILIOS Technologies30 used by several AO systems coordinated by
the European Southern Observatory (ESO). This approach ensures an accurate control of the
phase distortion but losing versatility, as the distortions are not reconfigurable except by chang-
ing the phase screens.

Active phase screens use optical devices, such as spatial light modulators (SLM)31 and liquid
crystal (LC)32,33 devices, as phase modulators that act as reconfigurable phase screens. Those are
able to produce a linear phase displacement (unlike the rotating static phase screens, which only
approximate it) and can also combine it with boiling turbulence, as their phase mask is fully
programmable. Likewise passive phase screens, active phase screens also create deterministic
turbulence and can represent multi-layer profiles. Unfortunately, these solutions pose problems
of polarization conservation, chromatism and, more importantly, are limited in reconfiguration
rate. Deformable mirrors34 can provide a higher reconfiguration rate and achromaticity, but
present problems related to cost, spatial frequencies, and opto-mechanical design for multi-layer
arrangements.

Turbulent fluid chambers create turbulence by mixing two fluids at different temperatures.
For example, hot air turbulence chambers35 use two streams of hot and cold air. The turbulence
strength can be modified by changing the temperature difference between the two streams,
whereas the wind speed can be regulated by the speed of the fans that inject them into the cham-
ber. Nevertheless, this method is not able to produce the turbulence strength profile characteristic
of slanted links, neither is it able to produce the wind speed profile derived from satellite tracking
apparent wind. In addition, the turbulence produced cannot be reproduced in a deterministic
manner.

A completely different alternative36 to turbulence emulation uses a variable optical attenu-
ator to create fade profiles in an optical fiber signal derived from numerical simulations (incor-
porating both turbulence disturbances and the AO system). This is a cost effective solution to
emulate a communication channel under the effect of turbulence, with AO correction or not.
However, this method requires knowledge of the fiber coupling statistics with AO correction,37

which are not available for complex AO operating conditions, such as strong turbulence or feeder
links precompensation.38

Although most turbulence emulators described in the literature target astronomical applica-
tions, some were developed for optical communication. For instance, the bench in Ref. 18 is
dedicated to the validation of an AO for ground-to-satellite uplink pre-compensation. It is com-
posed of a single phase screen and presents an underestimated beam wandering due to a scaling
problem. The emulator in Ref. 19 is representative of an uplink at 30 deg elevation, so it does not
focus on a strong turbulence case and the effect of scintillation. Finally, the work in Ref. 17 uses
two SLMs with an intermediate reflection to produce a second footprint on each SLM, obtaining
four different phase screens. The emulated link corresponds to strong atmospheric turbulence,
but the link is horizontal and there is no detailed characterization of the scintillation produced
on the beam. In summary, the existing emulators target different cases, and therefore answer
trade-offs different from ours, but a detailed methodology for the characterization of phase and
amplitude fluctuations is usually lacking.

For our emulator, we decided to use passive phase screens mounted on rotation stages, with
the possibility of using an SLM to introduce additional boiling turbulence or bursts of turbulence.
Several criteria were considered in this decision: (1) to specify a precise turbulence strength with
the correct statistics, (2) to reproduce the delivered turbulence conditions, (3) to produce strong
enough turbulence (high phase modulation dynamic), and (4) to be able to adjust the speed of
every layer to the strong apparent displacements due to satellite tracking.
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3 Bench Definition
The definition of the bench started with the selection of a reference turbulence profile. We com-
pressed the profile to a three-layer profile that could be implemented on the bench as phase
screens (see Sec. 3.1). The profile was then geometrically scaled to reduce its size so it can fit
on an optical table (see Sec. 3.2). We specified and procured the manufacturing of the three phase
screens according to the selected three-layer profile (see Sec. 3.3). Finally, we designed the opto-
mechanics that allow propagating a laser beam through the turbulence emulator and providing
the generated turbulence to a client system and an analysis camera (see Sec. 3.4).

3.1 Turbulence Profile Compression
We used as reference profile a modified Hufnagel-Valley 5∕7 model39 (following the
ITU-R P.1621-2 recommendation) with a turbulence strength at the ground surface level of
C2
n ¼ 1 × 10−13 m−2∕3 and an upper-level wind speed of Vrms ¼ 21 m∕s that influences the

turbulence strength of the upper layers of the atmosphere. Another possibility for the profile
selection is to use a database of in situ C2

n profile measurements to define typical or worst-
case profiles.40,41 Note that our overall emulator design methodology does not depend on the
selection of the reference profile.

The reference profile was first compressed to a 50-layer profile to allow Monte–Carlo
numerical simulations. The compression to 50 layers is carried by optimization of layer height
and strength under the condition of keeping constant the following turbulence integrated param-
eters: r0 as a quantification of the phase distortion strength, θ0 for the anisoplanatism, and σ2χ for
the scintillation strength. The method is similar to the methods presented in Ref. 42 but including
the scintillation effects too.

A second profile compression was necessary to reduce the number of phase screens required
for the implementation of the emulator. The number of layers, and therefore phase screens, on the
emulator, should be limited in order to reduce the system’s complexity and cost. At the same
time, a multi-layer profile is also needed to generate a representative turbulence profile: with the
proper representation of phase and scintillation effects and the corresponding temporal dynamics
derived from the natural and apparent wind profiles. In addition, the use of several screens limits
the periodicity in the generated turbulence (see Sec. 4.2.5 for a discussion on the periodicity).

We decided to use three layers since we consider that three layers allow representing quali-
tatively the scintillation characteristics of the link. In fact, the scintillation irradiation pattern
depends on both turbulence strength and propagation distance, therefore we can design each
of the three layers to represent one of the possible combinations and its resulting scintillation.
The first layer is located at the telescope pupil and emulates the atmospheric ground layer: very
strong in turbulence but with short propagation distance, so negligible scintillation contribution.
The time evolution of this layer is mainly driven by natural wind, i.e., slow layer speed (typical
order of magnitude 10 m∕s). The second layer is located at a more significant propagation dis-
tance. This will produce a typical size of the irradiation pattern smaller than the size of the tele-
scope pupil. When using a Shack–Hartmann wavefront sensor, the typical size of the irradiation
pattern is similar to the size of one of the subpupils, so scintillation contributes to the flux varia-
tion at the subpupil level, impairing wavefront sensing. The third layer will be located far away
and will represent the free atmosphere: weaker turbulence but with a long propagation path. The
resulting typical size of the irradiation pattern will have a size close to the telescope pupil, which
contributes to the variation of available flux with time, and therefore the stability of the signal
regardless of the AO performance. The temporal evolution of the second and third layers is
mostly driven by the apparent wind component due to LEO satellite tracking, i.e., very fast layer
speed (typical order of magnitude 150 m∕s).

While 50 layers are enough to properly represent the original turbulence profile, the restric-
tion to three layers poses a greater challenge. The first layer was fixed to be at the telescope pupil.
The positions and strengths of the second and third layers were found using the same optimi-
zation based on integrated parameters as for the 50-layer profile. The natural wind velocity
profile was chosen as 10, 15, and 30 m∕s, respectively, whereas the apparent wind is computed
from the satellite tracking slew rate and the distance to the corresponding layer. We consider a
10 deg elevation and an orbit altitude of 500 km that result in a slew rate of 3.834 mrad · s−1.
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Table 1 reports the integrated parameters of the 50-layer and the three-layer profiles. It can
be observed that the compression of the profile managed to keep the targeted integrated
parameters very close. A more detailed comparison of the 50-layer and the three-layer profiles
is available in Ref. 8.

3.2 Propagation Path Geometrical Scaling
We performed a down-scaling of the link geometry in order to fit it within a laboratory optical
table. The complete process is a trade-off between available technologies for phase screen
manufacturing (including resolution and stroke), opto-mechanical design, and required space
(as we wish to keep the system compact). We provide a simplified discussion of this trade-off.

To achieve a physically equivalent system in terms of turbulence and diffractive effects, the
down-scaling must preserve the following dimensionless groups constant: D∕

ffiffiffiffiffiffi
λL

p
for layer at

distance L and a telescope of diameter D to be representative of scintillation effects on the pupil
due to each layer; D∕r0 and the contribution to it of each layer through the C2

n · dz profile; and
finally V∕ðD · fsampÞ, which relates the layer displacement in a sampling interval to the size of
the pupil. In the following, for each parameter X we use the notation Xsky for its value on sky
and Xbench for its effective value on the bench and express the relationships between them.

Conservation of scintillation effects leads to

EQ-TARGET;temp:intralink-;e001;117;375Dbench ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Lsky

Lbench

s
· Dsky; (1)

Dbench∕Dsky ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Lsky∕Lbench

p
is a geometric compression factor defined by the ratio between the

initial and final propagation lengths. The maximum propagation distance available from the top
layer to the telescope will therefore drive the scaling of the telescope diameter. At the same time,
reducing the total propagation distance requires reducing the telescope diameter too. The tele-
scope diameter in the bench defines the beam footprint on the phase screens; therefore, it cannot
be reduced too much, otherwise, the resolution of the manufacturing of the screens limits the
turbulence that can be achieved.

Considering conservation of D∕r0, the turbulence strength is down-scaled as

EQ-TARGET;temp:intralink-;e002;117;233r0;bench ¼
Dbench

Dsky

· r0;sky: (2)

To obtain the downscaling of the C2
n · dz of every layer, we use r0;bench. Since the relative

C2
n · dz profile is conserved, the absolute values of C2

n · dz can be scaled to achieve r0;bench.
Finally, each layer’s velocity depends on two factors: the relationship between diameters and

a temporal scaling factor. For a given layer the velocity is down-scaled as

EQ-TARGET;temp:intralink-;e003;117;145Vbench ¼
Dbench

Dsky

·
fsamp;bench

fsamp;sky
· Vsky ¼

Dbench

Dsky

·
1

τ
· Vsky: (3)

The first factor of the last right hand term is related to the previously defined geometric
compression factor. The second factor, τ ¼ fsamp;sky∕fsamp;bench, is a time scaling factor and
it allows a temporal down-scaling of the layer speeds, by operating the bench at lower sampling

Table 1 Integrated turbulence parameters for the 50-layer profile
and the compressed three-layer profile.

Parameter 50-layer Three-layer

r 0 (cm) 2.56 2.56

θ0 (μrad) 1.75 1.68

τ0 (μs) 338 315

σ2χ 0.58 0.58
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frequency. As a result, any time interval Δtsky on the original system is equivalent to Δtbench ¼
τ · Δtsky on the down-scaled system.

For example, for an AO system working at a 5 kHz sampling frequency on-sky and 50 Hz on
the bench, the equivalent time scaling factor is τ ¼ 5000∕50 ¼ 100, this means that everything
on the emulator runs 100 times slower than on-sky. For the same reason, to acquire a time
series of Δtsky ¼ 60 s of duration, it would be necessary to record during Δtbench ¼ τ · Δtsky ¼
100 · 60 s ¼ 100 min on the bench.

Ideally, one would test a system with τ ¼ 1, so the system operates at its nominal frequency.
Two different factors make temporal scaling convenient: first, reducing the rotational speed of
the phase screens and second, allowing the use of slower components in the emulator or client
system. Indeed, due to the apparent wind speed of the LEO satellite, the upper layer speed is quite
high, so high that the rotational speed of the phase screen to achieve such a layer velocity would
push the limits of the rotation stage and produce possible vibrations and safety issues in case
of component malfunction. In addition, the PICOLO bench is dedicated to the development
and testing of new concepts and systems, cases in which it may not be possible to run certain
components as fast as in operational conditions on sky. Temporal scaling is then a useful option.
As an example, operating at slower time scale also allows the use of an SLM, located in the pupil,
which operation is usually limited at 50 Hz, to add user-defined non stationary turbulence, bursts,
or specific perturbations. Finally, during the characterization of the bench, the infrared camera
used is limited to an acquisition frequency of 100 Hz, so the scaling was also necessary during
the characterization to obtain an equivalent sampling frequency of 10 kHz.

Note that the geometrical scaling of the emulator is independent of the diameter chosen for
the telescope since the relationships are all in terms of the ratio Dbench∕Dsky ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Lsky∕Lbench

p
.

If one would like to change the telescope diameter, one could compute Dbench using Eq. (1) and
the optical propagation characteristics in the emulator would not change.

In the following, we provide the scaling for our implementation of the emulator. We wish to
have a telescope diameter in the bench equivalent to Dsky ¼ 40 cm diameter telescope on-sky.
The results of the scaling exercise are summarized in Table 2. From the top layer, the propagation
distance toward the telescope is Lsky ¼ 57 km on sky, and we want to limit the maximum
propagation distance on the bench to 1.4 m. Equation (1) leads to a telescope pupil of
Dbench ¼ 2 mm. The wavelength is the same on the bench: λsky ¼ λbench ¼ 1.55 μm. For the
temporal down-scaling, we consider two scenarios: one where an fsamp;sky ¼ 5 kHz is equivalent
to fsamp;bench ¼ 2 kHz, close to the current AO systems, and one where fsamp;sky ¼ 5 kHz is

Table 2 Resulting geometric down-scaling for the different phase screens.

Parameter On-sky Bench

Propagation distance 57 km 1.4 m

Pupil diameter 0.4 m 2 mm

Wavelength, λ, (μm) 1.55 1.55

Layer 1

Position, z 0 m (pupil) 0 m (pupil)

Wind speed, V , (m/s) 10.00 5 × 10−4

Layer 2

Position, z 2.88 km 0.072 m

Wind speed, V , (m/s) 26.04 1.3 × 10−3

Layer 3

Position, z 57.8 km 1.4 m

Wind speed, V , (m/s) 250.84 1.2 × 10−2
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equivalent to fsamp;bench ¼ 50 Hz for testing new components that cannot work at higher rates at
the moment. The layer velocities in the table are reported for the later case, fsamp;bench ¼ 50 Hz,
and they must be multiplied by 40 for an AO loop running at fsamp;bench ¼ 2 kHz. These values
lead to acceptable specifications for the procurement of the phase screens and their rotating
stages while achieving a compact bench design.

3.3 Phase Screen Specification
The phase screens have been manufactured by the company SILIOS Technologies. We have
provided the phase screen specification as a two-dimensional (2D) phase map of the desired
phase. The maps were generated from the specified r0 and L0 for each layer and with a von
Kármán spectrum. The maps where scaled to keep the same relationship with respect to the
telescope diameter after the down-scaling of the bench. The phase screens are manufactured
with a 40 μm resolution, which for a Dbench ¼ 2 mm and Dsky ¼ 0.4 m is equivalent to a maxi-
mum spatial frequency representation of 62.5 cycle · m−1 on-sky.

The technical constraints in the manufacturing process lead to reducing the turbulence
strength in PS1, the strongest layer, since the resulting peak-to-valley distance in the screen was

not attainable. This resulted in a change of the specification of C2
n · dz from 4.615 × 10−11 m

1
3 to

2.545 × 10−11 m
1
3. The change in the turbulence strength of PS1 results in a change of the global

r0 from 2.6 to 3.3 cm, whereas the scintillation characteristics remain the same since PS1 is
located at the pupil of the telescope. This loss of turbulence strength was considered acceptable
since it does not affect the scintillation characteristics.

Table 3 summarizes the different profiles used in this work. All C2
n · dz values provided

correspond to the on-sky values, i.e., before down-scaling. All the numerical simulations
conducted in this work simulate the equivalent on-sky system and therefore use these values.
The “compressed” profile corresponds to the compression from the original 50-layer profile to
a three-layer profile (see Sec. 3.1). The “specified” profile corresponds to the profile specified
to the phase screen manufacturer, where the strength of layer 1 had to be reduced due to
manufacturing constraints (see Sec. 3.3). Finally, the “measured” profile corresponds to the
profile measured during the phase characterization of the screens (see Sec. 4.1). This is the
profile used in Sec. 4.2 for the numerical simulations that are compared to the characterization
measurements, it is therefore considered as the most representative with respect to the experi-
mental setup.

3.4 Opto-Mechanical Design
Figure 1 shows the opto-mechanical layout of the bench, and Fig. 2 provides an image of the
bench implementation. The main optical path is marked with a red line. A laser source is injected
in the bench using a fiber collimator. A first phase screen (PS3) is positioned close to the source at
the highest altitude, whereas PS2 is close to the ground and PS1 is located as close as possible
to the entrance pupil of the telescope. The screens are placed on rotation stages. Two mirrors
mounted on tip-tilt stages allow proper alignment of the input beam. A filter wheel equipped with
neutral density filters allows different power attenuation levels on the laser input.

The telescope is emulated by a combination of lenses. The entrance pupil of the telescope is
located at a mechanical stop in front of the first lens of the telescope. We use afocal lens systems
to re-image the pupil plane and re-scale it. The output beam of the telescope is finally collimated.

Table 3 Summary of the different three-layer profiles considered in this work.

Layer z

C2
n · dz (m

1
3)

Compressed Specified Measured

Layer 1 0 m (pupil) 4.615 × 10−11 2.545 × 10−11 2.563 × 10−11

Layer 2 2.88 km 1.605 × 10−11 1.616 × 10−11 1.396 × 10−11

Layer 3 57.8 km 8.492 × 10−13 8.553 × 10−13 1.015 × 10−12
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A periscope is placed at the output of this main path to ease coupling with a client system.
The second path (in blue) is dedicated to the analysis of the perturbated beam. A beamsplitter
picks a fraction of the flux and sends it to a near-infrared camera. A flip lens allows to switch
between focal plane and pupil plane imaging on the camera. Three planes are conjugated to
the entrance pupil (marked with a purple arrow): the first may accept an SLM, though it is
a plane mirror for the moment; the second to the first mirror of the output periscope; and the
third to the infrared camera (if in pupil imaging configuration). The emulator is integrated on
a 600 mm × 900 mm optical breadboard.

4 Characterization
We present here our methodology for the characterization of the turbulent link channel emulator.
The goal of this characterization is to ensure that the phase screens have been properly manu-
factured, that the emulator produces the correct turbulence conditions, and that those are
understood.

We provide measurements of both phase and scintillation on both a per-screen basis and for
the three-screen configuration. The study of scintillation covers both its spatial and temporal

Fig. 2 Image of the implementation of the PICOLO bench.

Fig. 1 Opto-mechanical design of the PICOLO turbulence emulator.
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behavior. We also compare the results to a numerical simulation of the emulator using
TURANDOT,9 an optical physics propagation tool developed by ONERA for CNES (the
French Space Agency). The result of this comparison is a digital twin of the PICOLO bench
to support cross-validation between experiments and simulations during future developments.

4.1 Phase Characterization
Different methods are possible to characterize the phase introduced by the phase screens and
verify that they provide the desired phase distortions in terms of phase variance and spectrum.
A first method43 uses the measurement of the full-width-half-maximum of the long-exposure
seeing-limited point spread function (PSF) and compares it to the theoretical expectation from
the prescribed phase. This method is not applicable on the bench in our case due to both the
strong beam wander (resulting in PSF cropping) and speckles in the PSF derived from the strong
turbulence conditions (see Fig. 3). Alternatively, we chose to use a dedicated set-up to measure
wavefront slopes with a Shack–Hartmann wavefront sensor, reconstruct the phase associated
with these measurements, and compare the reconstructed phase statistics to the statistics of the
prescribed phase screens. The phase reconstruction is conducted using a Zernike polynomials
basis, obtaining modal variances for each mode. To compare the estimated modal phase variances
to the screen prescription, a theoretical model of these variances assuming a von Kármán spec-
trum is fitted using the two model parameters: the Fried number (r0) and outer scale (L0). The
fitting provides an estimation of these two parameters, which can be compared to corresponding
values for each of the prescribed phase screens. The details of this method and the required setup
are discussed in the next section.

The phase characterization presented here was the method used to accept the phase screens
from the manufacturer while further characterization was conducted after acceptance. The
characterization of the scintillation power spectral densities in Sec. 4.2 provides supplementary
phase verification since the scintillation characteristics depend on the phase.

4.1.1 Measurement setup

We first obtained Shack–Hartmann measurements of the phase screens, to achieve that we illu-
minated a circular section of the phase screen with a collimated laser source at a wavelength
λ ¼ 1.55 μm. A 4f imaging relay was used to conjugate the footprint of the collimated beam
on the phase screen to the pupil of the Shack–Hartmann wavefront sensor. Conjugation of

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 3 Exemplary experimental acquisitions of short-exposure PSF and pupil images for the differ-
ent phase screen configurations. (a) PSF, PS1 at P1, (b) PSF, PS2 at P2, (c) PSF, PS3 at P3,
(d) PSF, all, (e) pupil, PS1 at P1, (f) pupil, PS2 at P2, (g) pupil, PS3 at P3, and (h) pupil, all.
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the planes avoids further propagation of the wave between the phase screen and the wavefront
sensor, which would produce scintillation and therefore bias the wavefront measurement.
The Shack–Hartmann wavefront sensor used is an Imagine Optic HASO4 SWIR 1550, which
is capable of providing absolute slope measurements due to the calibration provided by its
manufacturer.

The collimator beam footprint was placed at the same distance from the center of rotation of
the phase screen as used in the bench. Different samples of the screen were taken by rotating the
screen. We decided to measure only the disk that will be illuminated during the rotation of the
phase screens since the distance between the rotation center and the beam footprint is constant.
This strategy ignores the rest of the screen and provides a limited number of measurements;
however, it corresponds to a characterization of the only area of the phase screen that is used.
The total number of statistically independent measurements available is around 50 per phase
screen; although overlapping measurements were used to average measurement noise even
if they do not bring statistical convergence. The same discussion applies to the scintillation
characterization.

The acquired slope measurements were used to reconstruct the Zernike coefficients (using
the least-squares method44) for each spatial sample; the variance of each coefficient across all
samples provides an estimation of the variance for the corresponding Zernike mode. We chose to
reconstruct up to the 10th Zernike polynomials radial order, considering the number of available
Shack–Hartmann subpupils. The resulting Zernike modes variances were averaged by radial
order and fitted to their theoretical values assuming a von Kármán spectrum45 using as fitting
parameters the Fried number (r0) and outer scale (L0). The fitting was computed by solving
a non-linear least squares problem using a Levenberg–Marquardt optimization routine. Special
attention needs to be paid to the fitting: The modal variance of the atmospheric turbulence
follows a power law with very different orders of magnitudes between radial orders (see Fig. 4);
if the least squares cost function is computed using all modal variances, the low order modes,
which have bigger variances, will dominate the fitting and bias the estimation. In the von Kármán
spectrum, the low radial order modes are influenced by both the outer scale and the Fried
parameter, whereas the high radial order modes are only influenced by r0. As a result, r0 can
be estimated by first fitting the high radial orders to a von Kármán spectrum with a fixed outer
scale; we use the Kolmogorov spectrum, which is equivalent to an infinite outer scale. A second
fitting of all modal variances is used to estimate L0, this time assuming a von Kármán spectrum
with the previously estimated r0 as a fixed parameter.

4.1.2 Results

Figure 4 shows, for the case of PS2, the measured Zernike coefficient variances averaged per
radial order and a comparison to the best fit to a von Kármán spectrum. The close fitting of the

Fig. 4 Reconstructed Zernike mode variances versus their fit to a von Kármán spectrum for PS2.
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measurements to the theoretical spectrum shape confirms that the measured phase follows the
power law of the von Kármán spectrum. The deviations at higher radial orders (i.e., high spatial
frequencies) are related to noise propagation and the reconstruction of higher Zernike orders
(aliasing effect). The results of the Zernike mode variance fitting for the three screens are sum-
marized in Table 4 by means of the resulting r0 and L0 estimates. In terms of relative error
between the expected and the measured quantities, r0 error is 10% in the worst case, whereas
for L0 it can be as high as 65%. The bigger mismatch in L0 can be explained by the difficulty of
estimating the variance at low spatial frequencies with a limited number of measurements; since
low frequencies have fewer periods over one measurement, it is necessary to use more measure-
ments to estimate low spatial frequencies than to estimate high frequencies. This lack of accuracy
could be improved in the future by increasing the number of available phase measurements by
measuring all the phase screen area and not only the annular section that is illuminated during
the operation of the bench.

In conclusion, these results provide an estimation of the r0 and L0 of the screens and confirm
that they follow the desired von Kármán spectrum in their spatial statistics. This first charac-
terization allowed us to test the quality of the phase screens and accept them. The later
characterization of the scintillation presented in the next section served as a supplementary
characterization of the phase produced by the screens. We also used the measured per-screen
r0 to derive the equivalent C2

n · dz for each screen, reported in Table 3 as “measured” profile.
These values were used for the numerical simulations of the wave propagation in the bench.

4.2 Scintillation Characterization
Optical wave scintillation, unlike phase, can be directly measured as intensity on the pupil plane.
We characterized the scintillation on the emulator by analyzing images of irradiance patterns on
the pupil using a matrix detector. The scintillation characterization was conducted in both spatial
and temporal domains. We compared the measured results to a numerical simulation of the same
propagation case. This results in a cross-validation of the specification of the phase screens and
the resulting spatial and temporal signatures for scintillation.

4.2.1 Measurement Setup

As pointed out in Sec. 3.4, the bench allows pupil imaging by an afocal telescope that relays the
pupil plane from the telescope entrance aperture to an imaging matrix detector. This allows
recording the irradiance distribution (i.e., sampled value proportional to the irradiance on each
pixel in W · m−2) over the pupil of the system, which is used to characterize the scintillation.

The acquisitions are taken in two different ways for spatial and temporal characterization.
For spatial characterization, the phase screens are rotated so that for every acquisition the
beam footprints on the screen do not overlap. In this way, we reduce the spatial correlation
between measurements. For temporal characterization, the phase screens are rotated to a speed
that produces the equivalent layer velocity for the given layer, achieving the desired temporal
correlation.

For the spatial characterization, the integration time and the screen rotational speed were
adjusted to reduce the displacement during exposure to less than a 10th of the pixel size, therefore
negligible. In the case of the temporal characterization, the 50 μs exposure time used is equiv-
alent to a 500 ns exposure time on-sky (see the temporal compression discussed in Sec. 3.2) and
as a result negligible too.

Table 4 Reconstructed Zernike mode variances fitting results to von Kármán spectrum.

Screen D∕r 0 theo. D∕r 0 meas. L0∕D theo. L0∕D meas.

PS1 8.889 8.964 3.000 3.945

PS2 6.780 6.227 3.000 8.585

PS3 1.159 1.292 10.000 16.592
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The bottom row of Fig. 3 presents a typical image of the experimental acquisitions of pupil
irradiance patterns used for scintillation characterization.

We carried all characterizations first on a per-screen basis and later with the three screens
together. The individual screen characterization provides the verification of every screen, whereas
the three-screen setup characterizes the operating conditions of the bench.

The fiber collimator used as source (i.e., emitter) beam has a 7 mm beam waist diameter at
the pupil of the telescope, whereas the pupil is 2 mm. This results in a truncated Gaussian illu-
mination pattern on the pupil. The effect of the Gaussian shape and its wandering was confirmed
to be negligible via numerical simulations. As a result, the rest of the numerical simulations
conducted do not model this effect and consider a homogeneous illumination pattern.

4.2.2 Numerical simulations

We compared the experimental results to numerical simulations using the optical propagation
code TURANDOT. The numerical simulation does not use the phase maps specified to the manu-
facturer. Instead, it generates phase screens with von Kármán statistics and a C2

n · dz reported as
“measured” profile in Table 3, which was derived from the fitting of r0 summarized in Table 4.
As a consequence, the results of the numerical simulations are expected to be statistically equiv-
alent to the perturbations generated by the emulator but not strictly the same. For spatial charac-
terization statistics, each realization uses news statistically independent draws of the phase screens
from the prescribed C2

n · dz. For the temporal characteristics, a time series is generated from a
unique realization of the phase screens, for each time step the layers are shifted according to their
wind speed achieving the time series. After propagation, the irradiance over the pupil is computed,
obtaining the equivalent of the experimental measurements. Once the equivalent data to the experi-
ment are produced, experiment and simulation data are post-processed in the same fashion.

The numerical simulations do not contain any measurement noise in the resulting irradiance.
This is not the case for the experimental measurements, where read-out noise and shot noise are
not negligible. The laser power was adjusted to be as high as possible during the characterization.
This is limited by the saturation of the matrix detector pixels due to the finite dynamic range,
whereas the dynamic range (i.e., variance) of the scintillation speckles increases with the
turbulence strength.

4.2.3 Characterization metrics

We characterize scintillation by two main metrics: the power spectral density of the normalized
irradiance distribution over the pupil and the scintillation index.

First, we define a normalization of Iðx; y; kÞ, the irradiance distribution across the spatial
coordinates x and y, with k being either a temporal or an ensemble index:

EQ-TARGET;temp:intralink-;e004;114;283Iðx; y; kÞ ¼ Iðx; y; kÞ − hIikðx; yÞ
hIikðx; yÞ

; (4)

where the bracket operation corresponds to the sample average of the magnitude, defined in

general as hIðx; y; kÞix;y;k ¼ ΣNx
ix¼1Σ

Ny

iy¼1Σ
Nk
ik¼1Xðxix ; yiy ; kikÞ∕ðNx · Ny · NkÞ, whereas in this case

it is hIðx; y; kÞik ¼ ΣNk
ik¼1Xðx; y; kikÞ∕Nk. Note that the normalization is different for each pixel

over the pupil of the telescope, therefore it allows the comparison of the scintillation regardless of
the average irradiance impinging on the pupil, i.e., it removes any fixed irradiance pattern.

The scintillation index is defined as the variance of the normalized irradiance distribution:

EQ-TARGET;temp:intralink-;e005;114;169σ2Ī ¼ VarðIÞ ¼ hðI − hIiÞ2i ¼ hI 2i
hIi2 − 1: (5)

The variance of the normalized irradiance field can be computed either as a sample variance
of the normalized pixel values or from the integral of their power spectral density. For the spatial
scintillation index, the sample variance is computed for all pixels in the pupil for each acquisition
and then the resulting variances are averaged for all realizations:

EQ-TARGET;temp:intralink-;e006;114;84σ2Ī ¼ hVarx;yðĪðx; y; kÞÞik ¼ hhðĪ − hĪix;yÞ2ix;yik: (6)
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The temporal computation is the same but computed per pixel using all the samples in the
time series of every pixel and then averaged across all pixels:

EQ-TARGET;temp:intralink-;e007;117;712σ2Ī ¼ hVarkðĪðx; y; kÞÞix;y ¼ hhðĪ − hĪikÞ2ikix;y: (7)

We also compute the spatial and temporal power spectral density (PSD) of the scintillation
patterns. For the spatial characterization, we compute a 2D PSD (using a 2D fast Fourier trans-
form) for every acquisition and then we compute the average of the 2D PSDs of all acquisitions.
After computation of the azimuthal average, the spatial PSD is reported as a one-dimensional
(1D) PSD. For the temporal PSD computation, we compute the 1D PSD (using the Welch
method) of the per-pixel irradiance time series and then take an average of all PSDs for all pixels.

For the temporal characterization, we also provide the pupil-averaged flux. To compute this,
we do a spatial average of the normalized irradiance across all pixels for every acquisition,
obtaining a unique time series that is analyzed as the per-pixel time series. This is a proxy meas-
urement of the effect of scintillation on the flux measurement of a mono-detector on the focal
image plane but computed on the pupil plane from the measurement of the matrix detector. This
measurement may be of interest to assess the performance of mono-detectors in these conditions.
Nevertheless, this approximation neglects the variation of the angle of arrival, which may lead to
a loss of flux if the mono-detector is not large enough.

4.2.4 Spatial scintillation results

The left column of Fig. 5 presents the spatial 1D PSD for PS2, PS3, and the three-screen profile,
respectively. The solid line labeled PICOLO, corresponds to the experimental measurements,
and the dashed line, labeled TURANDOT, depicts the numerical simulation result. In all cases,
both lines overlap for the most part. At least three different factors can explain these deviations:
(1) The manufacturing defects and limitations of the phase screens, (2) the presence of noise in
the irradiance measurements, and (3) the presence of aliasing due to the finite sampling of the
irradiance. In any case, those deviations do not result in strong deviations of the total variance;
Fig. 6 shows this by reporting the cumulative integral for each of the PSD. Note also that the low
and high frequencies have low power and their contribution to the variance is small, so is the
contribution of any small difference between the spectra.

With respect to the manufacturing process effects, the highest spatial frequency present in
the phase screens is about 60 cycles∕m, corresponding to a 40 μm pixel size in the phase
screens with a 2 mm beam diameter and an equivalent 0.4 m telescope diameter on sky. Any
frequency beyond that one is not supposed to be correctly represented by the phase screen;
in addition, the phase screens were subject to a subpixel smoothing process by the manufacturer
to remove high-frequency defects. This process could also affect the spatial frequencies close to
the end of the spectrum.

Regarding measurement noise, we can distinguish two different contributions: detector read-
out noise and photon noise. Detector read-out noise can be estimated by taking dark frames with
the characterization camera and its PSD subtracted from the irradiance one. The presented data
were corrected from the data, although its effect is negligible in the variance and in the power
spectral densities. The contribution of photon noise cannot be easily estimated since by definition
the irradiance measurements under strong scintillation have a high dynamic range; it is therefore
not possible to measure the spectrum of this contribution, and the measurements reported contain
this signature.

The presence of aliasing has not been quantified either. In conclusion, although it is not
possible to allocate the deviations measured to one of the possible causes stated, those are small
and have a negligible contribution to the scintillation index. Instead, we highlight the good fitting
of all the cut-off frequencies that define the main spectrum features. Since PS2 is stronger in
turbulence, it is closer to scintillation saturation and, therefore, the PSD of the spatial scintillation
presents two regimes with cut-offs46,47 at a spatial frequency proportional to r0∕λz and 1∕r0,
whereas the weaker PS3 has its only cut-off at a spatial frequency proportional to 1∕

ffiffiffiffiffi
λz

p
,

where z is the propagation distance from the layer to the telescope pupil plane.
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Table 5 provides a comparison of the spatial scintillation indices for both numerical sim-
ulation and experiment. The scintillation index is computed as the sample variance of the nor-
malized irradiance measurements (see Sec. 4.2.3). For PS1, the expected scintillation index is
zero since the screen is located at the pupil of the telescope and there is no propagation distance.
This is the case in the numerical simulation, whereas in the experimental setup, we measure some
scintillation. The reason for this is twofold. First, it is not physically possible to place the screen
exactly at the pupil, so there is some propagation. For example, the same screen placed at a
distance of 1 mm from the telescope pupil results in an equivalent distance of 40 m on sky and
would lead to a scintillation index of 0.064. Second, some diffractive effects are observed (see
filament-like structures in the pupil PS1 image in Fig. 3) that also contribute to the inhomoge-
neity of the pupil illumination. Nevertheless, as can be observed in the three-screen configura-
tion, the scintillation from phase screen 1 does not result in a significant contribution.

Regarding the uncertainty quantification of the results, we provide the error bars for the
numerical simulation. The uncertainty of the numerical simulation is due to the statistical con-
vergence of the results. For the computation of the error bars, we used a bootstrapping method,
where we divided the available number of samples in groups and computed the average
scintillation index from it, where the error bars correspond to the standard deviation among
all results.

(a) (b)

(c) (d)

(e) (f)

Fig. 5 Spatial and temporal 1D power spectral densities of the normalized irradiance distributions
produced by the phase screens. (a) Spatial, PS2 at P2, (b) temporal, PS2 at P2, (c) spatial, PS3 at
P3, (d) temporal, PS3 at P3, (e) spatial, three-screen configuration, and (f) temporal, three-screen
configuration.
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4.2.5 Temporal scintillation results

The right column of Fig. 5 presents the temporal 1D PSD for PS2, PS3, and the three-screen
profile. The solid line labeled PICOLO, corresponds to the experimental measurement, whereas
the dashed line, labeled TURANDOT, depicts the numerical simulation result. In all cases, the
cut-off frequency45 is proportional to V∕

ffiffiffiffiffiffiffi
z∕k

p
, with V the transversal velocity of the layer, and

k ¼ 2π∕λ the angular wavenumber. The experimental curves show in this case a noise floor at
high frequencies, especially for PS2, where the curve has a different floor to the noise floor from
the simulation. The causes for these noise floors are the same as for the spatial spectra since
the temporal spectra are given by filtering of the spatial spectra due to the shifting of the layers.

(a) (b)

(c) (d)

(e) (f)

Fig. 6 Cumulative sum of spatial and temporal 1D power spectral densities of the normalized
irradiance distributions produced by the phase screens. (a) Spatial, PS2 at P2, (b) temporal,
PS2 at P2, (c) spatial, PS3 at P3, (d) temporal, PS3 at P3, (e) spatial, three-screen configuration,
and (f) temporal, three-screen configuration.

Table 5 Spatial scintillation index comparison between numerical simulation and experiment.

PS1 PS2 PS3 All

TURANDOT 0.000� 0.000 0.985� 0.006 0.767� 0.018 2.050� 0.020

PICOLO 0.102 0.972 0.770 2.090
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Both PS3 and the three-layer case show in the TURANDOT case a bump on the high frequencies
due to a simulation artifact currently being analyzed. Apart from this, the fit of the curves and
their cut-offs shows a satisfactory agreement between the simulation and experiment.

Table 6 provides a comparison of the temporal scintillation indices for both numerical sim-
ulation and experiment. The scintillation index is computed as the sample variance of the nor-
malized irradiance measurements (see Sec. 4.2.3). Note that, following the ergodicity hypothesis,
the scintillation indices in this table should be the same as the spatial scintillation indices reported
in Table 5, which proves to be consistent with our results. We provide the error bars for the
temporal simulation with all phase screens computed as the standard deviation of the scintillation
indices computed for five simulations of the same case with different random seeds for the phase
screen generation.

Finally, we study the variation of the integrated flux after PICOLO. This computation is
based on the time series resulting from the averaging of the intensity measurements for every
pupil pixel at every frame. Note, this is not an equivalent of the coupled flux since it does not
take into account the phase and amplitude effects in the coupling into a single mode fiber. Even
with perfect AO (i.e., phase) correction, the mismatch between the wavefront amplitude and the
Gaussian mode of the fiber will cause further losses that are not accounted for in this measure-
ment. This measurement is closer to the flux measured by a mono-detector big enough that
the variation of the angle of arrival due to turbulence and the PSF size does not cause a loss of
flux during the measurement of the time series, i.e., the power in the bucket at the telescope
aperture level.

Figure 7 shows a part of the time series obtained, both for the experiment, labeled PICOLO,
and the numerical simulation, labeled TURANDOT. The time series is further analyzed by com-
puting its PSD, shown in Fig. 8, whereas a histogram of the time series is shown in Fig. 9. The
comparison of the PSD shows how the time series have the same time characteristics, including
the two regimes with cut-offs around 500 and 1000 Hz. At high frequencies, the experimental
results a similar noise floor to the one observed in the temporal spectra. The same high-frequency
noise presence can be observed in the time series plot. The shape of the histograms is similar too
and the variance of the power (reported in the same figure), equivalent to the scintillation index of
the irradiation pattern filtered by the pupil, is also close.

Table 6 Temporal scintillation index comparison between numerical simulation and experiment.

PS1 PS2 PS3 All

TURANDOT 0.000 1.056 0.692 2.055� 0.052

PICOLO 0.101 0.968 0.765 2.138

Fig. 7 Zoom in on the time series of the pupil averaged flux.
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We take this opportunity to discuss the periodicity of the turbulence generated. Note that the
emulator only uses a small area of the phase screen, which is the ring resulting from the illumi-
nation of the circular beam footprint when the screen rotates. The screens rotate to generate the
displacement equivalent to the one produced by the wind for each layer. After a given period of
time, the screen completes a turn and the beam starts sampling the same phase distortion as
previously, generating a periodic behavior. This effect is diminished by the fact that there are
three phase screens rotating at different speeds, so the combination of the three reduces the perio-
dicity of the overall turbulence. The previous statement is true for the phase disturbance since the
three screens participate in it. We computed the period for this case, and it corresponds to hours,
longer than the typical minute scale time series expected from the emulator. Still, for the scin-
tillation, this period is reduced, since only PS2 and PS3 are involved. Note that both phase and
scintillation contribute to fiber coupling, so the periodicity of the coupled flux will be impacted.
Finally, the case of the pupil averaged flux presented above is the one most affected by perio-
dicity. Since the speckles produced by PS2 are much smaller than the pupil size, their effect is
averaged out in this metric, and only the PS3 speckles (similar in size to the pupil) contribute to it.
As a result, the pupil-averaged flux shows a periodicity corresponding to the time that it takes
PS3 to complete a rotation. For the time series presented above, over a total duration of 1 s we

Fig. 8 Power spectral density of the time series of the pupil averaged flux.

Fig. 9 Histogram of the time series of the pupil averaged flux.
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detected a total of seven periods by computing its autocorrelation, corresponding to the seven
rotations of the screen during that amount of time. These periodical effects result from the
limitation in the number of phase screens that are used. Once understood and accounted for
in the interpretation of the emulator results, such a limitation is deemed acceptable, since to
be overcome a greater number of phase screens would be necessary, which would increase
the complexity and cost of the setup.

5 Operating Conditions
Table 7 summarizes the effective parameters of the bench after the characterization reported in
this work.

6 Conclusion
We have presented the methodology for the design and characterization of a turbulence emulator
representative of a downlink between an LEO satellite and a ground station at 10 deg elevation.
The bench is able to simulate both the strong turbulence conditions at low elevation, as well as the
dynamics due to the fast apparent wind caused by the satellite motion. The emulator is able to
host different instruments by coupling them to its exit pupil. Therefore, the emulator is able to
provide long time series of the disturbed field at the pupil of a telescope under realistic turbulence
conditions.

The characterization presented allowed proving that the bench delivers the turbulence con-
ditions expected. This includes a detailed characterization of the scintillation conditions, which is
necessary for future investigations regarding the performance of AO systems under scintillation.
The agreement found with respect to the numerical simulation motivates the use of the numerical
simulation as a digital twin of the bench for performance estimations before testing components
on the bench.

As a result, ONERA has a testing platform for future AO systems (wavefront measurement
and control laws) under strong turbulence perturbations (scintillation and unsteady turbulence).
ONERA uses this platform for its own research and also offers access to it to the community.48

The system will be used to test new AO and free-space optical communication concepts and
integrate and validate them before on-sky campaigns. For example, the integration and testing

Table 7 Operating conditions of the turbulence delivered by the emulator.

Name Value Comment

Pupil diameter 40 cm Equivalent telescope size

Wavelength 1.55 μm —

Exit pupil diameter 3.3 mm Telescope pupil conjugated to periscope mirror.
Interface to client systems

Orbit height 500 km —

Culmination point 90° —

Distance to satellite 1965 km —

Satellite tracking slew rate 2 mrad · s−1 —

Line-of-sight elevation 10 deg —

r 0 3.39 cm Sum from the per-layer results in Table 4

D∕r 0 11.8 From the r 0 reported above

θ0 1.603 μrad Computed from formula for the “measured” profile in Table 3

τ0 3.125 μs Computed from formula for the “measured” profile in Table 3

σ2I 2.138 Temporal scintillation index, as measured in
the characterization (see Table 6)
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of the AO system for ONERA’s FEELINGS ground station10 study Shack–Hartmann wavefront
sensors under scintillation conditions and how to improve their performance, test new AO control
algorithms (such as predictive control49), test new turbulence correction concepts, such as pho-
tonic integrated circuits48 and test new telecommunication components or digital signal process-
ing architectures. An upgrade of the bench to add the effect of anisoplanatism in the feeder links50

cases is currently under study.
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