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Abstract: Imaging and laser delivery system performance ggatked by atmospheric turbulence.
The presentation will give an overview of the diffiet tools developed at Onera to assess the
complete acquisition imaging chain through turbakemcluding mitigation techniques.

1. Introduction

Imaging and laser beam delivery system perform@édegraded when used over long distances or Vesg ¢o the
ground through the atmosphere. The atmospheriautembe present along the path disturbs the opticale
propagation inducing in a focal plane of a receavelegradation of the point spread function (P$kg shape and
the position of this latter temporally evolve laaglito intensity fluctuations in the context of labeam delivery or
to the movement, distortion and blur of the obsérseene. The degradation of the optical systemopeeince
depends on the strength and the distribution ofuHsulence (turbulence and wind profiles) along lihe of sight.

It is possible to reduce this drop in performandh wechniques like adaptive optics (AO) or imagegessing
but their effectiveness is linked to the turbulegoaditions encountered. A complete master of thérenmental
conditions and their impact on system performamcéuting or not turbulence mitigation techniqueghe main
key to design and experiment optical systems fatongtmospheric turbulence. The performance coiteeind the
turbulence-induced perturbation depend on the egpbin and the geometry of the line of sight. Frareple, in
case of astronomical observation, the parameténtefest is the optimization of the Strehl ratialats evolution
with the field of view in small scintillation regieg for uplink it is the reduction of the fade sititis in presence of
small as well strong scintillation.

Theoretical studies implies simulation tools affetiént levels, analytical approach whom validityrdon is
limited to Rytov conditions, simplified models whi@are more application specific and relevant farsgevities
studies or instrument sizing and physical modelglwknables to perform a real propagation of thtecapwaves in
all turbulence conditions (strong scintillation particular) and to asses performance analysis rudaiwith
simplified approaches.

The paper will present some simulation tools arahgXdes of turbulence characterization on experiaiafdta.

2. Simulation tools
2.1. End-to-end reference model

For more than two decades, ONERA has been devegl@pimave optics model based on split- step methpdhe
turbulence is sampled by a finite number of phaseens. Spherical and plane waves as well Gaubsiams can
be considered. The output of this model is direttig complex field of the wave after propagationotigh
turbulence. It is possible to consider small topatrong perturbations as well as coupled effegtaifiting jitter and
turbulence. They are able to simulate temporalwgian of the field (amplitude and phase) and spatialution of
the PSF in case of imaging extended objects. Thie imaue is the sampling (both spatial and temparhlthe
physical phenomena. A version with an automatimatibthe simulation parameters has been realizgzbtform
temporal sequences of intensity fluctuations indbwetext of optical links between satellite andugrd. This model
includes adaptive optics correction and correlabietween down and uplink to take into account palrgad angle
effect on the pre-compensated uplink. It has bedidated on experimental data using as sourcesliright stars
seen at different elevation angles [2] and optigats provided by an on-board terminal [3]. It alled also
characterizing the turbulence conditions encoudtdreing the collection of the data.

This model serves as reference for the developrrethtthe validation of simplified models. A few dkem are
described in the following sections.

2.2.SAOST

This model provides coupled intensity statisticaigingle mode fiber for an optical downlink linktlvor without
adaptive optics compensation [4]. It is based oardyudget used for performance assessment of A@msyand it



takes into account scintillation effect appearinghie receiver pupil due to strong turbulence é$fénduced by a
low elevation angle (long distance propagationhie atmosphere). It also considers the couplingieffty in a
single mode fiber. It uses analytical models codphéth Monte Carlo simulation, which is less timensuming
than wave optics simulation and very convenientdensitivity studies and during the sizing phase afround
station. Taking into account reciprocity of the hal [6], it is possible to provide fluctuation énisity statistics in
the satellite plane including Point-Ahead angléu@hce. For example, this tool was intensively ugedefine the
FEEDELIO experiment [5], the objective of which wes evaluate the capabilities of a pre-compens@E®-

ground upright link taking into account forward pidng.

2.3.WPLOT

This tool models the temporal evolution of the bdaptprint in the satellite plane by considering #ffect of the
first orders (tip/tilt, defocus and astigmatism)orfrary to models proposed in literature which ®an fade
statistics, it delivers long time series of irradia fluctuations. Indeed, it allows to generateeteries of received
flux taking into account point-ahead angle and g correction with very short simulation timesid limited to
D/r0 of the order of 2, D being the size of the tbeniand  the Fried parameter. The long time series gerctaie
useful to work on the contributions on interleavargl on error correction codes.

3. Turbulence characterization with experimental data

By using slope and intensity measurement given Hgy $hack-Hartmann wavefront sensor and their velati
correlation between each sub-aperture, it is ptesdib evaluate the turbulence profile encounteradnd the
collection of the data. An example is presentethécase of a link between a LEO satellite andgtioeind [3] and
for adaptive optics corrected imaging [8]. The camgnn with a profile obtained by similitude lawsosvs a very
good match between them. This possibility to ev&uhe turbulence conditions along the path duthey data
acquisition is very valuable to estimate the penfance and limitations of the system and to optiniigeuse
according to the real operational conditions.

4. System performance validation

By combining turbulence characterization and penfmce assessment with model like SAOST, it is ptssb
understand the behavior of the system in use, #réomnance degradation induced by strong scintihator
misalignment, or other error source induced bystysgem environment. An example is presented in [3].

5. Conclusion

The control of the propagation channel including source and the receiver up to the post-processotg at the
modelling and experimental implementation level,kes it possible to evaluate the impact of turbutemn
instrumental performance and to design and deve®p reduction techniques that are effective andisblo a
great variability of turbulence conditions, in peutar in strong scintillation regime, or rapid tpamal evolution of
the degradations induced by a target or a platfoowing at high speed...

This control is based on the development of finedel® and dedicated simplified models, validatedéal
experimental conditions and in the laboratory urabetrolled conditions.
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