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ABSTRACT

With the development of optical links for spacetgrd communications comes the need to mitigate tieete of the
atmospheric turbulence to guarantee a losslessection. By having a network of addressable grouatioms we want
to guarantee to always target a point where the iBnavailable. For this to work, we need to beeatd predict the
forthcoming link availability for each station whikeeping costs low. We have developed a methddatlayvs, in the
geostationary case, to obtain the power margirherlink without exhaustive knowledge of the turlmge state. In this
work, we show that the sole knowledge of 4 integgtgbarameters of the turbulence profile?j@Gnd associated wind
profile, which can be measured with low-complexitstruments, provides us with enough informatioartrely describe
the statistics of the received optical power afteadaptive optics correction. We further develaprnethod to take into
account digital mitigation techniques (interleavanrgd numerical error correction) and obtain thk power margin with
a maximum error compatible with current assumptimasle in commonly used link budgets.

Keywords: Turbulence, Adaptive Optics, Forecasting, Artdicintelligence (Al), Optical Communications, Opatic
Satellite Feeder Link

1. INTRODUCTION

With the always-increasing demand for data and wadttl, and the potential saturation of the radiegfrency spectrum,
digital optical links at 1.55um become a valuabteraative for ground-satellite data transmissibtany project are
ongoing to establish such a link between a GEQIsatand a fixed Earth ground station for missi@ugh as Internet
delivery and/or data repatriation from point torgan earth. However, the development of these spimeric optical links
remains conditioned by their availability, whichhighly dependent on the atmospheric channel (ghisor scattering
and turbulence).

High precision availability assessment of the intd@tmospheric turbulence on optical communigatis necessary to
manage handover between optical ground statioasmetwork and thus guaranty continuity of the s&rvi

In this paper, we present a typical mission scen@EO satellite at 30° elevation) and the Tenegife where the ESA
optical ground station is located. Focusing ondbenlink, we investigate the possibility to assigsavailability of the
link with high precision, taking into account evemgpect of the reliability mechanisms (adaptiveiosptcoding and
interleaving).

For our method to be suitable for a massive depéyrof ground stations around the world, we wishge exclusively
data provided by low complexity instruments. Foliogvthis approach, we showed that the sole knovdexfgntegrated
parameters of the turbulence profile)Gand associated wind profile provides us with etoimformation to describe the
statistics of the received optical power into ay@rmmode fibered receiver after an Adaptive Optimsection (AO).

1 emile.klotz@onera.fr




Using machine learning on a database of atmospbpeoifiles (turbulence and wind) over Tenerife anghgsical AO
modelling tool, we propose here the methodologguitdd a metamodel to assess the probability derfigitgtion of the
injected power into the single mode fiber of theeiiger of the optical ground station. We furthevelep this model to be
able to estimate as well the temporal autocoraidtinction of the injected power.

With the knowledge acquired on the distribution éaiporal autocorrelation of injected power, wegmse a method to
determine the power margin of an optical downliskng only a limited set of atmospheric parameters.

2. MISSION SCENARIO

The considered mission scenario is the feederftork/to a geostationary satellite.
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Figure 1: Mission overview.

3. OGS SITES

Airbus NL is developing optical ground station simn via the ScyLight activity CREOLA for such GHEeeder link. In
a first step, Airbus NL will operate:

- The already validated ESA OGS with support of astiper GA-Synopta as the receiving Optical Grouerdiinal;
- Its own adaptive optics corrected TX-OGS in a tpangable configuration, together with partners A&#d TNO.

Rx OGT Tx OGT
ESA OGS with CARQ Independent and transportable

Figure 2: Bi-static OGS approach for Phases 1 &. Figure 3: Miratlas Integrated Sky Monitor.



The turbulence monitoring capability will include Miratlas Integrated Sky Monitgr an instrument providing
characterization of optical atmospheric conditidhglelivers a number of integrated parametershefturbulence and
wind profile as well as local meteorological infation.

4. DATABASES

The elaboration of the metamodel that relates matedg parameters to optical link performance raedieshe exploitation
of a large enough database of atmospheric conditi8averal possibilities can be considered to acsesh database:
either from high resolution measuremémtsfrom numerical modelsHigh resolution ¢ and wind profile measurements
are nowadays rarely available and if availabley toe limited to night-time and/or astronomicaésitin addition to this,
they present the risk to be affected by measuremeise (hence influencing the metamodel). On tierhand data
provided by numerical models present the advantageecisely control underlying hypothesis and inparameters at
the expense of a more questionable relevance. é@§irt goal of this work being to demonstrate pegtinence of the
possibility to rely on a metamodel for performaassessment in relevant conditions, the possiliditover a large scope
of atmospheric conditions justifies in itself topdoit data obtained from a numerical model.

4.1 Turbulence and wind database

The profiles database has been provided by Durhaivetsity. Wind
and G2 profiles were obtained through a global turbulemeelel capable
of converting global meteorological re-analysis ®lsd(in this case
ERA5) into 3-Dimensional optical turbulence maps. Thisdel is

near the ground to be modelled 2. 51 [psents

The ECMWF model from which the turbulence is baiatrulated has a [ , :.se+ﬂja!'_ )
spatial resolution of 0.3° along latitude and Idnde and a temporal
resolution of 1 hour. We chose a grid of 11 by &ihts around Tenerife's
island, which is a site of interest for a potentiidiire ground station, anc
focused on the first 19 days of march 2018. It ésaus with 121
simultaneous measurements for each hour, with soissng values. On
the overall 19 days considered it leaves us with537profiles on 113

pressure levels each. Figure 4: Tenerife with OGSRx accurately

In the following we consider that these profiles mxpresentative of field!°calized by red dot. The puple line indicate the

. ot : . —_real line of sight at 33,2°. Each color squared is
?ue:tbam::ge could be obtained with instruments diyectleasuring point of simulation at & given time.
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4.2 Power injected time series database and limitation

Correlated time series of received optical powea gingle mode fiber are obtained from théahd wind profile using
SAOST (Simplified Adaptive Optics Simulation Tdol!°a pseudo-analytic adaptive optics simulation tools

This tool assumes decorrelation between phase eimdillation perturbations. Scintillation influencis simulated
assuming the small perturbation approximation @Rlytov regime. In practice this constrains thédvigl of the approach
to limited Rytov variance (for horizontal propagetj typically 6,2<0.3). Correlated time series p§, the coupling
efficiency neglecting scintillation, ang, the term of scintillation are generated indepetigeThe received optical power
(ROP) attenuation is obtained through the prodtittese two quantities.

The residual phase error is computed in SAOST uaihdonte-Carlo approach. Following the algorithnsatéed in
Roddiet! random occurrences of Zernike coefficients are pdadnto describe the corrected phase. The temporal
correlation op, is obtained by filtering the raw Zernike coefficte by their temporal power spectral mdéil the Fourier



domain. Some hypothesis have to be made on theléude condition of which we can cite the use af ¥@rman wind
turbulence model and a fixed outer scale. Moreildet@d comparisons with an end-to-end simulatian e found in
Canuet.

The temporal impact of the scintillation contrilmutip; to the overall attenuation is approximated by:
pr = exp(—a;)exp(2xap(t))

Eq. 1
in the weak fluctuation regime of the scintillatimalex x (r, t) wheres? is the variance of the punctual log amplitude and
xap(t) is the log-amplitude averaged on the receivertaper

Under weak irradiance fluctuation hypothegigy (t) ~ N (—07,,,05,,)*** Series are randomly generated following
this normal law and the temporal correlation isaied by filtering with the spectrum given in Raber

In the following all simulations have been made dostate of the art mid-range adaptive optics aysiéhe number of
corrected radial order is fixed to 10 and the A€yjfrency to 2kHz. The diameter of the ground staéascope is 60cm.

4.3 Choice of relevant integrated parameters

We have based our choice of integrated parameteitsedntegrated parameters regularly used to iesttre error budget
of an adaptive optics.

The first chosen parameter is Fried's parartgtarkey parameter when one is interested in thecesffof turbulence.
Fried’'s parametenis defined as the typical diameter of a teleschyat would be limited by atmospheric turbulence. In
the case of a plane wave considering a Kolmogagpeetsum, we have along the line of sight:

3
21
o = 0.42 (7)
Eq. 2
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WhereA is the wavelength (1.55um). Experimentally, Fixadlameter can be estimated either from the ampglifitiér of
a star at the focal plane of an imager or more sthpthanks to differential imaging such as perfedwith a DIMM®.

2

The second parameter, denoted, is a measure of the height dispersion of atmasplayers, homogeneous to an
altitude:

o 5T
- fo z3C5(z)dz
Jy, Ci(2)dz
Eq. 3
It provides an assessment of the physical origirtfe angular decorrelation of the phase pertushat{the influence of

distant turbulence layers) while being independemh the turbulence strength. It is related toRnhed parameter and the
isoplanatic patcho? by:

To
6, =0314=
h

Eg. 4
The estimation ok can therefore be performed thanks to a measureshégtwhich is derived for instance from limited
aperture averaged scintillation by night-téher thanks to a Shabar measurement by dayifiiee last parameter,
denotedr describes an average wind speed over the turblalgenss:
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Eqg. 5
It is related to the turbulence coherence timagcording to:

To
7=0314—
v

Eq. 6
The turbulence coherence time can be extracteth$tence from the temporal analysis of the jitteadright enough
point source image. This evaluation can then béoé@rp to provide an estimation of

In the following the point source log-amplitude iaaice o; is supposed to be known (measured for instance fhe
scintillation of a bright point source with a smdihmeter instrument).

We report on figure 5 the distribution and cumwedlistribution of the Fried parameter for all hefiles of the database.
Same quantities far andv are plotted figure 6 and figure 7 respectivelyinPsource log-amplitude variance distribution
and cumulative distribution are plotted figure &akiations are calculated at 1.55 um for a 33.8Vatlon. Point source

log-amplitude variance is very rarely above 0.3chtiends to consolidate the Rytov regime hypothesis
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Figure 5: Distribution and cumulative distribution of ro (m).
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5. PREDICTION OF STATISTICS OF DOWNLINK INJECTED POWER

Now having a database of over 37,000 time seriesa#fived optical power and the associated intedrmparameters of
the turbulence, we investigate the possibilitygtireate the statistics of coupled flux using otlgse moments.

We adopt the same approach as in SAOST, i.e. tsid@nindependently the effects due to the phase and those due
to the scintillation; the benefit of this disso@at being to ease the understanding of the results.

5.1 Method

Using the same notation as in 4.2, we want a maelgiarning algorithm that would give us the probghiensity

function (PDF) ofp, and ofpi. In a second step, we will also want to estimhageshalf correlation time gf, and ofp,.

A usual and effective way to describe a distributissing machine learning is to parameterize the BBd-then use a
model to estimate the parametdrs4.2, we gave the parametric formppthat depends only on one unknown parameter
oy ,» assuming the point source log-amplitude varianaaeasured. Fax, it is a bit more complex as there is no known
parametric form so we conducted a statistical stadjetermine which density function best fits taa.

We were led to studly, ) = 10log;,(p,(t)), the loss in power induced by the phase fluctuatiodB as it gives a
bigger weight to the low values pf(t) that are the critical values for our application.

Studying the distribution of this loss on our 3bkffles, it appears that the tail of the distriloatishows an exponential
decay, which is consistent with the closed formtld distribution proposed by CantfetAmong all light-tailed
distributions, the one that statistically best fitg data is a Gumbel distribution of the followifogm:

le—(2+ez)

Eq. 7
wherez = X;T” Comparing real and fitted distribution quantileg, show that for the 1% quantile the median redagirror

is 0.48% and never exceeds 2.01%, and the biggequantile the lower the error.

This result is particularly interesting as, witle tBumbel distribution being a good approximatiothefdensity probability
of phase related power attenuation we can desthiéblatest with only two parametegsandfg and then describe power
attenuation distribution with only 3 parametersg ando,, (4 parameters if we include the point source logiétde
variance which is supposed to be directly measured)

5.2 Result for probability density

Different machine learning metamodels have beetedesf which we can cite gradient boosting, mwtlaperceptron,
support vector machine regression and GaussiaegghdBest results were obtained for Gaussian préeess

15% of our database was used for a training sett@85% remaining for a test set. Usipghrandv as inputs of the
model we were able to assess p with a coefficiéaetermination of 0.99943 with a coefficient of determination of
0.9992 andb,, ,with 0.9969.



Coupled flux phase only: real vs modeled Coupled flux scintillation only: real vs modeled Coupled flux into SMF: real vs modeled

s = real = ral = real
predicted ’-‘ predicted predicted

-
—

L

[ 1

\ka
—
.
J‘r

-14 -12 06 08 10 14 16 18 -4

-22 -20 -18 -16 12 - -2 -1
Coupled fiux (dB) Coupled flux (fraction) Coupled flux (dB)

Figure 9 : Example of PDF computed from SAOST (blue)ime series and PDF computed from our model (yell®) with, from
left to right: L, p; and the received optical power.
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Figure 10 : Histogram and CDF of the absolute erroron prediction of the mean, the standard deviationand the 1%
quantile.

In order to characterize the goodness of our esttnan the received optical power's statistic,dbeolute error made on
the mean and standard deviation of the reconsttURI¥- of the received optical power are computed.af§o look at the
absolute error on the 1% quantile of the receivetical power (see red dashed line on figure 9) asmant a faithful
reproduction of the tail of the distribution. Sttits on the absolute error made on these valuesiio87k profiles can be
seen in figure 10. On all profiles, the predict@mnor on the value of the 1% quantile is less thandB.

5.3 Result for temporal content

Temporal correlation of the power attenuation affect the duration on which interleaving shallgegformed to
mitigate fading losses. We investigate here thaipdiy to estimate the half correlation bf, andp; using only , h
andv. Once again, best results were obtained with $ieeofia Gaussian process metamodel. On figure gtevthe
estimated value is compared to the expected oneawsee that the coefficient of determination&30or the phase
demi-correlation and 0.84 for the scintillat{&n



Gaussian Process for the coherence time of the pase effects ; r2 = 0.8841 Gaussian Process for the coherence time of the scintillation effects; r2 = 0.8416

6
14
5
12
I
£ E
S 4 E
£ ,§ 10
> §
T ©
= °
¥ o
?3 S
& 5 8
&
2 6
1 4
T T T T T T T T T T T T T
1 2 3 4 5 6 4 6 8 10 12 14 16
Tue demicorr TFue demicorr (ms)

Figure 11: Prediction of the half-correlation timeusing Gaussian process on inputsrh and 7, x axis shows the true value and
y the predicted one. On the left the half-correlatbn neglecting scintillation effects and on the righneglecting phase effects.
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Figure 12: Prediction of the half-correlation timeusing Gaussian process on inputsrh, ¥ and information on the PSD of
scintillation for a 5¢cm pupil. Same other parametes as for figure 11.

This low score is due to the lack of temporal infation found ing; h and. One way to recover the missing temporal
information is to add a measurement of the tempmwaler spectral density (PSD)of the scintillatiorotr inputs. As
inputs of our model we added 5 moments of the PSfeiatillation measured by a 5 cm pupil instrumehése results
were simulated using the formulas of SfeAs seen on figure 12, adding information on t&®Ro our model enabled
much better results with coefficient of determinatof 0.99 for the phase and 0.98 for the scititilt&®.



6. POWER LINK MARGIN ESTIMATION

6.1 Inputs and limitation

The main challenge in the estimation of the powargim is to describe the impact of using an interé. Indeed, the
interleaver acts as a convolutional filter on thetual information time series seen by the receara this non-linear
operation cannot be translated in simple termsimykng only the half correlation and the probapitiensity. In addition,
we are looking for a valid method regardless ofdize of the interleaver.

The best way to achieve our goal is to generatechastic process equivalent to any time serié®@P obtained with the
same exact atmospheric and instrumental conditBy®eing stochastically equivalent to the groundtt, the generated
series is sharing the same finite-dimensional lad/taus the same power margin.

We know that a Gaussian process is defined entinelis auto covariance functi®nHowever, this is not necessarily true
for all types of stochastic processes and thereigeason it should be the case for our processlupt of two non-
Gaussian stochastic processes (phase and sdiotti)lat

6.2 Downlink budget excluding turbulence

The optical downlink signal between the on-boaminteal described in Berceau et?&land the ESA OGS described
section 3 is considered. The communication chaitpegent (Laser Communication Electronic, Modems laasser Power
Electronics) considered are the one of Poulenaati'et

6.3 Method for link margin estimation

Even though it is very easy to generate a Gaugsizness, there are very few methods for generafistochastic process
with any given marginal distribution. An intuitiv@ethod was developed by Tsoukafaand comes with a R library
anySini°, It is based on Nataf’s joint distribution modeheve the distribution of a correlated random vaeiad mapped
to a Gaussian distribution via its inverse cumutadistribution function.

Using this library and the previously estimatedribsition and half-correlation, we generated tirades of coupled flux
with phase effects only and with scintillation effe only. Combining the two series with the dowklbudget given in
section 6.2, we obtained time series of ROP usingrior knowledge on the profiles but h, 7 ando—f.

AnySim requires an autocorrelation function; thmest interpolation was made using an exponedéahy matching
the predicted half correlation time.

6.4 Result for link margin estimation

The generation of random time series of 5 secoritisav kHz sampling, i.e. 20.000 occurrences suengood statistical
convergence, is very memory intensive. In the feif@, we limited our simulation to 5.000 pairs abfiles randomly
selected in our database.

Generation of random time series was run two timese using the half-correlation time computed gisinly i, h, 7 and
o—f and once with the moments of the temporal PSDaide the prediction of the half correlation tink@llowing results
of power margin are given for an interleaver of t8tand the MODCOD 9/10 with a required mutual infation of 0.94
and MODCOD 3/10 with a required mutual informatmfr0.12.
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Figure 13: PDF true power margin vs predicted usingonly
ro, b, ¥ and a)Z( for MODCOD 3/10- interleaver 100ms.
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Figure 15: Distribution of power margin error [dB] for
MODCOD 3/10 - interleaver 100ms. In blue using thenodel
with ro, h, 7 and 0)2( in yellow when the PSD of scintillation
is added.
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ro, h, v and 0)2( for MODCOD 9/10- interleaver 100ms.
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Figurel6: Distribution and cumulative distribution of power
margin error [dB] for MODCOD 9/10 - interleaver 100ms.
In blue using the model with ©, b, ¥ and 0)2( in yellow when
the PSD of scintillation is added.

On figure 13 and 14 we compared the probabilitysdgrfunction of the “true” power margin (after S&D) and the
estimated power margin using only k, v andof for MODCOD 3/10 and 9/10. When computing the emade on the
power margin we see that it never exceeds 0.7 dB1®DCOD 3/10 and 0.6 dB for MODCOD 9/10 (in blugure 13

and 14).

When the temporal PSD of scintillation is addeth®input (yellow on figure 15 and 16), no sigrafit improvement is
observed, we even have a maximal error a tinyiggdr with 0.8dB in both MODCOD case that mightatibuted to
the convergence error of the estimation due tdithiéed length of the considered time series.

In this specific case of 100ms interleaver, sigaifitly bigger than the half correlation time (rampiin the 1€ of
milliseconds), better prediction of the half coatedn does not translate into better predictiothefpower margin which

confirms the relevance of the interleaving process.

6.5 Model summary and sensitivity analysis

We proposed a model that takes as input 4 momepis ¢ andoy) and gives as output a power margin estimatioh wit
an error bellow 1dB. This model includes interméalgteps of estimating PDF and autocorrelation aimevell as random

time series generation.



An interesting thing to look at is which one c*
the inputs has the biggest impact on the pov o
margin estimation. Knowledge on the impa e Total Shapley
of each of the moments would enable us
improve the precision on the measurement

a given moment or on the contrary to redu °°
the required resolution. To do so we ut
classical tools of sensitivity analysis that a os
first and total order Sobol indices as well ¢
Shapley values.

03

The Sobol indiced are also known as
variance-based sensitivity analysis. Tt o2
variance of the output of our model i o
decomposed into fractions, which can t
attributed to each of the moments used
inputs. The first order Sobol indice: * ¢
characterize the contribution of a given inp o A v
to the output variance and the total Sobrigyre 17: Sensitivity analysis to describe the it of ro, i and  on the
indices measure the contribution to the outfprediction of the power margin.

variance of the studied input, including all

variance caused by its interactions, with otheutnyariables.

Sobol indices are good to determine the sensitofithe model caused by a specific input but wankder the assumption
of independence between inputs, their interpratatiiecomes hazardous in the case of correlatedsinppubur caseorh
andv are strongly correlated being all moments of thmes profiles. To deal with correlated inputs, mdthbave been
developed around Shapley indi#es

On figure 17 we can see thahas the biggest impact on the predicted value epthwer margin, accounting for more
than half of the variance according to Shapleyesld his result was expected, as in the downlirsle ceiintervenes in
every contributors to the adaptive optics errordmictonsidered here. We expect thathat has little impact here, will
have a bigger impact on the uplink case as theplaisatic error (related o) will become an important term in the error
budget.

7. CONCLUSION AND NEXT STEP

We developed and studied a metamodel that enablesabtain the optical power margin from a restdcset of integrated
parameters. We demonstrated that the availabifignooptical link can be described by a small numifeintegrated
parameters, that can be measured by rather simgieuinentation. These results constitute a verpwaging step
forward toward the development of future groundistes networks and of their intelligence for autdimaouting.
Ultimately, the model will be extended to the uglicase. The impact of AO correction parameters antypical
measurements error on the integrated parametetiseorobustness of the approach shall also be igatst. Further
investigations will also be conducted to understnadimpact of a deviation of the instrument aimamgle with respect
to the link line of sight on which the optical limkill effectively take place.

Finally, tests on real world data will be conducteddemonstrate experimentally the relevance ofageroach and
investigate its practical limits.
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