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Channel Model of a Ground to Satellite Optical Link Pre-compensated by Adaptive Optics

We propose a pseudo-analytical channel model of an adaptive optics precompensated ground to geostationary satellite optical link, by exploiting uplink/downlink channel reciprocity. The channel model is validated by end-to-end simulation.

Introduction

GEO Feeder optical uplink is greatly impaired by atmospheric turbulence. One solution to reduce the turbulence impact and improve the statistics of the received power aboard the satellite is to apply a pre-compensation using adaptive optics (AO) [START_REF] Tyson | Adaptive optics and ground-to-space laser communications[END_REF]. The AO correction phase is measured on the downlink beam and applied to the uplink. However, due to the point-ahead angle (PAA) anisoplanatism inherent to the geometry of the GEO Feeder, uplink correction efficiency is limited and the received power undergoes long and deep fades.

In order to derive the associated channel model, one needs to model the statistics of the coupled signal aboard the satellite. Currently, analytical models for OA-corrected links can be found in the literature only for downlink [START_REF] Canuet | Statistical properties of single-mode fiber coupling of satellite-to-ground laser links partially corrected by adaptive optics[END_REF]. However, the signal statistics of the pre-compensated uplink can be derived from a pseudo-analytical model [START_REF] Conan | Adaptive Optics for GEO-Feeder Links: from Performance Analysis via Reciprocity Based Models to Experimental Demonstration[END_REF].

The objective of this paper is to revisit such pseudo-analytical models with an emphasis on the impact of PAA anisoplanatism on the coupling losses. The derived model is then validated using an end-to-end (E2E) simulation.

Adaptive optics pre-compensation reciprocal model

We consider an incoherent single input single output (SISO) transmission system. Concentrating on the signal fluctuations at the turbulence coherence time scale, we focus our analysis to coupling losses induced by turbulence phase distortions. The received signal can be written as: Y = f • X + N with f is the coupling losses associated to phase distortions, X is the transmitted information symbol and N is the additive white Gaussian noise.

In this approach, we choose to exploit the reciprocity principle for the modeling of uplink signal, as in [START_REF] Conan | Adaptive Optics for GEO-Feeder Links: from Performance Analysis via Reciprocity Based Models to Experimental Demonstration[END_REF] and references therein. Coupling of the pre-compensated signal aboard the satellite is therefore expressed reciprocally on ground as the coupling, in the OGS aperture, between a complex field back-propagated from the satellite at PAA, corrected by AO, and the uplink emission Gaussian mode:

f pre-compensated,OGS-→satellite (t, α PAA ) = f compensated,satellite-→OGS (t, α PAA ) (1) 
This is motivated by the fact AO pre-compensation performance is much easier to express in the OGS aperture where the phase pre-compensation is applied. We assume the independence between the phase (Φ) and log-amplitude fluctuations (χ, so called scintillation) of the field Ψ α PAA (r, t) = A • exp(χ(r, t) + jΦ α PAA ,corr (r, t)). The phase induced coupling losses are given by the overlap integral between the AO-corrected reciprocal uplink and the single mode fiber (SMF) Gaussian mode M 0 (r):

ρ(t) = Ψ α PAA ,phase (r, t)M * 0 (r)P(r)d 2 r Ψ α PAA ,phase (r, t) 2 P(r)d 2 r • |M 0 (r)| 2 P(r)d 2 r 2 with Ψ α PAA ,phase (r, t) = A • exp(jΦ α PAA ,corr (r, t)) (2) 
where Φ α PAA,corr (r, t) is the residual turbulent phase after AO correction obtained from the measurement on the downlink and P(r) is the aperture function.

Finally, by assuming that the scintillation contribution is approximately equal to scintillation averaged over the aperture in the weak perturbation regime, often called power in the bucket (PIB), we can finally write the coupled signal as f(t) = ρ(t) • |Ψ α PAA (r, t)| 2 P(r)d 2 r. 

Pseudo analytical channel model

The residual phase variance after AO correction is represented on the Zernike polynomial basis. It can be modeled as the anisoplanatism affecting the low order modes of the phase due to the angular decorrelation between the correction phase and the phase distortion at PAA, and as a fitting error on the high order modes that are not corrected by AO. Thus the covariance matrix of the phase reads:

Γ Φ,tot = Γ Φ,aniso 0 0 Γ Φ,fitting with Γ Φ,aniso = 2Γ Φ (0) -Γ Φ (α PAA ) -Γ Φ (α PAA ) T = (< a 2 aniso,i,j >) 1<i,j≤N Γ Φ,fitting = diag(Γ Φ (0)) = (< a 2
fitting,i,i >) N+1<i≤N max (3) where Γ Φ (α) is the angular covariance matrix that can be found in [START_REF] Chassat | Propagation optique a travers la turbulence atmospherique : etude modale de l'anisoplanetisme et application a l'optique adaptative[END_REF], N is the number of corrected modes, N max the number of represented turbulent modes. Since the residual phase projection has a centered Gaussian distribution [START_REF] Roddier | Adaptive Optics in Astronomy[END_REF], one can perform draws of the residual phase covariance matrix and numerically calculate the overlap integral between the reconstructed field and the SMF mode to obtain . Note that although generally neglected [START_REF] Canuet | Statistical properties of single-mode fiber coupling of satellite-to-ground laser links partially corrected by adaptive optics[END_REF], we have shown the importance of accounting for the non diagonal terms.

Finally, the aperture-averaged scintillation follows a log-normal distribution [START_REF] Canuet | Statistical properties of single-mode fiber coupling of satellite-to-ground laser links partially corrected by adaptive optics[END_REF]. In the same way, one can therefore draw samples from this law.

Channel model validation

We consider 2 turbulence conditions, a median and a more severe case. The system parameters are: aperture diameter D OGS = 60 cm, elevation 30°, PAA α PAA = 18.5 µrad, λ = 1.55 µm, AO sampling frequency f OA = 4.7 kHz, number of AO corrected modes N corr = 136. The atmospheric parameters are for the median and stronger case, respectively: a Fried parameter r 0 =7.8 cm, resp 4 cm, corresponding to the phase perturbation strength, an anisoplanatic angle of θ 0 =11.34 µrad, resp 6.83 µrad, describing the angular decorrelation strength and σ 2 χ = 0.03, resp 0.08, that is the variance of the log-amplitude. We perform an E2E numerical simulation to calculate 9400 optical fields after propagation through turbulence. We compute 50000 pseudo-analytical statistical couplings. In Figure 1, we plot, for both turbulence conditions, the PDF/CDF as well as the outage probability. We can see that the proposed pseudo-analytical model fits well with the E2E simulations.

In [START_REF] Canuet | Statistical properties of single-mode fiber coupling of satellite-to-ground laser links partially corrected by adaptive optics[END_REF], an analytical channel model is proposed for the AO-corrected downlink. We however stress the fact that the underlying hypothesis of this model do not apply for uplink that leads to stronger residual phase variances and stronger phase mode cross-correlation. We therefore currently work on the derivation of a complete analytical model for the AO-corrected uplink.

Conclusion

We have shown that the derived reciprocal pseudo-analytical model taking into account anisoplanatism and fitting error was in good accordance with E2E data taking into account the same errors . Although the pseudo-analytical model presented here allows to characterize the uplink channel, our next objective is still to derive a full analytical model and the associated analytical telecom metrics such as the outage probability.
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 1 Fig. 1: Left to the right: PDF, CDF and outage probability from pseudo-analytical model and E2E data. Two cases of turbulence are depicted: nominal perturbations in pink/orange, strong perturbations in purple.