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The future of very high throughput optical links between the 

ground and GEO satellites depends on the ability to overcome 

turbulence channel disruptions caused by the optical propagation 

through the atmosphere. Pre-compensation by adaptive optics 

has been identified as a game changer, as it could theoretically 

provide for the uplink the additional margin necessary to secure 

the link budget. Several experimental activities have been 

reported to investigate the practical increase that can be expected 

from AO pre-compensation, demonstrating very promising 

results. Due to the proximity of the line of sight from ground and 

the strong variability of turbulence conditions these results would 

benefit from a confirmation on a more representative line of 

sight. The line of sight between ESA’s Optical Ground Station 

and the top of Mount Teide provides an unprecedented 

opportunity to provide this confirmation in a relevant 

environment. We report here the results of the first experimental 

demonstration of uplink pre-compensation performed on this line 

of sight in April 2019. The increase of average optical power is 

demonstrated and compared to expected performance. The 

influence of anisoplanatism is demonstrated and quantified; 

consequences on the future of GEO feeder links are inferred. 

Keywords—adaptive optics, anisoplanatism, ground station 

for optical feeder links. 

I. INTRODUCTION 

Link budget of uplink GEO feeder links is compromised 
by atmospheric turbulence influence. Adaptive optics (AO) 
has been identified as an enabling technology to mitigate 
channel impairments. Several experiments have been 
recently reported that demonstrated the technology feasibility 
for pre-compensation. These demonstrations took place 
either on a short path [1] or on a 10 km long horizontal path 
[2]. In both cases the representativeness of the line of sight is 
limited. Short distance implies limited turbulence strength; 
horizontal path induces strong perturbations that will affect 
wavefront sensing performance and the relevancy of pre-
compensation efficiency. As a consequence, adaptive optics 
compensation still has to be demonstrated in representative 
turbulent environment. Although analytical models are 
available for quantifying the effect of point ahead angle 
(PAA) anisoplanatism on ground-space optical links (see [3] 
and references therein), an experimental assessment of its 
impact on the link budget remains of great interest. 

The FEEDEr LInk adaptive Optics (FEEDELIO) project 
aimed at demonstrating the feasibility of AO pre-

compensation in a relevant environment and to assess 
expected performance for variable turbulent conditions in the 
presence of anisoplanatism.  

II. FEEDELIO EXPERIMENT 

A. Overview of the experimental setup 

The FEEDELIO experiment took place in Tenerife 
during the two first weeks of April 2019 on a 13.2 km 5° 
elevation slant path between ESA’s optical ground station 
(OGS) and top of mount Teide [4]. 

The hardware block diagram of the experiment setup, 
already presented in [5][6] is recalled Figure 1. 

To provide the adaptive optics reference beam and the 
detection of the uplink pre-compensated beam a satellite 
terminal breadboard (STB) emulator was attached to the 
concrete wall of the cable car accommodation building.  

To provide the uplink pre-compensated beam a ground 
terminal breadboard (GTB) was attached on the south pillar 
of ESA’s OGS. 
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Figure 1 – Hardware block diagram of the FEEDELIO 

experiment. 

B. Satellite terminal breadboard 

The STB was providing the 1550 nm reference beacon 
for wavefront sensing and the uplink detection. Uplink 
detection was performed through two multimode fibers 
coupled 1.7 mm diameter collimators sending the light on a 
20 kHz low noise PIN detectors installed in two separate 
modules: one on axis module also providing the reference 
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beacon, and one off axis movable module. In order to 
investigate the influence of point ahead angle, the off axis 
module was fixed on a translating platform remotely 
controlled hence providing the possibility to investigate a 
range from 3µrad up to 100µrad angular excursion.  

C. Ground terminal breadboard 

The GTB was composed of a 350 mm commercial 
telescope and of an optical breadboard carrying the adaptive 
optics system, the downlink measurement path and the 
uplink 1625 nm source. In order to cope with the evolution 
of turbulent conditions during the experiment the acquisition 
protocol was designed to address alternatively on and off 
axis module within a limited duration thanks to the use of a 
dedicated fast steering mirror on the uplink path. A 10s time 
period has been used here. In this timeframe turbulence 
conditions (Fried parameter and scintillation index) has 
proven to be stable enough with respect to AO error budget.  

D. Adaptive optics 

The adaptive optics system has been built from 
commercial off the shelf components: the deformable mirror 
was an Alpao 95-17 (fast upgrade), the wavefront sensor 
camera was a Raptor Owl HS, and the real-time computer 
was provided by Shakti upon ONERA’s requirements. The 
wavefront sensor counted 8x8 subapertures and was used at a 
1.5 kHz frequency providing a 2,3 frame delay. The adaptive 
optics system has been designed to provide a 2.2 dB (0,6 
attenuation) average coupling loss (wrt diffraction limit) for 
r0 = 11 cm. Thanks to the large stroke of the deformable 
mirror no dedicated tip/tilt mirror has been used. A 
motorization of the deformable mirror mount was only used 
to cope with refraction index evolution encountered during 
daytime. More details on the AO loop performance for 
downlink are available in [7]. We focus here on the uplink 
results. 

III. EXPERIMENT RESULTS 

A. Data acquisitions 

Due to very poor weather conditions during the first week of 

the experiment (access to cable car closed), STB could only 

be installed at the very beginning of the second week of 

experiment. Experiment calibration and adjustments took 3 

days, leaving four days for data acquisitions. We focus here 

on the last day of acquisitions (14/04/19). During one set of 

acquisitions uplink power measured on both on-axis and off-

axis modules has been recorded simultaneously with a 

synchronized protocol. AO loop telemetry (wavefront slopes, 

voltages sent to the deformable mirror and intensity per 

subaperture) has been recorded jointly.  

B. Turbulence parameters estimation 

Wavefront sensor measurements are exploited to estimate 

optical turbulence conditions. A Fried parameter (r0) estimate 

is obtained from a fit of the Zernike’s spatial variance with 

Noll’s power law [8], downlink power fluctuations are 

computed from Shack-Hartmann wavefront sensor (SHWFS) 

intensity measurements. By exploiting the spatial correlation 

of slopes and intensity measurements, assuming small 

perturbations as described in [9], a Cn² profile estimate can 

be computed for every 5s time slot. This Cn² profile can be 

used to compute analytically another estimate of r0 according 

to [10] and of power fluctuations normalized variance in a 

given square subaperture σ²i according to aperture averaged 

scintillation theory [11][12]. Turbulence profile estimation 

also enables the computation of an isoplanatic angle estimate 

[13]. All these integrated parameters estimations are 

performed while taking into account the sphericity of the 

incoming beam from the STB module.  

The results of this turbulent profile estimation are presented 

in Figure 2. The top of the figure presents r0 estimation from 

SHWFS data (obtained from Noll’s fit) in black and the 

result of r0 estimation from the estimated Cn
2
 as a function of 

time. The center of the figure presents σ²i measured by the 

SHWFS in black and its estimation from the Cn² profile in 

blue.  

Apart from the cases where the smooth perturbation 

approximation is obviously not satisfied (outside the Rytov 

regime, corresponding to log-amplitude variance above 0.3 

ie σ²i > 1.2) the turbulence profile estimate provides a 

reliable evaluation of r0 and σ²i hence a good confidence in 

the estimation of the isoplanatic angle θ0.  

In the following, the study is restricted to turbulence cases 

within the smooth perturbation approximation. Considering 

the elevations expected from future GEO-feeder links, 

above 30° in European area, this hypothesis shall be 

satisfied. 

As illustrated here a wide variability of anisoplanatism 

conditions has been encountered, with isoplanatic angle θ0 

values ranging from 25µrad down to less than 5 µrad.  

 

Figure 2 – Top: Fried parameter estimated from Shack-

Hartmann measurement (black) and from turbulence 

profile estimation (blue). Center: flux fluctuations 

variance per subaperture from Shack-Hartmann 

measurements (black) and estimated from turbulence 

profile (blue). Bottom: isoplanatic angle estimated from 

turbulence profile.  



C. Anisoplanatism influence and turbulence conditions 

variability 

 

 

 

We illustrate here for two cases the influence of 

anisoplanatism on the correction efficiency obtained during 

the experiment. We plot on Figure 3 the average coupling 

efficiency < I > of the flux in the receiver with respect to the 

geometrical losses (diffraction limited beam corresponds to 

< I > = 0.74 due to the uplink central obscuration). Two 

cases corresponding to different perturbation strength are 

illustrated: a favorable case, obtained by nighttime (22:56 

p.m.), with r0 = 10 cm, θ0 = 10 µrad; a more perturbed case, 

obtained by daytime, around 10:15 a.m., with r0 = 5 cm, θ0 = 

6 µrad.  

To cope with potential turbulence non-stationarity both on-

axis and off-axis measurements are performed alternatively 

with a 10s time period. We investigate four off-axis 

positions, each of them corresponding also to an on-axis 

measurement. We plotted the average of the four on-axis 

measurements (crosses) performed during the acquisition of 

the off-axis measurements and theoretical model results 

(round symbols) for 3 correction cases : red for a correction 

of all the degrees of freedom enabled by the deformable 

mirror, blue for a tip/tilt only correction, and without 

correction in black. Off axis measurements as a function of 

the point ahead angle are also reported: continuous lines 

correspond to measurements, dashed lines to theoretical 

performance models while taking into account the estimated 

turbulent profile.  

Anisoplanatism influence appears significantly different for 

both cases: by daytime, angular decorrelation of the 

perturbations induces a steep decrease of < I > as a function 

of the PAA. By nighttime the correction degradation is 

much more progressive.  

For both cases the theoretical model (see [3] and references 

therein), not described here, adequately reproduces the 

measurement for on-axis and off axis cases. 

 

D. Transposition to a GEO-feeder link case. 

We analyze here the contributors to the error budget 

affecting off axis performance. We first study the on-axis 

measurements and compare them to theoretical evaluation to 

assess the on-axis error budget. Then we consider the off-

axis terms for a PAA value representative of GEO-feeder 

link anisoplanatism conditions and compare it to theory.  

In the presence of anisoplanatism (hence for off-axis 

measurement) the theoretical average power penalty term 

attributed to the correction of atmospheric effects can be 

written in a first approximation as: 

 

< I >aniso ≈ ρ0 exp[- σfitting² - σscintillation² - σaniso²(PAA)] (1) 

 

In Equation (1), ρ0 is the diffraction limited coupling 

efficiency for a 23% obscuration antenna (ρ0 = 0.74 

according to [14]), σfitting² stands for the fitting error term 

computed as follows [15]: 

σfitting² = 0.458 (nr+1)
-5/3

(D/r0)
5/3  

(2) 

σscintillation² designates the variance of log amplitude 

fluctuations affecting coupling efficiency, it is approximated 

here, assuming the small perturbation approximation and 

neglecting the influence of aperture averaging at the scale of 

a subaperture, by σi²/4;while σaniso²(PAA) designates the 

anisoplanatism error contribution at PAA, and can be 

computed according to [16]. 

The ultimate limit to AO performance is fixed by the fitting 

error term. Its contribution is plotted in Figure 4 in dashed 

black lines. The on-axis measurements are plotted with 

black crosses. In order to limit the dispersion of the data 

plotted, measured values have been averaged over 1 cm bins 

in r0. Error bars correspond to the standard deviation of the 

values averaged on a 1 cm r0 slot (when several 

measurements are available). 

Note that measurements have been normalized in units 

consistent with the theoretical average coupling efficiency 

defined by Eq. (1). 

Clearly on-axis measurements are smaller than fitting only 

performance. Adding the scintillation term of Eq. (1) 

however leads to a good fit of on-axis data. 

The choice of the FEEDELIO off-axis angle giving a 

relevant GEO-Feeder PAA emulation is a delicate question. 

Two options are discussed in [5]. 

The most relevant, that we will call further the modal 

approach is to consider an off-axis angle leading to a 

performance degradation, compared to on-axis, identical to 

the one expected for similar conditions in the case of GEO-

feeder link. This implies a fine modeling of the 

anisoplanatism error accounting for the number of corrected 

modes and the turbulence profile. This is out of the scope of 

this paper.  

Another possibility is to consider a more straightforward but 

somewhat unprecise approach based on the conservation of 

the ratio between PAA and isoplanatic patch θ0. The PAA 

for a GEO-feeder link is 18 µrad. According to recently 

Figure 3 - Evolution of the average coupling wrt 

diffraction limit as a function of the PAA, top for a small 

turbulence case (r0 = 10 cm, θ0 = 10 µrad), bottom for the 

stronger turbulence case (r0 = 5 cm, θ0 = 6 µrad). 

Continuous line: off-axis experiment, dashed line: off-

axis theory. Crosses: on axis measurements; rounds: on 

axis theory. Red: full correction; blue: tip/tilt only; 

black: no correction. 



published statistics in Cerro-Paranal [17] median isoplanatic 

patch for such an observatory-like location is θ0=10 µrad. 

Without any exhaustive documentation of this quantity 

around the globe, considering such a value as representative 

might be questionable. Still, based on these elements one 

would want to conserve the ratio PAA/θ0=1.8 is. As exposed 

in [5], this simple approach could however lead to a (very) 

pessimistic estimate of anisoplanatism compared to the 

modal approach. Hence the trends identified in this case 

must be considered cautiously. Based on the analysis given 

in [5], a reasonable range from the equivalent PAA could be 

between PAAequivalent = θ0 and PAAequivalent = 1.8 θ0. Results 

obtained from the experiment in these two cases together 

with their theoretical evaluation based on the estimated 

profile are plotted Figure 4 as a function of the encountered 

r0. They can be compared to on-axis tip/tilt only correction 

measurements (black crosses). These data points are 

measured on-axis but we remind that tip/tilt correction at 

PAA is barely affected by anisoplanatism [5]. This is 

confirmed by Figure 3: tip/tilt corrected results being 

constant in the range PAA = 0 and PAA= 1.8 θ0.  

The analysis of the experimental results demonstrate the 

interest for high order pre-compensation in the presence of 

anisoplanatism, as PAA affected measurements are 

systematically above tip/tilt only correction. Besides, 

theoretical performance evaluation from anisoplanatism 

models accurately fit the off-axis measurements. Assuming 

the relevant equivalent PAA is between PAAequivalent = θ0 and 

PAAequivalent = 1.8 θ0, the gain wrt tip/tilt only correction 

shall be between 1 dB and 2 dB depending on the turbulence 

profile.  

 

Figure 4 – Average coupling on the STB side as a 

function of r0. Black “+”: measurements with all possibly 

corrected degrees of freedom, dashed lines: theoretical 

evaluation with fitting error term only; red dashed lines: 

theoretical evaluation including fitting and scintillation 

influence. Black crosses: on-axis tip/tilt correction only 

measurements; blue crosses: average coupling for PAA = 

1.8 θ0 (measures), dashed blue line: average coupling for 

PAA = 1.8 θ0 (experiment). 

 

E. Discussion 

The analysis provided here has only been based on average 

power losses encountered on a single day of acquisition. In 

order to consolidate the data analysis, deeper investigations 

are therefore necessary: evaluation of power statistics (mean 

and fluctuations) in a wide range of turbulence conditions, 

precise evaluation of the equivalent PAA based on the 

modal approach. The temporal signature of power losses 

could also be studied and compared to the GEO-Feeder 

case.  

With respect to average power penalty, for the turbulence 

conditions encountered here, results obtained by pre-

compensation led to a few dB gain compared to tip/tilt only 

correction. This may seem small but one has to remember 

that AO not only increases the average detected flux but also 

drastically reduces flux fluctuations and budget link gains 

can be shown to be mainly driven from this latter effect. 

Based on numerical modeling, higher order correction 

indeed gives few dB gains on average flux, compared to tip-

tilt, but gain is much more substantial (often more than 

10 dB) in link availability thresholds Erreur ! Source du 

renvoi introuvable.. 

PAA anisoplanatism is still a strong limiting factor 

especially when going to large aperture (few 10 cm) 

emitters [3]. To truly benefit from the Tx full antenna gain 

one needs to find ways to reduce this anisoplanatism effect. 

Several strategies can be considered to circumvent PAA 

influence. Among others the design of appropriate control 

laws or the use of specific configurations of laser guide stars 

are already investigated. The most drastic solution is 

probably the concept suggested by Tyson in 1996[18], ie the 

use of a free flyer support satellite to provide the beacon in 

the direction of the PAA. 

CONCLUSION 

We reported here the results of the first experimental 

demonstration of pre-compensation for GEO – feeder links 

in a relevant environment. The experiment took place in 

Tenerife April 2019 on a 13.2 km slant path line of sight 

between ESA’s OGS and top of Mount Teide in Tenerife. 

Due to ground proximity, strong turbulence perturbations 

conditions were encountered. Restricting the analysis to 

smooth perturbations case, more relevant for GEO-feeder 

links, the feasibility of a pre-compensation by adaptive 

optics has been confirmed. Performance models to estimate 

the average power penalty fit well with measurements. The 

influence of PAA has been quantified experimentally and 

compared successfully to anisoplanatism error evaluation. 

The question of the off-axis angle equivalent to GEO-feeder 

PAA is discussed. Depending on the assumptions taken for 

this equivalence, gains in average power brought by 

correction beyond tip-tilt vary but are systematic. Besides, 

link budget has to account both for average power and 

statistical distributions. A systematic analysis of the 

collected data statistics is therefore now required. Particular 

interest shall also be granted to temporal signature of the 

power fluctuations. In any case, anisoplanatism highly 

restricts the potential gain of AO with significant size 

telescopes (few tens of cm). Appropriate strategies must be 

investigated to circumvent anisoplanatism limitation. 

Among others, the use of a free flyer satellite to provide the 

beacon for wavefront sensing in the direction of the PAA is 

conceptually the most promising one. 
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