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Abstract: Optical feeder links offer immense utility in meeting future communication de-
mands—however, atmospheric turbulence limits their performance. This work targets this
challenge through analyses of a bidirectional free-space optical communication (FSOC) link
that incorporates pre-distortion adaptive optics (AO) between the next-generation optical ground
station at the German Aerospace Center (DLR) Oberpfaffenhofen and the laser communications
terminal on Alphasat—a satellite in geostationary orbit (GEO). The analyses are performed
via end-to-end Monte Carlo simulations that provide realistic performance estimates of the
bidirectional FSOC link for a GEO feeder link scenario. We find that applying pre-distortion AO
reduces the total uplink losses of the bidirectional FSOC link by up to 10 dB and lessens the
scintillation at the GEO satellite by an order of magnitude. Moreover, applying pre-distortion
AO eases the link budget requirements needed for maintaining 99.9% link uptime by as much as
20-40 dB, while its use with a laser guide star shows an additional performance improvement of
up to 8 dB. These findings demonstrate the desirability and feasibility of utilizing pre-distortion
AO for the realization of optical feeder links.
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journal citation, and DOI.

1. Introduction

The field of free-space optical communication (FSOC) has shown rapid growth—due in large part
to increasing demands for high communication data rates and worldwide coverage [1,2]. Immense
bandwidth, improved security, and an unlicensed spectrum are some of the key advantages of
FSOC-based technologies that are driving this growth [3]. Of particular interest are FSOC
links that transmit data from an optical ground station (OGS) to an orbiting satellite, via laser
beam, and then distribute this data to various geographical regions on Earth. Such links can
be used in isolation, to enable high-speed and secure connectivity to regions where traditional
communication networks are infeasible or nonexistent [1], or merged with radio frequency
communication links, for distribution across urban centers via so-called optical feeder links
[4]. One desirable configuration for optical feeder links involves an OGS feeding data via a
bidirectional FSOC link to a single satellite in geostationary orbit (GEO), which then distributes

#521494 https://doi.org/10.1364/OE.521494
Journal © 2024 Received 15 Feb 2024; revised 22 Apr 2024; accepted 10 May 2024; published 22 May 2024

https://orcid.org/0000-0001-5386-6076
https://orcid.org/0000-0002-9079-1883
https://orcid.org/0000-0002-8985-4277
https://orcid.org/0000-0001-7120-8026
https://orcid.org/0000-0002-8555-5368
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.521494&amp;domain=pdf&amp;date_stamp=2024-05-22


Research Article Vol. 32, No. 12 / 3 Jun 2024 / Optics Express 20977

this data to multiple Earth-based transceivers using radio frequency communication links. This
is known as a GEO feeder link [5–7]. Here, the bidirectional FSOC link consists of a downlink
laser beam that is transmitted from the GEO satellite, and is typically used as a reference beacon
for tracking by the OGS, and an uplink laser beam that carries data from the OGS to the GEO
satellite for distribution. Such GEO feeder links offer significant benefits due to the high altitude
and wide field-of-view of the GEO satellite, which enables uninterrupted coverage spanning
continental scales [8], and the tremendous data rates of FSOC technology, at terabit-per-second
levels [5,9,10].

Despite the many advantages of GEO feeder links, one long-standing challenge is their
bidirectional FSOC link’s susceptibility to atmospheric turbulence [11,12]. In essence, turbulence-
induced fluctuations in the atmosphere’s refractive index impart wavefront distortions onto the
propagating laser beams, which leads to beam wander (i.e., shifts in the beam’s direction) and
scintillation (i.e., intensity fluctuations at the receiver due to the interference of subsequent
wavefronts). Such effects yield increased fading (or power fluctuations) at the receiver, reduced
bandwidth, and corrupted data, which ultimately limits the link performance [12,13]. Fortunately,
adaptive optics (AO) systems show promise in mitigating these turbulence-induced fluctuations
and restoring link performance [14–17].

While AO systems have traditionally been used in astronomical applications, they have
witnessed growing interest for FSOC links. One emerging concept employs pre-distortion AO
within the bidirectional FSOC link for a GEO feeder link configuration [17]. In such links,
the downlink laser beam sent from the GEO satellite to the OGS is subjected to wavefront
distortions, from atmospheric turbulence, and an AO system in the OGS corrects these distortions
in (near) real-time by applying the conjugate of the wavefront distortions via actuated optics.
Concurrently, these conjugate distortions are applied to the uplink laser beam’s wavefronts to
"pre-distort" the beam. As the uplink laser beam then propagates through the atmosphere, its
wavefront pre-distortion is counteracted by the atmospheric turbulence, leaving a "corrected"
beam propagating to the GEO satellite. In this way, pre-distortion AO has the potential to mitigate
the effects of atmospheric turbulence on the downlink and uplink laser beams, making it an
enabling technology for the realization of GEO feeder links.

The concept of pre-distortion AO, as applied to GEO feeder links, has been drawing attention in
recent years [17–20]. Osborn et al. [17] explored pre-distortion (also termed pre-compensation)
AO, via idealized simulations, to provide an upper limit on the proposed benefits of implementing
pre-distortion AO in a bidirectional FSOC link. However, their work did not account for some of
the prominent errors that could be expected in real-world implementations.

Given the significant benefits of GEO feeder links and the advantages of pre-distortion AO, we
provide detailed analyses in this work on the performance of bidirectional FSOC links employing
pre-distortion AO. This is done for a real-world GEO feeder link scenario using realistic Monte
Carlo end-to-end simulations configured for bidirectional FSOC links between the next-generation
OGS at the German Aerospace Center (DLR) Oberpfaffenhofen and the GEO satellite Alphasat.
The bidirectional FSOC links and AO system that enable them are configured according to the real
AO system in DLR’s OGS and its ability to establish links with Alphasat. The configuration and
simulation are described in section 2. The relevant error sources incorporated into the simulation,
thus making it represent the real-world pre-distortion AO system within DLR’s next-generation
OGS, are characterized in section 3, with insight given on relevant theoretical models. The AO
configurations are described in section 4, and the performance metrics used to characterize the
system’s performance are described in section 5. The performance analyses and subsequent
discussions are presented in section 6. Concluding remarks on our work and its potential for use
in GEO feeder links are presented in section 7.
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2. End-to-end AO simulation configuration

End-to-end Monte Carlo simulations are used in this work to evaluate a bidirectional FSOC link
and the pre-distortion AO system that enables it for a GEO feeder link scenario. The envisioned
bidirectional FSOC link is depicted on the left in Fig. 1 and the pre-distortion AO system is
depicted on the right.

Fig. 1. Representative depiction of the bidirectional FSOC link for a GEO feeder link
scenario (left) and the pre-distortion AO system that enables it (right). On the left, the
downlink laser beam (blue) propagates from the GEO satellite, through the atmosphere
(Atm), to the OGS at time t0, while the pre-distorted uplink laser beam (pink) is launched
from the OGS and propagates at a point-ahead angle, θPAA, and elevation angle, θelev, to the
future position of the GEO satellite at time t1. The phase profiles of each laser beam are
tracked to show the imparting or correction of turbulence-induced distortions on each beam.
On the right, an exploded view is shown of the pre-distortion AO system that corrects the
downlink laser beam and pre-distorts the uplink laser beam. The pre-distortion AO system
includes a telescope, a fast-steering mirror (FSM), a deformable mirror (DM), a single-mode
fiber (SMF), a wavefront sensor (WFS), a focus camera (FocCam), a point-ahead angle
mirror (PAA), a real-time control computer (RTC), multiple beam splitters (BS), and an
uplink laser (Tx Laser).

The simulation begins at time t0 with a plane wave at the top of the atmosphere propagating
along the downlink direction, as it is assumed that the downlink laser beam has diverged
sufficiently from the GEO satellite to the upper atmosphere. The wavefront of this downlink
laser beam (shown in blue in Fig. 1) is distorted as it passes through the atmosphere, which is
represented in the simulation by seven atmospheric phase screens. The phase screens follow von
Kármán turbulence statistics [21,22], with each having a defined altitude, turbulence strength,
wind speed, and wind direction. Angular spectrum propagation (employing a specialized solution
to the Fresnel diffraction integral) [23] is used to simulate the propagation and diffractive effects
between each atmospheric layer. A fraction of the downlink laser beam is then received by the
telescope within the OGS, and the distortions imparted onto this beam by the atmosphere are
eventually measured by a Shack-Hartmann wavefront sensor (WFS). As the downlink laser beam
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is actually propagated to the WFS’ sensor plane, diffractive and scintillation effects are measured
by the WFS. A focus camera is also simulated to observe the corrected point spread function and
therefore understand the quality of the AO correction.

The turbulence-induced wavefront distortions imparted onto the downlink laser beam are
corrected at the OGS by a fast-steering mirror (FSM) and deformable mirror (DM), which apply
the conjugate of the received phase of the laser beam. Namely, the FSM corrects for the low-order
distortions (thus reducing the aforementioned beam wander) while the DM compensates for
the high-order distortions (thus reducing the scintillation effects). A control system that runs a
standard integrator controller via a real-time control computer computes the corrective commands
that are applied to the FSM and DM according to the WFS measurements. Ultimately, the
applied correction and reduced distortions on the downlink laser beam improve the instantaneous
and long-term point spread function observed on the focus camera, as quantified by the Strehl
ratio, and increase the light coupled into the receiver’s single-mode optical fibre, for improved
communication performance.

An uplink laser beam (shown in pink in Fig. 1) is launched from the OGS to the GEO satellite
via the same FSM and DM, thus "pre-distorting" the uplink laser beam. It is important to note
here that this uplink laser beam is also launched with an angular offset from the downlink laser
beam, called the point-ahead angle. The point-ahead angle directs the uplink laser beam in front
of the GEO satellite’s current observed position, to have the beam arrive at the GEO satellite’s
future position (given the beam’s transit time and the satellite’s motion). As such, the uplink laser
beam propagates to the top of the atmosphere, where it arrives with minimal wavefront distortion,
and onward to the GEO satellite, according to far-field (Fraunhofer) propagation. The latter
propagation (at time t1) is incorporated into our simulation by way of a fast-Fourier transform.

Given this link configuration, the relative loss at the satellite (measured in dB) is determined by
calculating the contribution of the uplink laser beam’s power entering the satellite’s aperture, as
compared to the total power available at GEO. Static losses (due to the uplink transmitter/receiver
efficiency and atmospheric attenuation) are added to this relative loss at the satellite to give the
total (uplink) loss.

Figure 2 summarizes the above scenario and outlines the 15 steps taken during each iteration
of the simulation.

It should be noted that the storage buffer mentioned in step 5 is used to simulate the temporal
delay that results from the lag between when a measurement is made by the WFS and when a
correction by the FSM and DM is applied. This is further described in section 3.

An important aspect to consider for the bidirectional FSOC link is the point-ahead angle,
which is approximately 18 µrad, or 4 arcseconds, for a satellite in GEO [4,20]. In the case that
the downlink laser beam is used as a reference beacon to measure the atmospheric distortions,
this angular offset between the downlink and uplink laser beams implies that the atmospheric
distortions imparted onto the laser beams become partly spatially decorrelated with increasing
altitude and large point-ahead angles—an effect that is amplified in stronger atmospheric
turbulence and is known as angular anisoplanatism [24]. The implications of this angular
anisoplanatism will be discussed later in this work. The point-ahead angle is incorporated into
the simulation as described in step 2 of Fig. 2. In essence, smaller phase screens are extracted
from the larger atmospheric phase screens and along the downlink and uplink lines-of-site, such
that an 18-µrad point-ahead angle subtends between the downlink and uplink laser beams.

The relevant simulation parameters are listed in Table 1. The simulation represents the
bidirectional FSOC link between DLR’s next-generation OGS, with its installed AO system,
and the GEO satellite Alphasat, with its 1064-nm laser communication terminal [25]. The link
distance is approximately 38824.7 km.

The Hufnagel-Valley 5/7 profile is employed in this work to represent the vertical distribution
of atmospheric turbulence strengths, as this profile is commonly used when simulating AO
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Table 1. Simulation Parameters

Parameter Unit Value Variable

Link Parameters

Wavelength nm 1064 λ

Elevation angle deg 33 θelev

Point-ahead angle µrad 0, 18 θPAA

OGS Parameters

Downlink telescope diam. cm 80 DRx

Downlink central obs. diam. cm 30 Dcent

Uplink hard aperture diam. cm 25 DTx

Uplink beam waist cm ∼8.8 ω0

OGS configuration – Monostatic –

Satellite Parameters

Satellite aperture diameter mm 135 DSAT

Link distance km 38824.7 L

General Parameters

Control system type – Integrator –

AO loop iteration rate kHz 2 f Loop

AO loop time-step ms 0.5 τLoop

Loop delay frames 2 –

WFS Parameters

Number of subapertures – 116 (arranged in 13× 13 circle) Nsubaps

Read noise e- 120 nread

Shot noise – Poisson Statistics nshot

Incident power on AO system µW 2 PAO

Corrector Parameters

Corrector types – Tip/Tilt FSM and Zonal DM –

Number of DM actuators – 184 (16× 16 arranged in a circle and actuated with
only 14× 14 illuminated)

Nacts

Atmospheric Parameters

Number of phase screens – 7 –

Layer altitudes (Zenith) m [198, 5188, 9050, 12321, 15707, 19165, 22662] h

Layer wind speeds m/s [5.8, 18.9, 34.9, 25.7, 10.3, 5.5, 5.0] V(h)

Layer wind directions deg [0, 90, 180, 270, 0, 90, 180] φ

Profile Fried parameters
(Zenith and 500 nm)

cm [1.44, 1.94, 2.44, 3.54, 4.97] r0

Profile Greenwood
Frequencies

Hz [92.6, 72.1, 60.2, 46.5, 38.6] f G

Fractional layer turbulence
strengths

%

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎡⎢⎢⎢⎢⎢⎢⎣
99.0, 0.275, 0.314, 0.253, 0.093, 0.021, 0.003

98.4, 0.449, 0.513, 0.413, 0.152, 0.034, 0.005

97.7, 0.657, 0.751, 0.605, 0.223, 0.049, 0.008

⎤⎥⎥⎥⎥⎥⎥⎦⎡⎢⎢⎢⎢⎣
95.7, 1.23, 1.40, 1.13, 0.416, 0.092, 0.014

92.5, 2.15, 2.46, 1.98, 0.732, 0.162, 0.025

⎤⎥⎥⎥⎥⎦

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
Cn2(h)
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Fig. 2. Flow chart of the simulation that describes the 15 steps taken during each iteration.

systems in FSOC and it provides a good basis for comparison of performance among different
systems. More specifically, five variations of a modified Hufnagel-Valley 5/7 profile are employed
in our simulation to synthesize atmospheres that range from exhibiting “weak’’ turbulence (being
representative of nighttime operation) to “strong’’ turbulence (being representative of daytime
operation). These profiles lead to five subsequent spatial coherence lengths, known as Fried
parameters, r0, which range from approximately 1.4–5 cm (at zenith and a wavelength of 500 nm)
or 3.6–12.3 cm (at zenith and a wavelength of 1064 nm). The Bufton wind model [26] is also
inherited by the atmospheric layers to represent the vertical distribution of transverse wind speeds.
The atmospheric profiles used in this work follow those presented in Osborn et al. [17], which
were made using the equivalent layers method [27], as this method ensures that the isoplanatic
angle is preserved when discretizing atmospheric models. Despite the Hufnagel-Valley 5/7
profile being used in this work, as atmospheric turbulence profiling instruments and techniques
become more developed and widely used [28,29], such tools and techniques will be useful in
characterizing future OGS sites [30].
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3. Theoretical analyses and sources of loss

3.1. Adaptive optics (AO) error sources

The performance estimates provided in this work are considered to be realistic and representative
of a real-world bidirectional FSOC link applied to a GEO feeder link scenario, as they incorporate
fundamental sources of error that manifest within DLR’s actual AO system. While these error
sources are listed below and are accurately represented within the simulation, it should be noted
that the analytically calculated results that stem from these error sources (and are plotted as
various lines in section 6) are shown for comparison with the simulated results, however, no
analytically calculated errors are input into the end-to-end simulations. The sources of error are
described as follows:

Temporal error manifests when the atmosphere’s Greenwood frequency (or characteristic
frequency) exceeds the correction bandwidth of the AO control loop. This error can be modelled
according to Eq. 9.53 in Hardy [24] and incorporated into the simulation by way of a two-frame
delay, meaning that the corrective commands applied to the FSM and DM at frame N0 are based
upon WFS measurements from frame N−2. For our system, the AO correction bandwidth is
roughly one-eighth of the AO loop iteration rate, i.e., 2000Hz / 8 ≈ 250 Hz. As this bandwidth is
larger than the Greenwood frequency values for the five atmospheric profiles listed in Table 1,
temporal error should have minimal impact on the total wavefront error.

Fitting error manifests from the finite resolution of the DM and its resulting inability to
perfectly correct for the increasingly fine structure of turbulent phase distortions. This error
can be modelled from Eq. 3.1 in Tyson [31], or equivalently Eq. 27 from Hudgin [32], with the
actuator constant, κ, being 0.30 rad2 for our work. This error source is incorporated into our
analyses via the simulation of a continuous faceplate DM that is deformed by zonal actuators,
thus corroborating the value chosen for κ.

Anisoplanatic error manifests from the differing downlink and uplink laser beam paths
through the atmosphere. The differing beam paths lead to growing spatial separation (and thus
decorrelation) between the beams with increasing altitude. This error source can be modelled
from Eq. 7 in Clénet et al. [33], whereby a modal analysis yields an expression for the residual
anisoplanatic wavefront error from the covariance of the various Zernike expansion coefficients
(defined for the lines of site separated by the point-ahead angle). This method was pioneered by
Chassat [34] and expanded by Lognoné et al. [35].

Shack-Hartmann WFS measurement error manifests from a Shack-Hartmann type WFS’s
limitations on measuring subaperture tilt. This error can be modelled from Eq. 3.8 in Tyson
[31], with SNR values having been taken from the simulation output as 1.5 (in strong turbulence
conditions) to 4.5 (in weak turbulence conditions). This error source is incorporated into
our analyses via the simulation of a Shack-Hartmann type WFS with the read and shot noise
characteristics stated in Table 1.

Given the above sources of error, a theoretical AO error budget can be defined for the simulated
AO system. The budget is illustrated in Fig. 3 as a plot of the mean squared wavefront error
versus Fried parameter, r0. It is clear from the results that fitting error rapidly becomes the
dominant contribution to the total wavefront error in stronger turbulence conditions, i.e., smaller
values of r0.

3.2. Theoretical laser beam propagation and static losses

Andrews and Phillips [11] have developed a variety of expressions for atmospheric laser beam
propagation, and these expressions are clearly summarized in Andrews et al. [36]. Of note in
this latter work are Eqs. 24-26, which build upon the extended Maréchal approximation [37–40]
to model the Strehl ratio and intensity of an uncorrected uplink laser beam at a satellite. These
expressions were used in this work to model our fourth configuration, in section 4, which does
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Fig. 3. Theoretical AO error budget depicting the various contributions from temporal,
fitting, anisoplanatic, and Shack-Hartmann WFS measurement wavefront error (WFE) to the
total mean squared WFE, as a function of the Fried parameter, r0, on the lower horizontal
axis and isoplanatic angle, θ0, on the upper horizontal axis. The Fried parameter values
span the appropriate range corresponding to the turbulence profiles described in Table 1.

not apply pre-distortion AO to the uplink laser beam. Another expression, namely Eq. 27 from
Andrews et al. [36], models the Strehl ratio and intensity of a tilt-corrected uplink laser beam at
a satellite. This expression was used in this work to model our third configuration, in section 4,
which applies only tip-tilt pre-distortion AO over the transmitter launch sub-pupil.

Three static losses (listed in Table 2) are added to the relative loss measured at the GEO
satellite. The uplink transmitter efficiency was measured, at 1064 nm, for DLR’s next-generation
OGS. The uplink receiver efficiency and losses due to atmospheric attenuation and/or clouds
were taken from prior DLR studies that assessed various link budgets for GEO feeder links [6,10].

Table 2. Static Losses

Static Losses

Uplink Transmitter Efficiency -3.55 dB

Uplink Receiver Efficiency -3.0 dB

Atmospheric Attenuation / Clouds -2.0 dB

4. Simulated AO configurations

Multiple pre-distortion AO configurations were simulated within this work to demonstrate their
potential link budget and stability improvements for the bidirectional FSOC link. The AO
configurations are as follows:

i. Idealized WFS/FSM/DM, high-order pre-distortion (Ideal WFS/FSM/DM+HOPD): This
configuration assumes an ideal WFS, FSM, and DM, meaning that the received phase at
the OGS is perfectly conjugated (to within the resolution of the simulation) and directly
applied to pre-distort the uplink laser beam. Therefore, these results depict an upper
limit for the improvements due to the application of pre-distortion AO. Temporal error is
still included within this scenario due to the aforementioned two-frame delay. This AO
configuration is representative of the AO system used in Osborn et al. [17].
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ii. Realistic WFS/FSM/DM, high-order pre-distortion (Real WFS/FSM/DM+HOPD): This
configuration employs a realistic WFS (by way of a diffractive model that includes
scintillation effects), FSM, and DM. The FSM is simulated as a tip-tilt mirror and the
DM is simulated as a zonally-actuated continuous faceplate mirror. Temporal, fitting,
and Shack-Hartmann WFS measurement errors are present in this scenario due to the
two-frame delay, finite correction resolution of the DM, and noise and scintillation effects
on the WFS.

iii. Realistic WFS/FSM, tip/tilt pre-distortion (Real WFS/FSM+ TTPD): This configuration
employs a realistic WFS and FSM. It specifically measures (and then corrects / pre-distorts)
the tip and tilt components manifesting only over the sub-pupil of the OGS telescope that
the uplink laser beam is launched from. The received phase is masked to only allow the light
over this transmitter launch sub-pupil to reach the WFS. This scenario can be theoretically
modelled using Eq. 27 from Andrews et al. [36]. Temporal and Shack-Hartmann WFS
measurement errors are also included in this scenario.

iv. No pre-distortion (No PD): This configuration does not employ pre-distortion AO. The
uplink laser beam is generated with a gaussian amplitude profile, as is done with all of the
above scenarios, and a flat phase profile. It is then launched through the atmosphere and
received at the GEO satellite. This scenario can be theoretically modelled using Eqs. 24-26
from Andrews et al. [36].

Two sub-configurations were also simulated for the first three configurations above to further
investigate the effects of anisoplanatism due to the point-ahead angle. This analysis is crucial for
bidirectional FSOC links that employ pre-distortion AO because a reference source of light is
needed to probe the atmosphere and deduce the distortions imparted onto the propagating laser
beam. The two sub-configurations are described as follows:

a. "Perfect" laser guide star downlink reference ("Perfect" LGS DL Ref ): This sub-
configuration assumes that an ideal laser guide star is launched in the direction of the uplink
laser beam and used as the downlink reference source of light (such that the distortions that
will be imparted onto the uplink laser beam are measured by the WFS). No laser guide star
dynamics are simulated in this scenario as the best-case performance when incorporating
a laser guide star is desired. This scenario is also representative of operation with no
point-ahead angle.

b. Satellite downlink reference (Satellite DL Ref ): This sub-configuration uses the downlink
laser beam from the GEO satellite as the reference light source such that the atmospheric
distortions that are imparted onto the uplink laser beam become increasingly decorrelated
with the distortions imparted onto this downlink laser beam, with increasing altitude. This
scenario inherits an 18 µrad point-ahead angle between the downlink and uplink laser
beams, as this is representative of the point-ahead angle for the bidirectional FSOC link
between DLR’s next generation OGS and the GEO satellite Alphasat.

5. Uplink performance metrics

The end-to-end AO simulation employed in this work returns a two-dimensional electric field
distribution at the plane of the GEO satellite. A fast-Fourier transform is used to represent
far-field (Fraunhofer) propagation from the top of the atmosphere to the GEO satellite, such that
the simulated grid resolution at the satellite is approximately 10 m. While recognizing that the
GEO satellite’s receiver diameter is 135 mm, the received power vector at the satellite, P, is
calculated by scaling the intensity of the central pixel at GEO with the satellite’s receiver aperture
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for each iteration of the simulation. This approach is possible as there is little observed variation
in the intensity profile at such spatial scales at the satellite. Such an approach also assumes that
errors due to imperfect tracking of the GEO satellite by the OGS are negligible. Beam wander
effects at the satellite are, however, still present when appropriate. Given these definitions, the
following three uplink metrics were chosen:

Total (uplink) loss: The main component of this metric results from the ratio of power
received at the GEO satellite to the power available at the plane of the satellite. It includes losses
due to beam divergence and beam wander. The static losses identified in Table 2 are then added
to this main component to yield the total (uplink) loss at the satellite.

Power scintillation index (at the GEO satellite): This metric defines the scintillation at the
satellite and is calculated as the ratio of the retrieved power vector’s variance at the GEO satellite
divided by the square of the mean of this power vector, i.e., σI

2 =<P2> / <P> 2.
1st and 0.1th percentiles: This metric is the 1st and 0.1th percentile values taken from the

aforementioned power vector distribution retrieved at the GEO satellite.

6. Results and discussion

6.1. Total (uplink) loss

The mean total (uplink) loss for each AO configuration defined in section 4 is plotted as a function
of Fried parameter in Fig. 4, where smaller values of r0 represent stronger turbulence conditions.
The results indicate that the simulated AO system within DLR’s OGS achieves a consistent 3-5 dB
gain in strong to weak turbulence conditions by applying tip/tilt pre-distortion AO, as compared
to not pre-distorting the uplink laser beam. An additional 2-5 dB gain, or 5-10 dB total gain
compared to not applying pre-distortion, can be achieved by applying high-order pre-distortion
to the uplink laser beam—especially during moderate to strong turbulence conditions. For the
realistic tip/tilt and high-order pre-distortion AO configurations, the effect of the point-ahead
angle, and thus the potential gain of implementing a laser guide star in the bidirectional FSOC
link, does not seem to be considerable—with a potential improvement of only 0.5-1 dB. However,
further considerations regarding this will be discussed below. Ultimately, Fig. 4 suggests that
the application of pre-distortion AO can significantly improve the mean intensity received at the
satellite, which leads to a reduction of the mean total (uplink) losses and an improvement in the
overall link budget for the bidirectional FSOC link.

6.2. Power scintillation index

The power scintillation index (PSI) at the GEO satellite for the AO configurations introduced in
section 4 is plotted as a function of Fried parameter, r0, in Fig. 5. This figure is particularly useful
as it quantifies the variability in received power at the satellite and the overall link robustness.
In weaker turbulence conditions, it is evident that the application of tip/tilt pre-distortion AO
significantly reduces the scintillation experienced at the satellite, by roughly a factor of 8, which
suggests greatly improved link robustness. When applying high-order pre-distortion AO, the
scintillation is reduced by an order of magnitude, as compared to not applying pre-distortion
AO. This reduction in scintillation from the high-order pre-distortion AO is maintained as the
turbulence strength increases, while the performance due to the application of tip/tilt pre-distortion
AO starts to diminish. As with the mean total (uplink) loss from Fig. 4, the link robustness
also begins to fail under the strongest of turbulence conditions, as the PSI values drastically
increase. It is also important to note the improvement that can be realized by employing a laser
guide star in stronger turbulence conditions—even though PSI values greater than 0.4 are still
significant. Ultimately, Fig. 5 suggests that applying pre-distortion AO in DLR’s next-generation
OGS can significantly reduce the scintillation at the satellite, which leads to improved overall
link robustness for GEO feeder links.
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Fig. 4. Mean total (uplink) loss versus Fried parameter, r0, on the lower horizontal axis
and isoplanatic angle on the upper horizontal axis (at zenith and a wavelength of 500 nm).
Simulated results are denoted by differing marker shapes and theoretically computed results
are denoted by differing line styles. The results are shown for all four configurations
introduced in section 4, with blue and orange data representing the first and second sub-
configurations, respectively. All simulated results are plotted as the mean of three independent
runs of five seconds worth of comparative real-world data, and error bars (when visible)
denote the standard error from these three runs.

It is worth noting that the findings presented in Figs. 4 and 5 corroborate the AO error
budget from Fig. 3 in that strengthening turbulence conditions, with increasingly fine turbulence
structures, can eventually exceed the resolution of the DM and limit the performance of the AO
system. Furthermore, the strong scintillation that arises from strong turbulence conditions can
cause phase branch points to develop, which degrades the Shack-Hartmann WFS’s performance
through increasing its measurement error [41]. Concurrently, Figs. 4 and 5 do not show
substantial effects due to anisoplanatic or temporal error. Thus, these results suggest that future
implementations of pre-distortion AO systems within DLR’s OGS (and within other OGS
locations that experience similar turbulence conditions) should seek DMs with higher resolution.
Wavefront sensors that are more robust in strong turbulence conditions (such as interferometric
sensors [31]) could also be further investigated. This can greatly improve the link performance
under stronger turbulence conditions, and such improvements can help reduce the disparity seen
in Figs. 4 and 5 between the idealized best-case configuration and the realistic high-order and
tip/tilt pre-distortion configurations.
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Fig. 5. Power scintillation index (PSI) versus Fried parameter, r0, on the lower horizontal
axis and isoplanatic angle on the upper horizontal axis (at zenith and a wavelength of 500 nm).
Simulated results are denoted by differing marker shapes. The results are shown for the four
configurations introduced in section 4, with blue and orange data representing the first and
second sub-configurations, respectively. All simulated results are plotted as the mean of
three independent runs of five seconds worth of comparative real-world data, and error bars
(when visible) denote the standard error from these three runs.

6.3. Considerations for geostationary orbit (GEO) feeder links

In the context of GEO feeder links serving a large geographical region, such as Europe, it is vital
to maximize the link operability. In fact, it is likely that better than 99.9% link uptime must be
maintained over weak (nighttime) through strong (daytime) turbulence conditions [9]. With this
in mind, we consider the probability density functions (PDF) and cumulative density functions
(CDF) for our three strongest turbulence conditions, corresponding to the smallest three values of
Fried parameter, r0. The two remaining r0 values are not considered, as they do not drastically
restrict the link operability. The PDF and CDF results are shown in Fig. 6 as a function of the
total (uplink) loss.

The results presented in Fig. 6 corroborate the conclusions made from Figs. 4 and 5, in that
greater values of mean power coupled into the satellite are achieved with the application of
increasing orders of pre-distortion AO, even in stronger turbulence scenarios. This manifests as a
reduction in the total (uplink) losses. Furthermore, the variability of the power received at the
GEO satellite is reduced, manifesting as more concentrated PDF distributions and steeper CDF
curves in comparison to the broader distributions from no pre-distortion AO being applied.

To evaluate the operability thresholds of GEO feeder links that employ the envisioned
bidirectional FSOC link, the 1st and 0.1th percentiles (corresponding to the 99% and 99.9%
uptime thresholds, respectively) are extracted from Fig. 6 and are plotted in Fig. 7 as a function of
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Fig. 6. Probability density functions (PDF) and cumulative density functions (CDF) versus
total (uplink) loss for our three strongest turbulence conditions, i.e., the three smallest values
of Fried parameter, r0. The results are shown for the four AO configurations and two
sub-configurations introduced in section 4. The dashed, dot-dashed, dot-dot-dashed, and
dotted lines correspond to the first, second, third, and fourth configurations, respectively.
The blue and orange curves depict the first and second sub-configurations, respectively. The
distributions presented in this figure are made from the prior simulated datapoints, and are
not theoretically calculated curves.

increasing values of Fried parameter, r0. Note that the lines joining the simulated data points in
Fig. 7 are added for readability and do not represent the theoretical models introduced in section
3.

Figure 7 demonstrates the challenge of maintaining near continuous operation of GEO feeder
links and the notable benefits from pre-distortion AO. Under weak turbulence conditions, the
results suggest that for the 1st and 0.1th percentiles, tip/tilt pre-distortion AO significantly reduces
the total (uplink) loss and yields immense gains, at approximately 20-40 dB. As the turbulence
conditions worsen, these gains can be maintained by applying higher-order pre-distortion. This
is understandable given that stronger turbulence demands greater spatial resolution in the AO
system. It is also clear that fitting error limits the performance as the realistic pre-distortion
AO configuration results rapidly depart from the idealized configuration results during strong
turbulence conditions.

Another noteworthy aspect of the results presented in Fig. 7 is the effect of anisoplanatism,
and thus the potential performance gains of using a laser guide star. Even in moderate to weak
turbulence, anisoplanatic effects can yield fairly significant losses. Therefore, assuming a GEO
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Fig. 7. The 1st and 0.1th percentile values extracted from Fig. 6 and plotted as a function of
increasing values of Fried parameter, r0, corresponding to decreasing turbulence strength.
The simulated results denoted by circles, crosses, squares, and inverted triangles correspond
to the first, second, third, and fourth configurations from section 4, respectively. The blue
and orange simulated markers represent the first and second sub-configurations from section
4, respectively. All data shown in this figure is derived from simulated results. The lines
joining adjacent data points are added for readability and do not represent theoretical analyses
from prior sections.

feeder link scenario requires 99.9% uptime, the results suggest that a maximum potential gain
of 7-8 dB could be realized by employing a laser guide star in moderately strong turbulence
conditions. This significantly reduces the total (uplink) loss and thus the threshold for near
continuous link operation. Such a finding demonstrates the importance of analyzing percentiles as
a figure of merit, as the reduction by the idealized laser guide star was not apparent in Figs. 4 and
5. While the laser guide star used in this work is admittedly idealized, given the impressive gains
that can be realized by realistic pre-distortion AO, it is plausible to expect sustained improvements
from realistic laser guide stars in moderate to strong turbulence conditions. Ultimately, the
application of a laser guide star significantly reduces the variability of power received at the
GEO satellite and eases the performance demands to maintain 99.9% link operability of the
bidirectional FSOC link for a GEO feeder link scenario.

7. Conclusion

This work presented performance analyses of a bidirectional FSOC link between DLR’s next-
generation OGS, employing pre-distortion AO, and the GEO satellite Alphasat. The analyses were
performed by way of realistic end-to-end Monte Carlo simulations that incorporated real-world
errors for the link and AO system. It was found that applying tip/tilt pre-distortion could mitigate
much of the mean total (uplink) losses, by 3-5 dB, as compared to not applying pre-distortion



Research Article Vol. 32, No. 12 / 3 Jun 2024 / Optics Express 20990

AO. An additional 3-5 dB, or 5-10 dB total improvement, could also be realized by applying
high-order pre-distortion AO (and particularly under strong turbulence conditions). The power
scintillation index was also found to be significantly reduced, by approximately an order of
magnitude, through the application of high-order pre-distortion in weak to moderate turbulence
conditions. This suggests notable improvements for the robustness of GEO feeder links. The
performance estimates for the pre-distortion AO system within DLR’s next generation OGS
were found to be dominated by fitting wavefront error, and so future pre-distortion AO systems
(operating in similar turbulence conditions) may wish to operate with higher resolution DMs.
Furthermore, wavefront sensing solutions that perform better than a Shack-Hartmann type WFS
in strong turbulence conditions could also be explored.

When considering the needs for near continuous link operation, at 99.9% uptime for the
bidirectional FSOC link in a GEO feeder link scenario, it was found that applying pre-distortion
AO could yield significant improvements in the total (uplink) loss, by 20-40 dB, even in strong
turbulence conditions. The employment of a laser guide star could then further reduce the total
(uplink) loss, with our idealized case showing a reduction of 8 dB. Ultimately, we hope that these
findings will lay the groundwork for refined FSOC technology and improved performance in
future GEO feeder links.
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