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Abstract: We present the results from a Monte Carlo computer simulation of adaptive optics
(AO) pre-compensated laser uplink propagation through the Earth’s atmospheric turbulence
from the ground to orbiting satellites. The simulation includes the so-called point-ahead angle
and tests several potential AO mitigation modes such as tip/tilt or full AO from the downlink
beam, and a laser guide star at the point ahead angle. The performance of these modes, as
measured by metrics relevant for free-space optical communication, are compared with no
correction and perfect correction. The aim of the study is to investigate fundamental limitations of
free-space optical communications with AO pre-compensation and a point-ahead angle, therefore
the results represent an upper bound of AO corrected performance, demonstrating the potential
of pre-compensation technology. Performance is assessed with varying launch aperture size,
wavelength, launch geometry, ground layer turbulence strength (i.e. day/night), elevation angle
and satellite orbit (Low-Earth and Geostationary). By exploring this large parameter space we
are able examine trends on performance with the aim of informing the design of future optical
ground stations and demonstrating and quantifying the potential upper bounds of adaptive optics
performance in free-space optical communications.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Laser propagation between the ground and space is used for free space optical communications
(FSOC) [1,2] to securely transfer data at high-data rates. Information is exchanged between the
satellite and the ground via laser beams rather than more traditional radio frequencies. This
light-weight and low-power alternative [1] is also considered more secure due to the line of sight
nature and small divergence and has the potential of higher data bandwidths [2]. Additionally
FSOC can support quantum key distribution (QKD) [3,4] schemes. However, the stability and
performance of FSOC can be fundamentally limited by the turbulence in the Earth’s atmosphere.
This turbulence leads to beam spread that reduces the intensity received at the target and; “jitter”,
or beam wander, and “scintillation”, where the beam splits into many speckles, which both
introduce a variation in the received signal. In FSOC the fluctuations in received intensity due to
the atmospheric channel lead to fade and surge events increasing the Bit-Error-Rate (BER) and
significantly limiting the achievable bandwidth [5]. Both of these phenomena can be mitigated
with adaptive optics (AO) systems that can be used to pre-compensate the laser beam to correct
for the detrimental effects of the atmospheric channel (see for example [6–9]).

For the AO system to operate, the atmosphere must be probed to measure the distortion
imposed by the atmospheric turbulence. For FSOC, this can be achieved by using the downlink
beam from the satellite itself as a guide source. Otherwise, reflected light from the object could
be used if the return intensity is high enough. Due to the apparent motion of the satellite in the
sky and the light travel time, the uplink laser must be transmitted to a point in front of the current
observed position of the satellite such that the satellite receives the signal, this angle is known
as the “point-ahead angle”. In this case the measurements of the atmospheric turbulence from
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the satellite downlink can be decorrelated from the atmospheric turbulence the uplink beam
propagates through, leading to reduced performance.

Here we explore the effect of atmospheric turbulence on laser beams propagating to space, to
both low earth orbit (LEO) and geostationary orbit (GEO). We include the impact of introducing
AO pre-compensation to the uplink beam and the effects of the point-ahead angle on the correction.
We have chosen the main metrics to present to be the distributions of fraction of power received
at the satellite relative to the power of the launched beam and the variance of the received signal.
These results can be processed further to calculate the expected BER and fade statistics for an
FSOC link, with an example of this shown later in the paper, but this work is also relevant to
other applications, for example laser ranging.

We use a Monte-Carlo simulation to model the system with an idealised AO model to
demonstrate the full potential of AO links without AO system effects such as temporal or fitting
errors or assessing the technical feasibility. From these results we create an envelope showing the
maximal performance that could be achieved for each of the AO regimes in various conditions
rather than choosing a particular set of system parameters to generate a realistic performance for
one specific case.

Due to the nature of atmospheric turbulence, the performance of laser propagation systems are
strongly dependent on the transmitter aperture size. Therefore, we assess the effect of varying
the transmitter aperture size with various AO mitigation techniques. There are currently no
analytical models for partial uplink AO pre-compensation that include diffractive effects and the
propagation of the wavefront. This is the first study to assess and present the potential gains over
a wide range of situations in order to understand the trends in performance. We aim to determine
if AO can enable larger launch apertures, effectively reducing the geometric beam divergence
whist mitigating the effects of the turbulence. The result is higher signal-to-noise ratios (and
hence lower BER) at the satellite and lower variance (lower probability of fade). This may be
required for high-bandwidth or QKD applications.

We consider links with different wavelengths, launch beam shapes (Gaussian or Bessel-Gauss),
turbulence strength (day or night), elevation angle and propagation distance (LEO and GEO).

In section 2 we present the parameters space used in this study. Sections 3 and 4 describe
the simulation and atmospheric model used. Section 5 describes the various AO modes under
investigation and section 6 presents the metrics used to analyse the results. Finally the results,
discussion and conclusions of the study are shown in sections 7, 8 and 9.

2. System configurations

Table 1 shows the system parameters used for this study with the symbols used to represent them.
The parameters have been chosen to be representative of realistic laser propagation systems
[2,10–12].

Table 1. System parameters used in this study.

Parameter Value Symbol

LEO GEO

Propagation distance (m) 0.5×106 36×106 L

Point ahead angle (′′) 10 3.7 θP

Wavelength (nm) 850, 1064, 1550 1550 λ

Receiver diameter (m) 0.05 0.25 DRx

Elevation angle (◦) 10, 30, 90 30 θE

Transmitter beam radius (m) Variable 0.02 – 0.25 RTx

Launch beam shape Gaussian, Bessel-Gaussian B
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The transmitted beam radius is varied between 0.02 and 0.25 m. Although some systems will
use smaller effective launch apertures than our minimum, we are concentrating in the effect of
uplink correction on the beam. As will be seen, we do not expect uplink correction of smaller
beams to offer much benefit, as the receiver-plane beam profile will be dominated by diffractive
beam spreading due to the small size of the launch.

The laser beam is shaped in two different ways; a Gaussian beam and a Bessel-Gaussian beam.
For small launch apertures it is feasible to use a refracting telescope as the transmitter, allowing a
Gaussian beam to be used. For larger launch apertures reflecting telescopes are required. The
secondary obscuration of most reflectors means that it is not possible to launch a Gaussian beam.
In this case, the Gaussian beam must be launched from a sub-aperture of the main telescope.
A novel idea to side-step this issue is to construct a Bessel-Gauss beam to launch around the
secondary obscuration [9]. Here, we assess a Bessel-Gauss beam launch to assess its suitability
for such scenarios.

For LEO we model wavelengths of 1550, 1064 and 850 nm. These wavelengths cover typical
atmospheric windows. The latter wavelength can be used in potential QKD schemes [13],
whereas the longer wavelengths can be used for more traditional optical communications that
make use of existing telecommunications components [11].

For LEO we test elevation angles of 10, 30 and 90◦ with the aim of understanding how the
performance scales with the varying elevation angles required to track a LEO object across the
sky and to maximise the duration of the link. For GEO we only test 30◦ elevation angle as a
representative value.

3. Simulation

We have developed an Monte-Carlo simulation for laser uplink experiments. The simulation
includes a number of turbulent layers in the atmosphere, each defined by a strength and velocity
(see section 4 for a description of the atmospheric model). These layers are made using the
AOtools python package [14]. For each simulation run, we use 5000 independent atmosphere
instances in order to ensure statistical convergence.

The simulation utilises Fresnel propagation between these layers on the uplink path. For the
final step to the plane of the satellite, if the satellite is in the far-field (L ≫ 2R2

Tx
/λ) (usually

GEO) then the final propagation from the top of the atmosphere to the satellite is made with a
Fraunhofer assumption rather than Fresnel [15].

The downlink and uplink paths can be separated in angle to replicate a point-ahead angle. This
results in the beams becoming spatially separated at higher atmospheric turbulence layers.

The projected size of a simulated element, i.e. pixel, at the receiver-plane is usually around
20 cm depending on propagation distance and size of the launch aperture. The pixel scale in
the receiver-plane is not fixed in the simulation. Instead we fix the number of pixels across the
receiver-plane. As larger propagation distances or smaller launch apertures result in larger beam
sizes, this also means that the pixel size is also larger. This does not impact the result as the
pixel size is always small compared to the spatial correlation length of the beam intensity in the
receiver-plane.

The modular nature of the simulation means that various mitigation techniques can be trialled.
The AO modes tested here are explained further in section 5. The simulation can be run in ‘ideal
AO mode’ with no latency and perfect wavefront correction (i.e. using the measured phase for
the correction), or in a realistic mode where only a given number of Zernike modes are corrected
and a correction latency can also be included. In this work we run the AO in ‘ideal AO mode’ to
assess trends in performance due to the optical propagation and system geometry and to examine
the full potential of these systems. Assessment of AO system parameters will follow in future
work. In addition the AO wavefront sensor can sample either the downlink or uplink path in
order to assess the effect of the point-ahead angle.
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There are some limitations to the simulation. Cone effect, or focal anisoplanatism, is not
included and so all AO beacons are assumed to be at infinite distance. This is an acceptable
assumption here, where the ratio of the transmitter and receiver sizes to the propagation distance
is very small, even at the largest end of our test range. This means that the focal anisoplanatism
is negligible. The system only includes atmospheric turbulence and not local ‘dome’ turbulence;
atmospheric attenuation, absorption or scattering; wind shake or tracking errors. Although each
of these could be included, realistic values are not readily available. The largest limitation of the
simulation is the atmospheric model used to represent the Earth’s atmospheric optical turbulence.
In reality the Earth’s atmosphere is a dynamic environment with variations of turbulence strength
and altitude on time scales of minutes to days [16–18]. The Earth’s atmospheric optical turbulence
generally consists of several turbulence zones or layers which vary in altitude and strength. The
atmospheric models commonly used in studies do not reflect this structure or variability. Here,
we comply with previous studies and implement the Hufnagel-Valley model [19] (see section 4.).
Although not entirely realistic this model still enables us to study and compare various mitigation
scenarios for factors such as wavelength, elevation angle, etc.

For the case of uncorrected propagation, the simulation results have been compared to the
theoretical expression of [20]. The comparisons are shown in the figures throughout. Similar
analytical expressions do not yet exist for partial AO correction.

4. Atmosphere

The Earth’s atmospheric optical turbulence is highly variable, both spatially and temporally,
however in order to effectively compare between different configurations we use a standard
atmosphere, in this case the modified Hufnagel-Valley profile [19],

C2
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where h is the height in metres above ground level, w is the root-mean-square wind speed in m/s
and A is a scaling factor for the ground-layer turbulence strength. For A = 1.7 × 10−14 m−2/3

and w = 21 m/s the model reduces to the common HV-5/7 model, so called as the resultant
coherence length, r0 =5 cm and the isoplanatic angle, θ0, is 7 µradians. Here, we use two
standard Hufnagel-Valley parameterisations, the weak case (A = 1.7 × 10−14 m−2/3) and strong
case (A = 1.7 × 10−13 m−2/3). This corresponds to a spatial coherence length, of r0 = 5 cm and
r0 = 1.5 cm respectively at 500 nm. The spatial coherence length is sometimes referred to as
the ‘Fried parameter’. The strong profile is more consistent with daytime operations where the
ground layer turbulence tends to be much stronger due to the solar heating of the ground.

To facilitate comparison with previous work, we have chosen to use the Hufnagel-Valley model
for the vertical distribution of optical turbulence. However, due to computational restrictions
limiting the number of layers which can be simulated in a reasonable time frame, this model
is sub-sampled to seven turbulent layers using the equivalent layers method [21], see Fig. 1.
The turbulence strength is parameterised by the integrated turbulence within a vertical slab of
thickness dh. Hence when we present the sub-sampled profile in Fig. 1 it appears that each layer
is stronger than that modelled by the HV-5/7 profile, however the integrated turbulence strength
is conserved.

However, i) in this study we concentrate on the effect of the point-ahead angle and potential
mitigation techniques, for this reason, it is more important that our atmospheric model has an
appropriate isoplanatic angle; ii) as the HV profile is not actually representative of any real
instantaneous profile, small variations are inconsequential; and iii) we are interested in general
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Fig. 1. Vertical distribution of the optical turbulence (lines) used in the simulations reduced
to seven layers using the equivalent layers method (points). Black line and crosses indicate
the weak turbulence case and red dashed line and open circles indicate the strong turbulence
case.

trends of varying macro-parameters rather than absolute values which certainly vary depending
on the exact instantaneous turbulence profile at the time of measurement.

The first layer of the compressed atmosphere is not at h = 0 m. This is an artefact of the
equivalent layers method which aims to conserve isoplanatic angle and integrated turbulence
strength. It is possible to force the ground layer to be at h = 0 m but it is more realistic to simulate
the ‘ground’ layer slightly above the ground to emulate an extended ground layer.

The outer scale and inner scale are set to infinity and zero respectively. While it would be more
accurate to include these parameters, measurements of realistic values is not available. Here we

Table 2. Vertical profile for the turbulent atmosphere used in this study.
Note that only the first bin is different between the strong (daytime) and
weak (night-time) model. We also show atmospheric parameters for the

turbulent atmosphere used in this study. Note that all parameters are
computed at a zenith.

Layer altitude (m) C2
n HV-weak (m−2/3) C2

n HV-strong (m−2/3)

198 2.06e-12 1.73e-11

5188 4.80e-14 4.80e-14

9050 5.49e-14 5.49e-14

12321 4.42e-14 4.42e-14

15707 1.63e-14 1.63e-14

19165 3.61e-15 3.61e-15

22662 5.65e-16 5.65e-16

Atmospheric Parameter at λ (nm) 500 1550 500 1550

Coherence length, r0 (cm) 5.0 19.3 1.5 5.6

Isoplanatic angle, θ0 (µ rad) 7.17 27.86 6.68 25.95

Downlink Rytov variance, σ2
R 0.22 0.06 0.76 0.20
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therefore decide to use Kolmogorov turbulence such that the results can easily be compared to
other studies and analytical solutions.

Table 2 shows the vertical turbulence distribution and the integrated parameters at 500 nm and
1550 nm for the model used in this study .

5. Adaptive optics

AO is an attractive facility to optimise uplink propagation. If it is possible to perfectly correct for
the atmospheric effects then the beam in the receiver plane will be shaped purely by diffraction
from the aperture. This will result in a higher transmitted power and a connection with low
variance, maximising the singal-to-noise ratio. However, AO correction requires a probe through
the atmospheric channel in order to measure and ultimately correct for the deformations in the
wavefront. For the case of laser uplink to satellites this is complicated by the point-ahead angle.
Here, several options are assessed:

• No correction (’uncorrected’).

• Use downlink beam to correct for tip/tilt of uplink (‘TT_PA’). The Z-tilt across the launch
aperture is calculated from the satellite beacon and subtracted from the launch wavefront.

• Use downlink beam to correct all spatial modes of uplink (‘AO_PA’). The incoming
wavefront itself is subtracted from the launch beam before the uplink propagation.

• Use a Laser Guide Star at the point-ahead angle to correct higher spatial orders of uplink.
Tip/tilt/focus still from downlink beam (‘LGS_PA’). In this case the tip/tilt and focus
modes are fitted to the LGS wavefront and removed. The tip/tilt and focus modes are
also fitted to the satellite beacon downlink and is then added to the LGS wavefront before
projecting onto the deformable mirror.

• Perfect AO correction of uplink (for reference) (‘AO’). In this case the wavefront in the
direction of the satellite is directly applied as a pre-correction. Note that this does not
include the geometric divergence of the uplink beam and so residual errors remain, but
this is seen as the best case scenario.

The difference between ‘AO_PA’ and ‘AO’ demonstrates the effect of the anisoplanatism due
to the point-ahead angle, whereas the difference between ‘LGS_PA’ and ‘AO’ demonstrates the
effect of the point-ahead angle on tip/tilt and focus.

The AO modes are simulated in an idealised way. We do not consider realistic effects such
as temporal or spatial sampling errors or fitting errors. We also do not consider the impact of
the atmospheric propagation on the ability to reconstruct the wavefront, which is challenging in
strong turbulence conditions. This study represents a best-case performance.

There are several complications associated with AO for beams propagating to satellites. For
example, even ignoring the point-ahead angle, diffractive beam spread of the uplink beam
between turbulent layers means that the downlink and uplink paths are not necessarily reciprocal,
especially for small launch diameters which result in larger diffractive beam spread. The beam
will sample larger volumes of higher-altitude turbulent zones than lower altitudes. this results in
the turbulence appearing stronger, but also in the case that the downlink beam is used as a probe
for AO correction, either full or tip/tilt only correction, these signals will be less correlated with
the uplink - reducing the AO performance.

Similarly, the point-ahead angle of uplink connections to LEO or GEO, means that the
downlink and uplink beams will be spatially separated at the altitude of the turbulence layers
(above the surface layer). This separation leads to a decorrelation of the wavefront and limits
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the performance of the AO system. In the extreme cases we expect low order AO systems to
outperform higher-order correction systems as the higher-orders will decorrelate more quickly
than the low orders, essentially adding noise to the correction.

Both of these effects will be amplified at lower elevation angles, where increased propagation
path length through the turbulence atmosphere leads to larger diffractive beam spread and larger
absolute difference in beam paths through the turbulence.

6. Metrics

The simulation provides a 2-dimensional map of electric-field at the receiver-plane, in this case
the altitude of the satellite. Here we are interested in the received signal within a small receiver.

The sampling of the simulated receiver-plane has square resolution elements with a size similar
to the diameter of the receiver. The size of these elements varies slightly depending on the
propagation distance and size of the launch aperture, but is usually around 20 cm. We assume that
the correlation length of the beam intensity in the receiver-plane is significantly larger than the
receiver aperture size [20] and therefore the receiver aperture is entirely within a single simulated
element. We calculate the received intensity by multiplying the single element intensity by the
ratio of the area of the receiver telescope to the area of the element.

We have chosen three metrics to parameterise the effect of the atmospheric channel on the
optical propagation:

• Long-term beam radius, WLT. The long-term beam size is found from the 1/e2 radius of
the simulated long-term intensity distribution in the pupil plane of the receiver.

• Mean received intensity as a fraction of total intensity in the receiver plane. This includes
both beam divergence and beam wander.

• Received intensity variance normalised by the total intensity in the receiver plane (scintil-
lation index).

• Probability of fade, where the signal drops below some threshold relative to the mean.

• Mean BER for direct detection (On-Off keying)

The probability of fade is calculated by integrating the probability density distribution (pI) as a
function of threshold level (IT ) [20],

P(I ≤ IT ) =

∫ IT

0
pI(I)dI, (2)

and the BER for on-off keying is calculated using,

⟨BER⟩ =
1
2

∫ ∞

0
pI(I)erfc

(︄
⟨SNR⟩ I
2
√

2 ⟨I⟩

)︄
dI, (3)

where SNR is the signal-to-noise ratio, ⟨⟩ indicates the expected value and erfc is the compli-
mentary error function. There are several models which can be used to describe the probability
density function of the received intensity [22]. However, as we are using a simulation to provide
the distribution of received intensity, we do not need to impose any particular distribution. Instead
we use measured relative density of the received intensity to estimate the probability of fade and
BER directly.
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7. Results

All results presented here are for the weak turbulence case and at 30 degree elevation, unless
stated otherwise. The integrated atmospheric parameters are shown in Table 3.

Instantaneous and long exposure beam images are shown in Fig. 2. As expected the smaller
launch apertures lead to a larger diffractive beam spread and therefore a larger beam (both long
and short exposure) in the receiver plane. This large beam size in comparison with the receiver
aperture size (only one pixel in the image) means that the variance in received intensity is low
when compared to larger launch apertures. In this case the effect of beam wander and scintillation
are both negligible because the coherence length is so large, the received intensity is stable
irrespective of any motion of the beam. This is counter to the downlink situation where larger
receiver apertures act to average out the scintillation speckles.

Fig. 2. Top row: Long-exposure images of beam at LEO for 0.02, 0.1 and 0.2 m Gaussian
launch beam radius at 1064 nm and at 90 degrees elevation angle. Bottom row: Same but
instantaneous beam image. Green circle indicates size of 1/e2 beam radius of long-exposure
image (8.3, 3.8 and 3.3 m respectively). The integrated intensity in the receiver-plane is
normalised to unity. In this figure the entrance pupil of the receiver spans one pixel.

Table 3. Integrated atmospheric parameters at 30
degree elevation.

Optical turbulence parameters Weak turbulence 30 degrees

λ (nm) 500 1550

Coherence length r0 (cm) 3.3 12.8

Isoplanatic angle θ0 (µ rad) 2.36 9.19

Downlink Rytov variance σ2
R 0.796 0.213

Larger apertures would be preferable as the smaller beam size in the receiver plane leads to
higher peak intensity, hence greater link efficiency. However, beam wander and scintillation
lead to significant intensity variance and long duration fades. With AO correction beam wander
and scintillation can be reduced, resulting in an uplink with high efficiency and stable received
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intensity. Importantly, larger launch apertures, in combination with AO pre-compensation can
lead to links with a higher received intensity, and hence a higher signal-to-noise ratio, and a
lower variance (reduced fades).

7.1. AO correction modes

Figure 3 shows the relative density of the received intensity distributions for three example launch
beam radii, 0.02, 0.1 and 0.2m. The relative density distribution combines the beam divergence,
beam wander and scintillation components.

Fig. 3. Relative density of received intensity distribution for various adaptive mitigation
for a 2 cm (left column) 10 cm (centre column) and 20 cm (right column) Gaussian launch
beam radius and 1550 nm wavelength at 30 degrees elevation angle. The received intensity
probability distribution is measured relative to the total intensity in the receiver-plane. The
colour indicates the AO mode; blue is uncorrected; yellow is ‘TT_PA’; green is ‘AO_PA’;
red is ‘LGS_PA’; and purple is perfect ‘AO’.

Figure 4 shows the beam metrics for the various AO mitigation scenarios as a function of 1/e2

launch beam radius.

Fig. 4. Expected beam parameters with various correction techniques for an uplink optical
propagation to LEO at 30 degrees elevation and at 1550 nm. From left to right, we show
the receiver plane beam width, fractional received intensity and intensity variance. The
solid lines indicate the theoretical values for an uncorrected, collimated, Gaussian beam.
For the mean received intensity, the coloured region indicates the inter-quartile range of the
distribution. The colour indicates the AO mode; blue is uncorrected; yellow is ‘TT_PA’;
green is ‘AO_PA’; red is ‘LGS_PA’; and purple is perfect ‘AO’.
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As expected, for larger launch apertures there is potential for significant improvement with AO
correction and less of a gain for smaller launch apertures where the diffractive effects dominate.
Adaptive Optics can increase the mean received intensity and reduce the variance.

Larger launch beams result in smaller receiver-plane beam sizes due to reduced diffraction. This
becomes even more pronounced after AO correction, which mitigates the atmospheric induced
beam wander. For larger apertures, additional gains are made by correcting for higher-order
modes (beyond tip/tilt) which will also reduce the short-term beam size. In this particular case,
there is little gain by using an laser guide star (LGS); AO corrected using the downlink beam
provides nearly optimal performance despite the point-ahead angle in terms of beam size.

The received intensity variance follows a similar trend, however, it is more sensitive to the
residual beam motion and hence there are still significant gains to be made by using an LGS to
mitigate the point-ahead angle. ‘AO_PA’ makes very little difference to the intensity variance
when compared to small launch apertures. However, this still enables a higher received intensity,
albeit with similar expected variance as a conventional smaller launch aperture.

For launch apertures of size TRx<0.05m AO offers no performance advantage over tip/tilt
correction. ‘AO_PA’ and ‘LGS_PA’ reach optimal performance for TRx ≈ 0.1. Above these
sizes, AO corrected receiver plane beam size is reduced and therefore residual tip/tilt (due to the
point-ahead angle) becomes more important.

Figure 5 shows the probability of fade and expected BER for three example launch beam radii;
2 cm (left column) 10 cm (centre column) and 20 cm (right column).

As above, we can confirm that using tip/tilt correction provides nearly optimal performance
for small launch apertures. For a 10 cm launch radius the tip/tilt correction results in a similar
probability of fade as an uncorrected beam on a small (2 cm) launch aperture. AO can be seen to
reduce the BER for a given signal-to-noise ratio, however, as can be seen in Fig. 4 (central panel),
the received intensity is also increased, leading to a higher signal to noise ratio and therefore
reducing the BER further. Using full AO correction will reduce the fade and BER in all cases
except at very low signal-to-noise ratio.

For full AO and ‘LGS_PA’, minimal intensity variance is found with launch beam radii of 10
cm.

7.2. Launch beam shape

Due to the central obscuration on larger launch apertures it may not be possible to launch
a Gaussian beam. Here we compare the propagation metrics for a Gaussian launch and a
Bessel-Gaussian beam (Fig. 6). It is noted that the receiver plane beam shape for a Bessel-Gauss
launch beam shape is also not Gaussian but actually has significant ringing in the long-exposure
image.

It is difficult to compare the two launch geometries directly as the launch beam radius is
defined as 1/e2 radius for a Gaussian beam but the radius of the full launch aperture is used for
the Bessel-Gauss beam. However, it can be seen the metrics for comparable beam launch sizes
are similar. This demonstrates that a Bessel-Gauss beam profile is a good candidate to enable
large launch apertures where a secondary obscuration is present, without loss of performance.

7.3. LEO and GEO

Figure 7 shows the beam metrics for an uplink beam to LEO and GEO, both at 30 degrees
elevation angle and both through the weak turbulence profile. The weak turbulence plots are
repeated from Fig. 6 but the axis range has been modified for ease of comparison.

As expected the longer propagation distance leads to a significantly increased beam size at the
receiver plane and hence a lower mean received intensity. However the uncorrected intensity
variance is very similar for LEO and GEO links. This is because the larger absolute beam wander
is balanced by the larger spatial coherence length of the scintillation pattern.



Research Article Vol. 29, No. 4 / 15 February 2021 / Optics Express 6123

Fig. 5. Probability of fade (top row) and BER (bottom row) for various various adaptive
mitigation for a 2 cm (left column) 10 cm (centre column) and 20 cm (right column) Gaussian
launch beam radius and 1550 nm wavelength at 30 degrees elevation angle. The solid line
on the BER plots show the ‘free-space’ link without any turbulence. The colour indicates
the AO mode; blue is uncorrected; yellow is ‘TT_PA’; green is ‘AO_PA’; red is ‘LGS_PA’;
and purple is perfect ‘AO’. AO reduces the probability of fade and increases the received
intensity, reducing the BER.

For GEO, due to the smaller point-ahead angle, it can be seen that ’AO_PA’, even with the
point-ahead angle, can provide almost optimal correction for 1/e2 launch beam radius up to ∼0.2
m and LGS correction can extend that range.

7.4. Ground layer turbulence strength

Table 4 shows the integrated turbulence parameters for the strong turbulence profile at 30 degree
elevation. Figure 8 shows the effect of increasing the ground layer strength of the Hufnagel-Valley
profile by an order of magnitude (ie weak turbulence profile to strong turbulence profile) for
an uplink to LEO. This stronger profile is more consistent with daytime operations where the
ground layer turbulence tends to be much stronger due to the solar heating of the ground. The
weak turbulence plots are repeated from Fig. 6 for ease of comparison.

The uncorrected beam size at the receiver plane is significantly larger due to the additional
turbulence induced beam wander. This leads to a lower received intensity and therefore lower
signal-to-noise ratio. The received intensity variance is higher due to a higher beam motion and
scintillation.

Unlike the weak turbulence case, tip/tilt only and ‘AO_PA’ only provide marginal perfor-
mance improvements. In strong turbulence conditions, ‘LGS_PA’ is required to reach optimal
performance but launch apertures should be limited to approximately 10 cm in radius.
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Fig. 6. Expected beam parameters with various correction techniques for an uplink optical
propagation to LEO at 30 degrees elevation and at 1550 nm for a Gaussian (left column)
and a Bessel-Gauss (right column) launch beamshape. From top to bottom, the rows
show the fractional received intensity and intensity variance. The solid lines indicate the
theoretical values for an uncorrected, collimated, Gaussian beam, however the data are
for a Bessel-Gauss beam and are therefore not expected to match the theory - it is shown
only for easy comparison. For the mean received intensity, the coloured region indicates
the inter-quartile range of the distribution. The colour indicates the AO mode; blue is
uncorrected; yellow is ‘TT_PA’; green is ‘AO_PA’; red is ‘LGS_PA’; and purple is perfect
‘AO’.

Table 4. Integrated atmospheric parameters for the
strong turbulence profile at 30 degree elevation.

Optical turbulence parameters Strong turbulence 30 degrees

λ (nm) 500 1550

Coherence length r0 (cm) 1.0 3.7

Isoplanatic angle θ0 (µ rad) 2.20 8.56

Downlink Rytov variance σ2
R 2.71 0.73



Research Article Vol. 29, No. 4 / 15 February 2021 / Optics Express 6125

Fig. 7. Expected beam parameters with various correction techniques for an uplink optical
propagation to LEO (left) and GEO (right) for Gaussian beam shapes and a 5cm (LEO) or
25cm (GEO) receiver, at 1550 nm and 30 degrees elevation. From top to bottom, the rows
show the fractional received intensity and intensity variance. The solid lines indicate the
theoretical values for an uncorrected, collimated, Gaussian beam. For the mean received
intensity, the coloured region indicates the inter-quartile range of the distribution. The colour
indicates the AO mode; blue is uncorrected; yellow is ‘TT_PA’; green is ‘AO_PA’; red is
‘LGS_PA’; and purple is perfect ‘AO’.

7.5. Wavelength

Table 5 shows the integrated turbulence parameters for the weak turbulence profile for 850, 1064
and 1550 nm wavelengths at 30 degree elevation angle. Figure 9 shows the beam metrics for a
LEO uplink beam through weak turbulence at 30 degree elevation for wavelengths of 850, 1064
and 1550 nm. The 1550 nm plots are repeated from Fig. 6 for ease of comparison.

Table 5. Integrated atmospheric parameters for
the weak turbulence profile at 30 degree elevation.

Optical turbulence parameters
Wavelength (nm)

850 1064 1550

Coherence length r0 (cm) 6.2 8.1 12.8

Isoplanatic angle θ0 (µ rad) 4.47 5.85 9.19

Downlink Rytov variance σ2
R 0.43 0.33 0.21

Shorter wavelengths are more disrupted by optical turbulence than longer wavelengths. This
will lead to increased beam wander and hence a larger beam size in the receiver plane. However,
due to diffraction longer wavelengths also result in a larger beam size. Therefore there is a balance
between increased apparent turbulence strength at shorter wavelengths and diffraction at longer
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Fig. 8. Expected beam parameters with various correction techniques for an uplink optical
propagation to LEO for weak ground layer profile (left) and strong ground layer profile (right)
at 1550 nm and 30 degrees elevation. From top to bottom, the rows show the fractional
received intensity and intensity variance. For the mean received intensity, the coloured
region indicates the inter-quartile range of the distribution. The colour indicates the AO
mode; blue is uncorrected; yellow is ‘TT_PA’; green is ‘AO_PA’; red is ‘LGS_PA’; and
purple is perfect ‘AO’.

wavelengths with the result determined by the atmospheric conditions at the time. Figure 9 shows
that, in this case, the uncorrected received mean intensity and variance are both approximately
the same for all wavelengths.

7.6. Elevation angle

The elevation angle significantly influences the propagation of light through the atmosphere
through four effects:

i) Lower elevation angles increase the propagation distance between turbulent zones and to
the receiver plane, increasing the scintillation.

ii) Lower elevation angle also increases the area of the beam projected onto the turbulent layers
due to the angular offset between the beam direction and the horizontal turbulent layer -
the projected beam shape is an oval rather than a circle as at zenith. This increased beam
size at low elevation angles also increases the apparent strength of the layer - increasing
the turbulent effects.

iii) the increased propagation distance leads to greater diffractive beam spread which acts
to increase the apparent strength of the turbulence (as with ii) but also means that the
downlink and uplink are not reciprocal. In the case that the downlink beam is used as a



Research Article Vol. 29, No. 4 / 15 February 2021 / Optics Express 6127

Fig. 9. Expected beam parameters with various correction techniques for an uplink optical
propagation to LEO for various wavelengths (850, 1064 and 1550 nm - columns left to
right) at 30 degree elevation angle. From top to bottom, the rows show the fractional
received intensity and intensity variance. The solid lines indicate the theoretical values for
an uncorrected, collimated, Gaussian beam. For the mean received intensity, the coloured
region indicates the inter-quartile range of the distribution. The colour indicates the AO
mode; blue is uncorrected; yellow is ‘TT_PA’; green is ‘AO_PA’; red is ‘LGS_PA’; and
purple is perfect ‘AO’.

probe for AO correction, either full or tip/tilt, these signals will be less correlated with the
uplink - reducing the AO performance. This is also true at zenith but is amplified at lower
elevation angles.

iv) For AO correction the increased propagation distance combined with the point-ahead
angle leads to a greater absolute separation between down and uplink beam paths on the
turbulence layers. This increased separation leads to a lower correlation of the wavefront,
effectively reducing the performance of the AO correction.

Table 6 shows the integrated turbulence parameters for the weak turbulence profile for 1550
nm wavelengths at 10, 30 and 90 degree elevation angle. Figure 10 shows the metrics for the
atmospheric propagation for weak turbulence to LEO at elevation angles of 10, 30 and 90 degrees.
The 30 degree elevation angle plots are repeated from Fig. 6 for ease of comparison.

The expected receiver beam size is significantly larger for lower elevation angles, this
corresponds to a lower mean received intensity and hence lower signal-to-noise ratio. Lower
elevation angles also result in higher intensity variance, increasing the probability of signal fade.
This trend is also true for the various turbulence mitigation schemes until we reach very low
elevation angles. At 10 degrees elevation the tip/tilt only correction (’TT_PA’) results in a smaller
beam size and lower received intensity variance than full AO correction (using the downlink as
the probe, ’AO_PA’). This is due to the effect of (iii and iv) listed above. As the downlink and
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Fig. 10. Expected beam parameters with various correction techniques for an uplink optical
propagation to LEO at 10 degree (left), 30 degree (centre) and 90 degree (right) elevation
for Gaussian launch beam at 1550 nm. From top to bottom, the rows show the fractional
received intensity and intensity variance. The solid lines indicate the theoretical values for
an uncorrected, collimated, Gaussian beam. For the mean received intensity, the coloured
region indicates the inter-quartile range of the distribution. The colour indicates the AO
mode; blue is uncorrected; yellow is ‘TT_PA’; green is ‘AO_PA’; red is ‘LGS_PA’; and
purple is perfect ‘AO’.

Table 6. Integrated atmospheric parameters for the
weak turbulence profile for a wavelength of 1550 nm.

Optical turbulence parameters
Elevation angle (degrees)

10 30 90

Coherence length r0 (cm) 6.8 12.8 19.3

Isoplanatic angle θ0 (µ rad) 1.69 9.19 27.86

Downlink Rytov variance σ2
R 1.48 0.21 0.06

uplink paths are no longer reciprocal - due to the diffractive effects over the elongated path length
at low elevation angles - the higher order modes are uncorrelated. This decorrelation effectively
means that trying to correct for high-order modes makes the correction worse. This is not the
case for tip/tilt correction which is correlated over a larger area.

We can also see that at low elevation angles even perfect AO correction is significantly worse
(lower mean received intensity and higher variance) than at higher elevation angles. This is due
to the fact that the up and downlink paths are not reciprocal and forms a limit to AO performance
for uplink propagation.
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8. Discussion

We show that AO always improves the link with a higher received intensity (higher signal-to-noise
ratio) and less variance (lower fade probability) in the receiver plane. The magnitude of the
improvement is dependent upon the parameters described above. This improvement comes from
realising the potential of larger launch apertures which result in smaller geometric divergence.
However, this potential can only be realised with the use of AO otherwise the turbulence induced
beam-wander and scintillation will dominate and degrade performance relative to a small launch
aperture.

Perfect AO correction does not mean perfect correction. Perfect AO still uses a hypothetical
downlink beam at the point-ahead angle and so does not include the geometric divergence of
the uplink beam, meaning that the beams are not reciprocal, and therefore there is still residual
intensity variance and a non-optimal mean received intensity. This case is presented as a best
case scenario to show the full potential of AO for uplink correction.

We have shown that tip/tilt correction is sufficient for smaller launch apertures (i.e. less than 5
cm) to reach optimal (perfect AO) performance.

AO on larger launch apertures enables greater performance gains. By mitigating the turbulence
the received intensity variance is reduced, reducing the probability of fade, and the beam spread is
dominated by geometric diffraction and so larger launch apertures lead to smaller receiver-plane
beam sizes and hence higher signal-to-noise ratios.

LGS AO outperforms full AO as the higher-order modes are not affected by the point-ahead
angle. Both have a minima of fade probability for launch apertures of approximately 10cm in
beam radius. However the mean received intensity and hence signal increases with increasing
launch aperture.

We also show that the performance is strongly dependent on the vertical profile of the
atmospheric turbulence. For example, if all of the turbulence was at the ground, the point-ahead
angle would have no effect and AO, LGS AO and perfect AO would all have the same result.

These larger launch beams are difficult to support in reality due to larger telescopes generally
having a central obscuration. There have been suggestions of using a Bessel-Gauss beam rather
than a pure Gaussian beam shape. There are difficulties in comparing different launch beam
shapes. However, we have shown that a Bessel-Gauss beam has similar performance to a Gaussian
beam and could be a viable option when using launch telescopes with a secondary obscuration.

The performance of the system is very sensitive to the turbulence profile. By changing the
ground turbulence strength we show a very significant change in link metrics. This means that
we can expect different performance for the system during the daytime and the night-time. We
see that significant performance gains are expected with full AO for weak turbulence, but for
stronger turbulence an LGS at the point-ahead angle is needed.

In the case of GEO links the increased propagation distance with respect to LEO links means
that the receiver plane beam size is considerably larger and hence a lower intensity is received.
However, the uncorrected and Tip/Tilt corrected received intensity variance is similar for the two
propagation distances, with full AO and LGS AO leading to lower variance for GEO links due to
the smaller point-ahead angle. The minima intensity variance for the AO and LGS AO for GEO
is approximately 20 cm, larger than for LEO, resulting in a lower optimal intensity variance.

Links using shorter wavelengths are more adversely affected by turbulence, and therefore
have a lower received intensity. However, the received intensity only has a weak dependence
on wavelength as shorter wavelengths are more susceptible to turbulence induced beam spread
whereas longer wavelengths have a larger diffractive beam spread. This means that shorter
wavelengths have the potential for a higher signal-to-noise ratio if the turbulence is corrected.

As expected the performance of the link is worse at lower elevation angles where the longer
propagation distances and the larger beam size on the turbulent layers both lead to a larger beam
size, lower intensity and higher intensity variance in the receiver plane.



Research Article Vol. 29, No. 4 / 15 February 2021 / Optics Express 6130

Some interesting cases occur in strong turbulence conditions (for example, day-time, low
elevation angles or shorter wavelengths). In these cases the point-ahead angle means that the
downlink and uplink beam are no longer correlated for high order modes, and simple Tip/tilt
correction outperforms downlink AO correction, particularly for smaller launch telescope sizes.

Stronger turbulence conditions also bring practical difficulties that are not considered in
this study. For the results demonstrated here to be realised in practice, certain advancements
in the field of FSOC are AO are required. The Shack-Hartmann Wavefront Sensor, the most
commonly used wavefront sensing device in AO, has been shown to perform poorly in “strong
turbulence” conditions due to so called “branch cuts” in the phase function [23–25]. Improved
wavefront reconstruction techniques have been suggested which mitigate this effect [26–28].
Further, dedicated “strong wavefront sensor” devices have been proposed, such as interferometric
solutions which extend AO operation into strong atmospheric conditions [8,29–31]. The
fast changing turbulence in “strong” conditions requires a fast AO control loop bandwidth in
comparison to astronomical AO systems. Recent demonstrations have been made with long
horizontal links that show that AO is possible in these conditions, provided an adequately fast
infra-red wavefront sensor detector is used with an optimised AO real-time control system
[2,32,33]. Lastly, the use of a LGS is assumed here to be a possibility in daytime FSOC, which
is yet to be proven in practice. The main challenge here with respect to existing astronomical
LGS AO systems is the smaller return flux associated with a smaller receiver aperture. This
can be mitigated by creating a brighter LGS beacon with developments in this topic ongoing.
More powerful laser sources are becoming available and other novel techniques to improve LGS
efficiency, such as “Chirping”, are under investigation [34,35]. It is currently assumed that LGS
cannot provide tip/tilt information, but studies are ongoing to overcome even this limitation [36],
potentially enabling even the “perfect AO” scenario considered here.

9. Conclusion

We have developed a laser propagation Monte-Carlo simulation and used it to test various AO
mitigation scenarios for laser propagation through the Earth’s turbulent atmosphere between the
ground and space and used this to explore the parameters open to designers of ground stations for
FSOC.

This study uses an idealised model of AO and therefore demonstrates the potential of AO for
applications such as FSOC. However, that potential is currently difficult to realise with research
into the effects of strong and fast turbulence and strong scintillation required. In addition, this
study uses a standard atmospheric model. There is a lack of atmospheric data for realistic
modelling of the optical link, particularly in non-astronomical observatories and at low elevation
angles. Further studies include linking realistic AO models with new atmospheric data in difficult
conditions in order to assess realistic optical links.

The test conditions included typical scenarios for orbiting objects in LEO and GEO orbits.
We tested five different correction techniques; no AO, tip/tilt AO - using a downlink beam as
the atmospheric probe, full AO - using a downlink beam as the atmospheric probe, LGS AO
- using a laser guide star at the point-ahead angle for the high-order modes and tip/tilt/focus
from the downlink, and perfect AO - in order to assess the ultimate performance of the link.
We considered transmitter diameter, wavelength, launch beam geometry, turbulence strength,
elevation angle to links at LEO and GEO.

In all cases, AO was shown to increase the mean received intensity and reduce the intensity
variance. A minimum of received intensity variance was found for a Gaussian launch beam radius,
w0, of approximately 10 cm, depending on conditions. We also show that similar results can
be expected from a Bessel-Gauss beam, demonstrating that the required large launch apertures,
where a secondary obscuration is present, can be used without loss of performance.
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We also show the expected improvement in probability of fade and Bit-Error-Rate. We see
that AO to pre-compensate an uplink beam will reduce the fade and BER in all cases except for
small launch apertures and at very low signal-to-noise ratios. Therefore the benefit of AO is to
use larger apertures to increase the received signal-to-noise ratio.

The data used to generate the figures in this manuscript are available on reasonable request to
the author.
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