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ABSTRACT
Reliable wavefront prediction can improve adaptive optics (AO) performance, along with a proper control implementation. The accuracy of the estimated wind vector of the conjugated layers from AO telemetry is a crucial
factor in the stability of the AO loop. For a layer-oriented MCAO system, the wind vector of the conjugated layer
can be directly extracted from the corresponding wavefront sensor data. We investigate wind vector extraction
using laboratory wavefront sensor data from LINC-NIRVANA (LN).
The LN MCAO system senses and corrects for two atmospheric turbulent layers, the ground layer and a highaltitude layer (≈ 7km above the telescope pupil). For the ground layer, the stars’ footprints overlap completely.
However, for the high layer, the footprints are spatially separated according to the asterism, and we must deal
with a partially illuminated scenario. Reliable wavefront prediction, given the wind vector from AO telemetry,
can virtually fill the non-illuminated sub-apertures in the direction of the wind, improving the performance of
the high layer closed-loop. In this paper, we look into the efficacy of the wind velocity extraction using LN as
the lab-setup for both fully and partially illuminated scenarios.
Keywords: wavefront prediction, wind extraction, MCAO, LINC-NIRVANA, partial-illumination

1. INTRODUCTION
Adaptive optics (AO) allows to achieve diffraction-limited capabilities of large optical and infrared ground-based
telescopes and it is becoming a part of the telescope facility as well. The need for uniform AO correction for
a wide field of view (FoV) gave rise to the idea of Multi-Conjugated Adaptive Optics (MCAO).1, 2 There are
two types of MCAO systems, the Layer-Oriented (LO) MCAO3, 4 and Star-Oriented (SO) MCAO,1, 5 both with
advantages and disadvantages. What is common about the MCAO systems is that they provide the AO telemetry
of the atmospheric turbulence volume above the telescope. Proper use of this AO telemetry can, in principle,
improve the efficiency and stability of the uniform wide-FoV AO correction.
The LINC-NIRVANA (LN) instrument mounted on the Large Binocular Telescope (LBT) employs a LO
MCAO system, using natural guide stars (NGSs) to correct two dominant atmospheric turbulent layers.6 For
limited sky coverage when conjugated to a high altitude, the wavefront sensor (WFS) will be partially illuminated.7, 8 This can reduce the stability of the AO correction. A way to improve the partial illumination scenario is
to employ wavefront prediction techniques to predict the wavefront over the non-illuminated parts of the WFS.9
By assuming Taylor’s frozen flow hypothesis, this can be achieved if the current wavefront and wind velocity is
known. In order to obtain wavefront predictions, the first step is to accurately estimate the wind vector of the
turbulent layer located at the conjugated WFS.
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1.1 LINC-NIRVANA and its AO system
When working at its full potential, LN will be a Fizeau interferometer working in the near-infrared wavelengths
(1.0 − 2.4 µm).10 It is mounted on the LBT, situated at the shared, rear bent-Gregorian focus of the telescope.11
LN has a unique and advanced MCAO system capable of providing a uniform diffraction-limited PSF across a
2’ FoV.12
The LN LO-MCAO system uses NGSs from two fields of view (multiple-FoV approach) to correct two dominant atmospheric turbulent layers.13, 14 The ground layer, the strongest turbulent layer, is measured by the
Ground-layer Wavefront Sensor (GWS), which uses up to 12 NGSs from 2’-6’ annular FoV and drives the facility adaptive secondary mirror (ASM) of the LBT. The higher altitude turbulence located ≈ 7 km above the
telescope pupil is measured by the High-layer Wavefront Sensor (HWS), which uses up to 8 NGSs from inner 2’
FoV) and drives the commercial Xinetics DM15 on the LN bench. Studies have shown that this particular layer is
usually associated with high-velocity winds.16–18 The HWS receives the ground-layer corrected wavefront. The
correction is sequential, and the respective controls are independent of each other, making the nighttime AO
operation relatively easy. Please note that LN employs 40 pyramids to perform the wavefront sensing in visible
wavelengths

1.2 Partial Illumination at Higher Altitude
While the stars’ footprints overlap perfectly at the ground-layer, this is not true at a higher altitude. For the
HWS, the stars’ footprints are spatially decorrelated, and their positions depend on the asterism. Therefore, it
is likely to have a partially illuminated metapupil∗ for the HWS.7, 8

Figure 1. Images from the HWS CCD (in 1x1 Binning). Left: Full illumination of the metapupil (magenta circle) using
eight stars. Right: An example of the partially illuminated metapupil using three stars. Adapted from Santhakumari et
al.8

Figure 1 shows full illumination and partial illumination examples. These images are from the HWS CCD,
using fibers from the LN calibration unit as light sources (or stars). The partially illuminated sub-apertures are
a subset of the fully illuminated ones. Note that a star footprint is an annulus rather than a disk. This is due
to a physical mask in the optical path to reduce the sky and background light noise coming from other sources
in the FoV that are not acquired for wavefront sensing. The mask blocks 25% of the pupil for the HWS. The
diameter of the metapupil is about 1.5 times that of a single pupil.

1.3 AO Telemetry and Wavefront Prediction
LO wavefront sensing provides direct AO telemetry of the conjugated layers, which can be potentially used to
estimate the wind vectors at each of these layers. In addition to providing more accurate and detailed profiling
of the atmosphere at these altitudes, the extracted wind information can be used to create a first-order linear
predictor. When the linear predictor works well, the time-lag between the wavefront sensing and the correction
can be reduced. In other words, if the current wavefront and wind velocity is known, by assuming Taylor’s frozen
flow hypothesis, we can predict the future wavefront in some regions of the metapupil. In the case of HWS, we
can go one step further. Non-illuminated sub-apertures, which have no wavefront information due to the stars’
∗

Metapupil is the projection of the 2’ FoV at the conjugated altitude.
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Figure 2. Virtually filling sub-apertures using wind-predictive wavefront control on the high layer loop. Left: The partially
illuminated metapupil. The yellow shaded regions represent the non-illuminated sub-apertures. Right: A favorable wind
direction (blue arrow) allows us to virtually fill in some of the non-illuminated sub-apertures, represented by the green
shaded regions. Adapted from Santhakumari et al.8

asterism and brightness, maybe virtually filled. Figure 2 illustrates this schematically. The estimation of the
wind velocity is described in Section 3.

2. OBSERVATIONS
LN, under commissioning at the LBT, is our laboratory setup. Figure 3 displays the LN optical path and the
aligned LN bench at LBT. Over the period of commissioning runs and remotely connecting to LN, we have
tested and collected data for this study. The LN calibration unit (see Figure 4) provides the capability to have

Figure 3. LN optical path and aligned LN bench. Adapted from Santhakumari et al.8

many stars in fixed locations within the 2’ FoV to create full and partial illumination scenarios. Not only can
we switch on and switch off the stars, but we can also control the star magnitudes between 6 mag to close to 10
mag in V band. The probes within the HWS can move to acquire any star within the 2’ FoV.
For the lab tests, performed during LBT daytime, the telescope was static, pointed to the zenith, and with
minimum vibrations. Since we were performing laboratory tests, there was no field rotation and the k-mirror
was always in the same vertical position. Table 1 specifies the input parameters used to create the turbulence
file which is introduced via the Xinetics deformable mirror (DM). Note that the same Xinetics DM did the
correction as well, when the loop is closed. For our tests, the Fried’s parameter, r0 , was set to 0.92 m so that
seeing in 2.2 µm is ≈ 0.5”. This is because the HWS receives the ground-layer corrected turbulence.
For the partial illumination cases, depending on the mask defining the illuminated sub-apertures, a new
interaction matrix was created from the fully illuminated interaction matrix. The respective reconstruction
matrix was used to close the loop. For more details, we refer the reader to Santhakumari et al.8
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Figure 4. Left: LN Calibration unit consisting of a folding mirror, a reference fiber, a fiber plate, and an integrating
sphere. Middle: Front view of the fiber plate. Some of the fibers are (red) illuminated. Right: The eight probes in the
HWS can move over the focal plane to acquire the stars in the 2’ FoV. Adapted from Santhakumari et al.8
Table 1. Simulation Parameters

Parameter
Fried’s Parameter
Num. layers
Altitude
Wind speed
Wind direction

Value
0.92 m
1
7 km
20 m/s
0◦

The HWS CCD has three binning possibilities: 1x1, 2x2, and 4x4. Depending on the brightness of the
available stars, the binning will be set. For bright star configurations binning 1x1 will be preferred. The partial
illuminations scenario will be prominent for the binning 1x1 and 2x2, and not very important for binning 4x4.
For night time observations, binning 2x2 and 4x4 are used mostly, due to the lack of availability of bright stars.
We have tested the wind extraction for all the three binning cases varying the stars’ brightness. While closing
the loop, the gain and number of modes of correction were chosen to ensure a stable loop (i.e. no oscillations
and no diverging of the deformable mirror actuator commands).

3. ESTIMATING WIND VELOCITY
By assuming Taylor’s Frozen Flow Hypothesis the wind velocity of an atmospheric turbulent layer can be found
from the the spatio-temporal auto covariance of the WFS pseudo-open loop (POL) slopes, which is defined as
Tδi,δj,δt = hCi,j,t Ci00 ,j 0 ,t0 i,

(1)

where C and C 0 are the slopes at sub-aperture position [i, j] and [i0 , j 0 ], and at time t and t0 respectively. The
spatial offset between the sub-apertures, in units of the sub-aperture diameter, are given as δi and δj. By
calculating this for every possible separation for a given temporal offset, δt = t − t0 , a covariance map can be
created. For δt = 0 s, a peak will appear in the centre of the map. This peak corresponds to the superposition of
all of the turbulent layers present in the atmospheric profile. However, as δt increases, a peak corresponding to
each turbulent layer will be offset by an amount related to the distance and direction.19–21 This method has been
used by atmospheric turbulence profilers such as SLODAR22 and SCIDAR.23 Figure 5 illustrates this concept
using simulated data. SOAPY,24 a python AO simulator, was used to simulate a simple AO system, with a DM
conjugated to the ground and a 9x9 sub-aperture Shack-Hartmann WFS, operating at 500 Hz. For this example,
the AO system observed an atmospheric profile consisting of two turbulent layers traversing an 8.4 m telescope.
The parameters of each layer were: (i) altitude of 0 km, with wind speed 10 m/s and relative turbulence strength
of 0.6 and (ii) altitude of 7 km, with wind speed of 30 m/s and relative turbulence strength of 0.4. Both layers
can be identified in the map, with the covariance strength of each peak reflecting the relative turbulence strength
of each layer.
For lab tests described in this paper, only a single turbulent layer was considered (future investigations will
expand on this to address multi-layer profiles). The wind velocity at the conjugated altitude is located by finding
4
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Figure 5. Spatio-temporal auto covariance map with increasing temporal offset. The simulated atmosphere consisted of
two turbulent layers: (black) located at 0 km, with wind speeds 10 m/s and relative turbulence strength of 0.6 and (red)
located at 7 km, with wind speeds 30 m/s and relative turbulence strength of 0.4

the maximum covariance strength and applying a 2-D Gaussian fit to provide a precise measurement. By locating
this peak for a given temporal offset the wind speed and direction can be estimated. This algorithm was taken
from Widmann et al. (2018).25

4. ANALYSIS & DISCUSSION
A series of lab observation with LN were made to test whether the wind velocity could be recovered for an
atmospheric profile as described in Table 1. The lab tests included running the system in open loop (OL) and
closed loop (CL), for 1x1, 2x2 and 4x4 binning and for fully and partially illuminated scenarios. Table 2 lists
the key lab observations that were made, along with the estimated wind velocity and its standard deviation
error. The final wind velocity was averaged for a number of different temporal offsets. When the AO system
was running in CL, POL slopes were calculated to estimate the wind velocities.
Table 2. Lab observation list.

Case

Binning

1b1
2b1
3b1
4b1
5b1
6b1
7b1
8b1
1b2
2b2
3b2
4b2
5b2
6b2
1b4
2b4

1x1
1x1
1x1
1x1
1x1
1x1
1x1
1x1
2x2
2x2
2x2
2x2
2x2
2x2
4x4
4x4

Illumination
Full
Full
Partial
Partial
Partial
Partial
Partial
Partial
Full
Full
Partial
Partial
Partial
Partial
Full
Full

#
Subs
616
616
540
540
399
399
386
386
156
156
126
126
106
106
52
52

Slopes
OL
POL
OL
POL
OL
POL
OL
POL
OL
POL
OL
POL
OL
POL
OL
POL

#
Stars
8
8
3
3
2
2
2
2
8
8
3
3
2
2
8
8

Star
Magnitude
all 7
all 7
7, 8, 9
7, 8, 9
8, 9
8, 9
7, 7
7, 7
all 9
all 9
9.1, 9.3, 9.6
9.1, 9.3, 9.6
all 9.3
all 9.3
9.1 - 9.4
9.1 - 9.4
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Output
Speed
21.2 ± 0.1
20.4 ± 1.6
21.1 ± 0.4
21.0 ± 0.8
21.5 ± 0.1
20.7 ± 1.1
21.1 ± 0.5
21.1 ± 0.7
21.2 ± 0.1
21.7 ± 0.5
20.0 ± 0.2
20.5 ± 0.6
22.0 ± 0.8
21.0 ± 0.2
19.6 ± 0.2
–

m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s
m/s

Output
Direction
-159.9 ± 0.3
-159.9 ± 1.6
-159.2 ± 0.2
-158.8 ± 0.7
-158.4 ± 0.1
-159.3 ± 0.4
-156.5 ± 2.6
-155.4 ± 4.3
-158.8 ± 0.5
-157.2 ± 2.2
-159.9 ± 0.6
-158.9 ± 0.4
-154.7 ± 5.5
-159.8 ± 4.9
-160.0 ± 0.8
–

◦
◦
◦
◦
◦
◦
◦
◦
◦
◦
◦
◦
◦
◦
◦

Bin 1
# Sub-aps: 616
Y Sub-apertures

25
20
15
10
5
0

0

5 10 15 20 25

Bin 2
# Sub-aps: 156
12
10
8
6
4
2
0

# Sub-aps: 386
Y Sub-apertures

25
20
15
10
5
0

0

5 10 15 20 25
X Sub-apertures

Bin 4
# Sub-aps: 52
6
4
2
0

0 2 4 6 8 10 12

0

2

4

6

# Sub-aps: 106
12
10
8
6
4
2
0

0 2 4 6 8 10 12
X Sub-apertures

Figure 6. WFS masks for columns left to right binning 1, 2 and 4. The top row is for full illumination and the bottom
row is an example of partial illumination.

4.1 WIND VELOCITY ESTIMATES
4.1.1 1x1 Binning
The initial and simplest tests was to see if the wind velocity measurement could be recovered for cases 1b1 and
2b1. These case had 1x1 binning and a fully illuminated metapupil (see Figure 6 for the WFS masks) by equally
magnitude targets. For an input wind speed of 20 m/s the average output wind speed for OL and POL was 21.2
m/s and 20.4 m/s respectively. The input simulated wind direction is 0◦ . As you may note from Figure 3, there
are flips and rotations of the plane between the DM and the HWS CCD for a given k-mirror angle. This results
in a rotation that is yet to be theoretically confirmed. However, the estimated wind directions were all within
2.8% of each other, indicating that the wind direction can accurately be estimated.
A series of tests were then made to establish the impact of observing fewer stars and therefore fewer number
of illuminated sub-apertures. See Table 2 for the key results. The most extreme cases were 7b1 and 8b, with
least number of illuminated sub-apertures (see Figure 6). Figure 7 shows the resulting covariance maps with
increasing temporal offsets for cases 7b1 and 8b1, with operated in OL and CL respectively. The average wind
speed in both cases was 21.1 m/s.
It was also found that for observations with stars of different magnitudes (cases 3-6b1) the wind velocity
estimations were not affected by the different levels of photon noise.
Overall it was found that for 1x1 binning, the status of the loop, number of observed stars and varying star
magnitude did not affect the output on the estimated wind velocity, which was always within 7% of the input
value.
4.1.2 2x2 Binning
Figure 8 shows an example covariance map evolution with increasing temporal offsets for fully and partially
illuminated metapupil (see Figure 6) when the loop is closed. With increased binning, the resolution of the
covariance map decreases. However, for cases 1-6b2 the wind speed values were estimated to have no more than
10% difference to the input value. This indicates that the wind velocity can be well estimated for 2x2 binning of

6
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Figure 7. Covariance maps generated from OL (top row) and POL (bottom row) partially illuminated WFS data, with
1x1 binning, increasing temporal offsets.
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Figure 8. Covariance maps of closed-loop fully illuminated (top row) and partially illuminated (bottom row) metapupil
of binning 2 for increasing temporal offsets.

partially illuminated metapupils. The estimated wind directions were all within 2.2% of each other, indicating
that the wind direction can accurately be estimated for this binning as well.
4.1.3 4x4 Binning
LN operates up to a 4x4 binning. Figure 9 shows that whilst the wind velocity can be well estimated for an OL
system, this break downs for CL. By increasing the binning the correlation strength of the peak becomes weaker.
More tests are needed to understand if 4x4 binning can retrieve the wind velocity for brighter asterisms and/or
for faster wind speeds. However, with regards to partially illuminated metapuipls, predict wavefront movement
for 4x4 binning will generally not be critical, since it is predominantly operating with full illumination.

5. CONCLUSION & FUTURE
We presented the wind estimation study and results from the laboratory data taken by the LO MCAO system
of LN. The results showed that the algorithm could estimate the wind velocity with an accuracy better than
10% for all tested configurations for 1x1 and 2x2 binning. Configurations included observations of 2 - 8 stars,
with varying magnitudes, resulting in fully and partially illuminated metapupils. The next step would be to
characterise the limitations of the method, for extreme cases of wind velocities and multi-layer turbulence profiles.
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Figure 9. Covariance maps of open loop (top row) and closed loop (bottom row) partially illuminated metapupil of binning
4 for increasing temporal offsets.
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Further research is also required to understand the constraints on the 4x4 binning, for which currently the wind
velocity can not be recovered. However, in the scope of predictive WFSing for a partially illuminated metapupil,
this is not necessary.
We are currently developing a weighting criterion that can virtually fill in the non-illuminated sub-apertures,
the next step towards wavefront prediction. The weighting function will be a function of the wind speed and
distance from the closest illuminated sub-aperture.
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