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ABSTRACT
Future large adaptive telescopes will trigger new constraints for the calibration of adaptive optics (AO) systems equipped with
pre-focal deformable mirrors (DMs). The image of the DM actuator grid, as seen by the wavefront sensor (WFS), may evolve
during the operations because of the flexures of the opto-mechanical components present in the optical path. This will result in a
degraded AO performance that will affect the scientific operation. To overcome this challenge, it will be necessary to regularly
monitor and compensate for these DM/WFS mis-registrations, either by physically realigning some optical components or by
updating the control matrix of the system. In this paper, we present a new strategy to track mis-registrations using a pseudo-
synthetic model of the AO system. The method is based on an invasive approach where signals are acquired on-sky, before
or during the scientific operations, and fed to the model to extract the mis-registration parameters. We introduce a method to
compute the most sensitive modes to these mis-registrations that allows us to reduce the number of degrees of freedom required
by the algorithm and to minimize the effect on the scientific performance. We demonstrate that, by using only a few of these
well-selected signals, the method provides very good accuracy for parameter estimation, well under the targeted accuracy, and
has a negligible effect on the scientific path. In addition, the method appears to be very robust to varying operating conditions
of noise and atmospheric turbulence and it performs equally for both pyramid and Shack–Hartmann WFSs.
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1 IN T RO D U C T I O N

A large number of ground-based astronomical observations rely on
the performance of adaptive optics (AO) systems, which allow us
to compensate in real time for the wavefront aberrations induced
by atmospheric turbulence. The principle of an AO system consists
of measuring signals related to the phase using a wavefront sensor
(WFS). These signals are converted by a real-time computer (RTC)
into commands to apply to a deformable mirror (DM), which
cancels out the optical aberrations. This loop is usually operated
in a feedback-l op r,unning at least ten times faster than the typical
evolution rate of the atmospheric turbulence.

Within a few years, a new generation of telescopes with diameters
up to 39 m, the Extremely Large Telescopes (ELTs), will be in
operation. These giant telescopes will address fundamental cases of
astrophysical science, such as the direct imaging and characterization
of rocky exoplanets located close to their orbiting star or the study
of bulk and evolution of the first galaxies (Cirasuolo et al. 2018).
The scientific potential of these new telescopes relies on challeng-
ing the features of new AO systems, such as the DM integrated
inside the telescope itself, and turning the telescopes into adaptive
telescopes (Arsenault et al. 2008; Riccardi et al. 2010; Vernet et al.
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2012). The colossal size of these large adaptive telescopes and the
complexity of their scientific instruments means that there should
be a complete rethink to improve both the overall performance
and, more specifically, the sensitivity and robustness of the AO
systems in order to maximize the astrophysical return of AO-assisted
instruments.

In particular, the European Southern Observatory (ESO) ELT
(Gilmozzi & Spyromilio 2007) will provide a challenging environ-
ment for AO systems. First of all, the calibration of a large number
of degrees of freedom (around 5000 actuators; Vernet et al. 2012)
with no external calibration source will be required. Furthermore,
the use of a pre-focal DM far from the AO instruments with moving
elements in the optical path may lead to regular evolution of the
DM/WFS registration during the observations (e.g. rotation, shifts or
higher order of pupil distortion of the DM actuator grid with respect
to the WFS subapertures). These so-called mis-registrations have to
be monitored and compensated for, as they will greatly affect the AO
performance or could create loop instabilities that will jeopardize the
scientific observations.

An illustration of the effect of mis-registrations on the performance
of a scientific instrument is given in Fig. 1, which provides simulated
H-band point spread functions (PSFs) and closed-loop performance
for an 8-m telescope equipped with a DM with 21 × 21 actuators
and a pyramid WFS w(PWFS) ith 20 × 20 subapertures. This
figure shows that high-order modes are the first to be affected by
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Figure 1. Effect of a mis-registration on the performance of an 8-m class telescope equipped with a 20 × 20 sub-apertures AO system. Top: effect of a shift on
the H-band PSF. Bottom: effect of a shift on the AO performance, where SR denotes the Strehl ratio and PSD is the modal PSD.

the mis-registrations. This is visible in the PSFs (Figs 1a and 1b),
which exhibit speckles on the external rings of the Airy pattern,
and in the modal power spectral density (PSD) of the AO residuals
(Fig. 1d), which exhibits peaks going above the turbulence level for
the high-order modes. For large values of shift (above 30 per cent of
a subaperture), the loop becomes even unstable (Fig. 1 b and 1c) and
would require interruption of the scientific operation to recalibrate
the system.

Hence, to provide a nominal correction for the scientific instru-
ments, the AO loop has to be properly calibrated before and during
the operations. The accuracy required for the WFS/DM registration
to prevent any effect on the scientific operation is system-dependent
and depends on the number of modes controlled by the AO loop. The
value of 10 per cent of a subaperture shift (and equivalent shift on
the border of the pupil for the rotation) is usually taken as a reference
(Béchet, Tallon & Thiébaut 2012; Heritier et al. 2018b) but should
be carefully evaluated (see Section 4.5).

In this context, a scheme based on the use of pseudo-synthetic
models to calibrate the AO systems has been proposed (Oberti et al.
2006; Béchet et al. 2012; Kolb et al. 2012; Heritier et al. 2018a,
2018b). It offers a fast way to numerically update the calibration of
the system and relies only on the identification of a few model mis-
registration parameters. By contrast, a scheme where the calibration
is achieved using only on-sky measurements (Pinna et al. 2012)
would require long telescope overheads (see Section 2.2). A pseudo-
synthetic calibration is necessary to develop a synthetic model that
must be representative of the real AO system to allow us to compute
its associated interaction matrix numerically (equation 1). A block
diagram summarizing the principle of a pseudo-synthetic calibration
is provided in Fig. 2. It shows the following key elements of the
model.

(i) The synthetic model is usually developed using an end-to-
end simulator. It includes the DM and WFS and the corresponding
sensitivity to the different mis-registrations. In this paper, we use the
OOMAO simulator (Conan & Correia 2014) that has been validated
at the Large Binocular Telescope (LBT; Heritier et al. 2018b).

(ii) Experimental inputs are used to tune the model, such as WFS
valid pixels, DM influence functions, modal basis, WFS signals, etc.

(iii) A mis-registration identification algorithm is fed on experi-
mental inputs (DM commands and WFS signals that are representa-
tive of the real mis-registration α). In this paper, the strategy consists
of projecting a given experimental signal that is composed of on-
sky measurements of a few well-selected modes on to sensitivity
interaction matrices that correspond to these modes. More details
can be found in Section 3.1.

This paper focuses on the identification of the mis-registration
parameters but more information about synthetic modelling of real
AO systems can be found in Oberti et al. (2006), Pinna et al. (2012),
Kolb et al. (2012) and Heritier et al. (2018b).

Previous research works have already investigated the tracking
of mis-registration parameters. For instance, at the Adaptive Optics
Facility (AOF; Arsenault et al. 2008), the calibration baseline is to
use a pseudo-synthetic model in which mis-registration parameters
are identified from closed-loop data (Béchet et al. 2011; Kolb
et al. 2012; Oberti et al. 2018). This identification strategy consists
of correlating the incremental closed-loop DM commands to the
incremental WFS signals to capture the interaction between the WFS
and DM. In Neichel et al. (2012), a strategy based on a Levenberg–
Marquardt (Marquardt 1963) type algorithm is presented in the frame
of tomographic AO systems but requires an experimental interaction
matrix as a reference, which could for instance be measured on-
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Figure 2. Principle of the pseudo-synthetic calibration. Experimental inputs representative of the real mis-registration state α are injected into a mis-registration
identification algorithm that provides an estimation α∗. The identification algorithm is presented in Section 3.1.

sky. In the frame of multi-conjugate AO systems, the identification
of the interaction matrix using on-sky signals has been investigated
in Chiuso, Muradore & Marchetti (2010). More recently, Lai et al.
(2021) have studied ground-layer AO systems, using a model-free
method to reconstruct fully the interaction matrix injecting known
random signals on the DM during the operation.

In this paper, we present a new strategy to monitor the mis-
registrations during the operations by applying known (and invisible
to the science in most of the cases) perturbations on the DM and to
update the calibration using synthetic models of the AO systems. In
particular, we investigate whether the perturbation can be reduced to
only a few well-selected modes to provide a good estimation of the
mis-registration parameters and to minimize the effect on the science
path to make it compatible with single-conjugate AO applications.

For the sake of simplicity, we consider in this paper a simple
AO system with 20 × 20 subapertures and an 8-m class telescope
to properly validate and characterize the method. In addition, the
experience acquired at the AOF showed that magnifications X and
Y were initially measured but eventually removed from the tracked
parameters as they appeared to remain static over time. For this
reason, we reduce the study to the tracking of only three mis-
registration parameters (shifts X and Y, and rotation) as being the most
occurring mis-registration errors (due to mechanical flexures and
de-rotation errors). If required, the structure of the mis-registration
identification algorithm (Section 3.1) is fully compatible with any
other type of mis-registration. It is then straightforward to include
other types of mis-registrations depending on the system considered.

The performance of the method for an ELT-like system will be
investigated in a second step to include more complex challenges
that will affect the closed-loop operations (Bonnet et al. 2018;
Le Louarn et al. 2016), in particular in presence of variations of
large optical gains when operating with a PWFS (Deo et al. 2018,
2019b; Chambouleyron et al. 2020), pupil fragmentation effects due
to the large thickness of the spiders holding the secondary mirror
(Bonnefond et al. 2016; Schwartz et al. 2018; Bertrou-Cantou et al.
2020), the effect of phasing errors for segmented primary mirrors
(Meimon et al. 2008; Briguglio et al. 2018b; Cheffot et al. 2020)
and complex and large adaptive secondary mirrors (Biasi et al. 2010;
Riccardi et al. 2010; Madec 2012; Vernet et al. 2014; Briguglio et al.
2018a).

We first recall the AO calibration procedures for post-focal AO
systems and large adaptive telescopes in Section 2. The strategy

to monitor the mis-registrations using on-sky measurements is
presented in Section 3 and an analysis of the accuracy and robustness
of the method is provided in Section 4, as well as an analysis of the
effect on the scientific path.

2 CALI BRATI ON O F A N AO SYSTEM

The interaction matrix Dα of an AO system is defined as the image
of the DM influence functions MDMα as seen by the WFS,

Dα = MWFS · MDMα , (1)

where MWFS is the WFS measurement model and the notation α

corresponds to the DM/WFS registration state. The notations chosen
here correspond to apply the mis-registrations in the DM space,
considering that the WFS is fixed. In addition, we assume that the
image of the pupil remains fixed on the WFS and that there are no
errors of pupil stabilization. To operate the AO system in a closed
loop, it is necessary to invert the interaction matrix to provide the
command matrix Rα . This is often achieved using a truncated singular
value decomposition (TSVD), removing the modes associated with
the lowest singular values (Boyer, Michau & Rousset 1990). More
advanced inversion methods such as adding priors on the noise and
turbulence allows us to improve the level of AO correction (Wallner
1983; Fusco et al. 2001).

The interaction matrix of the system is usually projected on to
a reduced modal basis, which differs from the zonal actuation and
contains only the modes well seen by the WFS. This allows us to
preliminary filter out the modes badly seen by the AO system and
it provides a stable inversion of the interaction matrix. Typically, a
common method is to use Karhunen–Loèves (KL) modes that are
computed by diagonalizing both the statistical covariance matrix of
the atmosphere and the geometrical covariance matrix of the DM
influence functions (Gendron 1995). In this paper, the closed-loop
control is always done using a number of KL modes slightly inferior
to the number of actuators located in the pupil, to ensure a small
conditioning number for the interaction matrix (inferior to 10) and
thus a stable inversion.

2.1 Interaction matrix estimation of a post-focal AO system

For a post-focal AO system, the interaction matrix is usually
estimated prior to the operations using a set of calibration signals U
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that defines the control space of the AO loop, such as the KL modes
introduced above. In the following, it is however assumed that the
matrix U is full rank, which corresponds to calibrating all the degrees
of freedom of the DM. The WFS measurements Y corresponding to
the actuation signals U are given by

Y = MWFS · [MDMα · U + �] + η, (2)

where � is the local turbulence and η is the WFS noise (photon and
readout noise).

Assuming that both the amplitude of the calibration signals and
the local turbulence are small enough to remain in the linear regime
of the WFS, the previous equation can be distributed such that the
interaction matrix Dα of the system appears (equation 1)

Y = Dα · U + MWFS · � + η. (3)

The interaction matrix of the system can be estimated by computing

Dα = Y · U† − [MWFS · � + η] · U†, (4)

where [MWFS · � + η] · U† is the calibration error on the interaction
matrix estimation and the symbol † represents the pseudo-inverse.

For a post-focal AO system, where both the DM and WFS are
located on the same bench, the local turbulence can be considered as
negligible and the use of a bright external calibration source allows
us to minimize the contribution of the measurement noise η so that

Dα = Y · U†. (5)

In this situation, the evolution of the mis-registrations is slow
as both the DM and WFS are located on the same optical bench.
The validity of Dα is then granted for a long period of time and
can easily be recalibrated using day-time calibration, plugging an
external calibration source.

2.2 Calibration of an AO system for large adaptive telescopes

In the case of adaptive telescopes, frequent evolution of the DM/WFS
registration is to be expected due to flexures and to the large distance
separating the DM from the AO instrument. In addition, the access
to an external calibration source is not often granted, which leads to
a consideration of different approaches to calibrate the AO system.

Regarding the first point, to provide nominal AO performance,
it becomes necessary to regularly monitor and compensate for the
mis-registrations during the operations. Considering the situation in
which an AO system has been calibrated in a registration state α0

and evolved to a registration state α, the compensation of the mis-
registrations can be achieved following two strategies.

(i) The compensation can be achieved by updating the interaction
matrix corresponding to the new DM/WFS registration. Using the
notations introduced in this paper, it corresponds to the following
transformation:

Dα0 −→ Dα . (6)

(ii) The compensation can be done optically, by physically re-
aligning some elements in the optical path. This corresponds to the
following transformation:

MDMα −→ MDMα0
. (7)

The update of the interaction matrix can be obtained experimen-
tally by measuring a full interaction matrix during the operation
(Oberti et al. 2004, 2006; Pinna et al. 2012) or by computing the new
interaction matrix numerically from a pseudo-synthetic model, fed

with a few experimental parameters (Oberti et al. 2004, 2018; Kolb
et al. 2012; Béchet et al. 2012; Heritier et al. 2018b).

Thus, in the context of the future large adaptive telescopes,
fast evolution of potentially large mis-registrations is expected.
Achieving a full measurement of the interaction matrix at each
update comes then with a cost in terms of telescope operation,
in particular with such a large number of degrees of freedom to
calibrate (typically around 5000 modes; Vernet et al. 2012) in the
case of the ESO ELT. The corresponding time required to obtain
high signal-to-noise ratio (S/N) measurements of the interaction
matrix becomes problematic especially because its validity is only
ensured at the time of the measurement. Typically, for the de-
commissioned FLAO system at the LBT, a full measurement of the
on-sky interaction matrix, multiplexing two modes at the same time,
required 53 min of telescope time (including overheads; Pinna et al.
2012). Extrapolating these numbers to an ELT SCAO system (which
contains about 10 times more degrees of freedom) leads to potentially
several hours of calibration time, during which the measurements
could be affected by mis-registrations and eventual optical gains
variations in the case of a PWFS (Korkiakoski, Vérinaud & Le Louarn
2008; Deo et al. 2018, 2019a; Chambouleyron et al. 2020).

As a consequence, in this context, this strategy does not seem
suited to provide a regular tracking of the calibration during the
operations. However, the method could be useful at the beginning of
the observations to provide a first interaction matrix that would be
used as a reference for the next steps of calibration or to measure
only a few reference signals and retrieve mis-registration parameters
(see Section 3).

To comply with these requirements of fast and regular updates, a
calibration based on the on-sky identification of few mis-registration
parameters, making use of a synthetic model of the interaction matrix,
appears to be a good candidate as it allows us either to recompute
a whole interaction matrix (which will also have the advantage of
being noise-free) or to realign physically the optical system.

Updating the full interaction matrix Dα numerically (equation 6)
provides the easiest solution in terms of software architecture as the
only output is a reconstructor Rα that is injected into the RTC.
It requires a tuning of the model that can be achieved during
the commissioning phase of the instrument using experimental
measurements of the real system. In addition, it also allows us to
include high-order mis-registrations such as distortion that might not
be correctable with an optical device. However, if too large mis-
registrations occur, the AO performance could be affected due to an
unusual DM/WFS registration. For instance, in a Fried geometry, lo-
cating the actuators of a system in the centre of the WFS subapertures
could result in a loss of sensitivity (Southwell 1980) depending on
the AO system properties (actuator mechanical coupling and WFS
subaperture size and number). In addition, depending on the optical
design of the system, large drifts of the system could lead to pupil
truncation effects, DM actuators not seen by the WFS subapertures
and/or WFS subapertures corresponding to non-controlled actua-
tors. All of these things will affect the performance of the AO
system.

Alternatively, the second compensation strategy allows us to
optically realign the system (equation 7) and ensures that it al-
ways operates around the nominal working point (i.e. keeping the
DM/WFS registration constant around the optimal configuration). In
that case, the computation of only one numerical interaction matrix
is required, which reduces the computational load of the approach.
However, it requires a more complex software architecture to control
opto-mechanical elements in the optical path that are more limited
in terms of degrees of freedom than a numerical model.
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The choice of the compensation strategy is system-dependent and
might be driven by other constraints in terms of software or hardware
configuration. Thus, we focus only on the identification of the mis-
registration parameters and we do not investigate the AO performance
when a given type of compensation is applied. In addition, it is
assumed that the model of the system has been perfectly tuned to be
representative of the real system considered. Therefore, the results
presented do not include model errors other than mis-registration
estimation errors.

3 MIS-REGISTRATION IDENTIFICATION
STRATEGY

In this section, we introduce a strategy that consists of acquiring
on-sky signals to identify the mis-registration parameters. The
particularity of this approach is that it can be applied either offline or
during operation. In the latter case, it shall be verified that the actual
effect on the science observations can be neglected, as the signals
could act as a noise on the scientific measurements depending on the
signal amplitude.

The strategy to acquire the signals required by the mis-registration
identification algorithm is based on the same methods used for on-
sky calibrations: dithering specific signals over the closed-loop DM
commands using either fast push–pull measurements or sinusoidal
modulation. More details about on-sky calibration can be found in
Oberti et al. (2004, 2006), Pieralli et al. (2008) and Pinna et al.
(2012).

If the acquisition has to be achieved during the operation, a scheme
based on a sinusoidal modulation of the signals seems better suited as
it allows us to reduce the amplitude of the dithering signals to reach
the same S/N obtained using a push–pull approach, hence reducing
the effect on the science. However, this requires a good knowledge
of the AO loop properties, in particular the loop delay (Pinna et al.
2012). For both methods, the S/N of the on-sky acquisition depends
on the observing conditions (turbulence, level of noise) and on
the AO system properties (number of actuators, bandwidth). The
parameters for the signal measurements such as duration, frequency
of modulation and amplitude of the signals have then to be tailored
accordingly. Because both methods allow us to retrieve signals
with equivalent S/N, we propose to consider only the push–pull
measurements to narrow down the analysis to the spatial properties of
the signals. Some examples of the effect of the temporal modulation
of signals on the science path are available in Deo et al. (2019b)
and Esposito et al. (2020). In this section, we detail the three key
steps of the identification strategy: the mis-registration identification
algorithm (Section 3.1), the closed-loop signal acquisition strategy
(Section 3.2) and the choice of the signal (Section 3.3).

3.1 Mis-registration identification algorithm

3.1.1 Principle

We describe the principle of the mis-registration identification
algorithm to extract the mis-registration parameters from a given
interaction matrix that can be projected on a given modal basis. This
algorithm is based on the work presented in Kolb et al. (2012) but
we have adapted it to take into consideration the PWFS optical gains
and only a small number of signals from the interaction matrix. The
general idea is to project an estimation of the interaction matrix on a
set of sensitivity matrices that describe the sensitivity of the system
to a given type of mis-registration around a given working point
(in a small perturbation regime). This is based on the hypothesis

that a given interaction matrix Dα can be decomposed as a linear
combination of sensitivity matrices around the working point α0:

Dα = G
[
Dα0 +

∑
i

αi · δDα0 (εi)
]
. (8)

Here, G is a diagonal matrix accounting for the gain variations
between Dα and Dα0 . The origin of these gain variations is the mis-
registrations and the fact that Dα can be acquired on-sky and exhibits
optical gains variations, as is the case for PWFS.1 The sensitivity
matrices δDα0 (εi) are defined as the partial directional derivative of
the interaction matrix corresponding to a mis-registration of type i
(typically rotation and shifts):

δDα0 (εi) =
[

D(α0 + εi) − D(α0 − εi)

2εi

]
i=rot,X,Y ,...

. (9)

Here, α0 is the working point of the system or, in other words, the
vector of mis-registration amplitudes corresponding to the alignment
of the system at this operating point, and εi is a vector of mis-
registration amplitudes to compute the sensitivity matrices, chosen to
be small enough to remain in the domain of validity of the hypothesis
of linearity (typically 1 per cent of the subaperture). The notation
εi corresponds to the small mis-registration applied to compute
the interaction matrix and is different from the parameter αi that
corresponds to the mis-registration to identify.

For each type of mis-registration, the corresponding sensitivity
matrices are concatenated in a meta sensitivity matrix �α0

2

�α0 = [
δDα0 (εrot) δDα0 (εX) δDα0 (εY ) . . .

]
(10)

such that equation (8) can be rewritten as

Dα = G
(
Dα0 + α · �α0

)
(11)

where α is the vector of mis-registration parameters defined as

α =

⎧⎪⎪⎨
⎪⎪⎩

αrot

αX

αY

. . .

⎫⎪⎪⎬
⎪⎪⎭

. (12)

The goal is to identify α∗ that minimizes the criterion:

α∗ = arg min
G,α

∥∥Dα − G
(
Dα0 + α · �α0

)∥∥2
. (13)

The convergence conditions of the criterion are discussed in Sec-
tion 3.1.3. The solution of the least-squares criterion is given by

G∗ = diag
[
(Dα0 + α∗�α0 )† · Dα

]
(14)

and

α∗ = (�α0 )† · (D−1
αG∗ − Dα0

)
. (15)

3.1.2 Implementation

Because it is necessary to identify both G∗ and α∗, the algorithm has
to be iterative. One iteration of the algorithm has two steps. The first
step is to estimate the optical gains taking α∗ = 0 as a starting point,
by rewriting equation (14):

G∗
1 = diag

(
D†

α0
· Dα

)
. (16)

1This is based on the hypothesis that the optical gains matrix can be considered
as diagonal (Deo et al. 2018; Chambouleyron et al. 2020)
2In practice, the matrices δDα0 (εi )are reshaped as vectors δdα0 (εi ), of length
NS = NWFS WFS signals × NDM sets of DM commands, but for the sake of
clarity, we prefer the matrix notation.
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Figure 3. Linearity curves of the identification algorithm for the rotation
(left) and shift X (right).

The value of G∗
1 is inserted into equation (15) to obtain the first

estimation of α∗:

α∗
1 = (�α0 )† · (DαG∗

1
−1 − Dα0 ). (17)

From the estimation α∗
1, the matrix Dα0 can be updated by computing

the new interaction matrix Dα∗
1

corresponding to the mis-registration
α∗

1 and finding the next estimation of G∗
2 using equation (14). In

practice, only a few iterations are required to converge. In our
case, we consider that the algorithm has converged once the relative
error between two successive estimations of the parameters is under
1 per cent.

3.1.3 Convergence conditions

The criterion defined in equation (13) is derived from the first-
order Taylor development of the interaction matrix (equation 8).
By construction, its convexity and the uniqueness of the solution
are only ensured within a limited linear range. We did not formally
investigate the convergence limitations of the procedure but it has
been verified that the algorithm converges for a large range of values
around the operating point (up to 70 per cent of a subaperture shift
and more than 2◦ of rotation).

As a complement, we provide the linearity curves for both rotation
and shift parameters in Fig. 3. These plots show that within 60 per
cent of a subaperture shift and within 1.◦5 of rotation, the algorithm
remains very linear. For larger mis-registrations, the working point α0

around which the sensitivity matrices are computed must be updated.
This is achieved by computing �α∗ after each estimation3 or by
physically realigning the system after each estimation. This will
allow the algorithm to converge to the right parameters using only a
few iterations. Using this iterative approach, it has been empirically
verified that the algorithm converges for very large mis-registrations
(5◦ of rotation and more than 100 per cent of a subaperture shift).

If the mis-registrations are too far out of the linear regime, typically
300 per cent of a subaperture shift or 20◦ of rotation, the convergence
of the algorithm is no longer granted. In addition, for such large mis-
alignments, depending on the optical design, pupil truncation effects
could alter the convergence of the algorithm; however, this topic is out
of the scope of this paper. These very large mis-registrations should
only occur during the commissioning phase where other less accurate
methods could be used, for instance based on flux considerations, and
could provide a rough estimate of the mis-registration parameters.

3The estimation of α∗ is the convergence value of the iterative procedure to
identify both scaling factors G∗ and mis-registration parameters α∗.

In closed-loop conditions, the system is not expected to drift too far
from its initial working point, at least not on a fast time-scale, and
no problem of convergence is expected.

3.2 On-sky push–pull measurement

In the previous section, we presented the procedure to identify mis-
registration parameters from a given interaction matrix. Here, we
now recall how to calibrate on-sky an interaction matrix, or a subset
of it. The measurement yk of the WFS at the loop sample k is given
by

yk = MWFS · φres
k + ηk, (18)

where MWFS defines the WFS measurement model (see equation 1).
The push–pull measurement of a mode, represented by a phase vector
b, requires

y+b
k = MWFS · φres

k + ηk + a · MWFS · b (19)

and

y−b
k = MWFS · φres

k+1 + ηk+1 − aMWFS · b, (20)

where a is the amplitude of the mode considered. The sensitivity
measurement yb

k of the mode b is then given by

yb
k = y+b

k − y−b
k

2a

= MWFS · b + MWFS · (φres
k − φres

k+1) + ηk − ηk+1

2a
. (21)

We can define the disturbance terms as

ξ k = −MWFS · δφres
k + ηk − ηk+1

2a
, (22)

where we define the incremental residual turbulence δφres
k as

δφres
k = φres

k+1 − φres
k . (23)

The push–pull measurement yb
k is then given by

yb
k = MWFS · b + ξ k. (24)

In practice, to improve the S/N of the measurement, we average N
push–pull measurements to estimate yb:

yb = 1

N

N∑
k

yb
k = MWFS · b + 1

N

N∑
k

ξ k. (25)

The composition of ξ k shows that the S/N of yb will depend on
the level of noise ηk , the amplitude of the signal a, the difference
between two successive residual phases δφres

k and the number of
measurements N averaged. The accuracy of the estimation of the
mis-registration parameters will then depend on the brightness of the
source (noise level), the amplitude of the modulation and the quality
of the AO correction.

3.3 An optimal modal basis for the mis-registration
identification?

One important goal of this research is to make the calibration invisible
to the science path while being as fast as possible. For this purpose,
we propose to identify the most sensitive modes to a given mis-
registration and thus to minimize the number of signals required
to extract the mis-registration parameters. This will particularly be
relevant for ELT AO instruments, as the acquisition of an on-sky
interaction matrix corresponding to several thousands of modes will
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Figure 4. Most sensitive mode corresponding to the rotation (left) and the
shift X (right) derived from the PCA of δDα0 (εi ) for different values of
εi = 1 per cent.

Figure 5. WFS measurement [slope X, slope Y] corresponding to the most
sensitive modes for the rotation (a) and the shift X (b). In this example,
εi = 1 per cent of a subaperture (Fig. 4a).

require long measurement time, leading to large overheads and thus
reducing significantly the time available for the scientific operation.

To do so, we propose to apply a principal component analysis
(PCA; Pearson 1901) on a sensitivity matrix δDα0 (εi), which is
defined as the derivative of the interaction matrix with respect to
a mis-registration of type i (see equation 9). A similar approach was
proposed by Oberti et al. (2018) but was based on flux considerations.

We proceed to the singular value decomposition (SVD) of
δDα0 (εi),4 which contains the measurement for the NDM degrees
of freedom of the DM (a zonal interaction matrix, for instance):

δDα0 (εi) = U · S · VT. (26)

By definition, the variance contained in the signals of δDα0 (εi) and
due to the input mis-registration εi is given by λi,

λi = 1

NDM
s2
i , (27)

where si is the ith singular value of δDα0 (εi) and thus the ith element
of the diagonal matrix S.

By construction, the first singular modes v of V contain most of
the variance due to the perturbation injected (the mis-registration εi).
An illustration of these PCA modes is given in Fig. 4, displaying the
most sensitive modes to the rotation and shift X for different values
of εi (for the rotation, the value represents the equivalent shift for the
actuators located at the edge of the pupil). The corresponding WFS
measurement is given in Fig. 5.

4To apply the PCA, the mean value of each mode measurement (i.e. a row of
the sensitivity matrix) has to be subtracted to provide mean centred sensitivity
matrices.

Figure 6. Normalized cumulative variance corresponding to the rotation (a)
and shift X (b). In this example, εi = 1 per cent of a subaperture (Fig. 4a).

The modes of Fig. 4 are consistent with what one would expect: a
radial non-symmetry with the signal localized on the edge of the pupil
for the rotation and a Fourier-like mode for the shift. We notice that
the spatial frequency of the modes is actually quite low; we would
have expected higher spatial frequencies considering that there are
20 actuators along one diameter. However, this also depends on the
WFS geometry. It appears that using significantly larger values of
mis-registrations has a small effect on the spatial frequency of the
PCA modes. Changes start to be visible when εi is above 50 per cent
of a subaperture shift, with PCA modes exhibiting a slightly lower
spatial frequency (Fig. 4c). This result suggests that one single set of
modes could be pre-computed and kept for both types of application:
closed-loop operations that require a fine tuning of the parameters (as
the mis-registrations should remain small enough to allow a stable
closed loop) and commissioning of an instrument where the mis-
registrations to identify might be much larger.

Fig. 6 gives the cumulative variance associated with the PCA
modes. This figure shows some important information; more than
100 PCA modes are required to explain 90 per cent of the variance
due to a mis-registration in all cases. This shows that the reduction of
dimensionality is not so efficient. In other words, this means that the
sensitivity of the first PCA mode and any other of the 100 first PCA
modes will be similar. This gives some flexibility in the choice of the
mode to use and other criteria that are system-dependent might also
be considered.

The advantage of this procedure remains that it clearly identifies
a single mode per mis-registration that takes into consideration the
AO system sensitivity according to the DM and WFS geometry,
DM mechanical coupling and maximum stroke and WFS sampling
and sensitivity. Moreover, the procedure is very general and can be
used to define PCA modes for other types of mis-registrations that
were not considered in this study (the anamorphosis or distortion,
for instance). It will be relevant to investigate how the method
performs for these higher-order mis-registrations and if coupling
between the mis-registration parameters appear, typically between a
magnification in X and a shift X (Chambouleyron et al. 2020).

4 A PPLI CATI ON: NUMERI CAL SI MULAT IO NS

In this section, we investigate the feasibility of tracking mis-
registration parameters using the strategy presented in Section 3,
using end-to-end simulations in the OOMAO simulator (Conan
& Correia 2014). We propose to explore different closed-loop
conditions of noise and turbulence as discussed in Section 3.2,
simulating a simple AO system whose properties are summarized
in Table 1. In the analysis, we considered both a PWFS (Ragazzoni
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Table 1. Parameters of the numerical simulations.

Turbulence Fried parameter r0 8–15 cm @550 nm
Outer scale L0 30 m

Cn2 profile One layer
Wind speed 10–30 m s–1

Control Frequency 1 kHz
Integrator g = 0.3-0.6

Rejection bandwidth 50–80 Hz
Int. matrix 300 KL modes

NGS Wavelength 850 nm
Magnitude 7.5–13.5

Photons/subap. 10–500
Telescope Diameter 8 m

Obstruction/Spider None
Resolution 160 px

DM Actuator 357
Geometry Cartesian

Inf. functions Gaussian
Coupling 35 per cent

PWFS Sub-apertures 20 × 20
Modulation 3 λ/D

RON None
Photon noise Yes

Signal processing Slopes-Maps
Optical gains control Yes5

SH WFS Subapertures 20 × 20
Pixel scale 0.22 arcsec

RON None
Photon noise Yes

Signal processing CoG

1996) and a Shack–Hartmann (SH) WFS (Hartmann 1900; Shack
1971) to investigate if the non-linearities of the PWFS can affect the
tracking of the mis-registrations (Korkiakoski et al. 2008; Esposito
et al. 2015; Deo et al. 2018; Fauvarque et al. 2019; Chambouleyron
et al. 2020). This is because the sensitivity matrices required by the
model (equation 9) are computed in a diffraction-limited regime that
differs from the real operating point of the PWFS in which on-sky
measurements are acquired.

In this analysis, we consider one push–pull measurement acquired
every 0.05 s (every 50 frames, one push–pull measurement at 1 kHz is
acquired), releasing the controller to apply the push–pull commands
above the static DM correction.

4.1 Effect of the signal-to-noise ratio

In the first analysis, we study the effect of the S/N of the on-sky
signals on the estimation of the parameters. We consider here an
AO system with a SH WFS as the same results were obtained
using a PWFS. As detailed in Section 3.2, the accuracy of the
estimation depends on the amplitude, noise level and number of
modes considered. We propose to consider a system with a static
mis-registration of 20 per cent of a subaperture shift X and we
investigate the accuracy reached by the algorithm for different noise
regimes, amplitude of the signals and number of signals considered.
We consider one, three and five PCA modes for each type of mis-
registration, making the total number of modes acquired on-sky
multiplied by a factor of 3 (rotation, shift X and shift Y).

Fig. 7 gives the estimation error of the algorithm for different S/N
conditions. It shows that reducing the whole interaction matrix to
a few well-selected modes allows us to extract the mis-registration
parameters. The accuracy of the estimation depends both on the
S/N of the signals (amplitude and number of measurement) and the

Figure 7. Accuracy of the algorithm on the estimation of a static shift X as a
function of the number of push–pull measurements averaged. The results are
shown for different S/N conditions (panels a–d) and for different number of
modes acquired on-sky.

Table 2. Total number of averaged push–pull measurements required to
reach convergence (<1 per cent of a subaperture) for the mis-registration
estimation of a shift X in all the conditions of noise investigated (10 and 500
photons per subaperture per frame).

Amplitude a 30 modes 15 modes 3 modes

50 nm rms 300 150 100
10 nm RMS >1500 >750 >150

number of modes considered. As expected, for a given S/N, the higher
the number of modes, the better the accuracy.

This implies that by considering a larger number of modes, we can
reduce the number of measurements required to reach convergence
and we can obtain a better estimation of the parameters for a given
S/N. However, the effect on the scientific path and the time required
for the calibration becomes larger. Using the minimum number of
modes (three PCA modes), Fig. 7 shows that with no more than 20
push–pull measurements, the method provides an accuracy better
than 5 per cent of a subaperture in all the cases considered.

The results presented in the previous figures are summarized in
Table 2, which gives the total number of push–pull measurements
required to reach convergence for the estimation of a shift X of
20 per cent of a subaperture. To optimize the identification of the
mis-registrations, a trade-off is required, using either many modes
with a small number of measurements or using few modes with a
larger number of measurements. Overall, the PCA modes allow us
to reduce significantly the acquisition time necessary to measure the
experimental signals required by the identification algorithm and to
estimate accurately the mis-registration parameters. In the following,
we always consider the use of three PCA modes and 50 push–pull
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4282 C. T. Heritier et al.

Figure 8. Shift X estimation using a PWFS (top) and corresponding estimation error (bottom) as a function of the input shift X for a push–pull amplitude of
10 nm (a), 20 nm (b) and 50 nm (c). The results are given for different noise regimes of 10, 100 and 500 photons per subaperture (dotted blue, dashed red and
solid green lines, respectively). The markers correspond to different wind speeds of 10, 20 and 30 m s–1 (circles, squares and diamonds, respectively).

measurements to make sure that the estimation of the mis-registration
parameters is close enough to the convergence value.

4.2 Ramps of mis-registrations

In the second analysis, we apply a ramp of a given mis-registration
to a closed-loop AO system and acquire 50 push–pull measurements
of three PCA modes (see Section 4.1). The mis-registrations applied
here are chosen to maintain the system in a stable closed-loop regime
(Fig. 1c).

To improve the readability of the paper, this section only shows
the result corresponding to a PWFS. The same simulation results
obtained with a SH WFS are provided in Appendix A and they show
the same behaviour and performance. Figs 8 and 9 provide the mis-
registration parameters estimation corresponding to a ramp of shift X
and of rotation. For both cases and for all the closed-loop conditions
explored (wind speed and noise regime), the accuracy reached with
the method is very good, with a maximal error of 7 per cent of a
subaperture for the shift and 0.◦6 degrees for the rotation. For both
cases, this maximal error is obtained for the highest level of noise
and smallest amplitude of push–pull. For this system, the shift on
the border of the pupil corresponding to a rotation of 0.◦6 degrees is
10.5 per cent of a subaperture.

Excluding this specific case, the estimation reached by the method
is well below the accuracy required: all the estimation errors are
better than 5 per cent of a subaperture for the shift and better than
0.◦25 for the rotation. By considering the highest amplitude of push–
pull and the lowest noise regime, we can improve the accuracy of the
estimation to less than 1 per cent of a subaperture for the shift and
less than 0.◦05 for the rotation.

These results are consistent with the considerations presented in
the Section 3.2 and confirm the trends expected: the estimation
of the parameters is more accurate when the S/N of the on-sky
signal is higher. In particular, even for the lowest flux considered
(10 photons per subaperture per frame), the method presented still
provides a very accurate estimation of the parameter (under 5 per
cent of a subaperture), adjusting the amplitude of the signals to
20 nm for example. In addition, the method appears to be robust to
the different conditions of observation and to be independent of the
mis-registration value to identify.

4.3 Multiple mis-registrations evolving dynamically

A more realistic situation is to apply multiple mis-registrations
at the same time (rotation and shifts) evolving dynamically with
time. In the following results, one iteration corresponds to one
acquisition sequence of 50 push–pull measurements. We make the
reasonable assumption that the mis-registrations remain static during
one full acquisition sequence. The number of observing parameters
considered is reduced to two different flux regimes for an amplitude
of 20 nm rms and a wind speed of 15 m s–1 to limit the number of
plots.

The results are provided for both a PWFS and SH WFS in Fig. 10,
which shows that the estimation of mis-registration parameters in this
realistic case is once again very accurate, with a maximum error of
about 0.◦2 for the rotation and 2 per cent of a subaperture and most of
the estimations better than 0.◦1 and 1 per cent shift error. This shows
that the algorithm does not suffer from strong coupling between the
parameters considered. In addition, the method performs equally for
both WFSs.

MNRAS 504, 4274–4290 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/504/3/4274/6274481 by guest on 09 April 2024
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Figure 9. Rotation estimation using a PWFS (top) and corresponding estimation error (bottom) as a function of the input shift X for a push–pull amplitude of
10 nm (a), 20 nm (b) and 50 nm (c). The results are given for different noise regimes of 10, 100 and 500 photons per subaperture (dotted blue, dashed red and
solid green lines, respectively). The markers correspond to different wind speeds of 10, 20 and 30 m s–1 (circles, squares and diamonds, respectively).

Figure 10. Estimation of mis-registration parameters (top) and corresponding estimation error (bottom) as a function of the number of iterations. The results
are given for the rotation (left), shift X (middle) and shift Y (right). The black solid lines represent the actual true evolution of the mis-registration parameters
and the dashed black lines are the accuracy target (10 per cent of a subaperture shift). The blue dashed lines represent the identified values of the mis-registration
parameters when using a PWFS, while the red lines correspond to a SH WFS.
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Figure 11. Shift X estimation and estimation error (a) and corresponding
optical gains (b) as a function of the input shift X for different seeing
conditions.The markers correspond to a push–pull amplitude of 10 nm
(circles), 20 nm (squares) and 50 nm (diamonds).

4.4 Sensitivity to seeing conditions

In addition to the previous results, the algorithm has been validated
against different seeing conditions to challenge the PWFS loss of
sensitivity. This study does not include seeing variations during the
acquisition of the signals. To limit the number of plots, we consider
only a ramp of shift X for a wind speed of 10 m s–1 and a flux regime
of 100 and 500 photons per subaperture. Once again, we consider 50
push–pull measurements.

In that case, the estimation of the mis-registration parameters and
of the corresponding optical gains G for different values of the Fried
parameter r0 are provided in Fig. 11. In this figure, the markers
correspond to different push–pull amplitudes (10, 20 and 50 nm
rms). Fig. 11(a) shows that the algorithm is very robust against

Table 3. Summary of the cases considered to study the effect of the method
in the scientific path. The units of the shifts applied (αX and αY) are in
percentage of a subaperture.

Case Disturbance Mis-registrations SR
[αrot, αX, αY] (H band)

0 None [0◦, 0%, 0%] 79.71
1 None [0.◦3, −15%, 20%] 78.25
2 None [0.◦5, −20%, 20%] 55.77
3 PCArot, 10 nm [0◦, 0%, 0%] 79.71
4 PCArot, 20 nm [0◦, 0%, 0%] 79.70
5 PCArot, 50 nm [0◦, 0%, 0%] 79.65
6 PCAX, 10 nm [0◦, 0%, 0%] 79.71
7 PCAX, 20 nm [0◦, 0%, 0%] 79.70
8 PCAX, 50 nm [0◦, 0%, 0%] 79.65

seeing variations, with a maximum error better than 5 per cent of a
subaperture, which corresponds to the worst case considered (lowest
r0 value and lowest push–pull amplitude). As expected, the best
estimation of the parameters is obtained for the largest r0 value and
largest push–pull amplitude. In that case, the maximum error is better
than 1 per cent of a subaperture.

In addition, Fig. 11(b) gives the averaged optical gains identified
by the algorithm (we consider here the averaged optical gains for
the three PCA modes, e.g. the mean value of the diagonal of G).
This plot shows that we retrieve the typical attenuation expected for
mid-order modes of a modulated PWFS operating in the I band as
a function of r0 with an attenuation of 40 per cent, 60 per cent and
70 per cent for a Fried parameter of, respectively, 15, 10 and 8 cm in
the visible (Deo et al. 2018). This plot also exhibits a slightly lower
gain for larger values of mis-registrations. This is consistent with
the fact that the AO residuals are slightly higher in the case of an
imperfect DM/PWFS alignment, thus affecting the sensitivity of the
PWFS.

4.5 Effect on the scientific path

4.5.1 Quantitative analysis

The purpose of this section is to quantify the cost of applying the
push–pull measurements on the scientific path taking the cases pre-
sented in Sections 4.2, 4.3 and 4.4 using 50 push–pull measurements
every 50 frames at 1 kHz of one given PCA mode. The summary
of the cases considered with the corresponding long-exposure Strehl
ratio (SR) is given in Table 3. We limit the study to one PCA
mode at a time corresponding to the rotation (cases 3–5 in Table 3)
and to the shift X (cases 6–8 in Table 3) with different push–pull
amplitudes. Based on the results presented in the previous section,
we assume that the mis-registration monitoring strategy allows us
to perfectly compensate for the mis-registrations so that the system
with disturbance is operating around its nominal working point and
only suffers from the perturbation introduced by the PCA modes. The
reference case for the nominal performance consists of a closed-loop
system with no disturbance applied and no mis-registration (case 0
in Table 3). In addition, we propose to compare the effect of our
invasive strategy with respect to a small and a large mis-registration
(cases 1 and 2 in Table 3) that remains uncorrected.

Table 3 shows that the disturbances have a negligible effect on the
performance of the AO system with a maximum loss of 0.05 per cent
of Strehl ratio in the H band in the worst case (larger amplitude of the
signals). As a comparison, the mis-registrations considered cause a
loss of 0.75 per cent and 15 per cent of Strehl ratio.
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Figure 12. Modal PSD corresponding to the cases of Table 3. The open-loop turbulence (solid black line) and reference case (solid blue line) are given for each
plot.

To provide a more detailed analysis, the modal PSD correspond-
ing to the different cases considered in Table 3 are provided in
Fig. 12. This figure confirms the performance presented in Table 3,
exhibiting a strong effect of the mis-registrations and a negligible
effect of the disturbance applied using PCA modes. In particular,

we clearly identify that the disturbance due to the actuation of
the PCA modes is very localized on one or a few modes. For
low push–pull amplitudes, the effect is even hardly visible on the
modal PSD as the curves overlap (Figs 12a and 12b). On the
contrary, the effect of uncompensated mis-registrations affects all
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Figure 13. Comparison of the effect on the PSF. (a) Normalized H-band PSF (in logarithm scale) corresponding to the reference case. (b)–(i) Difference
between the reference PSF and the cases listed in Table 3.

the modes and is clearly visible on the modal PSD (Fig. 12a).
In the case of large mis-registrations, we retrieve the behaviour
introduced in Fig. 12(a) with instabilities for the higher spatial
frequencies.

In addition, the corresponding effects on the scientific PSF are
provided in Fig. 13. We consider a long-exposure closed-loop PSF
in the H band (2.5-s integration at 1 kHZ with no source of noise) as
a reference. This reference PSF is normalized to 1 and all the other
PSFs are normalized using the same normalization factor to provide
a relative comparison with respect to this nominal case. The PSF
displayed in Figs 13(b)–(f) correspond to the difference between the
reference PSF (Fig. 13a) and the PSF obtained in the different cases
listed in Table 3. For each case, the maximum value of the residual
PSF is indicated.

This figure shows that the effects of the mis-registrations consid-
ered are to be very visible inside the correction zone of the PSF. The
shape of the PSF results appear to be altered, especially in the case of
a large mis-registration where the maximum value of the delta PSF
is around 10−0.6. In contrast, the effect of the disturbance applied
using the PCA modes appears to be of a much smaller amplitude
with a maximum value of about 10−3 for the highest amplitude. This
represents a factor of 1000 with respect to the small mis-registered
case and this factor goes to 10 000 when considering the smallest
push–pull amplitude. Fig. 3 allows us also to quantify clearly how
the PSF is spatially affected by the modes selected as a function of
the amplitude of the signal.

The results provided in this section make us confident about using
the proposed measurement strategy even during the observation, as
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the effect on the observation appears negligible. This conclusion
is, however, system-dependent and the effect should be carefully
evaluated beforehand. In the next section, we define a methodology
to select the modes used to track the mis-registrations.

4.5.2 Qualitative analysis

Section 4.5.1 has shown that the effect of the perturbation introduced
in the scientific path depends on the amplitude and spatial properties
of the signals. In terms of operation, the choice of the signal properties
has to be tailored to the observing conditions (perhaps, e.g., the
level of noise, turbulence or the level of AO correction), on the
accuracy requirements and on the type of scientific observation
(perhaps, e.g., the effect on the focal plane or on the performance).
The measurement strategy results then in a trade-off between all
these different considerations and it will be system-dependent. Here,
we define a methodology to identify the modes that are the most
relevant to estimate the mis-registrations. We recall the expression
of the measurement noise ξ k:

ξ k = −MWFS · δφres
k + ηk − ηk+1

2a
. (28)

The procedure should include:

(i) the definition of the requirements in terms of accuracy for the
mis-registration parameters with a sensitivity analysis of the system
(see Fig. 1);

(ii) the identification of the observing conditions, such as the level
of noise η, level of turbulence δφres and level of AO correction;

(iii) the investigation of the effect on the science path (e.g. the
effect of the modes on the PSF, AO performance, and acquisition time
T allocated to identify the parameters) to identify the constraints for
the amplitude a and the spatial properties of the modes considered;

(iv) the determination of the trade-off between number of modes
Nmodes, the acquisition time allocated T, and amplitude a required to
reach the accuracy targeted.

If the amplitudes of the modes are small (typically 20 nm rms),
and talso he measurement time required (hundreds of frames for
a few PCA modes), the effect will be negligible on long-exposure
PSFs, as shown in Section 4.5.1. By contrast, if higher amplitudes are
required, the dithering could be applied during the read-out time of
the detectors, when the scientific shutter is closed. This would provide
a way to regularly acquire high S/N signals during the operations
without affecting the scientific path.

5 C O N C L U S I O N

To address the question of a regular tracking of the DM/WFS
mis-registrations during scientific operations, we have introduced
a strategy based on an invasive approach. This strategy is inspired
from the state of the art in terms of on-sky calibration and consists
of applying these calibration techniques (modulation/demodulation)
to a few well-selected modes and estimating from them the mis-
registration parameters. We have demonstrated that the method is
applicable for both the SH WHS and PWFS, as the algorithm includes
a compensation for the PWFS optical gains.

Our research is oriented to minimize the number of modes required
by the algorithm in order to estimate accurately the mis-registration
parameters. This is by identifying the most sensitive modes to the
mis-registrations using a PCA of the sensitivity interaction matrices.

Using on-sky push–pull measurements, we investigated the ac-
curacy achieved with only three PCA modes, exploring different

observing conditions. Even in very low flux conditions, it is always
possible to tune the push–pull amplitude and the measurement time
to reach a very good estimation accuracy. In addition, it has been
shown that the effect of these on-sky disturbances on the quality of
the science PSF is fully negligible.

Finally, we have demonstrated that this procedure is performing
extremely well for various mis-registrations evolving dynamically at
the same time. By using only three PCA modes with an amplitude
of 20 nm rms, we can provide a tracking of the mis-registration
parameters with an accuracy better than 1 per cent of a subaperture.

A future step in this work will require an experimental validation
of the method, implementing it on an existing facility equipped
with a secondary adaptive mirror. In addition, it will be relevant
to investigate if this calibration strategy allows us to retrieve other
parameters such as optical gains for the PWFS, for instance to
compensate properly non-common path aberrations (Esposito et al.
2020).

In addition, it will be necessary to study how this novel method
performs, taking into account more complex closed-loop effects
specific to large adaptive telescopes equipped with a large adaptive
secondary mirror. The couplings with pupil fragmentation effects,
due to the presence of thick spiders, deformable mirror saturation and
the segmentation of the primary mirror, will have to be investigated.
In particular, in this paper, we put light on the coupling between the
optical gains of the PWFS and the presence of mis-registrations. In
the context of the ELT, PWFS optical gains are expected to exhibit
large variations (Deo et al. 2018), which will require aggressive
compensation strategies (Deo et al. 2019a, 2021). An accurate
tracking and compensation of the mis-registration will be required
to prevent any bias in the optical gains estimation that would lead to
loop instabilities or over/under compensation of non-common path
aberrations (Esposito et al. 2020).
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Figure A1. Shift X estimation (top) and corresponding estimation error (bottom) as a function of the input shift X for a push-pull amplitude of 10 nm (a),
20 nm (b) and 50 nm (c) using a SH-WFS. The results are given for different noise regimes of 10, 100 and 500 photons per subaperture (dotted blue, dashed red
and solid green lines, respectively). The markers correspond to different wind speeds of 10, 20 and 30 m s–1 (circles, squares and diamonds, respectively).
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Figure A2. Rotation estimation (top) and corresponding estimation error (bottom) as a function of the input shift X for a push–pull amplitude of 10 nm (a),
20 nm (b) and 50 nm (c) using a SH WFS. The results are given for different noise regimes of 10, 100 and 500 photons per subaperture (dotted blue, dashed red
and solid green lines, respectively). The markers correspond to different wind speeds of 10, 20 and 30 m s–1 (circles, squares and diamonds, respectively).
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