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A B S T R A C T

Traditionally, the calibration matrix of a high-order adaptive optics system often suffers from the
high noise, when the traditional push-pull calibration strategy is used. In this paper, taking a 961-
element adaptive optics system as an example, the influence of calibration noise on the cali-
bration matrix is analyzed, and the effects of filtering the influence matrix in the spatial domain
are evaluated by numerical simulation, respectively. Finally, an experiment is conducted in the
961-element adaptive optics system and the results prove that filtering in the spatial domain is
effective for the suppression of calibration noise.

1. Introduction

High-order adaptive optics (HOAO) is usually an indispensable part of large ground-based astronomical telescopes, for HOAO is
useful in compensating the effects of atmospheric turbulence. For example, HOAO ensures high quality of high-contrast imaging [1],
and therefore, enables direct imaging of extra-solar planets [2], which is one of the most challenging themes in today's astronomy.

Generally, in a HOAO system, a high-order deformable mirror (DM) and Shack-Hartmann wavefront sensor (SHWFS) are re-
quired, which correspond to a substantial number of actuators and subapertures, respectively. The calibration process, which should
be carried out before HOAO correction, determines the relationship between the DM and SHWFS; to be more specific, this process
measures the influence of the SHWFS when each actuator of the DM is actuated, and finally the influence matrix (IM) is measured.
Traditionally, the IM is measured by using a push-and-pull method, that is to say, pushing and pulling the actuators one by one [3]. In
this method, each push and pull measures the influence vector of a certain actuator, and all the influence vectors compose the
influence matrix. However, in a HOAO system, with the number of subapertures increasing considerably, the majority elements of an
influence vector are merely noise when the traditional push-and-pull method is adopted, which may probably lower the performance
of a HOAO system. A review made by J. Kolb on the calibration of adaptive optics can be referred [4].

With the development and the application of the deformable secondary mirror in large ground-based telescopes, more calibration
strategies are proposed and validated to improve the traditional push-and-pull calibration method [5–8]. M. Kasper proposed an
optimized calibration method based on Hadamard pattern, which can reduce calibration time considerably [5]. On the basis of the
method of M. Kasper, Y. Guo combined multichannel calibration method with the Hadamard actuation scheme and proposed a
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multichannel Hadamard calibration method [6]. Also, Y. Guo proposed to obtain the influence matrix by direct computation [7]. S.
Meimon believed that the maximum voltages, which is adopted in Hadamard actuation scheme, would be never adopted as channel
voltage of DM for a closed-loop adaptive optics system in practice, and therefore, proposed a slope-oriented Hadamard calibration
method [8]. Furthermore, based on a system identification approach, A. Chiuso proposed a dynamic calibration method [9]. In
addition, C. T. Heritier introduced a pseudo synthetic approach, when a Pyramid WFS is adopted in HOAO system [10]. All these
efforts have made great progress with HOAO calibration, however, little research focused on the effects of calibration noise. In this
research, therefore, we focus on the effects of the noise in calibration and the methods of suppressing the noise. At first, taking the
961-element deformable mirror [11] as a example, we analyze the impact of the calibration noise on the influence matrix by using
numerical simulation, and then, try to adopt a spatial-domain filtering method to suppress the calibration noise accordingly. Finally,
we build up an experimental high-order adaptive optics system to validate this filtering method.

The rest of this paper is organized as follows. Section 2 describes the simulation of generating a influence matrix with noise and
conducting a closed-loop wavefront correction with the influence matrix. Section 3 describes an experiment of closed-loop wavefront
correction. Section 4 concludes this research.

2. Simulation of calibration and closed-loop wavefront correction

2.1. Adaptive optics system

In this section, we will construct a model of an adaptive optics system in order to conduct the numerical simulation of the
calibration and closed-loop wavefront correction. The model is a compact adaptive optics system which is on the basis of the
experimental system in Section 3. The model is composed of a Shack-Hartmann wavefront sensor, a deformable mirror, a calibration
source. The DM is modeled according to the 961 piezo-actuator continuous-surface deformable mirror [11]. The diameter of the DM
is 243mm, the distance between neighboring actuator is 7 mm, and the coupling coefficient is about 23%. Here, coupling coefficient
refers to the ratio of the deformation of the poked actuator to that of the neighboring actuator. The SHWFS adopts a lenslet array with
a 7mm focal length and a 200 μm lenslet pitch. The image sensor of the SHWFS is an industrial CCD camera, i.e. Basler® piA1000-
60gm, with a 7.4 μm pixel size and a resolution of 1004 pixel×1004 pixel. The camera works in the 2 pixel×2 pixel binning mode. As
is similar to our previous research of a 97-element adaptive optics system, the actuators of the DM and the subapertures of the SHWFS
follows the Southwell configuration [12–14]. Under the framework of the Southwell configuration, one subaperture corresponds to
one actuator, therefore, it will be more convenient to filter the noise of influence matrix in spatial domain.

2.2. Generating an influence matrix

In order to obtain an influence matrix for simulation, we follow the direct computation method [7], and then we will summarize
the formula briefly as follows. Let a matrix D of dimensions 2N×M denotes the influence matrix, where N and M correspond to the
valid subaperture number and the actuator number, respectively. Then, the i-th column of influence matrix D, di, which can be seen
as an influence vector of i-th actuator, can be calculated as follows,
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where di,2k and di,2k+1 refers to the 2k-th and (2k+1)-th elements of di, respectively, and k=1,2,…,M. And λ denotes the wave-
length, Sk denotes the corresponding area on the DM of the k-th subaperture, Ak denotes the size of this area, and K is a constant
depends on DM which denotes the variation in the central position when the actuator is actuated in a unit voltage. Vi (x, y) denotes
the influence function of the i-th actuator, which is defined as follows,
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where (xi, yi) denotes the coordinates of the i-th actuator, d denotes the distance between neighboring actuators, α denotes the
Gaussian exponent, and ω denotes the coupling coefficient.

According to this method, an influence matrix can be obtained as is shown in Fig. 1. It is worth noting that the absolute values of
influence matrix are shown for the convenience of display. The axis x and axis y correspond to theM column and N row, here, we take
M=961 and N=965 so that the configuration of this simulation and that of the experiment in Section 3 accord.

2.3. Generate influence matrices with noise

The IM generated in Section 2B can be considered to be free of noise. Subsequently, we will add noises with different variations to
the influence matrix. First, we generate different pseudorandom matrices with values following standard normal distribution. As is
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clarified by J. Kolb, the signal-to-noise (SNR) of IM can be defined as a ratio of the largest value of IM to the noise level, i.e. the
standard deviation of the noise [4]. Therefore, we can obtain IMs with different SNR by adding Gaussian noise matrices with
corresponding standard deviation to the original IM. Finally, 8 series of IMs are generated with different SNR ranging from 5.26 dB to
20 dB. Fig. 2 shows two typical IMs, and the SNR of them are 7.37 dB and 11.58 dB, respectively.

2.4. Filter the influence matrix in spatial domain

In this research, we adopt a filtering method in spatial domain to suppress the calibration noise in influence matrices. The core of
this method is to determine the influence area on the SHWFS of each actuator. Fig. 3 shows the coupling between neighboring
actuator of the 961-element DM [11], which is measured by a Zygo® interferometer. In Fig. 3, the orange dashed line indicates the
position of the actuated actuator, while the blue dashed line marks the position of the neighboring un-actuated actuator. It is worth
noting that one actuator is only coupled with neighboring actuators. For convenience of understanding, Fig. 4 explains the influence
area of a central actuator which is seen by SHWFS. In Fig. 4, the big dashed circles correspond to the subapertures of SHWFS, the
small circles mark the positions of the spots of SHWFS, and the small squares indicate the corresponding positions on the SHWFS of
the actuators. Easy to find that an actuator mainly influence the corresponding subaperture and the eight-neighboring subaperture of
that. Therefore, we consider the 3-by-3 subapertures, which is indicated by a red dashed square, as the influence square of an
actuator.

Thus, we can define a filter matrix Δ of dimension 2N×M, and the element of Δ can be determined as follows,
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Fig. 1. Simulation results of influence matrix.
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where i=1, 2, …, M, and k=1, 2, …, N. Then, the filtering process is,

=D̂ D Δ• (6)

where D̂ refers to a filtered influence matrix.
There are other style of filtering methods, such as the one adopted by S. Cheng, and the strategy of that is ignoring all the elements

of IM which is less than one percent of the maximum element [15]. In this article, we just focus on the spatial-domain filtering.

2.5. Conducting a closed-loop wavefront correction

In order to test the effects of filtering, we conduct a simulation of a closed-loop wavefront correction using both the filtered
matrices and the unfiltered matrices of the IMs which are generated with noise in Section 2C. Here, an integrator control strategy is
adopted, and the integrator gain is set to 0.3 for all the simulations. The initial aberrations are shown in Fig. 5, which is similar to
those in the practical HOAO experimental system in Section 3. The RMS of the aberration is about 3.03λ.

Fig. 2. Influence matrix with Gaussian noise.

Fig. 3. The coupling between neighboring actuator of 961-element DM.
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Then, Fig. 6 shows the residual aberration curves of wavefront correction process under eight different SNRs, ranging from
5.26 dB to 20.00 dB. From the curves, it can be found that the calibration noise in IMs deteriorate the HOAO system performance
considerably. With respect to the filtering method, generally speaking, the filtered matrices work much better than the unfiltered
matrices. For the filtered matrices, the residual aberration curves begin to converge when the SNR reaches 11.58 dB, while for the
unfiltered matrices, the curves start to converge until the SNR reaches 16.79 dB. It is worth noting that the convergence rates are
much more rapid and the wavefront correction processes are more stable with the filterer matrices than with the unfiltered matrices,
for higher SNRs. Also, the curves with unfiltered matrices absolutely diverge for lower SNR, such as 9.47 dB, while those with filtered
matrices not. The simulation of the closed-loop wavefront correction validates the effectiveness of the filtered method.

3. Experiments

3.1. Experiment setup

In order to test the filtering method in practical adaptive optics systems, we construct a experimental HOAO system by using the
961-element DM, the SHWFS based on a Basler® camera, and a collimation optics system. The parameters of SHWFS and DM have
been discussed in Section 2A. The schematic of the system is shown as Fig. 7. As is similar to the simulations above, the integrator
gain as set to 0.3 as well in the experiments.

Fig. 4. The influence of the central actuator on the SHWFS.

Fig. 5. Initial aberrations for closed-loop correction (in λ).
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3.2. Experiment results

We conduct two closed-loop wavefront correction experiments by using an IM which is measured practically in this HOAO
experimental system. In the first experiment, the spatial-domain filtering method is adopted to process the measured IM, and then,
the filtered IM is used in the closed-loop experiment. In the second experiment, the measured IM is used in the closed-loop experiment
directly.

Fig. 8 shows the residual aberration curves in two closed-loop experiments in which the static aberrations are corrected. The
initial aberrations are shown in Fig. 9(a), and the RMS of the aberrations is about 2.307λ. Similar to the simulation results in Fig. 6,
for the filtered IM, the convergence rate is much more rapid than that for the Unfiltered one. Fig. 9(b) shows the results after
wavefront correcting by using the filtered IM. Therefore, the experiments have prove the effectiveness of the filtering method.

Fig. 6. Curves of residual aberrations in closed-loop wavefront correction simulations.

Fig. 7. Schematic of adaptive optics experimental system.
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4. Conclusions

The calibration noise exists in influence matrices of high-order adaptive optics system. In this article, taking an adaptive optics
system which contains a 961-element deformable mirror as a example, the influence of calibration noise are analyzed and a filtering
strategy is researched by using numerical simulations and practical experiments, respectively. In the numerical simulation, an in-
fluence matrix is generated through the direct computation method, and Gaussian noises of different standard variations are added to
this influence matrix so that influence matrices of different SNRs can be obtained. Then, a filtering method in the spatial domain is
used to process the influence matrices with noise, and closed-loop wavefront corrections are conducted. The results of the numerical

Fig. 8. Curves of residual aberrations in closed-loop wavefront correction experiments.

Fig. 9. SHWFS results in a closed-loop wavefront correcting with the filtered influence matrix.
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simulation show that the calibration noise in influence matrix deteriorate system performance considerably. The numerical simu-
lation also shows that the wavefront correction converge when the SNR is above 11.58 dB, for the filtered matrix; however, for the
unfiltered matrix, the wavefront correction does not converge until the SNR reaches 16.79 dB. Finally, a practical experiment is
carried out and the results show that the convergence rate is much more rapid for the filtered matrix, which are in accord with the
simulation results. Both the simulations and the experiments have validate the effectiveness of the spatial-domain filtering method.

In the future research, we can try to apply the methods to analyze the influence matrix of other types of adaptive optics system
[16,17].
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