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A B S T R A C T

An adaptive optics (AO) system has advantages of avoiding waffle modes and ease to assemble, when the
lenslets of the Shack-Hartmann wavefront sensor (SH-WFS) and the actuators of the deformable mirror (DM)
are configured according to the Southwell geometry. However, an AO system which follows the Southwell
geometry suffers from the calibration difficulty and from the poor control stability. In this paper, an AO system
based on the Southwell configuration is built up and experimentally demonstrated. The calibration problem is
solved by adopting a DM which has an appropriate inter-actuator coupling, so that the movement of an actuator
can be measured by the neighboring lenslets. The control stability is evaluated by the error propagators, and
then, the control stability can be improved by filtering out smaller singular values of the response matrix. It is
also shown that a tradeoff between the bandwidth error and the fitting error of an AO system can be made
according to the error propagator. Finally, the performance measurement experiments indicate the reasonable
ranges for the number of reserved singular values of the response matrix and the integrator gain, i.e. from 81 to
89, and from 0.2 to 0.5, respectively.

1. Introduction

Adaptive optics (AO) is a useful technique to improve the resolution
of optical systems. Traditionally, AO was used to compensate atmo-
spheric turbulence in the real time [1]. Recently, AO has been applied
to many new fields such as high resolution microscopy [2], laser
communication [3], laser space-debris cleaning [4], laser fusion [5] and
ocular aberration correction [6].

An AO system generally comprises a wavefront sensor (WFS), a
wavefront corrector (WFC) and a controlling system. The Shack-
Hartmann wavefront sensor (SH-WFS) is a common-used WFS and
the deformable mirror (DM) is a typical WFC. For an AO system with
the zonal wavefront correction strategy, the controlling gradient
directly (CGD) algorithm [7] is often adopted. The core of the CGD
algorithm is to minimize local slopes, and consequently, the actuator
voltages are evaluated during an iteration of the wavefront correction.
In fact, the explicit wavefront reconstruction process is not required,
and the mapping from the wavefront reconstruction to DM face-sheet
space is done implicitly. However, in an AO system, the positions of
DM actuators can be defined where the wavefront are estimated in the
implicit wavefront reconstruction. Three conventional configurations of
SH-WFS subapertures and DM actuators are depicted in Fig. 1. The

horizontal lines and vertical lines represent the x-slope and y-slope
sampling positions, respectively, and the crosses indicate the positions
of SH-WFS subapertures. The dots represent the positions of DM
actuators. The Fried's configuration [8], as is shown in Fig. 1(a), is very
common in AO systems, such as in references [9–11]. However, the AO
system with this configuration is not sensitive to waffle mode [7] and
the subaperture has to be aligned at the center of four actuators
accurately. The Southwell's configuration [12], as is shown in Fig. 1(b),
can avoid producing waffle mode [1] which cannot be detected by SH-
WFS. Because the actuators are positioned within, rather than around
the lenslets, the Southwell configuration is useful in the case when the
fine alignment between the lenslets and the actuators is not possible, or
possibly dynamic. Nevertheless, this configuration yields difficulty in
calibration because the movement of one actuator cannot be measured
by its corresponding lenslet [13]. Also, the Southwell's configuration,
which renders one-lenslet-to-one-actuator correspondence, may pro-
duce a response matrix with a large condition number, and therefore,
the stability of closed-loop wavefront correction is reduced [14].
Additionally, it is known that the Southwell geometry may transmit
more noise into actuator commands, compared with the Fried geome-
try. In order to overcome the disadvantages of the Fried's and the
Southwell's configuration, a new kind of configuration with high-
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density samples of slopes, as is illustrated in Fig. 1(c), was proposed
and applied to the AO system [15]. This configuration increases the
number of subapertures to avoid the waffle mode and increase the
control stability. However, the target is achieved by sacrificing the
illumination level of a single subaperture so that more light intensity is
required. As a result, this configuration is not very suitable for
observing dim astronomical objects.

In this paper, the authors build up an experimental AO system
based on the Southwell geometry and try to overcome the disadvan-
tages of the Southwell's configuration when it is applied to AO systems.
Although many researchers have focused on this configuration in the
field of wavefront reconstruction [16,17], the Southwell geometry is
less popular in AO systems, than the Fried's geometry. In order to cope
with the calibration difficulty, a DM with an appropriate coupling
between neighboring actuators is developed, so that the movement of
one actuator can be sensed by the neighboring subapertures. With
respect to the low control stability, a method of filtering out small
singular values of the response matrix is proposed and the control
stability is evaluated by using the error propagator. And finally, the
performance of the AO system is measured.

2. The experimental AO system

The experimental AO system built up in this paper is depicted in
Fig. 2. The white light source and the interferometer are interchange-
able, and the mirror M1 and the turbulence simulator (TS) are
removable. A tip/tilt mirror (TM) is used to correct low-order aberra-
tions of tip/tilt. This experimental AO system can work in three
conditions. a) When calibrating the AO system, the white light source
is moved in, whereas the interferometer, TS and M1 are removed. b)
When correcting static aberrations, the white light source is moved in,
and the TS is removed. First, the interferometer and M1 are removed
temporarily, and a closed-loop wavefront correction begins. Then, the
wavefront correction stops and the voltages of the actuators hold.
Finally, the interferometer and M1 are moved back and the residual
aberrations are measured, so as to estimate the performance of
correcting static aberrations. c) When correcting dynamic aberrations,
the white light source and TS are moved in, whereas both the
interferometer and M1 are removed. Then, a closed-loop wavefront
correction is carried out, and the Strehl ratio (SR) is computed
according to the images obtained from the imaging camera so as to
estimate the performance of correcting dynamic aberrations. The

dimensions of the AO system are as follows, h1=2880 mm and
d1=73 mm. The TS can move along the optical axis to simulate different
Fried's coherent length r0, which will be discussed in the Section 4.

In this system, both the 97-element DM and the SH are developed
by Electro-Optical Detection Department of CIOMP. The inter-actuator
coupling of the DM is about 20%. In order to test the precision of the
DM, the DM is flattened by using the Zygo interferometer according to
an iteration method [18]. Fig. 3 shows the surface of the DM after
flattening, which is measured by the interferometer. The root mean
square (RMS) and peak to valley (PV) is 0.043 wave (approximately λ/
20, λ=632.8 nm) and 0.521 wave, respectively. The SH has 97 valid
subapertures, the configuration of the SH and the DM follows the
Southwell geometry, as is shown in Fig. 4. The small squares denote
actuators of DM, the big squares denote subapertures of SH, and the
number indicates the index of the subaperture. It is worth noting that
some subapertures on the edge of the pupil are not included in the
calculation of wavefront sensing. This is because the illumination level
on these subapertures is very low, which will result in a low SNR and
impair the control stability eventually.

3. Control stability improvement and evaluation

The CGD algorithm adopts the following equation to describe the
response of an AO system,

s Ax= , (1)

where s denotes the spot shifts of subapertures (in pixels), x denotes
the normalized voltages of actuators, and A denotes the response
matrix. Here, s is a vector of dimension m2 , x is a vector of dimension n
and A is a m n2 × matrix, where m and n denote the subaperture
number and the actuator number, respectively. For this AO system,
both m and n equal to 97. The response matrix A can be obtained from
a calibration process [13]. A response matrix of the experimental 97-

Fig. 1. Three configurations of SH-WFS subapertures and DM actuators.

Fig. 2. The layout of the experimental AO system.

Fig. 3. The surface of the DM after flattening (The wavelength of the Zygo interferom-
eter is 632.8 nm).
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element AO system is measured. Fig. 5(a) shows the influence vector of
the central actuator, i.e. the first column of A. Fig. 5(b) displays the 2D
representation of this influence vector. In Fig. 5(b), small squares
represent the positions of the actuators, and small circles refer to the
positions of measured centroids when a unit voltage is set on the
central actuator. Obviously, both the x-slope and the y-slope of the
corresponding subaperture, the 49-th values, are very small. However,
the slopes of the neighboring subaperture are remarkable, such as the
x-slopes of the 37-th, 39-th, 48-th, 50-th, 59-th and 61-th lenslets, and
the y-slopes of the 37-th, 38-th, 39-th, 59-th, 60-th and 61-th lenslets,
and other slopes are merely noise. The signal to noise ratio (SNR) of x-
slopes and y-slopes are 119.88 and 93.86, respectively. The results
show that for the Southwell geometry, the influence of an actuator can
be measured by the neighboring lenslets when the DM has an
appropriate coupling between neighboring actuators.

In order to correct the wavefront aberrations, the actuator com-
mands should be determined. The control equation of the AO system is
as follows,

x Bs= , (2)

where B denotes the control matrix of dimensions n m× 2 . The control
matrix can be determined by computing the Moore-Penrose pseudo-
inverse of the response matrix A. The singular value decomposition
(SVD) [19] is a common algorithm for calculating the pseudo-inverse
A†. Then, A† can be used as the control matrix B in the Eq. (2).

The Lyapunov stability theory is a useful tool for stability analysis.
In order to evaluate the improvement on the control stability, the
propagator error [20] is adopted to estimate the control stability. The
iteration equation of the closed-loop control of a zonal AO system is as
follows,

kx Bs Fx= + ,i i i+1 +1 (3)

where k denotes the integral gain, and the subscript i and i + 1
represent the i-th frame and the (i+1)-th frame, respectively. The
matrix F is defined as follows,

a kF I BA≡ − ,0 (4)

where I is an identity matrix, and a0 denotes the proportional gain
which is approximately unity. Then, the error propagator gn is defined
as follows,

g k
N

I F F BB= tr{[ − ] },n
a

2
T −1 T

(5)

where Na denotes the number of controlled actuators in the pupil, and
tr represents the trace of a matrix. The higher the error propagator is,
the poorer the control stability is. Dubra partially attributed the
instability of the closed-loop control to the smaller singular values of
the response matrix [14], because the noise in the system modes
corresponding to the smaller singular values might produce larger
actuator voltages as a result of the reciprocal relationship in the
calculation procedure of the pseudo-inverse of the response matrix.
Then, therefore, we compute the error propagators for different
response matrices by modifying the above response matrix which is
obtained from the experimental AO system. The modification is
filtering out a varying number of the smallest singular values. Also,
the integral gain is varied from 0.1 to 1.0, with a step of 0.1, which
covers the range of the common integral gains for AO correction. The
results are shown in Fig. 6. It is worth noting that the control stability
can be improved by reducing the integral gain and reserving less
singular values of the response matrix. However, the integral gain and
the number of reserved singular values should not be reduced at the
same time because reducing the integral gain will increase the
bandwidth error whereas filtering out more singular values of the
response matrix will increase the fitting error, which will deteriorate
the performance of the AO system. Therefore, a tradeoff can be made
between the bandwidth error and the fitting error by using the error
propagator. For example, to ensure the control stability in the case
when the bandwidth error dominates, the bandwidth error can be
lowered by increasing the integral gain at the expense of filtering out
more singular values.

4. Performance measurement of the AO system

To test the performance of the AO system when a certain number of
smaller singular values of the response matrix are filtered out, two
experiments are carried out.

In the first experiment, both the number of reserved singular values
and the integrator gain are varying, and the performance of the AO
system are evaluated according to the RMS of residual aberrations
which is measured by SH-WFS, when the static aberrations are being
corrected. The frame rate of SH-WFS is 500 fps, and therefore, the
correction frequency is 500 Hz. Table 1 shows the 200-frame average of
the RMS of residual aberrations, when a closed-loop AO correction is
executed. In order to avoid the influence of the beginning several
frames, the RMS values of the first 100 frames are not taken into
account and the average is calculated according to the subsequent 200
frames. It is worth noting that the system performance is relatively
better, when the number of reserved singular values is in the range
from 81 to 89 (The 85-th singular value is about 20% of the maximum
singular value). Also, it can be found that the valid value for the
integrator gain ranges from 0.2 to 0.5.

In the second experiment, the performance of the AO system are
evaluated by using the residual aberrations (for the static aberrations)
and the Strehl ratio (for the dynamic aberrations), when the integrator
gain and the number of reserved singular values are set to typical
values, 0.1 and 84, respectively. The correction frequency is also
500 Hz.

(a) Correcting the static aberrations. The residual aberrations are
measured by using the interferometer, after the AO system has
corrected the static aberrations. The purpose of using the interferom-
eter is that the spatial resolution of the interferometer is much higher
than the SH-WFS. The result is depicted in Fig. 7. It is shown that RMS
of the residual aberrations is 0.051 wave after correcting the static
aberrations (approximately λ/20, λ=632.8 nm).

(b) Correcting dynamic aberrations. The performance of the AO
system can be evaluated by using the Strehl ratio, when the dynamic

Fig. 4. The configuration of DM actuators and SH subapertures.
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aberrations are corrected [21]. The dynamic aberrations are produced
by the TS, and the Fried's coherent length r0 and the Greenwood
frequency fG can be varied. The Fried's coherent length can be
determined by

r
r D
D

=
′

′
,0

0
(6)

where r0' denotes the coherence length of the turbulence simulator (i.e.
0.6 mm@632.8 nm), D denotes the diameter of the pupil of the
telescope in which the AO system is installed (i.e. 1.2 m), and D′

denotes the valid diameter of the optical beam at the phase plate (see
Fig. 2). Here, D′ can be calculated by

D H d
h

′ = ′ ,1

1 (7)

where h1 denotes the distance between the light source and lens L1, H′

denotes the distance between the light source and the turbulence
simulator, and d1 denotes the valid diameter of the optical beam at L1.
The Greenwood frequency fG is determined by

f V
r

= 0.427
′
,G

0 (8)

where V refers to the linear velocity of the turbulence simulator at the
center of the optical beam. Therefore, r0 can be modified by changing
the distance between the turbulence simulator and the light source, and
fG can be adjusted by changing rotating rate of the turbulence
simulator. Then, the performance measurement is conducted in the
conditions when r0 is set to 5 cm, 7 cm, 9 cm and 11 cm, respectively,
and fG is varied from 10 Hz to 100 Hz, with a step of 10 Hz. For each
case, the wavefront correction is carried out, and 50 frames of images
are saved from the imaging camera. Finally, an average Strehl ratio
(SR) is computed according to the images from the imaging camera by
using the method of Robert [22], so as to measure the performance of
the AO system. The results are shown in Fig. 8. The results are
comparable with the SR measured by Robert [22], though 13 lowest
singular values of the response matrix are filtered out to improve the
control stability.

Fig. 5. The SH-WFS influence of the central actuator (a)1D representation of the influence vector (b)2D representation of the influence vector.
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5. Conclusions

In conclusion, a 97-element AO system with the Southwell geome-
try has been constructed and experimentally demonstrated. The
response matrix obtained from the calibration shows that the influence
of the actuator can be measured by the slopes of the neighboring
lenslets, when the DM has an appropriate inter-actuator coupling. The
stability improvement method of filtering out several smaller singular
values of the response matrix is validated by the error propagator. The
error propagator can also be used to tradeoff the bandwidth error and
the fitting error of an AO system. Finally, the results from the
performance measurement experiments indicate that the reasonable
values for the number of reserved singular values of the response
matrix range from 81 to 89, and valid integrator gains range from 0.2
to 0.5, for this AO system. The performance of the AO system is also
validated by experiments, when typical parameters are adopted, i.e. the
number of filtered-out singular values is 13, and the integrator gain is
0.3.
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Table 1
200-frame average of RMS of the residual aberrations when the static aberrations are being corrected.

Number of reserved singular values 69 71 73 75 77 79 81 83 85 87 89 91 93 95
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Fig. 7. The residual aberrations after correcting static aberrations. (The wavelength of
the Zygo interferometer is 632.8 nm).
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