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When  the defocus  cannot  be measured  and  the  wavefront  solution  set  is  restricted  by  a multi-channel,
some  practical  problems  exist  in  the calibration  of  the  noncommon  path  aberrations  of  the  adaptive  optics
system.  To solve  these  problems,  an  evaluation  function  of phase  diversity  algorithm  is constructed  in this
paper. We  use  the  method  that  the  estimated  aberration  and  the  modulated  deformable  mirror  iterate
each  other  to make  up  the nonideal  measurement  environment.  Then  the  ill-pose  problem  of  the solution
by  phase  diversity,  produced  as  relaxing  constraints  of the diversity  defocus  on  the  wavefront  solution
set,  is solved.  We  have  adopted  the  proposed  method  to  measure  the  noncommon  path  aberrations  of the
ernike
stimation

CIS codes:
avefront sensing (010.7350)

daptive optics (010.1080)

adaptive  optics  system  on a  1.23 m  telescope.  Experimental  results  demonstrate  that  wavefront  solution
is more  accurate  and  the whole  imaging  quality  is improved  effectively  by using  the  deformable  mirror
to  compensate  the aberration  measured.

© 2014  Elsevier  GmbH.  All  rights  reserved.
elescopes (110.6770

. Introduction

In the optical system, one optical path is divided into two beams:
ne estimates the system wavefront phase, the other gets into
he terminal imaging camera. To ensure the exact match between
he wavefront correction effects and the camera imaging results,
he wavefront phase difference between the two  beams from the
ptical path should be minimized. For the optical path adjust-
ent (components, processing, etc.), there are noncommon path

berrations between the two beams, which affects the correction
ffect. If the noncommon path aberrations are measured accurately
nd the deformation mirror as the initial surface shape is added,
t will improve the correction effect and system imaging quality
ignificantly. However, the measurement of the noncommon path
berrations is under the precondition of the maintenance of the
ptical system path, and the traditional testing equipment cannot
e used.
The phase diversity (PD) technique, proposed by Gonsalves,
xtracts phase information from focused and defocused images and
ecovers the object with known defocus [1]. The PD technique not

∗ Corresponding author.
E-mail address: eatingbeen@hotmail.com (B. Wang).

ttp://dx.doi.org/10.1016/j.ijleo.2014.01.129
030-4026/© 2014 Elsevier GmbH. All rights reserved.
only simplifies the optical path of wavefront and complexity, but
also estimates the extended object and gets rid of the dependence
on the point object for the majority of wavefront sensors [2]. The PD
theory had been further perfected by Paxman et al. [3–5], and the
mathematical model of the multi-frame PD under Gaussian noise
and Poisson noise was given, where the estimated precision of PD
with noise is improved greatly. Vogel et al. proposed the fast numer-
ical solution using the theories of inverse problem [6,7]. Löfdahl
et al. had applied the phase-diverse speckle (PDS) theory to the
field of solar observation successfully, and high imaging resolution
is obtained for the solar surface structure [8,9].

In the field of optical estimation, PD is used to estimate the aber-
ration, alignment errors, mirror flatness etc. Bolcar introduced PD
theory into the estimation of synthetic aperture and segmented
mirror [10,11]. Löfdahl et al. applied phase-diverse phase retrieval
(PDPR) to calibrate the noncommon path aberrations of the AO
system on KECK telescope. Mugnier and Blanc et al. proposed the
edge of estimation PD theory, applied PD technology to the imag-
ing restoration of French NAOS-CONICA astronomical telescope and
calibrated the static aberration of AO system [12–14].

In this paper, we  designed a system to calibrate the noncommon

path aberrations of a 137 unit AO system on a 1.23 m telescope
when the defocus cannot be measured. We  constructed an eval-
uation function of phase diversity (PD), restricted the wavefront

dx.doi.org/10.1016/j.ijleo.2014.01.129
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijleo.2014.01.129&domain=pdf
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Fig. 1. Scheme of data-collection image by PD.

olution set by a multi-channel, and used the method to iterate the
stimated aberration and the modulated deformable mirror with
ach other to make up the nonideal measurement conditions, we
ot more accurate wavefront solution by PD where the constraints
f diversity defocus on the wavefront solution set relaxed. We
nhanced the telescope imaging quality effectively by using the
nitial bias of the deformable mirror to compensate the aberration

easured.
The remainder of this paper is organized as follows: Section

 describes the basic theory of PD and the definition of variable;
ection 3 describes the overall experiment; Section 4 gives the
xperimental results and discussion; the conclusion is given in
ection 5.

. Theory

As the point-spread function (PSF) can be mapped to multi-
le wavefronts, the wavefront solution from a single image are

ll-posed.
Comparing to a single channel which takes the wavefront as

nknown to resolve the blind deconvolution, PD uses PSFs of
mages collected by two channels to restrict the wavefront, where a
xed amount of defocus are known. Therefore, the ill-pose problem
15–20] is reduced in the wavefront solution.

The optical path of the PD system, with focus and defocus col-
ection channels, is illustrated in Fig. 1. Based on the engineering
ecessity, the numbers of collection channels can be increased. The
roblem of PD imaging restoration can be regarded as the inverse
roblem of seeking the original signal phase [21,22] through the
nown analog of the interference signal or an adaptive filter.

.1. Imaging system model

The atmosphere and telescope can be approximately regarded
s a linear space-invariant system. In the non-coherent light illu-
ination, the imaging function with Gaussian noise is defined as

1]

(x) = f (x) ∗ s(x) + n(x), (1)

here d is the real estimated image; f is the ideal object image; s is
he PSF; n is the Gaussian noise; x is the coordinates of image plane;
nd* denotes a convolution. The intensity PSF is defined as [1]

(x) =
∣∣∣�−1 {

P(�)ei�(�)
}∣∣∣2, (2)

here �−1 is the inverse Fourier transform operator; � is the com-
lex plane coordinate; P is the pupil function; and ϕ is the wavefront
hase, which can be decomposed into a set of Zernike polynomials:
(�) = �(�) +
M∑

m=1

˛mZm(�), (3)
2014) 5029–5035

where ˛m is the mth coefficient of polynomials; Zm is the mth basis
Zernike polynomial; and � is the known fixed-defocus phase.

2.2. Evaluation function

The mathematical model of PD can be understood as an adaptive
filter. In the Gaussian noise model, the mean square deviation of the
object and multi-channel images can be used as likelihood function.
In frequency domain, the evaluation function of the multi-channel
PD mentioned is defined as

L(f, ˛) = 1
2N

∑
u

(
C∑

c=1

�−2
c

∣∣Dc(u) − FSc(u)
∣∣2 + �

∣∣F(u)
∣∣2) , (4)

where u is spatial-frequency domain coordinate; C is the number
of channels; N is the total number of pixels of a single image; ˛
and f are the unknown phase and object parameters, respectively;
Dc, F, and Sc are the Fourier transformation of dc, f and sc, respec-
tively; The second term in the right pair of brackets is the Tikhonov
regularization term, used to improve the numerical stability and
speedup the convergence of the algorithm [6,7]; � is the regular
coefficient, which is non-negative; and �−2

c (� is non-negative) is
the reciprocal of the noise variance in channel c.

The stationary point F expressed in Eq. (5) can be obtained by
setting the derivative Eq. (4) to F to be 0. Eq. (6) is obtained by
substituting Eq. (5) into Eq. (4). Thus, we can use the target state
estimator as an independent intermediate process separated from
the phase estimator, and then get an evaluation function which is
independent of the object [4]. The expression of the target state
estimator is the intermediate process of deriving the evaluation
function. It has the same form as the wiener filter and reduces the
influence of noise effectively.

F =
∑C

c=1�−2
c DcS∗

c

� +∑C
c=1�−2

c

∣∣Sc

∣∣2 , (5)

L(˛) = 1
2N

∑
u

⎛
⎜⎝ C∑

c=1

�−2
c

∣∣Dc

∣∣2 −

∣∣∣∑C
c=1�−2

c DcS∗
c

∣∣∣2
� +∑C

c=1�−2
c

∣∣Sc

∣∣2
⎞
⎟⎠ . (6)

Eq. (6) is the evaluation function, when the readout noise is
inconsistent among the multi-channel. The multi-channel is real-
ized by collecting images at focus plane; and some defocus is known
through changing the position of imaging camera by the focusing
motor. So �−2

c has the same value in all channels. The value of �−2
c

can be obtained from collecting the background noise of the camera
when the photon noise is ignored.

After the determination of the evaluation function, the process
of the wavefront estimation and image restoration can be described
as a mathematical optimization problem, which is, a large scale
optimization problem. In this paper, we  solve the optimization
problem by using the quasi-Newtonian method, where the inverse
Hessian approximation is used to mimic  the property of the true
inverse Hessian matrix. And the inverse Hessian approximation is
updated using the L-BFGS-B formula [23–28].

3. Experiment
In this section we discuss the relevant details of the experiment.
Section 3.1 describes the system components; Section 3.2 describes
the experimental procedure; Section 3.3 gives the analysis and
solution of the main problems.
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Fig. 2. Schematic of experimental system.

.1. System components

We  designed a system to calibrate the noncommon path aber-
ations based on the AO system on a 1.23 m telescope. The theory
f the system is shown in Fig. 2. The light beam from the telescope
s collected on the first image plan through collimating lens, then
ecomes parallel, and is injected into DM.  After shaped by DM,
he beam refracts onto the dichroic mirror and then is divided
nto two: one gets into the scientific CCD through the imaging
ens, called the imaging path, the other enters into the 11 × 11
artmann wavefront sensors (HWS), called the AO path. The opti-
al path before dichroic mirror is called the common path. The
avefront sensor estimates the wavefront of the common and AO
aths rather than that of the common and image paths, which
ffects the imaging quality on the imaging camera. The difference
etween these two paths causes the static aberration called the
oncommon path aberrations. The motivation for this experiment

s to quantitatively measure the static aberration from the first
mage to the focal plane of imaging path and improve the overall
maging quality of the AO system by pre-compensating the static
berration.

.2. Experimental procedure

Step 1: Close the main mirror cover and put a white optical-fiber
ource on the first imaging plane through the light box inside the
evice as displayed in Fig. 2.

Step 2: Calibrate the DM;  closed-loop control the DM according
o the measured wavefront by the HWS, and try to compensate the
berration from the first imaging plane to the HWS.

Step 3: Move the imaging camera to the focal plane; set the
xposure time of the camera to ensure that the grey value of images
ould not be saturate; and collect images.

Step 4: Move the imaging camera and collect images. If C defocus
hannels are used to seek the wavefront solution set, these process
hould be repeated C times.
Step 5: Close the optical-fiber source, and collect the background
f the camera to count the readout noise of the camera.

Step 6: Input the collection images and defocus amounts to a PD
rogram to acquire the static aberration and the recovered images.
2014) 5029–5035 5031

Step 7: Make precompensation of the static aberration calcu-
lated by the PD program to improve the imaging quality.

3.3. Analysis and solution of main problems

A series of problems will be encountered when the noncommon
path aberrations are estimated without changing the optical path
of the AO system.

First, there is no encoder or other readout device above on the
focusing platform. As a result, the defocus of the imaging camera
cannot be measured accurately.

Second, it is hard to increase the whole system focal length
since the secondary imaging procedure will work as a magnifica-
tion process for the image corresponding to the first image plane
of the large-diameter telescope system. The focal length of the col-
limating lens, the focal length of the imaging lens and the image
magnification for the first image plane are assumed to be f1, f2 and
K = f2/f1 = 4.4, respectively. We have fiber-optics splice with diam-
eter equal to 25 �m.  The pixel dimension of the imaging camera is
13 �m,  when it is put on the first image plane; the ideal image diam-
eter is 8.5 pixels, it is not an ideal point source. In sum, the problem
is on how to improve the ill-pose problem of the wavefront solution
by PD.

Third, the transitional axis of the focus motor and the optical
axis are not parallel.

Fourth, the solution precision is related to the estimated wave-
front aberration. The smaller the amplitude is, the higher the
solution precision is. At the initial stage of the alignment, the aber-
ration is relative big, so it affects the measurement precision by
PD.

Determining how to improve the tolerance of the algorithm
under such experimental conditions in a practical project will be
critical of the PD in the noncommon path aberrations measurement
applications. We  propose the following improvements to solve the
above problems.

The solution to the first problem is the shifting that satis-
fies the normal distribution in the case of the focusing motor at
every step: N(l, �2

l
). The defocus we  need is Zc for a channel C,

the actual defocus is zc∼N
(

Zc, Zc/l�2
l

)
, the focusing error is �c =

zc − Zc∼N
(

0,
(

Zc/l
)

�2
l

)
, the wavefront error caused by focusing

error is �	c(r) =
(


 × �c × r2
)

/
(

4�(F#)2
)

(r ∈ [0, 1]), where r is
the radial coordinate on the unit circle. When the adjustment errors
of defocus exist in every defocused channel, Eq. (3) changes into:

�c(�) = �c(�) + �	c(�) + 2


M∑
m=1

˛mZm(�). (7)

Using a joint maximum likelihood (ML) approach, an estimator
can be defined as({

ˆ̨
}

,
{

�
}

, f̂
)

ML
= argmax

{˛},{�},f
Pr
[{

d
}

; {˛} ,
{

�
}

, f
]

, (8)

the relationship of �1, �2, . . .,  �C is correlative, we assume that
those are independent to make formula simplify.

Pr
[{

d
}

; {˛} ,
{

�
}

, f
]

=
C∏

c=1

∏
x ∈ �

Pr [dc (x) ; {˛} , �c, f]

=
C∏∏

Pr [dc (x) | {˛} , �c, f] Pr [{˛} , �c, f] (9)

c=1x ∈ �

=
C∏

c=1

∏
x ∈ �

Pr [dc (x) | {˛} , �c, f] Pr [�c | {˛} , f] Pr [{˛} , f]
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For the estimation problem, Pr [{˛} , f] = 1 and Pr [�c | {˛} , f] =
r [�c], so we have

{
d
}

; {˛} ,
{

�
}

, f
]

=
C∏

c=1

∏
x ∈ �

Pr [dc (x) | {˛} , �c, f] Pr [�c] ,  (10)

here

r [dc (x) | {˛} , �c, f] = 1√
2
�2

c

exp

{
− [dc (x) − f ∗ sc (x)]

2�2
c

2
}

, (11)

r [�c] = 1√
2
Zc�2

l
/l

exp

{
− �2

c

2Zc�2
l

/l

}
. (12)

We take Eqs. (11) and (12) into Eq. (10), ignore the constant
erm, then we get

(
{˛} ,

{
�
}

, f
)

=
C∑

c=1

1

2�2
c

∥∥dc − f ∗ sc

∥∥2 + Nl

2�2
l

C∑
c=1

�2
c

Zc
(13)

We can see that in the condition of the unknown actual focus,

he objective function of PD is Nl/2�2
l

C∑
c=1

�2
c /Zc . The stable point

s invariant after joining the objective function on F. Thus, we  omit
he intermediate process, and then get the reconstructive objective
unction:

({˛} ,
{

�
}

) = 1
2N

∑
u

⎛
⎜⎝ C∑

c=1

�−2
c

∣∣Dc

∣∣2 −

∣∣∣∑C
c=1�−2

c DcS∗
c

∣∣∣2
� +
∑C

c=1�−2
c

∣∣Sc

∣∣2
⎞
⎟⎠

+ K
Nl

2�2
l

C∑
c=1

�2
c

Zc
, (14)

here K is a constant used to adjust the focusing errors in the pro-
ortion of the object function. We  solve the wavefront expression
ith Eq. (7).

It is worth noting that Eq. (14) as the objective function of PD
elaxes the constraints of the defocus diversity on the solution set
f the wavefront, to some extent, which will increase the ill-pose
roblem of the solution by PD to some extent. It is really a prerequi-
ite when you cannot accurately measure the defocus of the focus
hannel. The solid line represents Eq. (6), which is, the objective
unction monitors the consistency of the noisy data across all the
hannels relative to the forward model estimates. Since there is a
eviation between the actual focus of channel 2 and the prospec-
ive focus, it makes the phase defocus diversity solution by the
onstrained wavefront wrong. Thus, a wrong constraint causes a
rong wavefront solution. The dotted line represents Eq. (14) as

he objective function of the wavefront solution set obtained by two
hannels. In fact, Eq. (14) as the objective function of PD is certain
o relax the constraints of the defocus diversity on the wavefront
olution set, which makes the solution set of each channel increase
ppropriately. Therefore, the true wavefront solution will fall into
he intersection of the solutions sets corresponding to wavefront 1
nd 2.

The solution of the first problem increases the ill-pose problem
f the solution by PD, so we will combine the remainder of the first
nd second problems to weak the ill-pose of the PD solution.

The most direct method to solve this problem is just to increase

he number of channels, which are used one group images mea-
ured on the focal plane and several groups images measured in
ifferent defocus as the inputs of PD program. Thus, the ill-pose of
he wavefront solution set by PD will be improved. The wavefront
d

Fig. 3. Relational graph between ray axis and motor transmission shaft of focusing.

solution set calculated by searching algorithm is more approximate
to the real wavefront when it is subjected to the multi-channel data.

It would be well to collect the multi-channel data at the same
moment. But our system can only collect datum at a different
moment by controlling the focus motor. So it is required that the
shape of the fiber-optics splice object does not change in the pro-
cess of collection. As the estimated wavefront is a static optical
aberration and does not change severely, the above conditions can
be satisfied basically.

The solution of the third problem is illustrated in Fig. 3 L1 is the
transitional axis of focus motor, L2 is optical axis, a is the included
angle of L1 and L2, P1 is the focal plane of CCD along L1, P2 is the
defocus plane and d is the distance between P1 and P2, o1 is the
center of the image on P1, o2 is the center of the image on P2, o1′

is the projection of o1 on P2, P3 is an ideal focal plane and it is
perpendicular to L2, the foot is o1. The included angle of P3 and P1
is a, AB is the width of the fiber-optics splice image on P3, CD is the
width of the image on P1.

As shown in Fig. 3, L1 and L2 are not parallel, and the effects upon
collecting datum of PD are mainly from the errors of the defocus
and the anisoplanatism imaging.

The real defocus of two  images collected at P1 and P2 by the
imaging camera is o1o2, the moving distance of focus motor is d.
If we  take d as the input defocus into PD algorithm, there would
be an error whose value is o1o2 − d. If we know a, we  can elimi-
nate the errors and get o1o2 = d/cosa, and then make o1o2 as the
input defocus into the PD algorithm. The value of a can be obtained
through calculating images undershoot o2o1′ on P1 and P2, and the
moving distance of the focus motor d as a = arctan(o2o1′/d). The
problem of the anisoplanatism imaging can be ignored in our sys-
tem, because F# reaching the imaging camera is about 40 and the
system has satisfied the properties of linear optical system greatly.
Thus, the wavefront of point A and B on the ideal focal plane P3
are consistent at the same time. But on the real focal plane P1, the
terminals of the fiber-optics splice in the image are point C and
D, and the wavefront of C and D are unequal. The defocus aberra-
tion is the primary, which is

(
2
 × AB × tan a/(8 × F#2 × �

)
, the

unit is �, take AB = 25 × 10−6 × 4.4, F # =40 and � = 800 × 10−9 into
the above formula, the aberration is (0.0675 × tan a)�. Assuming
that a = 30rad, the aberration is just 5.89 × 10−4�. So we can ignore
the problem of the anisoplanatism imaging caused by nonparallel
between L1 and L2.

The solution of the last problem is assuming that the residual
errors of the noncommon path can be compensated by DM.  In gen-
eral, the root mean square of the noncommon path aberrations
within 0.3 will be feasible after considering the journey of DM.  In
order to calculate the noncommon path aberrations more precisely,

we can operate in the way shown in Fig. 4. First, calibrate DM and
use closed-loop control DM according to the wavefront estimated
by the HWS  to compensate the aberration from the first imag-
ing plane to the HWS. Then estimate the aberration from the first
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Fig. 4. The iterative repetition convergence between estimation by PD and adjusting
by DM.
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Table 1
Measurement results.

Zernike coefficients Result 1 Result 2 Result 3

Astigmatism Y −0.04126 0.02119 −1.17E − 05
Astigmatism X 0.07427 0.01356 0.01623
Coma Y 0.03320 −0.01572 0.00267
Coma X −0.02844 0.02730 0.01050
Trefoil Y 0.00737 −0.02682 0.00652
Trefoil X 0.00917 −0.02414 −0.00813
Spherical −0.07451 0.00728 −0.01821
Secondary astigmatism Y −0.00736 0.00023 −0.00376
Secondary astigmatism X −0.00041 −0.01828 −0.00236
Tetrafoil Y 0.00886 −0.00141 0.00045
Fig. 5. The collection images of three exposures.

maging plane to the imaging camera by multi-channel PD. As the
berration from the first imaging plane to the HWS  has already been
ompensated, the aberration estimated by the multi-channel PD is
he noncommon path aberrations. Then take the estimated aberra-
ion obtained by PD as the initial bias to adjust the DM.  Repeating
his procedure, both the noncommon path aberrations estimated
y PD and the adjusting range of DM became smaller after carrying
ut each time, and finally convergent. In practical application, two
r three iterations can achieve the convergence.
. Results and discussion

F# between the experiment system and the imaging camera is
0, and the F# of the collimating lens is 9.1. The central wavelength

Fig. 6. The corresponding e
Tetrafoil X 0.00095 0.01035 −0.00669

is 800 nm and the focal depth is about 2.56 mm.  In the experiment,
we used five channels to help us construct an evaluation function of
phase diversity (PD) processing when the defocus cannot be mea-
sured. We  used the multi-channel to compensate for the sequelae
brought by modifying the evaluation function. The corresponding
defocuses are 0 mm,  ±10 mm and ±20 mm.  The pixel dimension of
the imaging camera is 13 �m and the exposure time is 1ms. The
source is the GCI-06 direct-current voltage regulation optical-fiber
source and the lamp is a 150 W quartz-halogen lamp. The diameter
of the fiber-optics splice object is 25 �m.

At the first time, we  calibrate DM,  then closed-loop control DM
according to the wavefront estimated by the HWS  to compensate
the aberration from the first imaging plane to the HWS. At the sec-
ond time, we  take the Zernike coefficients into the control of DM
to produce an initial bias, and repeat the collection process. The
collection images of three exposures are illustrated in Fig. 5. The
defocus of the images from left to right and then up to down is
−20 mm,  −10 mm,  0 mm,  10 mm and 20 mm.  The last image is the
restoration image from the fifth images above.

In this experiment, we  take from the fifth to fifteen Zernike
coefficients as unknown to search, because the first four items all
need not be precompensated by DM.  The piston is constant, which
can be neglected. Two tilts can be precompensated by tip–tilt, and
defocus can be precompensated by the focusing camera brought by
modifying the evaluation function. We  do not search higher-order
aberrations, because the DM is an assembly of the experimental
equipment, thus, the capability of correcting higher-order aberra-
tions is relatively weak. The corresponding estimated wavefronts
are illustrated in Fig. 6. MTF  of the optical path between the first
image planes to the CCD as shown in Fig. 7.
The imaging quality has been improved from the focus images
of three times, and the full width at half maximum (FWHM) as
illustrated in Fig. 8.

stimated wavefronts.
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Fig. 7. The estimated MTF  of three times.
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Table 2
The comparison of measurement results between double-channel and multi-
channel.

Zernike coefficients Multi-channel Double-channel

Astigmatism Y −0.04126 −0.04680
Astigmatism X 0.07427 0.07289
Coma Y 0.03320 −0.02554
Coma X −0.02844 −0.00620
Trefoil Y 0.00737 −0.00156
Trefoil X 0.009170 −0.01832
Spherical −0.07451 −0.05148
Secondary astigmatism Y −0.00736 −0.00280
Secondary astigmatism X −0.00041 −0.01127
Tetrafoil Y 0.00886 −0.00131
Tetrafoil X 0.00095 −0.00379
Fig. 8. The comparison of the focus images at each time.

The results of the three experiments are given in Table 1. It
hows the normalized Zernike coefficients from fifth term to fif-
eenth term in the unit of �. It can be seen that the coefficients
alue is decreased.

We  selected two images from the first five collected images

n Fig. 5(a) to resolve the wavefront and recovered the object
mage. The defocuses of the two channels we selected are 0 mm
nd 20 mm.  The estimated wavefront is displayed in Fig. 9 with
MS  = 0.107 � and PV = 0.562 �. Although the trend of wavefront is

Fig. 9. The wavefront measured by two channels among multi-channel.
Fig. 10. The image of before and after calibration on Polaris.

similar to that in Fig. 6(a), the aberration of the estimated wave-
front is lower. As shown in Table 2, the Zernike coefficients are
less than those of result 1 in Table 1. The initialized value of the
Zernike wavefront is 0 when PD algorithm initialization. Because
the quasi-Newton method is used in the PD calculation algorithm,
the algorithm is being trapped into local minima. The local minima
are obtained before the Euclidean distance between the points on
the value of the n-dimensional space. And 0 is often smaller than
the Euclidean distance between the point on the value of the wave-
front when the global optimal solution consisting of n-dimensional
space with 0. For the same wavefront, the value of wavefront RMS
obtained by PD solving the large errors is often smaller than PD
solving the small errors.

According to the datum in Table 2, it can be concluded that
after the target function transformation, it weakened he wavefront
diversity on wavefront constraint solution; thus, the multi-channel
PD has higher accuracy than the double-channel PD described in
this article.

In order to show that we actually got correction of the mirror
shape, we use our method to calibrate the Polaris. When the expo-
sure time is 50 ms,  the images that are taken by 100 frames on
average collected before and after the calibration of noncommon
path aberrations, we can see from Fig. 10, the energy concentration
is slightly higher before and after the calibration

5. Conclusion

In this paper, we have designed a system to calibrate the non-
common path aberrations by PD basing on a 137 unit AO system on
a 1.23 m telescope. To solve the problems that the defocus cannot be
measured and the experimental conditions are nonideal, the toler-
ance of the measurement conditions of the PD estimation methods
was enhanced with improvement of the algorithm. When the mea-
sured noncommon path aberrations are compensated, the imaging

quality of the telescope image has been remarkably improved. In
the future, we  will do further research on PD, such as optical esti-
mation and image restoration.
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