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a  b  s  t  r  a  c  t

Phase-diversity  (PD) is the least  square  adaptive-filter  of  the  imaging  system  based  on  wave  optics  theory.
It  can  use  unknown  extended  object  as  the  observation  object  to collect  two  or  more  images  whose  wave-
front  diversities  are  known  and  fixed.  According  to the  images,  the  wave-front  of  the  optical  system  can
be  calculated  by PD,  and  simultaneously  the  estimation  of ideal  image  for the  observation  object  can  be
obtained.  Phase-diverse  speckle  (PDS)  technique  extends  PD  by  using  a series  of  short-expose  frames
as  the input.  In this  paper,  we  designed  PDS  experiment  on  a 1.23  m  telescope  and  successfully  got
clear  restored  images  of  space  objects.  Under  the  observation  condition  that  the  atmospheric  coherent
hase estimation length  was  not  more  than  8  cm  at 500  nm  wavelength  in  Changchun  city,  we replaced  the  deformable
mirror  with  a  plane  mirror  in  adaptive  optical  system  and  separately  used  the moon  and  Polaris  as  the
observation  objects.  For  Polaris,  the  FWHW  reduced  from  20.6  to 5.3  (in  pixel),  which  decreased  about
74%.  The  experimental  results  demonstrate  that  PDS  algorithm  can  be used  on  one meter-scale  telescope
in  practical  observation.
. Introduction

The wave-front phase aberration caused by atmospheric tur-
ulence becomes serious, when the aperture of the ground-base
elescope becomes larger [1–7], and that obviously degrades
mages. The conventional method to solve the above problem is to
se Hartmann wave-front detector to detect wave-front informa-
ion by adaptive optics and calibrate the wave-front by deformable

irror. However, for one meter-scale telescope, D/r0 is less than 20,
nd the influence of atmospheric turbulence is much smaller than
wo meter-scale telescope. The proportion of the adaptive optics
ystem in the total cost is very high, and the maintenance is very
xpensive, so it is hard to calibrate extended object by adaptive
ptics system. Therefore it is necessary to find a reliable, low cost
ethod to solve the problem.
Phase-diverse speckle (PDS) is an image restoration method

o correct wave-front phase distortion. It combines the advan-
ages of Phase Diversity and speckle imaging, and can not only
stimate wave-front phase but also use multiple channels [8].

he structure of PDS optical system is simple, clear and low
ost, suitable for both point source objects and extended objects.
esides, PDS has a good performance in image restoration, and
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it can also be applied to the field of optical detection. It can
detect the aberration, alignment errors, mirror flatness and other
parameters of the optical system, which provides new ideas and
methods for optical detection without suitable collimators [9]. So
PDS technique is an important direction to overcome the wave-
front phase distortion at present, and it has many irreplaceable
advantages.

PD technique was  first proposed by Gonsalves in 1979, it
extracts phase information from focused and defocused images
and recovers the object with known defocus amount. PD technique
not only can simplify the optical path of wave-front sensor, but
also can detect the wave-front information of the extended object.
And it gets rid of the dependence on the point object for a major-
ity of wave-front sensors. Paxman et al. [10–12] further improved
PD theory, they proposed PDS technique by collecting one pair or
more pairs of short-expose images on focus plane and defocus plane
of the imaging system, and gave the mathematical models under
Gaussian noise and Poisson noise, which greatly improved the esti-
mation precision. Vogel et al. [13,14] proposed the fast numerical
solution by theories about inverse problem. Löfdahl et al. [15,16]
successfully applied PDS theory to the field of solar observation
and obtained high resolution images of the structure of solar sur-

face. Denolle et al. [17] proposed a new analytical WFS  technique
that can measure disturbances from the images in a wide range
of cases, with various levels of complexity. Blanc et al. [18] pro-
posed a novel method called marginal estimator for estimating the
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Fig. 1. The scheme of data-collection image by PD.

berrations and the object from phase-diversity data, and got good
esults.

Based on the study above, we built PD optical path in the optical
ox on a 1.23 m telescope without adaptive optical path. Under the
bservation condition that the atmospheric coherent length was
ot more than 8 cm at 500 nm wavelength, we separately used the
ingle star, binary star, the moon, Polaris and rocket debris as the
bservation objects to make the image restoration experiments
hrough PD and got good performance. The experimental results
emonstrate the feasibility of using PD in image restoration on one
eter-scale telescope without adaptive optical system.

. Basic principle

It is known that both the process of image restoration and
he solution of the wave-front from a single image are ill-posed.
he reason is that point-spread function (PSF) can be mapped
o multiple wave-fronts. In phase diversity, the incoming wave-
ront is estimated from at least two images of the same object
ecorded in presence of a known optical aberration (e.g. defocus),
oth the unknown incoming wavefront and the observed object
an be derived. Phase diversity has the particularity of providing
he estimation of the unaberrated object as well as the aberra-
ions responsible for the blurring. This method directly uses image
ata for the estimation of the aberrations. It is thus sensitive to all
berrations degrading the quality of the imaging telescope, con-
rarily to WFSs such as the Shack–Hartman, which use a dedicated
ight path and thus are affected by non-common path aberra-
ions. Furthermore, the optical hardware of PD is simple. Phase
iversity is becoming a widespread method both to compensate
uasi-static optical aberrations and to obtain diffraction-limited

maging through turbulence.
Fig. 1 illustrates the optical path of PD system. There are focus

nd defocus collection channels, and the numbers of collection
hannels can be increased if necessary. The problem of PD image
estoration can be regarded as the inverse problem of seeking phase
f original signal through the known analog of interference signal
r be seen as an adaptive filter.

.1. Imaging system model

Atmosphere and telescope can be seen as a linear space-
nvariant system approximately. Under the non-coherent light
llumination, the imaging function of Gaussian noise model [1] is

(x) = f (x) ∗ s (x) +  n (x) (1)

here d is the image of object collected on CCD; f is the ideal image
f object; s is the point spread function; n is the Gaussian noise; x
s the coordinate of image plane.

In near field, the point spread function [1] is
(x) =
∣∣∣�−1 {

P (�) ei�(�)
}∣∣∣2 (2)
6 (2015) 5047–5051

where �−1 is Fourier transform; � are coordinates of the pupil
plane; P is the pupil function; � is the wave-front phase, which can
be decomposed into a set of Zernike polynomials as

� (�) = � (�) +
M∑

m=4

˛mZm (�) (3)

where ˛m is the mth coefficient of polynomials; Zm is the mth base
of Zernike polynomials; � is the known fixed-defocus phase that
can be described by

� (�) = 2�

�

z
(

�2
x + �2

y

)
8(F#)2

(4)

where �x and �y are the normalized vectors in pupil plane; z is
defocus length; � is wavelength; F# is F number.

2.2. Evaluation function

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

L (f, {˛}t) = 1
2N

∑
u

(
T∑

t=1

C∑
c=1

∣∣Dtc (u) − FStc (u)
∣∣2 + �

∣∣F (u)
∣∣2) (5)

where u is frequency domain coordinate; T is the number of frames;
C is the number of channels, for example, in this paper we use two
cameras, so T = 2; N is the total number of pixels of the single image;

 ̨ is the Zernike coefficient needing to be solved; �  is Fourier trans-
form, Dtc = �(dtc), F = �(f), Stc = �(stc); the second part of the right
bracket is Tikhonov regularization term [13,14], which can improve
the stability and convergence rate of the algorithm; � is regular
non-negative coefficient.

According to maximum likelihood estimation, target estimation
can be regarded as an independent intermediate process and is sep-
arated from phase estimation, so we  can get the evaluation function
unrelated to the target [11]. The expression of target estimation is
an intermediate process of derivation of evaluation function. It has
the same form as wiener filter and can reduce the effect of noise
efficiently.

L ({˛}t) = 1
2N

∑
u

⎛
⎜⎝ T∑

t=1

C∑
c=1

∣∣Dtc

∣∣2 −

∣∣∣∑T
t=1

∑C
c=1DtcS∗

tc

∣∣∣2
� +
∑T

t=1

∑C
c=1

∣∣Stc

∣∣2
⎞
⎟⎠ (6)

F =
∑T

t=1

∑C
c=1DtcS∗

tc

� +
∑T

t=1

∑C
c=1

∣∣Stc

∣∣2 (7)

When evaluation function is determined, the process of wave-
front detection and image restoration can be described as a
mathematical optimization problem. We  use the L-BFGS-B algo-
rithm [19–21] which is suitable for large optimization problems
and write optimization software by C++ language. After a long-
term test, we  demonstrate that the algorithm has good convergence
efficiency.

3. Experimental design

3.1. Experimental system components
We  make the experiment on a 1.23 m telescope, and the system
diagram is shown in Fig. 2. The whole optical path is in a metal box
which is fixed on the telescope. In order to validate the ability of
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Fig. 2. Structure of experimental system.
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Fig. 3. Experimental layout.

mage restoration to space objects by PD under atmospheric tur-
ulence, we replaced plane mirror with deformable mirror on the
osition of Flat mirror1. Therefore, on the whole acquisition pro-
ess of PD, there was not adaptive optical system to calibrate the
berration caused by atmospheric turbulence.

The difference between the optical paths of PD and normal imag-
ng system is as follows. For PD optical path, it needs at least one
esignated defocus amount acquisition channel and short expo-
ure, so that the wave-front information will be in the collected
mages, and the focus plane acquisition channel is synchronous
cquisition through external trigger. So it needs to add a spectro-
cope and a plane mirror behind the imaging lens on the original
ptical path as shown in Fig. 2. The optical path is divided into two
arts, one image on focus plane camera and the other image on
efocus plane camera with known defocus amount. In order to keep
he relative defocus amount of the two cameras invariant, they are
laced on the same electric translation platform as shown in Fig. 3.

The two cameras should be the same scientific CCD cameras and
e collect two images on focus plane and defocus plane by syn-

hronous acquisition through external trigger. If the two cameras
re not the same type, the pixel size of the two cameras should be
he same at least. In our experiment, we use the same camera of
ndor897, and its pixel size is 16 �m.

.2. Experimental system analysis

During the experiment, there were two main problems. The first

ne is about the alignment of the two cameras, and the second one
s the inconsistent readout noise of the two cameras.

For the first problem, compared with using single camera to col-
ect different defocus amount images in different time, the use of
Fig. 4. Spectrum component.

two cameras will introduce a new alignment error for PDS and there
will be an image rotation between phase surfaces of the two  cam-
eras. As the wave-front distortion will not cause image rotation, it
is difficult to analyze the effect of designation angle image rotation
to the solution of wave-front. So we have to solve this error before
PD calculation. There are mainly two  steps in our solution. First,
during the alignment stage, the shield which had been drilled with
several holes was used as the object board, and according to the
unshoot amount of the holes on images we  readjusted the camera
until the relative image rotation of the camera edge was less than
1 pixel. In the second step, we preprocessed the collected images,
and made geometric rotation and gray difference transformation.
The operations in the first step ensured the relative small image
rotation, and only at that time gray difference transformation has
high precision [22,23].

For the second problem, based on the work in reference [10],
we involve the variance value of the readout noise in each image,
and we can get the objective function of each image with different
noise.

L ({˛}t) = 1
2N

∑
u

⎛
⎜⎝ T∑

t=1

C∑
c=1

�−2
tc

∣∣Dtc

∣∣2 −

∣∣∣∑T

t=1

∑C

c=1
�−2

tc DtcS∗
tc

∣∣∣2
� +
∑T

t=1

∑C

c=1
�−2

tc

∣∣Stc

∣∣2
⎞
⎟⎠ (8)

F =
∑T

t=1

∑C
c=1�−2

tc DtcS∗
tc

� +
∑T

t=1

∑C
c=1�−2

tc

∣∣Stc

∣∣2 (9)

where �−2
tc is the reciprocal value of noise variance in frame t, chan-

nel c. Eq. (8) is the spectrum of the objective image when the noises
of each acquired image are inconsistent. Then we can obtain deriva-
tive and gradient of L:

(10)

Vtc = �−2
c H∗

tc�
(

htcReal
[
�−1

(
F∗Dtc −

∣∣F∣∣2Stc

)])
(11)

Then we should estimate the value of �−2
tc . According to Eq. (1)

and Fourier transformation feature, we  can get

Dtc (u) = F (u) Stc (u) + Ntc (u) (12)

Assuming the size of acquired image is N × N, after the Fourier
transformation and the movement of frame 0 to the center, its spec-
trum is as Fig. 1 shows, which is composed of A and B. In Fig. 4, the
border line of area A and B are the limiting frequency of the ideal
optical system.

So Eq. (9) can be transformed to
Dtc (u) =
{

F (u) Stc (u) + Ntc (u) u ∈ A

Ntc (u) u ∈ B
(13)
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Fig. 5. Original images and result of Polaris.

We  assume the noise of each acquired image is independent,
nd it is Gauss white noise: ntc(x)∼N(0, �2

tc). So we can get the
stimation of �2

tc:

ˆ 2
tc =

∑u ∈ B
u

∣∣Dtc (u)
∣∣2

N ∗ N ∗
∑u ∈ B

u I (u)
(14)

here

(u) =
{

1 u ∈ B

0 others
(15)

It is to be pointed that this estimation method of �2
tc is only

uitable to the imaging system where camera’s acquire frequency
s higher than Nyquist frequency, otherwise B is empty set.

. Experimental results

In our experiment system, the F# of imaging camera is 40; the
enter wavelength is 800 nm;  the depth of focus is 2.56 mm.  The
efocus amount should be selected between 4 to 6 times of the
epth of focus, and we selected 11 mm as the defocus amount of
efocus channel. The pixel size of the camera is 16 �m.  Compared
o the previous indoor experiment [24,25], we have made outdoor
xperiment in Changchun city, and the observed time was  during
nd of August, the atmospheric coherent length was not more than

 cm at 500 nm wavelength. The exposure time is less than or equal
o the atmospheric coherence time.

The observation objects of this experiment were Polaris, and
he moon surface. The exposure time is from 5 ms  to 10 ms,  and
he focus and defocus cameras collected images simultaneously by
xternal trigger signals.

First, we used Polaris as the observation object for quantitative

nalysis of our PDS imaging system.

For the Polaris, we used eight pairs of images as the input.
s shown in Fig. 5, (a) and (b) are the focused and the defo-
used images, and they were collected at the same time. After PDS
Fig. 6. Original images and results of moon surface.

calculation, we got the estimated wave-front as shown in (c), and
the restored image in (d). In image (a) the FWHM is 20.6 (in pixel),
while the FWHM in image (d) is 5.3 (in pixel), so the FWHM
decreased about 74%.

In order to verify the imaging capability of PDS imaging system
for the surface object, we also took images of the moon surface. We
used one pair of images as the input, at this time PDS degenerated
into PD. As shown in Fig. 6, after PDS calutation, many details on
the moon surface can be seen from the restored image and the
resolution was increased obviously. And this proves that the PDS
imaging system can detect the wave-front of extended object and
get high resolution images.

5. Conclusions

In this paper, we built the PDS imaging system on a 1.23 m tele-
scope, solve the image rotation problem between channels, and
give the object function when the readout noise between channels
is inconsistent. We  made observation for different space objects
by PDS imaging system and the results proved that PDS imaging
system can restore the image correctly. We  quantitatively tested
the image restoration capability of PDS system and verified the
restoration capability of PDS system for extended objects. Com-
pared to the AO system, the cost of PDS system component and
maintenance is very low, and it can get clear images for extended
object. At present, the PDS imaging system designed in this paper
had already been used in observation experiments on a 1.23 m tele-
scope for a long time, so it will be the essential subsystem for one
meter scale telescope. For the future work, we will try to observe
the space objects in daytime on PDS imaging system and get the
high resolution images.
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