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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
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.

© 2015  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

The wave-front phase aberration caused by atmospheric tur-
bulence becomes serious, when the aperture of the ground-base
telescope becomes larger [1–7], and that obviously degrades
images. The conventional method to solve the above problem is to
use Hartmann wave-front detector to detect wave-front informa-
tion by adaptive optics and calibrate the wave-front by deformable
mirror. However, for one meter-scale telescope, D/r0 is less than 20,
and the influence of atmospheric turbulence is much smaller than
two meter-scale telescope. The proportion of the adaptive optics
system in the total cost is very high, and the maintenance is very
expensive, so it is hard to calibrate extended object by adaptive
optics system. Therefore it is necessary to find a reliable, low cost
method to solve the problem.

Phase-diverse speckle (PDS) is an image restoration method
to correct wave-front phase distortion. It combines the advan-
tages of Phase Diversity and speckle imaging, and can not only
estimate wave-front phase but also use multiple channels [8].
The structure of PDS optical system is simple, clear and low
cost, suitable for both point source objects and extended objects.
Besides, 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.

aberrations and the object from phase-diversity data, and got good
results.

Based on the study above, we built PD optical path in the optical
box on a 1.23 m telescope without adaptive optical path. Under the
observation condition that the atmospheric coherent length was
not more than 8 cm at 500 nm wavelength, we separately used the
single star, binary star, the moon, Polaris and rocket debris as the
observation objects to make the image restoration experiments
through PD and got good performance. The experimental results
demonstrate the feasibility of using PD in image restoration on one
meter-scale telescope without adaptive optical system.

2. Basic principle

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

Fig. 1 illustrates the optical path of PD system. There are focus
and defocus collection channels, and the numbers of collection
channels can be increased if necessary. The problem of PD image
restoration can be regarded as the inverse problem of seeking phase
of original signal through the known analog of interference signal
or be seen as an adaptive filter.

2.1. Imaging system model

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

d (x) = f (x) ∗ s (x) +  n (x) (1)

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

In near field, the point spread function [1] is

s (x) =
∣∣∣�−1 {

P (�) ei�(�)
}∣∣∣2 (2)

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
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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
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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
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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.
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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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