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Abstract.
The speckle-structures at output of the telescope optical system are modeled in this article. It is
assumed that the telescope observes a satellite illuminated by a coherent light. The specklestructures are obtained for several different sizes of the telescope aperture. The true image
restoration is done by averaging the speckle-structures in the absence of the atmospheric
distortions. Also, modeling of the speckle-structures in presence of atmospheric distortions is
done. In this case, the true mage is restored by the algorithm using the multi-frame blind
deconvolution. The algorithm does not use the preliminary restoring of the image spectrum
and works without adaptive optics. But it can be used after the work of the adaptive optics. It
is possible to restore the true image with the speckle- structures distorted in the atmosphere,
if the optical system has the sufficiently good resolution. The results show that advantage of
the telescope with high resolution predominates before the fact of extensive atmospheric
distortions in the large apertures.
Introduction.
Speckle imaging techniques have been evolving since the fundamental idea was presented
almost forty years ago[1,2]. The article [3] compares speckle imaging reconstruction results
for several speckle imaging approaches. They compare four methods: 1) Knox-Thompson,
using a hidden phase-finder in the object spectrum phase reconstruction [4,5,6]; 2) KnoxThompson, using a phasor-based phase reconstruction; 3) Bispectrum, using only two
bispectrum planes and a phasor-based phase reconstruction[7]; 4) Bispectrum, using four

bispectrum planes and a phasor-based phase reconstruction. In the simulations, the authors of
[3] assume that the only aberrations are introduced by atmospheric turbulence and use
parameters accordingly to work [8]. Reconstruction of the object spectrum in [3] is close to the
methods used in [9,10].
In the work[11], it was shown that “turbulence noise” in the pupilnoise could be reduced by
partitioning the telescope aperture and combining the bispectrum of all the subapertures. This
was demonstrated with using simulation results. The work [12] continues this approach. The
experimental results are received with using data from the 1.6 m telescope at the Maui Space
Surveillance Site on Haleakala. Thus most of the research about speckle patterns is focused
on the object spectrum phase reconstruction and uses the data separating on the pupil of
telescope and processing the spectrums of all the subapertures.
Another fundamental engineering approach to the same goal is using of the adaptive optics
systems. The article [13] reports the results obtained from the first adaptive optics system that
deploys multiple laser guide beacons. The system is mounted on the 6.5 m Multiple Mirror
Telescope in Arizona, and is designed to explore advanced altitude conjugated techniques for
wide-field image compensation. Authors describe plans to develop the technology further on
the twin 8.4m Large Binocular Telescope and the future 25 m Giant Magellan Telescope. The
ground-layer adaptive optics (GLAO), was suggested by Rigaut [14] as a way to improve wide
field imaging for large telescopes. Wavefront measurements from guide stars located far from
each other (2–10 arc minutes) can be averaged to estimate the turbulence close to the telescope
aperture. When the wavefront aberration is corrected by a single deformable mirror, the result
is a partially corrected field that is as much as two orders of magnitude larger than the field
achieved by the extant AO systems. The ground-layer adaptive optics can also be implemented
using single laser guide star systems at smaller telescopes. For example, the 4.2m William
Herschel Telescope has deployed one such a system [15] and the 4.1m Southern Astrophysical
Research telescope is implementing another now [16]. However, the laser light in all these

cases does not come from infinity as starlight effectively does, and as the telescope diameter is
increased, the mismatch in optical paths becomes so severe that no useful recovery of stellar
wavefronts can be made. Hence a single-beacon GLAO implementation will not be effective
for larger apertures [17]. In this case the multiple beacons can in principle provide the
solution. The instantaneous stellar wavefront would be computed by a tomographic algorithm
applied to the wavefronts measured from all the beacons[18-20]. This method, implemented
with sodium beacon lasers, is planned for the Giant Magellan Telescope (GMT)[21,22], and for
the Thirty Meter Telescope [23], to recover the full resolution of their apertures. Other
approaches [24] use the method of the simulated restoration with modeling of the adaptive
optics . The Starfire Optical Range 3.5 meter telescope has been artificially undersampled
there and the multiframe blind deconvolution was used for imagery.
Modeling the speckle-structures in the optical system of a telescope is proposed in our article.
It is assumed that telescope observes a satellite illuminated by the coherent light. The
speckle-structures are calculated for the several different sizes of the telescope apertures. In the
all calculations the satellite is the same (Section1). In Section2, the true image restoration in
the absence of atmospheric distortions is received by averaging the speckle-structures. Results
are also obtained for the different sizes of the apertures. Modeling of the speckle-structures in
presence of atmospheric distortions is given in Section3. Then restoration of the object image
is performed by method, which was developed in [25] and applied to the real incoherent
images in [26] (Section 4) . This algorithm does not use a priori data or any preliminary
image spectrum recovery. Image is restored by the iterative algorithm with using the multiframe blind deconvolution . Multi-frame blind deconvolution [27,28] reduces some of the
problems by using multiple images of the same object,but with different blurring operators.
Method of iterative calculations is based on the work [29].
1.Modeling the speckle structures.

Images obtained by a telescope in the coherent illumination differ from the images
obtained under the Sun illumination even in the absence of any kind atmospheric distortions.
When object is illuminated by the coherent light its image is formed by the object surface
roughness comparable to the wavelength of light. The surface of object reflects light with an
amplitude and a phase that depend on the slope and shape of each little piece of the roughness.
In fact, in the coherent light we observe the microstructure of the object surface. Most strongly
it can be seen in the surface ruptures. These places of the surface give the most sharp contrasts
in the image. The most bright contrast can be seen on the lines of the contours of the object.
The randomness of the field coming from the object arises from the randomness of the surface
microstructure. The optical system of a telescope reproduces this microstructure with
accuracy, defined by parameters of observation and resolution of the system. The result of
observation is not the usual object picture, but a spotty image, called a speckle structure. A
comprehensive discussion of the statistical properties of speckle, as well as detailed coverage of
its role in applications is given in the book [30]. The more earlier book about the new optical
methods based on the speckle-structures was [31]. We will take a photo of the Hubble satellite
from the Internet (Fig.1) as the true image of the object for the all following calculations.
Now we will describe the optical system of a telescope which observes the object in Fig.1.

Fig.1 True image of satellite “Hubble”.
A general view of the object image at the output of telescope can be described by equation
(A.14) (Appendix. A). Formula has a view :
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A variable ζ = (ζ x , ζ y ) is a vector of coordinates in the plane of the output image, a vector

r
rim = ( rx , ry ) is defined in (A.5) as the two-dimensional coordinate vector in the plane

r

perpendicular to the telescope sight line, t0 ( rim ) is a complex field amplitude at the
surface of the object and reflected by the object in direction of the sight line of telescope (A.4).

~
K 0 (ζ x − rx ,ζ y − ry ) is the point spread function (PSF) of the optical system in the telescope
r

(A.13). I (ζ ) - is intensity of the image in the output image plane. In any optical system , with
a coherent or incoherent illumination of the object , the same operations (1) are performed over
the signal from the object. However, the results at output of the system with the coherent
illumination are different from the results in the system with the incoherent illumination. The
difference is that the output image (1) received in the incoherent object illumination is
averaged by the random illumination. In a case of the coherent illumination it is only
necessary to perform the exact calculations by formula (1).The following parameters were
used at calculations: distance to the object Range = 590 km (this is the minimal distance to
the satellite Hubble), diameter of the telescope aperture D = 2.5m in Fig.2, D = 3.5m in
Fig.3, D = 4.5m in Fig.4. D = 5.5m in Fig.5, D = 6.5m in Fig.6.

Fig.2 diameter 2.5m.

Fig.3diameter 3.5m.

Fig.4 diameter 4.5m.

Fig.5 diameter 5.5 m.

Fig.6 diameter 6.5m.

As the wavelength was taken value: λ = 5.0 ⋅ 10 − 7 m . Resolution
the formula ∆ res =

λ ⋅ Range
D

∆ res

is equal approximately to ∆ res = 12cm

in accordance with

in the first case,

and to ∆ res = 8.6cm - in the second, and ∆ res = 6.7cm - in the third. ∆ res = 5.4cm

in

the forth, ∆ res = 4.5cm - in the fifth . We have the same ranges in the all images (Fig.2Fig.6). These are the speckle-structures , obtained in the coherent illumination. It is visible
that beginning from the third frame (Fig.4) the speckle structure is similar to the actual image
of the satellite, but there is not similarity in the first two images. It means that the speckle
structure can give the image close to the true one if the telescope has a sufficiently high
resolution.
2. Modeling averaging speckle structures.
It is known [30-31] that it is possible to receive almost the incoherent image by averaging
the sufficiently large number of the speckle structures of the same real image. In this article it
was tested as follows: K speckle structures were calculated for each diameter value. The
wavelength was the same and equal to λ = 5.0 ⋅10− 7 m .

The number of speckle structures

K = 100 . After receiving the all speckle structures there was made averaging over the all
speckle structures in each case of the telescope diameter . As a result, we obtained the
following images, shown in Fig.7-Fig.11 respectively, at D = 2.5m , D = 3.5m , D = 4.5m ,

D = 5.5m , D = 6.5m .

Fig.7 100 images, 2.5m.

Fig.8 100 images ,3.5m.

Fig.10 100 images, 5.5m.

Fig.9 100 images, 4.5m.

Fig.11 100 images ,6.5m.

From Fig.7-11 there is visible, that the images closed to the true one are received beginning
from the telescope diameter D = 4.5m (Fig.9). In Fig. 11 the full contour of the satellite
image is received, it means that the image is restored in areas of the most contrasting parts of
the object. Fig.7-11 show that the problem of speckle-structures can be resolved with
sufficiently good resolution of the optical system and with diameter equal to D = 4.5m
(Fig.9) we begin to obtain the image close to the true one.
3. Modeling the atmospheric distortions.
The problem becomes much more complicated in the presence of the atmospheric phase
distortions. The distorted speckle structures have been received in this case. For this purpose,

r

the phase distortions were added to the telescope pupil P ( ρ ) (Eq. A.8), and then the output
image was calculated by formula (1). Below the Fig.12-16 show every the first of 100
distorted images obtained, respectively for the telescope diameters : D = 2.5m , D = 3.5m ,

D = 4.5m , D = 5.5m D = 6.5m .
Modeling of phase distortions is described in Abstract B.

Fig.12 Distortions ,2.5m.

Fig.13 Distortions, 3.5m.

Fig.15 Distortions, 5.5 m.

Fig.14 Distortions, 4.5m.

Fig.16 Distortions, 6.5m.

It is visible from the distorted images (Fig.12-16) ,that the contours of the object are lost and
the loss is stronger when the telescope diameter is smaller .
4. Image restoration by the blind deconvolution.
There was made restoration of the distorted images. The algorithm of the multi-frame blind
deconvolution derived in [25] was used. Below Fig.17-21 show the reconstructed images
obtained respectively for the telescope diameters D = 2.5m , D = 3.5m , D = 4.5m ,

D = 5.5m , D = 6.5m in each case with the 5 frames.

Fig.17 Restoration (2.5m).

Fig.18 Restoration (3.5m).

Fig.19 Restoration

Fig.20 Restoration,5.5m, .

Fig.21 Restoration,6.5m, .

Really it was the restoration by 100 distorted frames in each case of 5-th diameters . But every
20 frames were averaged before the restoration, so the deconvolution algorithm used only 5
frames obtained after averaging. The images are restored worse than images in the
incoherent illumination[25-26]. We see that the contours of image has recovered better than
other parts. The task of restoration in case of the speckle structures is twice as difficult, since
the overlap of the two different distortions has place : the formation of speckles and the
atmosphere distortions. But it is clear that restoration is better if the aperture of telescope is
larger. In any case, the contours of the object can be recovered.
Conclusion.
The imaging by a telescope with observation through the atmosphere is modulated
in the article. The assumption is used that the a satellite is under the coherent light
illumination. Averaging of the speckle structures in the absence of atmospheric distortions
gives the satisfactory images close to the true satellite image.
Also the models for the speckle structures in the atmospheric distortions are received. The
algorithm developed in [25] was used for the object image restoration in these conditions. As
a result, we can conclude that the image restoration with the atmosphere distorted speckle
structures is possible, but with the sufficiently good resolution in the optical system. The
modeling shows that the satisfactory restoration of the basic object contours demands the
aperture diameter larger than 4.5 meter if the range of the satellite is more than 600 km. The

advantage of the high telescope resolution predominates before the losses arising due to phase
distortions in the atmosphere.
A plan to use large telescopes [13,15,16,21-23] seems quite reasonable. The works [1112,14,17-20] are mainly focused on using of the adaptive optics. The proposed article does
not require the preliminary restoring the true image spectrum, in other words, the algorithm
works without adaptive optics. But the algorithm can be used also after receiving results of the
adaptive optics.
Appendix A. Image on the output of the telescope optical system.
A signal reflected by the object can be written as follows. Denote the coordinate vector of a

r

point on the object surface as r = ( rx ry , rz ) , the complex signal reflected from the surface at

r
r
this point as t 0 ( r ) and position of the illumination source rsource . In the incoherent
systems of observation the illuminating source is the Sun, in the coherent systems the source
is an artificial star or directly the ground-based laser. In these designations :

r r
r
r exp( jk r − rsource )
r r r r r r r
t0 (r ) = Areflect (r )
E surf (r ) ⋅ n (r ) ⋅ (e0 (r ) + e1(r ))
r r
r − rsource
r

(A.1)

Here Areflect (r ) is the random amplitude of the light coming from the object at point

r
r,
k=

2π

λ

r

is the wave number, λ is wavelength of light, E surf (r ) is the shape

of the object surface. This shape can be represented by equation :

r
E surf ( r ) = δ ( rz − f ( rx , ry )) ,

(A.2)

where δ (x ) is one-dimensional delta-function, rz = f ( rx , ry )) is the surface equation .

r r

Further in (A.1): n (r ) is the vector of the external normal to the surface of object at the point

r r r
r r
r ; e0 ( r ) and e1 ( r ) are the vectors of the point observation from the source of illumination
r
r
rsource and the midpoint of the telescope aperture ρ lens accordingly:

r r
r − rsource
r r
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e0 ( r ) = r r
; e1 ( r ) =
r − rsource
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;
r r
r − ρ lens

(A.3)

r r
r r
e0 ( r ) and e1 ( r ) have modules equal to one.
(A.1) is a function of 3-dimensional argument

r
r . We will assume that coordinate rz is the

telescope sight line . The field reflected by the object in the direction of the telescope can be

r

obtained by integrating (A.1) along the coordinate rz . The result will be a signal t0 ( rim )
reflected by the object from the plane perpendicular to the line of sight:

r
r
r
t0 (rim ) = Areflect (rim ) ⋅ Aim (rvis )

(A.4)

r

In (A.4) the two dimensional vector rim is :

r
rim = ( r1, r2 )

(A.5).
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The 3-dimensional vector rvis is : rvis = ( rim , f ( rim )) ;
The random amplitude

r
Areflect (rim ) in (A.4) can be obtained at any point rrim with
r

using the exponential distribution of the image intensity P( I ( rim )) at this point.
The distribution is as follows:

r
I (rim )
1
r
⋅ exp(− ~ r ) ;
P( I (rim )) = ~ r
I (rim )
I (rim )

r
r
I (rim ) is a random intensity of light reflected by the object at point rim ;

r
~
I (rim ) is an average intensity of light reflected by the object at this point. This average
intensity can be taken as:

r
r
~
I (rim ) = sqr ( Areal (rim ));
r

r

Under Areal ( rim ) we have in view an amplitude of the model image at point rim . This
model image is used as true and is shown in Fig. 1.

r

As a result, the random amplitude Аreflect ( rim ) can be obtained from the exponential
distribution in the form:

r
r
Areflect (rim ) = sqrt( I (r im)) ,
and now it can be substituted into formula (A.4).

r
Aim (rvis ) in (A.4) is equal to :
r
r
exp( jk rvis − rsource ) r r
r r
r r
r
Aim ( rvis ) =
⋅ n ( rvis ) ⋅ ( e0 ( rvis ) + e1 ( rvis ))
r
r
rvis − rsource

(A.6)
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The function f ( rim ) defined in (A.2) is an expression of the object surface. The function
(A.4) represents the surface of the illuminated object. This signal (A.4) comes to the optical
system , where the major operations are produced over it [32-33]: 1) the Fourier transform of
the signal is obtained by the lens system (we assume a large distance of the object from the
telescope, i.e. the Fraunhofer zone). 2)Detector of the receiver forms the intensity of the
Fourier transform. 3) As a result, the output image of the telescope is obtained in the image
plane .

r r

Now we define the point spread function (PSF) of the telescope as K (ζ , rim ) . Here

r

r

ζ = (ζ x , ζ y ) is a two-dimensional vector in the image plane, the vector rim was introduced
r r

in (A.5). In general case function K (ξ , rim ) is given in [33]:
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(A.7)

r

ρ = ( ρ x , ρ y ) is two-dimensional vector in the plane of the lens.
С - is constant,

zi

is a distance from the lens to the image plane,

z0

is a distance from the lens to the object,

r
P ( ρ ) is a function of the telescope pupil, which can be expressed in the simplest case by
formula:

r

P( ρ ) = {

r

0, if

ρ ⊄ S ρr

1, if

ρ ⊂ S ρr

r

(A.8)

Here S ρr is the surface of the lens aperture.
An image at the output of the telescope optical system in general case has a view [32-33]:
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Here and everywhere below d 2 rim = drx dry (A.5) . Square of the modulus in (A.9)

r

corresponds to the processing in the detector of optical system. I (ζ ) is the intensity of the
object image at the image plane. In formula (A.9) the square modulus of the phase multiplier

exp( j

π r2
ζ ) is present. So it can be neglected. There is also shown in [33] that the second
λzi

phase multiplier exp( j

π r 2
r
) can also be removed in the presence of the additional
λz0 im
r r

converging lens with appropriate focal length. Then we can write function K 0 (ζ , rim )
instead of (A.7):
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z
M= 0
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(A.11)

is magnification of the optical system.
We introduce the new coordinates of the output image:

r
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(A.12)
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Then function K 0 (ζ , rim ) becomes a difference of two arguments:
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As a result, we obtain instead of formula (A.9):

(A.13)
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where the variable ζ is a vector of the point coordinates in the output image.

Appendix B. Modeling of phase distortions in images.
Atmospheric distortions are modeled by the standard method as follows below. There is
considered a random phase process with the autocorrelation function having a circular
symmetry [33]:

γ ϕ ( r ) = exp{−(

r 2
) }
W

(В.1)

Here

r = [( ∆x ) 2 + ( ∆y ) 2 ]1 / 2

(B.2)

∆x = х1 − х 2 ; ∆y = y1 − y 2 ;
Here the different phases have coordinates: x1 , y1; x 2, y 2 ;

W in (B.1) is the width of the autocorrelation function of the phase.
From (B.1) we obtain the structural

function Dϕ (r ) in the form [3.3]:

Dϕ ( r ) = 2σ ϕ2 [1 − γ ϕ ( r )]. (B.3)
Here σ ϕ is a standard phase dispersion.
We assume that the random phase is modeled by a Gaussian random process with zero mean
and variance equal to Dϕ . Then, using formulas B.1 and B.3, we obtain in the first
approximation:

Dϕ ( r ) = 2σ ϕ2 ⋅ (

r 2
) (B.4).
W

Next, we assume that the image array has a size $ 0 ⋅ $ 0 , and each pixel is separated from
the neighboring pixel by a distance equal resolution of the telescope ∆ res =

λ ⋅ Range
D

(resolution is defined in the section 1). In this case, we assume that width W is the same in
the direction x and the direction y and equal to:

W = ∆ res ⋅ $ 0 ;

( B.5)

Now we assume that each pixel in the image has two-dimensional coordinates ( xk , yl ) ,
where:

x k = ∆ res ⋅ k ; y l = ∆ res ⋅ l;

(B.6),

Also, we assume the one-dimensional Gaussian distribution for the phase difference ( B.2 ).
Every pixel ( x1, y1 ) will be defined with the number ( k , l ) . Pixel ( x2 , y 2 ) , relative to
which the value (B.2) is calculated , is selected as central point of the image with coordinates:

x 2 = ∆ res ⋅ $ 0 / 2; y 2 = ∆ res ⋅ $ 0 / 2; (B.7)
Then the structural

~

function Dϕ (r ) can be expressed as Dϕ ( k , l ) :

~
Dϕ ( k , l ) = 2(σ ϕ / $ 0 ) 2 ⋅ (( k − $1 ) 2 + (l − $1 ) 2 ) (B.8),
where $1 = $ 0 / 2;
As a result , the random values Vϕ ( k , l ) can be obtained at each pixel
with the number ( k , l ) :

Vϕ ( k , l ) = Gauss(0, Dϕ ( k , l )) ;

(B.9)

After this, the values Vϕ ( k , l ) are inserted into the space of the telescope pupil in the
form of function exp( jVϕ ( k , l )) . These functions give phases distorting the image.
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