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Abstract: Phase retrieval wavefront sensing methods are now of importance for imaging quality
maintenance of space telescopes. However, their accuracy is susceptible to line-of-sight jitter due
to the micro-vibration of the platform, which changes the intensity distribution of the image. The
effect of the jitter shows some stochastic properties and it is hard to present an analytic solution to
this problem. This paper establishes a framework for jitter-robust image-based wavefront sensing
algorithm, which utilizes two-dimensional Gaussian convolution to describe the effect of jitter on an
image. On this basis, two classes of jitter-robust phase retrieval algorithms are proposed, which can
be categorized into iterative-transform algorithms and parametric algorithms, respectively. Further
discussions are presented for the cases where the magnitude of jitter is unknown to us. Detailed
simulations and a real experiment are performed to demonstrate the effectiveness and practicality of
the proposed approaches. This work improves the accuracy and practicality of the phase retrieval
wavefront sensing methods in the space condition with non-ignorable micro-vibration.

Keywords: jitter-robust; parametric phase retrieval; iterative-transform wavefront sensing

1. Introduction

The imaging performance of space-based large-aperture astronomical telescopes is
susceptible to space thermal /mechanical perturbations, which can gradually lead to mirror
misalignments or deformations during long-term on-orbit observation and operation [1].
Mirror misalignments and deformations will introduce wavefront aberrations and degrade
the imaging quality of the system. In order to maintain the imaging quality, it is of critical
importance to accurately sense the wavefront of the system. On this basis, we can actively
align the system and correct those aberrations with mirror actuators [2].

Image-based wavefront sensing (WEFS) represents a class of WFS methods that di-
rectly utilize image plane intensity measurements to recover the pupil plane wavefront
phase of the optical system. This class of methods mainly includes iterative-transform
methods (developed from the Gerchberg-Saxton algorithm) [3-7], parametric methods
(also known as model-based optimization algorithms or directly called phase diversity
algorithms) [8-12], and deep learning methods [13-20]. Compared to other WFS methods,
such as the Shack-Hartmann sensor [21], pyramid sensor [22], or curvature sensing [23],
this class of WFS methods is particularly suitable for space applications [24,25].

However, the accuracy of the image-based wavefront sensing methods for space
telescopes is inevitably influenced by space perturbations. Meanwhile, line-of-sight jitter
is one of the most common forms of disturbances due to micro-vibration of the platform
which can be induced by a refrigerator or reaction wheel [26]. Line-of-sight jitter can
change the intensity distribution in the image plane and therefore reduce the accuracy of
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the recovered wavefront phase. In a sense, the effect of jitter is hard to correct. On one hand,
it is particularly difficult to eliminate the micro-vibration of the platform which usually
has a wide frequency range; on the other hand, the effect of jitter on intensity distribution
shows some stochastic properties and it is hard to present an analytic model to describe it.
Consequently, seldom researches can present an effective solution to this problem.

Many researchers have studied how to reduce the effect of jitter on imaging quality.
Sun et al. proposed a new mathematical method named DIROEF to estimate the true
value of the jitter, and the SVBM and VACM methods were used to compensate for the
radiometric and geometric effects of the jitter on the image [27]. Liu et al. presented an
approach that offers jitter effect compensation and quality improvement for push-broom
optical images based on dynamic point spread function (PSF) estimation and iterative
image restoration [28,29]. Wu et al. presented an algorithm using Fourier analysis to
resolve the jitter function for a HiRISE image that is then used to update instrument
pointing information to remove geometric distortions from the image [30]. However,
few researchers study how to reduce the effect of jitter on the accuracy of image-based
wavefront sensing, which is of importance for space applications.

While the effect of jitter presents stochastic property, it still obeys some statistics laws.
In the presence of jitter, the position of the intersection of the line-of-sight with the image
plane at any moment within the exposure time obeys normal distribution. Based on this
fact, Gaussian convolution is introduced to describe the effect of jitter on image [31,32].
Then this paper proposes two jitter-robust image-based wavefront sensing algorithms,
which can be categorized into iterative-transform algorithms and parametric algorithms,
respectively. The parametric jitter-robust phase retrieval algorithm is also extended to
those cases where the magnitude of jitter is not known to us. Detailed simulations and
a real experiment are performed to demonstrate the effectiveness and practicality of the
proposed approach.

The remainder of this paper is organized as follows. In Section 2, we propose the
principle of parametric phase retrieval wavefront sensing algorithm which takes the ef-
fects of jitter into consideration. Simulations and a real experiment are conducted in
Sections 3 and 4, respectively. In Section 5, we summarize and conclude the paper.

2. Principle of Jitter-Robust Phase Retrieval Wavefront Sensing Algorithm

This section first discusses how to describe the intensity distribution of the point
spread function (PSF) in the presence of jitter. On this basis, two kinds of jitter-robust
image-based wavefront sensing algorithms are proposed, which can be categorized into
iterative-transform algorithms and parametric algorithms, respectively.

Specifically, the first jitter-robust algorithm involves iterative Fourier transformation
back and forth between the object and Fourier domains and application of the measured
data and established imaging model in the presence of jitter. The second jitter-robust
algorithm recovers the parameterized wavefront aberrations by minimizing the objective
function which includes the effects of jitter with nonlinear optimization methods.

2.1. Modelling Point Spread Function in the Presence of Jitter

We will first discuss how to describe the intensity distribution of the point spread
function (PSF) in the presence of jitter. Let us suppose that the object is illuminated with
noncoherent quasi-monochromatic light, and the imaging system is a linear shift-invariant
system. According to Fourier optics, the point spread function in the image plane can be
expressed as

() = {FT" {Aexplio(x)]} } M)

where [ represents the intensity distribution of a PSF, which is a two-dimensional matrix, i
is an imaginary unit, F T-1 represents the inverse Fourier transform, A is a binary two-
dimensional matrix, and the value of the matrix element is 1 inside the normalized aperture
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and the rest is 0, and x represents the aberration coefficients vector used to describe the
wavefront phase map.

While the effect of jitter presents stochastic property, it still obeys some statistics laws.
In the presence of jitter, the position of the intersection of the line-of-sight with the image
plane at any moment within the exposure time obeys normal distribution. Therefore,
Gaussian convolution can be introduced to describe the effect of jitter on the image during
the exposure time. In other words, in the presence of jitter, the intensity distribution of a
PSF can be modeled as:

I(u) = {FTﬁl{Aexp[i@(x)]}}2 ® G ()

where G is a Gaussian convolution kernel, which is used to represent the effect of jitter on
the intensity distribution of the PSF. To accurately describe the effect of jitter, the element in
G should be carefully determined.

The value of the element in G can be determined according to the two-dimensional
Gaussian normal distribution, which can be expressed as

1 -1 u? 20up U v?
> XP 73|52 ) ®)
2710,05+/1 — P2, 2(1—p2,) Lo ouoy 02

where u and v are coordinate variables (can also be seen as the values of two random
variables), 0, and o, represent the variances of the two random variables, respectively,
and p,, denotes the correlation coefficient between the two random variables. oy, oy
and p,» determines the distribution form of the two-dimensional Gaussian function. In
this Equation, we suppose the mean values of the two random variables are zeros. Here
G and g have different meanings. G is the Gaussian kernel which is used to perform
convolution and g is the Gaussian function which is used to discuss the property of the
Gaussian function.

In general, we can further suppose 0y =0y, and py, = 0. In this case, the Gaussian
function in Equation (3) can be rewritten as

1 X2+ y?
- 2mo? exp{— 202 } @)

The value of ¢ in this equation should be consistent with the variance of line-of-sight
jitter measured in pixels.

On this basis, we can obtain the value of each element in the Gaussian kernel, G.
Specifically, we can first draw grid lines in a plane, and the intervals between grid lines
are equivalent to the pixel size. Then, we assume the center of the Gaussian function is
in consistent with the center of the central square in the grid, as shown in Figure 1, and
calculate the weighted sum of the Gaussian function in each square in the grid through
integration in each square. The number of the squares in the grid (i.e., the number of the
elements in the Gaussian kernel) is usually 3 x 3 or 5 x 5. Note that the sum of element
values in the Gaussian kernel should be normalized to 1.

g(u, 0,0y,0y, Puv) =

g(x,y;0)

2.2. Iterative-Transform [Jitter-Robust Image-Based Wavefront Sensing Algorithm

According to the convolution theorem, Equation (2) can be rewritten as

2
FT{I(u)} = FT{{FTl{Aexp[i@(x)]}} }~FT(G) ®)
This equation can further be rewritten as
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FT{I(u)}

where 7 is introduced to suppress the effect of noise near the nulls of the ch

Gaussian function Gri9 lines

Figure 1. Illustration for obtaining the Gaussian kernel used to describe the effects of jitter. The
variance of this Gaussian function should be consistent with the magnitude of jitter.

On this basis, we can propose an iterative-transform jitter-robust image-based wave-
front sensing algorithm. When only one focal image is available, this algorithm is illustrated
in Figure 2. In this figure, 6 is the phase map of the complex field after Fourier transforma-
tion. This phase map can be represented by y which is a vector including a set of Zernike
coefficients. k is the iteration index. The key point in Figure 2 is that y/I(u) is replaced by

rr i

ei¢(xl) <— Initial value X,

v . .
A—>® — A o — Bg“tx)

ei¢(xk) \
T em(ykA) — eiﬁ(yk )
A'ei¢(xk)
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Figure 2. Illustration of the iterative-transform jitter-robust phase retrieval wavefront sensing.

The algorithm illustrated in Figure 2 can easily be extended to those cases where two
PSFs with different defocused distances are available.

2.3. Parametric [itter-Robust Image-Based Wavefront Sensing Algorithm

Since the relationship between PSF and aberration coefficients in the presence of jitter
has been established, we can present the following equations after collecting two PSFs with
a detector,

L = {FT’l{Aexp[iG(x)}}}z(XJG @
I = {FT-Y{Aexplio(x + A)]}}> © G
where I; and I, are the intensity distributions of the two PSFs collected with detector, A is
the known diversity phase between the two PSFs.



Sensors 2022, 22, 5584

50f13

It is hard to directly obtain the analytical solution of the complicated nonlinear equa-
tions (i.e., x) presented above (both I; and I, are matrices and therefore there can be
hundreds of equations in Equation (7)). In order to solve the aberration coefficients from
these equations, the following objective function is first established,

E(x) = | h — {FT~ {Aexplig(v)]}} @ G ®

+ YL — {FT"Y{ Aexpliz(x + A)]}} @ G|

where }(-) means the integral over all the effective pixels in the two PSF images.
Optimization methods can then be used to find the minimum of E(x). Under ideal

conditions, E(x() is equal to zero if xq is the solution of the equations. In practice, E(x)

cannot reach zero due to image noise and we generally consider x¢’ is the solution of the

equations when E(x') is the minimum of E(x). The diagram of this parametric algorithm

is shown in Figure 3.

Obtain the Gaussian kernel G to
describe the effect of jitter

Establishment of objective
function E(x) containing G

Searching the global minimum
of E(x) iteratively

Optimization
iterion satisfied2

MES

Iteration number
n=n+1

Output the set of aberration
coefficients

Figure 3. Diagram of parametric jitter-robust phase retrieval approach.

Here we will derive the analytic partial derivative of E with respect to an aberration
coefficient. Supposing the aberration coefficients vector x is expressed as

x = [aya0, 03, aN] )

where N is total aberration coefficients considered in the algorithm, then the phase @(x)
can be represented as

N
j=1
where Z; is the jth Fringe Zernike coefficients [33].
According to the convolution derivation principle [34],

OFG  OF
ox  ox

®G (11)

where F represents a function with variable x, then the partial derivative of E with respect
to an aberration coefficient a; can be derived, which is presented in Equation (12),
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%f - 4'2[11 ~ R G} R () FTH fi(x) 2} ® G

2 . (12)
+4 L |L — B @G| B FT 1 {f2(x)i2} © G
where
{ Fi(u) = FT Y Aexplio(x)]} (13)
B (u) = FT Y{ Aexp[io(x + A)]}
and
fi(x) = Aexplio(x)]
{fz(x) — Aexpliz(x+A)] (19

The Y () in Equation (12) means integration over the effective region of the focal image.
This analytic form for the partial derivative of E with respect to an aberration coefficient
can be used with any gradient-search optimization algorithm, such as Gradient Descent,
Quasi-Newton, Conjugate Gradient or BFGS algorithm (BFGS is used in this work).

3. Simulations
3.1. Simulation of PSF in the Presence of Jitter

Simulations are performed to demonstrate the proposed jitter-robust phase retrieval
algorithms. Here we first discuss how to simulate the PSF in the presence of jitter. We
suppose the position of the intersection of the line-of-sight with the image plane at any
moment within the exposure time obeys normal distribution. A large series of PSFs with
random amount of transverse translation (the orientation is also random) is generated
for certain aberration coefficient sets. The values of translation obey normal distribution
with a certain value of variance (this value is usually in sub-pixel). These PSFs with
different amounts of image translations are superimposed and a new PSF is obtained after
normalization. On this basis, a certain amount of noise can be added to this image to
simulate the true noisy condition.

Suppose the aperture of the optical system is 2000 mm, the focal length of the system
is 28,000 mm, the wavelength is 632.8 nm, the pixel size is 5.5 pm, and the defocusing
distance between two PSF images is 1 mm. Three pairs of simulated PSF images in the
presence of different jitter parameters for the same wavefront error aberration coefficients
and noise level are presented in Figure 4. Figure 4a shows a pair of PSFs without jitter. The
magnitude of jitter in Figure 4b—d are 0.1 pixels, 0.3 pixels, and 0.5 pixels, respectively.

We can see from Figure 4 that, as the magnitudes of jitter increases, the details of PSF
images become vague. In other words, in the presence of non-ignorable jitter, the intensity
distribution of PSF can change a lot. In this case, a considerable error will be introduced
when the effects of jitter are not taken into consideration.

3.2. Results for One Case and Analysis

Traditional phase retrieval algorithms that do not take jitter into consideration and the
two jitter-robust phase retrieval approaches are applied to those three pairs of simulated
PSF images. The results are presented in Table 1. In Table 1, C4~C9 represent Fringe Zernike
aberration coefficients, and the root mean square error (RMSE) between the true value and
recovered value is used to evaluate the accuracy of these algorithms. Here only low-order
aberration coefficients are considered, which helps us to know the aberration terms that are
sensitive to jitter.

In Table 1, line A1 and line B1 represent the results of the traditional iterative-transform
phase retrieval algorithm and parametric phase retrieval algorithm, respectively. Specif-
ically, we use Hybrid input/output (HIO) as the traditional iterative-transform phase
retrieval algorithm and we use phase diversity proposed by R. A. Gonsalves as the tradi-
tional parametric phase retrieval algorithm. Line A2 and line B2 represent the results of
the jitter-robust iterative-transform phase retrieval algorithm and jitter-robust parametric
phase retrieval algorithm, respectively.
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@)

(b)

Figure 4. Four pairs of simulated PSF images in the presence of different jitter parameters for the

(©

(d)

same wavefront error and noise level. (a) shows a pair of PSFs without jitter. The magnitudes of jitter

in (b—d) are 0.1 pixels, 0.3 pixels, and 0.5 pixels, respectively. We can see that, as the magnitudes of

jitter increases, the PSF images become vague.

Table 1. Comparison of traditional phase retrieval algorithms which do not take jitter into consid-

eration (A1, B1) and the two jitter-robust phase retrieval approaches (A2, B2) for the PSF pairs in

Figure 3.
C4 C5 Ce Cc7 (@] 9 RMSE Iterations
True value 0.321 —0.254 0.223 —0.113 0.036 0.038

Al 0.303 —0.250 0.214 —-0.114 0.040 0.043 0.0079 142

B1 0.320 —0.263 0.242 —0.131 0.023 0.031 0.0050 141
sigma = 0.1 pixels

A2 0.319 —0.249 0.223 —0.115 0.040 0.041 0.0031 33

B2 0.323 —0.258 0.225 —0.115 0.037 0.037 0.0024 29

Al 0.296 —0.242 0.213 —0.111 0.047 0.045 0.0128 144

B1 0.334 —0.265 0.245 —0.121 0.027 0.026 0.0121 145
sigma = 0.3 pixels

A2 0.310 —0.245 0.218 —0.110 0.030 0.039 0.0059 34

B2 0.324 —0.255 0.230 —0.119 0.032 0.035 0.0052 32

Al 0.287 —0.224 0.205 —0.106 0.044 0.031 0.0217 147

B1 0.293 —0.216 0.209 —0.111 0.039 0.030 0.0209 145
sigma = 0.5 pixels

A2 0.336 —0.263 0.255 —0.115 0.031 0.035 0.0134 38

B2 0.327 —0.268 0.249 —0.124 0.033 0.041 0.0119 40

The following conclusions can be drawn from Table 1:

(1) While jitter-robust phase retrieval algorithms cannot thoroughly eliminate the effects
of jitter on phase retrieval accuracy, they can effectively reduce its effects and maintain

wavefront accuracy.

(2) Theaccuracy of C4 (defocus aberration) and C5, C6 (astigmatism) are more susceptible

to the effects of jitter for traditional phase retrieval algorithms.

(3) It seems that the accuracy of the parametric jitter-robust phase retrieval algorithm
is a little higher than the accuracy of the iterative-transform jitter-robust phase

retrieval algorithm.

Then we take the case of sigma = 0.3 pixels as an example to test the convergence of
these four algorithms, and the results are presented in Figure 5 (the initial value for these
four algorithms are the same as each other). We can see that the parametric algorithms (B1,
B2) with an analytic partial derivative of E with respect to an aberration coefficient a; have
a higher convergence efficiency, and only 30 times of iteration are needed for convergence.
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More iterations are needed for iterative-transform algorithms to converge (about 150 times
of iteration). Other cases are also tested and similar results are obtained.

0.16 T T T T —=— Al
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0.14F1 1 Bl
‘ v— B2
012} |\, 170.016
LY
010} r, fooaf e
\ |
w M 0.012F A A A A 4 4 4 4 4 44 |
0 0.08 ‘A \ . -—
> o) 0.010f %
0.06 Lo ¥ 0.008} .
‘ \a »- .
0.04F |y Feaa, 7 1'0.006} e
A 11. -\i\- A SEEn e S S S SR Sumn s s S 4
0.02 F o 7;"“*, - 110.004
‘, ooty .],_FE':.* 120 130 140 150
A S AR AL o o
0.00 .

0 30 60 9 120 150

Niter

Figure 5. Convergence of the four algorithms for the case of sigma = 0.3 pixels in Table 1. We can
see that the parametric algorithms (B1, B2) with an analytic partial derivative of E with respect to an
aberration coefficient a; have a higher convergence efficiency.

3.3. Monte Carlo Analysis and Discussion

Monte Carlo simulations are further presented to demonstrate the effectiveness of the
proposed jitter-robust approaches. Here the number of aberration coefficients considered
is increased to 36. A total of 100 sets of aberration coefficients are randomly generated
within the range of [—0.5), 0.5A], and 100 pairs of PSF images are then generated according
to the simulation process presented in Section 3.1 and certain system parameters (mainly
including aperture size, focal length, pixel size, wavelength, defocusing distance) for a
certain jitter parameter. Three jitter parameters (sigma = 0.1 pixels, 0.3 pixels, and 0.5 pixels)
and two noise levels (40 dB and 30 dB) are considered for each PSF image (and therefore
there are 600 pairs of PSF images in total). The two traditional phase retrieval algorithms
(A1, B1) and the two jitter-robust phase retrieval algorithms (A2, B2) are applied to each
pair of the PSF images. RMSE of each algorithm are calculated and analyzed. The results
are presented in Figure 6.

To simulate noise, we model each image to have Gaussian CCD read noise with a
standard deviation of 50e™ and a dark current of 0.3e™ /s over a 1 s integration time. The
photon noise which is dependent on intensity follows a Poisson distribution.

The peak pixel SNR is defined as

Speak
2 2
\/Speuk + Tread + Odark

PSNR = 20log1g (15)

where Speak is the peak pixel value of the noise-free image, and 02 ; and 07, are the
variances associated with the readout noise and the dark current noise at each pixel,
respectively. Simulations will be performed to evaluate the effectiveness of the proposed
cross-iteration deconvolution strategy in the noisy conditions. The peak of the PSF is set
to 15,000 million photons, which is restricted to full well electron numbers. Then the final
peak pixel PSNR is approximately equal to about 40 dB.

The following conclusions can be drawn from Figure 6:

(1) We can see from Figure 6a,b that the accuracy of the traditional phase retrieval algorithms
decreases sharply as the magnitude of jitter increases, while the two jitter-robust phase
retrieval algorithms can reduce the effects of jitter on phase retrieval accuracy.
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RMSE

0.06

(2) We can see from Figure 6a,b that the RMSE of the jitter-robust phase retrieval algo-
rithms is about half of the RMSE of the traditional phase retrieval algorithms.

(3) Comparing Figure 6a,b, we can see that iterative-transform phase retrieval algorithms
(both A1l and A2) are more sensitive to noise level, and their accuracy is lower than
parametric phase retrieval algorithms for low signal-to-noise-ratio (SNR).

0.06 T T T T T T T T T T T T

0.04 4

0.02 4

0.00

SNR=40dB

sy 119 ., e

s?gma:O.l p?xles sigma=0.1 pixles
E s¥gma:0.3 pgcles SNR=30dB D sigma=0.3 pixles
sigma=0.5 pixles [ sigma=0.5 pixles

4 0.04 -

(11
1
RMSE
1

0.00 1

T T T T T 1 1 1 1 1 1 T T T T T T T T T T T
Bl A2 B2 Al Bl A2 B2 Al Bl A2 B2 Al Bl A2 B2 Al Bl A2 B2 Al Bl A2 B2

(a) (b)

Figure 6. Comparison between the accuracy of two traditional phase retrieval algorithms (A1, B1)
and the two jitter-robust phase retrieval algorithms (A2, B2) for a high SNR (a) and a low SNR (b).

We can see that, compared to traditional phase retrieval algorithms, the accuracy of
jitter-robust phase retrieval algorithms is insensitive to the presence of jitter.

4. Experiment

Real experiments are performed to demonstrate the effectiveness and practicality of
the proposed jitter-robust algorithms. A physical map of the optical path used to generate
PSF images including the effects of jitter is shown in Figure 7. Importantly, a hexapod is
used to change the pose of a flat mirror, which determines the direction of the optical axis
(pointing direction). A large number of pointing change values are randomly generated
for a certain magnitude of variance and introduced to the optical system to represent the
effect of jitter, and a PSF image is collected each time the pointing is changed (the position
and pose of the flat mirror with respect to the hexapod should be carefully determined). By
superimposing all these images (100 images), a final PSF image is obtained to represent a
real PSF for a certain magnitude of jitter. In this experiment, the variances of the pointing
change are selected as 0.1 pixels, 0.3 pixels and 0.5 pixels (this value should be converted
to the pitch and torsion angle of the hexapod), respectively. Traditional phase retrieval
algorithms and the jitter-robust phase retrieval algorithms are applied to these PSF images.

The results are presented in Figure 8. In this figure, “original images” is obtained by
superimposing 100 single images which contain a certain magnitude of image translation
(the variance of image translation are 0.1 pixels, 0.3 pixels, and 0.5pixels, respectively).
In other words, “original images” represents those images obtained in the presence of
certain magnitude of jitter. “Reconstructed images” is calculated with the wavefront
phase recovered by each algorithm according to the Fourier optics principle (Gaussian
convolution is also considered for the case of A2 and B2). In this experiment, only low-order
aberration coefficients are considered and the RMSE of each set of aberration coefficients
are presented under the corresponding reconstructed images (we take the phase recovered
from a pair of images without jitter as the standard value). Some conclusions can be drawn
from Figure 8:

(1) The reconstructed images for A2 and B2 are very similar to the original images, and
RMSEs for A2 and B2 are smaller than RMSEs for A1 and B1, which demonstrates the
effectiveness and practicality of the proposed jitter-robust phase retrieval algorithms.
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(2) The reconstructed images for Al are also similar to the original images. However,
the RMSE for Al is quite large. This fact indicates that traditional phase retrieval
algorithms attribute image vague to aberration, not jitter. Therefore, while the recon-
structed images are similar to the original ones, the accuracy is low.

(3) We find that in this experiment, the accuracy of B2 is a litter higher than A2. The
possible reason may be that the parametric jitter-robust phase retrieval algorithm is
more robust to image noise than the iterative-transform jitter-robust phase retrieval
algorithm. This conclusion is consistent with the results presented in Figure 6.

Interferometer . J :
Flat mirror /

<

: Primary Mirror

Figure 7. Optical path used to generate PSF images including the effects of jitter.

Original

Reconstructed Images
Images

Al B1 A2 B2

Sigma=0.1

0.0108A 0.0095A 0.0055A 0.0047A
Sigma =0.3

0.0264A 0.0229A 0.0119A 0.0091A
Sigma =0.5

0.0394A 0.0365A 0.0174A 0.0146A

Figure 8. Results of the Traditional phase retrieval algorithms (A1, B1) and the jitter-robust phase
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retrieval algorithms (A2, B2) when they are applied to those images obtained in the experiment which
include the effects of jitter.

5. Other Discussion

In the previous sections, we consider that the magnitude of jitter is known to us. In
this section, we further discuss the case where the magnitude of jitter is unknown to us
(we suppose that the magnitude of jitter is isotropic). In this case, the iterative jitter-robust
phase retrieval algorithms are no longer applicable. For an unknown magnitude of jitter,
the procedure of deconvolution in Figure 2 cannot be implemented.

On the other hand, the parametric jitter-robust phase retrieval algorithm presented in
Section 2.3 can be extended to the case where the magnitude of the jitter is unknown. In
this case, the unknown quantity vector x (which is also the variable of the optimization
process) should be rewritten as

x, = [06]’0(2, o3, AN, 0-} (16)

In other words, in the optimization process of searching the sets of aberration coeffi-
cients, the magnitude of jitter can also be solved. At the same time, aberration coefficients
are more accurate since this optimization process has taken the unknown jitter parameter
into consideration.

Monte Carlo simulations are also presented to demonstrate the accuracy of the pro-
posed jitter-robust approaches for an unknown magnitude of jitter (i.e., sigma is unknown)
(we no longer perform experiments to demonstrate its effectiveness). A total of 100 sets
of aberration coefficients are randomly generated within the range of [-0.5A, 0.5A], and
100 pairs of PSF images are then generated according to the simulation process presented
in Section 3.1 and certain system parameters (mainly including aperture size, focal length,
pixel size, wavelength, defocusing distance) for a certain jitter parameter. Three jitter
parameters (sigma = 0.1 pixels, 0.3 pixels, and 0.5 pixels) and two noise levels (40 dB and
30 dB) are considered for each PSF image. Comparison between the case where the sigma
is known and the case where the sigma is unknown is presented in Figure 9.

0.06 T T T T T

0.06 T T T T T

T T
sigma=0.1 pixels sigma=0.1 pixels
sigma=0.3 pixels sigma=0.3 pixels
sigma=0.5 pixels sigma=0.5 pixels

0.04 4 — 0.04 4 —

|

0.02 4 B 0.02 4 E

o

=z L E LT

0.00

RMSE
]
RMSE

0.00

T T T T T T T T T T T
Unknown Known Unknown Known Unknown Known Unknown Known Unknown Known Unknown Known

(@) (b)

Figure 9. Comparison between the case where the sigma is known and the case where the sigma is
unknown for a low SNR (a) and a high SNR (b). For a high SNR, the accuracy of phase retrieval in
the two cases is comparable. For a low SNR, the accuracy of phase retrieval in the case where the
sigma is unknown is much lower than in the case where the jitter magnitude is known.

Comparing (a) and (b) in Figure 9, we can see that in the case of known and unknown
jitter amplitude, the accuracy of the robust phase recovery algorithm with known jitter
amplitude is higher than that of the phase recovery algorithm with unknown jitter.
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6. Conclusions

To conclude, this paper proposes a framework for jitter-robust image-based wavefront
sensing algorithm by including the effects of jitter and proposed two kinds of jitter-robust
phase retrieval algorithms, which can be categorized into iterative-transform algorithms
and parametric algorithms, respectively. The effect of the jitter shows some stochastic
properties and it is hard to present an analytic solution to this problem. This paper utilizes
two-dimensional Gaussian convolution to describe the effect of jitter on the image, keeping
in mind that the variance of this Gaussian function should be consistent with the magnitude
of jitter. Further discussions are presented for the cases where the magnitude of jitter is
unknown to us, and the parametric jitter-robust phase retrieval algorithm can be extended
to this case. Detailed simulations and a real experiment are performed to demonstrate the
effectiveness and practicality of the proposed approach.

Overall, we find that the parametric jitter-robust phase retrieval algorithm is supe-
rior to the iterative-transform jitter-robust phase retrieval algorithm. This method can be
extended to those cases where the magnitude of jitter is unknown to us, which is of signifi-
cance for the application of the jitter-robust phase retrieval algorithm in practical situations.

Author Contributions: L.G. and G.J. designed this study; L.G. and B.X. contributed to the theory
research; L.G., G.J. and X.B. performed the experiments; L.G. and Q.M. analyzed the data; L.G. and
G.J. wrote the paper and created the diagrams; L.G., S.X. and EJ. contributed to scientific advising
and proofreading. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (NSFC)
(61905241, 62005279, 61805235).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the anonymous reviewers for their construc-
tive comments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Noethe, L. Active optics in modern, large optical telescopes. Prog. Opt. 2001, 43, 1-69.

2. Tarenghi, M.; Wilson, R.N. The ESO NTT (new technology telescope): The first active optics telescope. Proc. SPIE 1989, 1114,
302-313.

3.  Fienup, J.R. Phase retrieval algorithms: A personal tour. Appl. Opt. 2013, 52, 45-56. [CrossRef] [PubMed]

4. Zhao, L. Bai, J.; Hao, Y,; Jing, H.; Wang, C.; B Lu, Y.L.; Wang, K. Modal-based nonlinear optimization algorithm for wavefront
measurement with under-sampled data. Opt. Lett. 2020, 45, 5456-5459. [CrossRef] [PubMed]

5. Zhao, L.; Yan, H; Bai, J.; Hou, J.; He, Y.; Zhou, X.; Wang, K. Simultaneous reconstruction of phase and amplitude for wavefront
measurements based on nonlinear optimization algorithms. Opt. Express 2020, 28, 19726-19737. [CrossRef] [PubMed]

6.  Gerchberg, W.; Saxton, W.O. A practical algorithm for the de termination of phase from image and diffraction plane pictures.
Optik 1972, 35, 237-246.

7. Fienup, ].R. Phase-retrieval algorithms for a complicated optical system. Appl. Opt. 1993, 32, 1737-1746. [CrossRef]

8. Gonsalves, R.A.; Hidlaw, R.C. Wavefront sensing by phase retrieval. Proc. SPIE 1979, 207, 32-39.

9.  Gonsalves, R.A. Phase retrieval and diversity in adaptive optics. Opt. Eng. 1982, 21, 829-832. [CrossRef]

10. Paxman, R.G.; Schulz, T.].; Fienup, J.R. Joint estimation of object and aberrations by using phase diversity. J. Opt. Soc. Am. A 1992,
9, 1072-1085. [CrossRef]

11.  Paxman, R.G,; Fienup, ].R. Optical misalignment sensing and image reconstruction using phase diversity. J. Opt. Soc. Am. A 1988,
5,914-923. [CrossRef]

12.  Qi, X.;Ju, G.; Xu, S. Efficient solution to the stagnation problem of the particle swarm optimization algorithm for phase diversity.
Appl. Opt. 2018, 57, 2747-2757. [CrossRef] [PubMed]

13. Ju, G.; Qi, X.; Ma, H; Yan, C. Feature-based phase retrieval wavefront sensing approach using machine learning. Opt. Express
2018, 26, 31767-31783. [CrossRef] [PubMed]

14. Mck], L.; Petrov, PN.; Moerner, W.E. Accurate phase retrieval of complex point spread functions with deep residual neural

networks. Appl. Phys. Lett. 2019, 115, 251106. [CrossRef] [PubMed]


http://doi.org/10.1364/AO.52.000045
http://www.ncbi.nlm.nih.gov/pubmed/23292374
http://doi.org/10.1364/OL.403459
http://www.ncbi.nlm.nih.gov/pubmed/33001918
http://doi.org/10.1364/OE.396486
http://www.ncbi.nlm.nih.gov/pubmed/32672243
http://doi.org/10.1364/AO.32.001737
http://doi.org/10.1117/12.7972989
http://doi.org/10.1364/JOSAA.9.001072
http://doi.org/10.1364/JOSAA.5.000914
http://doi.org/10.1364/AO.57.002747
http://www.ncbi.nlm.nih.gov/pubmed/29714275
http://doi.org/10.1364/OE.26.031767
http://www.ncbi.nlm.nih.gov/pubmed/30650757
http://doi.org/10.1063/1.5125252
http://www.ncbi.nlm.nih.gov/pubmed/32127719

Sensors 2022, 22, 5584 13 of 13

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Guerra-Ramos, D.; Trujillo-Sevilla, J.; Rodriguez-Ramos, ].M. Towards Piston Fine Tuning of Segmented Mirrors through
Reinforcement Learning. Appl. Sci.-Basel 2020, 10, 3207. [CrossRef]

Nishizaki, Y.; Horisaki, R.; Kitaguchi, K.; Saito, M.; Tanida, ]. Analysis of non-iterative phase retrieval based on machine learning.
Opt. Rev. 2020, 27, 136-141. [CrossRef]

Tian, Q.; Lu, C; Liu, B.; Zhu, L,; Pan, X.; Zhang, Q.; Yang, L.; Tian, F,; Xin, X. DNN-based aberration correction in a wavefront
sensorless adaptive optics system. Opt. Express 2019, 27, 10765-10776. [CrossRef]

Nishizaki, Y.; Valdivia, M.; Horisaki, R.; Kitaguchi, K.; Saito, M.; Tanida, J.; Vera, E. Deep learning wavefront sensing. Opt. Express
2019, 27, 240-251. [CrossRef]

Xin, Q.; Ju, G.; Zhang, C.; Xu, S. Object-independent image-based wavefront sensing approach using phase diversity images and
deep learning. Opt. Express 2019, 27, 26102-26119. [CrossRef]

Pain, S.W.; Fienup, ].R. Machine learning for improved image-based wavefront sensing. Opt. Lett. 2018, 43, 1235-1238. [CrossRef]
Ko, J.; Christopher, C.D. Comparison of the plenoptic sensor and the Shack-Hartmann sensor. Appl. Opt. 2017, 56, 3689-3698.
[CrossRef] [PubMed]

Plantet, C.; Meimon, S.; Conan, J.-M.; Fusco, T. Revisiting the comparison between the Shack-Hartmann and the pyramid
wavefront sensors via the Fisher information matrix. Opt. Express 2015, 23, 28619-28633. [CrossRef] [PubMed]

An, Q.; Wu, X,; Lin, X.; Ming, M.; Wang, J.; Chen, T.; Zhang, J.; Li, H.; Chen, L.; Tang, J.; et al. Large segmented sparse aperture
collimation by curvature sensing. Opt. Express 2020, 28, 40176-40187. [CrossRef] [PubMed]

Guo, H; Xu, Y;; Li, Q.; Du, S.; He, D.; Wang, Q.; Huang, Y. Improved Machine Learning Approach for Wavefront Sensing. Sensors
2019, 19, 3533. [CrossRef] [PubMed]

Wu, Y;; Guo, Y.; Bao, H.; Rao, C. Sub-Millisecond Phase Retrieval for Phase-Diversity Wavefront Sensor. Sensors 2020, 20, 4877.
[CrossRef]

Lightsey, P.A.; Atkinson, C.B.; Clampin, M.C.; Feinberg, L.D. James Webb Space telescope: Large deployable cryogenic telescope
in space. Opt. Eng. 2012, 51, 011003. [CrossRef]

Liu, S.J.; Lin, E; Tong, X.H.; Zhang, H.; Lin, H.; Xie, H.; Ye, Z.; Zheng, S.Z. Dynamic PSF-based jitter compensation and quality
improvement for push-broom optical images considering terrain relief and the TDI effect. Appl. Opt. 2022, 61, 4655-4662.
[CrossRef]

Sun, T.; Long, H.; Liu, B.C.; Li, Y. Application of attitude jitter detection based on short-time asynchronous images and
compensation methods for Chinese mapping satellite-1. Opt. Express 2015, 23, 1395-1410. [CrossRef]

Liu, S.J.; Tong, X.H.; Wang, EX.; Sun, W.Z,; Guo, C.C;; Ye, Z; Jin, YM.; Xie, H.; Chen, P. Attitude Jitter Detection Based on
Remotely Sensed Images and Dense Ground Controls: A Case Study for Chinese ZY-3 Satellite. IEEE ]. Sel. Top. Appl. Earth Obs.
Remote Sens. 2016, 9, 5760-5766. [CrossRef]

Wu, B.; Dj, K,; Oberst, J. Planetary Remote Sensing and Mapping; CRC Press: Boca Raton, FL, USA, 2019.

Hasan, H.; Burrows, C.]. Telescope Image Modeling (TIM). Publ. Astron. Soc. Pac. 1995, 107, 289-298. [CrossRef]

Johnson, J.F. Modeling Imager Deterministic and Statistical Modulation Transfer-functions. Appl. Opt. 1993, 32, 6503-6513.
[CrossRef] [PubMed]

Lofdahl, M.G.; Scharmer, G.B. Wave-front sensing and image-restoration from focused and defocused solar images. Astron.
Astrophys. Suppl. Ser. 1994, 107, 243-264.

Nussbaumer, H.J. 1931-Fast Fourier Transform and Convolution Algorithms; Springer: Berlin/Heidelberg, Germany, 1982.


http://doi.org/10.3390/app10093207
http://doi.org/10.1007/s10043-019-00574-8
http://doi.org/10.1364/OE.27.010765
http://doi.org/10.1364/OE.27.000240
http://doi.org/10.1364/OE.27.026102
http://doi.org/10.1364/OL.43.001235
http://doi.org/10.1364/AO.56.003689
http://www.ncbi.nlm.nih.gov/pubmed/28463253
http://doi.org/10.1364/OE.23.028619
http://www.ncbi.nlm.nih.gov/pubmed/26561131
http://doi.org/10.1364/OE.413599
http://www.ncbi.nlm.nih.gov/pubmed/33379549
http://doi.org/10.3390/s19163533
http://www.ncbi.nlm.nih.gov/pubmed/31412562
http://doi.org/10.3390/s20174877
http://doi.org/10.1117/1.OE.51.1.011003
http://doi.org/10.1364/AO.453163
http://doi.org/10.1364/OE.23.001395
http://doi.org/10.1109/JSTARS.2016.2550482
http://doi.org/10.1086/133552
http://doi.org/10.1364/AO.32.006503
http://www.ncbi.nlm.nih.gov/pubmed/20856491

	Introduction 
	Principle of Jitter-Robust Phase Retrieval Wavefront Sensing Algorithm 
	Modelling Point Spread Function in the Presence of Jitter 
	Iterative-Transform Jitter-Robust Image-Based Wavefront Sensing Algorithm 
	Parametric Jitter-Robust Image-Based Wavefront Sensing Algorithm 

	Simulations 
	Simulation of PSF in the Presence of Jitter 
	Results for One Case and Analysis 
	Monte Carlo Analysis and Discussion 

	Experiment 
	Other Discussions 
	Conclusions 
	References

