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A B S T R A C T

Active compensation for perturbed coaxial reflecting space telescope (CRST) is an effective and important
means to improve the image quality, which has been widely used in the field of astronomical observation.
The existing compensation methods have disadvantages of complicated structure, high-cost and poor efficiency.
Aiming to solve these problems, in this paper, a novel active compensation method for perturbed CRST based
on defocus point spread function (PSF) and well-trained convolutional neural network (CNN) is proposed. First,
the optimal compensation strategy for perturbed CRST by adjusting the secondary mirror (SM) is presented, and
the nonlinear mapping between the defocus PSF at the field point of interest and five kinds of misalignments of
SM is established by utilizing CNN. Then, two alignment schemes either using single-field or multi-field defocus
PSFs to obtain the adjustments of SM are proposed, and the simulation proofs show that the image quality
can be improved by using our method to implement the active compensation for perturbed CRST. Finally, the
influences of image noise and high-order figure errors of primary mirror (PM) on the compensation effect are
investigated respectively. Compared with the existing compensation methods, the proposed method requires
neither a dedicated wavefront sensor nor driving active correction components repeatedly nor a lot of iterations
to optimize a metric function, which is suitable for in-orbit active fast compensation for perturbed CRST.
. Introduction

Space telescopes not only avoid the blurring effects caused by atmo-
pheric turbulence, but also can achieve wide-band imaging. Among
hem, coaxial reflection space telescopes (CRSTs) have been widely
sed in space remote sensing after decades of development. The typ-
cal representatives such as Hubble Space Telescope launched into
ow-Earth orbit [1] and James Webb Space Telescope at second La-
range point [2], play an important role in the field of astronomical
bservation.

When a CRST works in orbit, due to its own errors of design, man-
facturing and alignment and the influences of external environment
uch as temperature change and gravity effect, the image quality of
erturbed system will deteriorate caused by both the figure errors
f primary mirror (PM) and the misalignments of secondary mirror
SM) or tertiary mirror (TM). To solve the problem, active optical
ethods [3–6] are usually utilized to improve the image quality of
erturbed system. In active optics, it is ideal for the perturbed system
o be restored to the nominal design state by arbitrarily adjusting each
ptical element to compensate for the misalignments and figure errors.
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ptics_chang@126.com (J. Chang).

However, in practice, the cost of restoring these perturbed components
is huge and the system performance should be compensated for as
easily as possible. The optimal strategy is to compensate for aberrations
of the perturbed telescope by adjusting the smaller mirror such as the
SM [7–9].

Two kinds of traditional methods have been used to realize the
system aberration compensation. One kind of method including sen-
sitivity table method (STM) [10], merit function regression (MFR)
method [11], nodal aberration theory (NAT) method [12–14] and arti-
ficial neural network (ANN) method [15] requires employing a wave-
front sensor such as the Shack–Hartmann wavefront sensor (SH) [16] or
phase retrieval (PR) method [17,18] to sense the wavefront aberration
and calculate the perturbations. Obviously, on the one hand, the use
of wavefront sensors increases the complexity and cost of the system,
and on the other hand, the PR method needs a beam splitter and an
additional detector or translating the image plane or using weak lenses
in a filter wheel to obtain a pair of intensity images with defocus
diversity, resulting in the slight uncertainty of the system, besides, the
PR method performs massive computations, which is time-consuming.
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Although increased computation time is not really an issue for space
telescope, a fast alignment is attractive in practice.

The other kind of method does not need the wavefront sensing but
uses a specific optimization algorithm to find the extreme value of the
metric function established by the light intensity information on the
detector, and the wavefront aberrations are compensated for when the
metric function converges to its extreme value. In this type of method,
the optimization algorithms are usually divided into two categories, one
is model-free algorithm, such as simulated annealing algorithm [19],
genetic algorithm [20] and stochastic parallel gradient descent algo-
rithm [21], etc. These model-free methods are time-consuming and
easy to fall into the local optimum due to the inaccuracy of metric
function or control parameters. The other category is model-based
algorithm [22,23], which can simplify the multiple iterative search to
a deterministic direct solution, and the convergence speed of algorithm
is greatly improved. Nevertheless, both model-based and model-free
methods need to repeatedly drive the active correction elements to
minimize the wavefront aberration, which reduces the stability of
optical system and shortens the mechanical life of optical elements.

In recent years, the deep learning method based on the point
spread function (PSF) has become an important way for in-orbit aber-
ration compensation. Convolutional neural network (CNN) was used
to establish the nonlinear relationship between PSF at the single field
point and four misalignments of SM, and the prediction of the mis-
alignments of SM of Ritchty–Chrétien optical system was preliminary
realized assuming other errors do not exist [24]. For a CRST, all the
optical elements might be perturbed in orbit, some methods should
be developed to compensate for the misaligned or deformed optical
elements simultaneously. Taking the coaxial three-mirror anastigmat
(TMA) telescope as an example, this paper mainly focuses on how to
use SM as the active component to compensation with misaligned SM,
TM and deformed PM, and the proposed method is applicable to other
CRSTs.

This paper is organized as follows. In Section 2, based on the
principle that the misalignments and low-order figure errors of optical
components can induce the same type of aberrations, the optimal com-
pensation strategy for perturbed coaxial TMA telescope is proposed.
Two alignment schemes either using single-field or multi-field defocus
PSFs are proposed to calculate the adjustments of SM. In Section 3 and
Section 4, a typical coaxial TMA telescope is taken as an example to
verify our proposed method. Furthermore, the influences of image noise
and high-order figure errors of PM on the compensation effect are in-
vestigated respectively. In addition, the proposed method is compared
with STM in case of single-field alignment. In Section 5, the conclusions
are given.

2. Method

Despite the variety of CRSTs, their basic system structures are
same. In our study, the method, simulations and analyses are illus-
trated by taking the coaxial TMA telescope as an example and can be
extrapolated to other CRSTs.

2.1. The optimal compensation strategy with SM

Based on NAT, for a coaxial TMA telescope having PM as the
aperture stop and a real intermediate image plane between SM and TM,
the misalignments of SM and TM and the low-order figure errors of PM
can induce the same type of aberrations namely coma, astigmatism and
defocus [25]. It is possible to compensate for the corresponding induced
aberrations by adjusting other components with motion mechanisms. In
our proposed method, the optimal compensation strategy for perturbed
coaxial TMA telescope with misaligned SM and TM and deformed PM
by adjusting SM is adopted, which can improve the image quality and
meet the required system performance. This compensation process is

performed as follows: w

2

At the field point (𝑥, 𝑦), the wavefront aberration of perturbed
oaxial TMA telescope with misaligned SM and TM and deformed PM
an be expressed as

𝑡𝑜𝑡𝑎𝑙(𝑥, 𝑦) = 𝑊𝐻 (𝑥, 𝑦) +𝑊𝑃𝑀 (𝑥, 𝑦, 𝑎5, 𝑎6, 𝑎7, 𝑎8)

+ 𝑊𝑆𝑀 (𝑥, 𝑦,𝐷𝑆𝑀𝑥, 𝐷𝑆𝑀𝑦, 𝐷𝑆𝑀𝑧, 𝑇𝑆𝑀𝑥, 𝑇𝑆𝑀𝑦)

+ 𝑊𝑇𝑀 (𝑥, 𝑦,𝐷𝑇𝑀𝑥, 𝐷𝑇𝑀𝑦, 𝐷𝑇𝑀𝑧, 𝑇𝑇𝑀𝑥, 𝑇𝑇𝑀𝑦),

(1)

here 𝑊𝑡𝑜𝑡𝑎𝑙 is the total wavefront aberration of coaxial TMA telescope,
𝑥, 𝑦) is the coordinates of the field point, 𝑊𝐻 (𝑥, 𝑦) is the intrinsic
ield-dependent wavefront aberration under the nominal design state,
𝑃𝑀 (𝑥, 𝑦, 𝑎5, 𝑎6, 𝑎7, 𝑎8) is the contribution of the figure errors of PM

o the system aberration, here, the Zernike polynomials are used in
avefront analysis, 𝑎5, 𝑎6, 𝑎7 and 𝑎8 are the coefficients of the 5th to
th Zernike items respectively, representing the coma and astigmatism.
𝑆𝑀𝑥, 𝐷𝑆𝑀𝑦, 𝐷𝑆𝑀𝑧, 𝑇𝑆𝑀𝑥, 𝑇𝑆𝑀𝑦 and 𝐷𝑇𝑀𝑥, 𝐷𝑇𝑀𝑦, 𝐷𝑇𝑀𝑧, 𝑇𝑇𝑀𝑥, 𝑇𝑇𝑀𝑦
re five kinds of misalignments of SM and TM respectively, denoting
he translation along X, Y, Z and the rotation about X and Y. Here, the
otation about Z is ignored because an coaxial TMA system is consid-
red. 𝑊𝑆𝑀 (𝑥, 𝑦,𝐷𝑆𝑀𝑥, 𝐷𝑆𝑀𝑦, 𝐷𝑆𝑀𝑧, 𝑇𝑆𝑀𝑥, 𝑇𝑆𝑀𝑦) and 𝑊𝑇𝑀 (𝑥, 𝑦,𝐷𝑇𝑀𝑥,
𝑇𝑀𝑦, 𝐷𝑇𝑀𝑧, 𝑇𝑇𝑀𝑥, 𝑇𝑇𝑀𝑦) are respectively the contributions of the
isalignments of SM and TM to the system aberrations, including coma,

stigmatism and defocus.
As mentioned above, the goal of our optimal compensation strategy

s to make 𝑊𝑡𝑜𝑡𝑎𝑙 equal to 𝑊𝐻 (𝑥, 𝑦) by adding the adjustments of SM
escribed as 𝛥𝐷𝑆𝑀𝑥, 𝛥𝐷𝑆𝑀𝑦, 𝛥𝐷𝑆𝑀𝑧, 𝛥𝑇𝑆𝑀𝑥 and 𝛥𝑇𝑆𝑀𝑦 to the initial
osition of SM, as shown in

𝑃𝑀 (𝑥, 𝑦, 𝑎5, 𝑎6, 𝑎7, 𝑎8)

+ 𝑊𝑆𝑀 (𝑥, 𝑦,𝐷𝑆𝑀𝑥 + 𝛥𝐷𝑆𝑀𝑥, 𝐷𝑆𝑀𝑦 + 𝛥𝐷𝑆𝑀𝑦,

𝑆𝑀𝑧 + 𝛥𝐷𝑆𝑀𝑧, 𝑇𝑆𝑀𝑥 + 𝛥𝑇𝑆𝑀𝑥, 𝑇𝑆𝑀𝑦 + 𝛥𝑇𝑆𝑀𝑦)
+ 𝑊𝑇𝑀 (𝑥, 𝑦,𝐷𝑇𝑀𝑥, 𝐷𝑇𝑀𝑦, 𝐷𝑇𝑀𝑧, 𝑇𝑇𝑀𝑥, 𝑇𝑇𝑀𝑦)

= 0.

(2)

From Eq. (2), we can see that how to obtain the solutions of
𝐷𝑆𝑀𝑥, 𝛥𝐷𝑆𝑀𝑦, 𝛥𝐷𝑆𝑀𝑧, 𝛥𝑇𝑆𝑀𝑥 and 𝛥𝑇𝑆𝑀𝑦 is the core of the proposed
ethod.

.2. The nonlinear relationship between the defocus PSF and misalignments
f SM

In our method, according to the above optimal compensation strat-
gy, we focus on how to solve 𝛥𝐷𝑆𝑀𝑥, 𝛥𝐷𝑆𝑀𝑦, 𝛥𝐷𝑆𝑀𝑧, 𝛥𝑇𝑆𝑀𝑥 and
𝑇𝑆𝑀𝑦 to compensate for the perturbed TMA telescope by using the
efocus PSF at the field point of interest. For that purpose, we first
uilt the nonlinear relationship between the defocus PSF and the mis-
lignments of SM, namely 𝐷𝑆𝑀𝑥, 𝐷𝑆𝑀𝑦, 𝐷𝑆𝑀𝑧, 𝑇𝑆𝑀𝑥 and 𝑇𝑆𝑀𝑦. Based
n the scalar diffraction theory, a point source 𝑓 is captured as a single
ntensity image 𝑔 after passing through a perturbed TMA telescope with
berrated wavefront 𝜑, which is defined as the PSF. The operation
rocess is written as follows:

= 𝑃𝑆𝐹 ⊗ 𝑓, (3)

𝑆𝐹 = | {𝑊 }|2, (4)

= 𝐴𝑒𝑖𝜑, (5)

here ⊗ is an operator of the convolution, 𝑊 is the generalized
upil function, {∙} denotes the operator of two-dimensional Fourier
ransform, 𝐴 is the transmittance function of pupil, 𝜑 is the system
avefront.

The defocus PSF can be obtained by the same way while the defocus
hase 𝛥𝛷 is added to the wavefront 𝜑, which is expressed as

𝑆𝐹𝑑𝑒𝑓𝑜𝑐𝑢𝑠 =
|

|

|


{

𝐴𝑒𝑖(𝜑+𝛥𝛷)}|
|

|

2
, (6)
here 𝑃𝑆𝐹𝑑𝑒𝑓𝑜𝑐𝑢𝑠 is the defocus PSF.
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Fig. 1. The variation of Zernike coefficients caused by the misalignments of SM. 𝑎4 ∼ 𝑎8 respectively represents the coefficients of the 4th to 8th Zernike items. (a) The change
f Zernike coefficients with varied 𝐷𝑆𝑀𝑥. (b) The change of Zernike coefficients with varied 𝐷𝑆𝑀𝑦. (c) The change of Zernike coefficients with varied 𝑇𝑆𝑀𝑥. (d) The change of
ernike coefficients with varied 𝑇𝑆𝑀𝑦. (e) The change of Zernike coefficients with varied 𝐷𝑆𝑀𝑧.
m
t
c
i

2

𝛥
a
s
p
Z
a
e

𝑊

a

𝑊

𝐷

From Eq. (4) to Eq. (6), we can see that there is a nonlinear rela-
ionship between 𝑃𝑆𝐹𝑑𝑒𝑓𝑜𝑐𝑢𝑠 and 𝜑. Theoretically, 𝐷𝑆𝑀𝑥, 𝐷𝑆𝑀𝑦, 𝐷𝑆𝑀𝑧,
𝑆𝑀𝑥 and 𝑇𝑆𝑀𝑦 will cause the variation of 𝜑. Here, the variation of 𝜑
an be described as Zernike items with coefficients, which is expressed
s

𝜑 =
𝑛
∑

𝑖=1
(𝑎𝑖′−𝑎𝑖)𝑍𝑖, (7)

here 𝛥𝜑 is the variations of 𝜑, 𝑎𝑖 is the 𝑖th Zernike coefficient under
he nominal design state, and 𝑎𝑖′ is the 𝑖th Zernike coefficient after
ntroducing 𝐷𝑆𝑀𝑥, 𝐷𝑆𝑀𝑦, 𝐷𝑆𝑀𝑧, 𝑇𝑆𝑀𝑥 and 𝑇𝑆𝑀𝑦 into the system.

In our simulation, 𝐷𝑆𝑀𝑥, 𝐷𝑆𝑀𝑦, 𝐷𝑆𝑀𝑧, 𝑇𝑆𝑀𝑥 and 𝑇𝑆𝑀𝑦 are intro-
uced into the coaxial TMA telescope (taking the preliminary SNAP
elescope described in Section 3.1 as the example). 𝐷𝑆𝑀𝑥, 𝐷𝑆𝑀𝑦 are
aried over the range of [−0.5 mm, 0.5 mm]. 𝑇𝑆𝑀𝑥, 𝑇𝑆𝑀𝑦 are varied
ver the range of [−0.1◦, 0.1◦ ]. 𝐷𝑆𝑀𝑧 is varied over the range of
−0.05 mm, 0.05 mm]. As shown in Fig. 1, the relationship between
𝜑 and the misalignments of SM is quantitatively analyzed.

It is found that the influences of the misalignments of SM on
he high-order aberrations are really small and only the coefficients
f the 4th to 8th Zernike items, which represent defocus, coma and
stigmatism, are affected by 𝐷𝑆𝑀𝑥, 𝐷𝑆𝑀𝑦, 𝐷𝑆𝑀𝑧, 𝑇𝑆𝑀𝑥 and 𝑇𝑆𝑀𝑦. In
eneral, there is an approximate linear relationship between 𝛥𝜑 and
he misalignments of SM.

Note that STM which is based on the approximate linear relation-
hip between 𝛥𝜑 and the misalignments of SM can be utilized to obtain
he misalignments of SM by employing a dedicated wavefront sensor or
R method. In this paper, we focus on how to obtain the misalignments
f SM by using the defocus PSF at the field point of interest, which
equires neither a dedicated wavefront sensor nor PR method.

According to Eq. (6), there is a nonlinear relationship between the
efocus PSF and 𝛥𝜑. Furtherly, due to the linear relationship between
𝜑 and the misalignments of SM, CNN can be used to establish the
3

apping between the defocus PSF of the field point of interest and
he misalignments of SM so that 𝐷𝑆𝑀𝑥, 𝐷𝑆𝑀𝑦, 𝐷𝑆𝑀𝑧, 𝑇𝑆𝑀𝑥 and 𝑇𝑆𝑀𝑦
an be solved according to the defocus PSF at the field point of
nterest.

.3. The scheme of aberration compensation by CNN

In order to obtain the adjustments of SM, namely 𝛥𝐷𝑆𝑀𝑥, 𝛥𝐷𝑆𝑀𝑦,
𝐷𝑆𝑀𝑧, 𝛥𝑇𝑆𝑀𝑥 and 𝛥𝑇𝑆𝑀𝑦, we first suppose that there exists the mis-
lignments of SM described as 𝐷′

𝑆𝑀𝑥, 𝐷
′
𝑆𝑀𝑦, 𝐷

′
𝑆𝑀𝑧, 𝑇

′
𝑆𝑀𝑥 and 𝑇 ′

𝑆𝑀𝑦, the
ystem aberrations induced by them are equivalent to the aberrations of
erturbed TMA telescope with low-order figure errors of PM (5th to 8th
ernike items), misalignments of SM (𝐷𝑆𝑀𝑥, 𝐷𝑆𝑀𝑦, 𝐷𝑆𝑀𝑧, 𝑇𝑆𝑀𝑥, 𝑇𝑆𝑀𝑦)
nd misalignments of TM (𝐷𝑇𝑀𝑥, 𝐷𝑇𝑀𝑦, 𝐷𝑇𝑀𝑧, 𝑇𝑇𝑀𝑥, 𝑇𝑇𝑀𝑦), which is
xpressed as

𝑃𝑀 (𝑥, 𝑦, 𝑎5, 𝑎6, 𝑎7, 𝑎8)

+ 𝑊𝑆𝑀 (𝑥, 𝑦,𝐷𝑆𝑀𝑥, 𝐷𝑆𝑀𝑦, 𝐷𝑆𝑀𝑧, 𝑇𝑆𝑀𝑥, 𝑇𝑆𝑀𝑦)

+ 𝑊𝑇𝑀 (𝑥, 𝑦,𝐷𝑇𝑀𝑥, 𝐷𝑇𝑀𝑦, 𝐷𝑇𝑀𝑧, 𝑇𝑇𝑀𝑥, 𝑇𝑇𝑀𝑦)

= 𝑊𝑆𝑀 (𝑥, 𝑦,𝐷′
𝑆𝑀𝑥, 𝐷

′
𝑆𝑀𝑦, 𝐷

′
𝑆𝑀𝑧, 𝑇

′
𝑆𝑀𝑥, 𝑇

′
𝑆𝑀𝑦).

(8)

Then, introducing the additive inverse of 𝐷′
𝑆𝑀𝑥, 𝐷′

𝑆𝑀𝑦, 𝐷
′
𝑆𝑀𝑧, 𝑇

′
𝑆𝑀𝑥

nd 𝑇 ′
𝑆𝑀𝑦 into the perturbed system, we can get

𝑡𝑜𝑡𝑎𝑙(𝑥, 𝑦)

= 𝑊𝐻 (𝑥, 𝑦) +𝑊𝑃𝑀 (𝑥, 𝑦, 𝑎5, 𝑎6, 𝑎7, 𝑎8)

+ 𝑊𝑆𝑀 (𝑥, 𝑦,𝐷𝑆𝑀𝑥 −𝐷′
𝑆𝑀𝑥, 𝐷𝑆𝑀𝑦 −𝐷′

𝑆𝑀𝑦,

𝑆𝑀𝑧 −𝐷′
𝑆𝑀𝑧, 𝑇𝑇𝑀𝑥 − 𝑇 ′

𝑇𝑀𝑥, 𝑇𝑇𝑀𝑦 − 𝑇 ′
𝑇𝑀𝑦)

(9)
+ 𝑊𝑇𝑀 (𝑥, 𝑦,𝐷𝑇𝑀𝑥, 𝐷𝑇𝑀𝑦, 𝐷𝑇𝑀𝑧, 𝑇𝑇𝑀𝑥, 𝑇𝑇𝑀𝑦).
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According to the approximate linear relationship between wave-
ront aberrations and the misalignments of SM, we can get

𝑆𝑀 (𝑥, 𝑦,𝐷𝑆𝑀𝑥 −𝐷′
𝑆𝑀𝑥, 𝐷𝑆𝑀𝑦 −𝐷′

𝑆𝑀𝑦, 𝐷𝑆𝑀𝑧−
′
𝑆𝑀𝑧, 𝑇𝑇𝑀𝑥 − 𝑇 ′

𝑇𝑀𝑥, 𝑇𝑇𝑀𝑦 − 𝑇 ′
𝑇𝑀𝑦)

= 𝑊𝑆𝑀 (𝑥, 𝑦,𝐷𝑆𝑀𝑥, 𝐷𝑆𝑀𝑦, 𝐷𝑆𝑀𝑧, 𝑇𝑇𝑀𝑥, 𝑇𝑇𝑀𝑦)

− 𝑊𝑆𝑀 (𝑥, 𝑦,𝐷′
𝑆𝑀𝑥, 𝐷

′
𝑆𝑀𝑦, 𝐷

′
𝑆𝑀𝑧, 𝑇

′
𝑇𝑀𝑥, 𝑇

′
𝑇𝑀𝑦).

(10)

So equation (9) is rewritten as

𝑊𝑡𝑜𝑡𝑎𝑙(𝑥, 𝑦)

= 𝑊𝐻 (𝑥, 𝑦) +𝑊𝑃𝑀 (𝑥, 𝑦, 𝑎5, 𝑎6, 𝑎7, 𝑎8)

+ 𝑊𝑆𝑀 (𝑥, 𝑦,𝐷𝑆𝑀𝑥, 𝐷𝑆𝑀𝑦, 𝐷𝑆𝑀𝑧, 𝑇𝑇𝑀𝑥, 𝑇𝑇𝑀𝑦)

− 𝑊𝑆𝑀 (𝑥, 𝑦,𝐷′
𝑆𝑀𝑥, 𝐷

′
𝑆𝑀𝑦, 𝐷

′
𝑆𝑀𝑧, 𝑇

′
𝑇𝑀𝑥, 𝑇

′
𝑇𝑀𝑦)

+ 𝑊𝑇𝑀 (𝑥, 𝑦,𝐷𝑇𝑀𝑥, 𝐷𝑇𝑀𝑦, 𝐷𝑇𝑀𝑧, 𝑇𝑇𝑀𝑥, 𝑇𝑇𝑀𝑦).

(11)

Substituting Eq. (8) into Eq. (11), we can see that the system
aberrations at the field point of interest can be approximately 𝑊𝐻 (𝑥, 𝑦),
as shown in

𝑊𝑡𝑜𝑡𝑎𝑙(𝑥, 𝑦)

= 𝑊𝐻 (𝑥, 𝑦) +𝑊𝑃𝑀 (𝑥, 𝑦, 𝑎5, 𝑎6, 𝑎7, 𝑎8)

+ 𝑊𝑆𝑀 (𝑥, 𝑦,𝐷𝑆𝑀𝑥, 𝐷𝑆𝑀𝑦, 𝐷𝑆𝑀𝑧, 𝑇𝑆𝑀𝑥, 𝑇𝑆𝑀𝑦)

+ 𝑊𝑇𝑀 (𝑥, 𝑦,𝐷𝑇𝑀𝑥, 𝐷𝑇𝑀𝑦, 𝐷𝑇𝑀𝑧, 𝑇𝑇𝑀𝑥, 𝑇𝑇𝑀𝑦)

− 𝑊𝑆𝑀 (𝑥, 𝑦,𝐷′
𝑆𝑀𝑥, 𝐷

′
𝑆𝑀𝑦, 𝐷

′
𝑆𝑀𝑧, 𝑇

′
𝑆𝑀𝑥, 𝑇

′
𝑆𝑀𝑦)

= 𝑊𝐻 (𝑥, 𝑦).

(12)

To sum up, the compensation for perturbed system can be imple-
mented by introducing the additive inverse of 𝐷′

𝑆𝑀𝑥, 𝐷′
𝑆𝑀𝑦, 𝐷′

𝑆𝑀𝑧,
𝑇 ′
𝑆𝑀𝑥 and 𝑇 ′

𝑆𝑀𝑦 into SM, so the adjustments of SM can be obtained
by

𝛥𝐷𝑆𝑀𝑥= −𝐷′
𝑆𝑀𝑥, 𝛥𝑇𝑆𝑀𝑥= −𝑇 ′

𝑆𝑀𝑥,

𝛥𝐷𝑆𝑀𝑦= −𝐷′
𝑆𝑀𝑦, 𝛥𝑇𝑆𝑀𝑦= −𝑇 ′

𝑆𝑀𝑦,

𝛥𝐷𝑆𝑀𝑧= −𝐷′
𝑆𝑀𝑧.

(13)

Apparently, in our method, the implementation of aberration com-
pensation depends on obtaining 𝐷′

𝑆𝑀𝑥, 𝐷
′
𝑆𝑀𝑦, 𝐷

′
𝑆𝑀𝑧, 𝑇

′
𝑆𝑀𝑥 and 𝑇 ′

𝑆𝑀𝑦,
which will be predicted by CNN.

The scheme of aberration compensation by CNN is shown in Fig. 2.
Firstly, for a given coaxial TMA telescope, the nonlinear relationship
between the defocus PSF at the field point of interest and the mis-
alignments of SM is established by CNN with the defocus PSF at the
field point of interest as the inputs and five kinds of misalignments
(the translation along X, Y, Z and the rotation about X and Y) of
SM as the outputs. Then, the defocus PSF induced by the perturbed
coaxial TMA telescope with misaligned SM and TM and deformed
PM is input into the well-trained CNN (named Comp-Net) to predict
𝐷′

𝑆𝑀𝑥, 𝐷
′
𝑆𝑀𝑦, 𝐷

′
𝑆𝑀𝑧, 𝑇

′
𝑆𝑀𝑥 and 𝑇 ′

𝑆𝑀𝑦. Finally, 𝛥𝐷𝑆𝑀𝑥, 𝛥𝐷𝑆𝑀𝑦, 𝛥𝐷𝑆𝑀𝑧,
𝛥𝑇𝑆𝑀𝑥 and 𝛥𝑇𝑆𝑀𝑦 can be obtained at the field point of interest.

In our method, two alignment schemes either using single-field or
multi-field defocus PSFs are proposed to obtain the adjustments of
SM. For the single-field alignment, only the defocus PSF at the field
point of interest is used to predict the adjustments of SM because
the wavefront aberrations of the single field point of interest other
than the multiple field points need to be corrected. For the multi-
field alignment, considering the imaging requirement for the multiple
field points, a field-balanced strategy using multi-field defocus PSFs is
proposed. Firstly, according to the intrinsic design of a given coaxial
TMA telescope, the number of field points and the position of each field
point are determined. Then using the same method as the single-field
alignment, the defocus PSF of each field point is input into the Comp-
Net respectively to obtain the adjustments of SM associated with each
field point, and then, based on the field-balanced strategy, a weight

factor associated with the mean square radius of the PSF of each field a

4

point is presented, which is expressed as

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑐𝑖 =
∬𝜎(𝑥𝑖 ,𝑦𝑖)

√

(𝑢 − 𝑢′)2 + (𝑣 − 𝑣′)2 ⋅ 𝐼(𝑢, 𝑣)𝑑𝑢𝑑𝑣

∬𝜎(𝑥𝑖 ,𝑦𝑖)
𝐼(𝑢, 𝑣)𝑑𝑢𝑑𝑣

𝑤𝑖 =
𝑐𝑖

∑𝑛
𝑖=1 𝑐𝑖

(14)

where 𝑐𝑖 is the mean square radius of the PSF of the 𝑖th field point,
𝑤𝑖 is the weight factor of the 𝑖th field point, 𝑛 is the number of
field points, (𝑢, 𝑣) is the coordinates of each pixel of the PSF, (𝑢′, 𝑣′)
is the centroid coordinates of the PSF, 𝐼(𝑢, 𝑣) is the light intensity at
(𝑢, 𝑣), and 𝜎(𝑥𝑖, 𝑦𝑖) is the pixel area of the 𝑖th field point [26]. Finally,

ultiplying the adjustments of SM associated with each field point
nd the corresponding weight factor based on the field point, the
djustments of SM can be obtained in the case of multi-field alignment,
s shown in

𝐷𝑆𝑀𝑥, 𝛥𝐷𝑆𝑀𝑦, 𝛥𝐷𝑆𝑀𝑧, 𝛥𝑇𝑆𝑀𝑥, 𝛥𝑇𝑆𝑀𝑦

=
𝑛
∑

𝑖=1
{[𝛥𝐷𝑆𝑀𝑥(𝑥𝑖, 𝑦𝑖), 𝛥𝐷𝑆𝑀𝑦(𝑥𝑖,𝑦𝑖), 𝛥𝐷𝑆𝑀𝑧(𝑥𝑖, 𝑦𝑖),

𝑇𝑆𝑀𝑥(𝑥𝑖, 𝑦𝑖), 𝛥𝑇𝑆𝑀𝑦(𝑥𝑖, 𝑦𝑖)] ⋅𝑤𝑖},

(15)

here 𝛥𝐷𝑆𝑀𝑥, 𝛥𝐷𝑆𝑀𝑦, 𝛥𝐷𝑆𝑀𝑧, 𝛥𝑇𝑆𝑀𝑥 and 𝛥𝑇𝑆𝑀𝑦 are the adjust-
ents of SM of the multi-field alignment, 𝛥𝐷𝑆𝑀𝑥(𝑥𝑖, 𝑦𝑖), 𝛥𝐷𝑆𝑀𝑦(𝑥𝑖, 𝑦𝑖),
𝐷𝑆𝑀𝑧(𝑥𝑖, 𝑦𝑖), 𝛥𝑇𝑆𝑀𝑥(𝑥𝑖, 𝑦𝑖) and 𝛥𝑇𝑆𝑀𝑦(𝑥𝑖, 𝑦𝑖) are the adjustments of SM
ssociated with the 𝑖th field point.

.4. Architecture of network

In our study, the Comp-Net shown in Fig. 3 is constructed to map the
elationship between the defocus PSF and the misalignments of SM, and
rained for the in-orbit aberration compensation. The Comp-Net con-
ists of 9 layers, including 6 convolution layers and 3 fully-connected
ayers. The network uses 2 × 2 convolution kernel instead of common
× 2 pool kernel, which can better complete the deep abstract spatial

eature extraction. Each convolutional operator is followed by rectified
inear unit (Relu) to increase the nonlinear fitting ability. The random
ropout layer is used to increase the generalization of the neural
etwork. Through the last fully-connected layer, the image features
re mapped to the misalignments of SM. The optimal structure is
etermined by multiple adjustments according to the changes of loss
alue in training [27,28].

. Simulation

In this section, we carry out the simulations of optimal compen-
ation for perturbed coaxial TMA telescope with misaligned SM, TM
nd deformed PM to verify the effectiveness of our method. The pre-
iminary SNAP telescope is taken as the example to implement the
cheme of aberration compensation by CNN shown in Fig. 2, and the
orresponding results are obtained. The details are as follows.

.1. The preliminary SNAP telescope

The preliminary SNAP telescope is a typical coaxial TMA system,
hich uses a two-meter class optical system with the F number of 10
nd the effective focal length of −20,000 mm to deliver diffraction
imited images spanned a one degree field in the visible and near
nfrared wavelength regime. The system structure is shown in Fig. 4

nd the structural parameters are listed in Table 1.
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Fig. 2. The schematic diagram of the aberration compensation by CNN.
Fig. 3. The architecture of the Comp-Net for predicting the misalignments of SM.
Fig. 4. The structure of preliminary SNAP telescope.
Table 1
Optical prescription of preliminary SNAP telescope.

Surface Conic coefficient Radius/mm Thickness/mm

PM −0.9745 −5476.9498 −2240.6678
SM −2.0240 −1249.3071 3800.0000
TM −0.5490 −1610.9095 −991.4634

3.2. Data generation

Obviously, it is high-cost and time-consuming that the actual ex-
periments are operated to add a large number of misalignments into
SM to obtain the defocus PSFs for training. In this paper, we establish
the optical model of preliminary SNAP telescope for CNN training and
the parameters of optical model including wavelength, beam diameter,
aperture shape, focal length, field of view, etc., are completely the same
5

Table 2
Dynamic range of the misalignments of SM in training sets.
𝐷𝑆𝑀𝑥/mm 𝐷𝑆𝑀𝑦/mm 𝐷𝑆𝑀𝑧/mm 𝑇𝑆𝑀𝑥/ ◦ 𝑇𝑆𝑀𝑦/ ◦

± 0.0800 ± 0.0800 ± 0.0050 ± 0.0300 ± 0.0300

as the actual system (described in Section 3.1). Moreover, considering
the perturbed characteristics of actual preliminary SNAP telescope,
the misalignments of SM vary randomly within the ranges shown in
Table 2.

For training the network, 10,000 simulation data are randomly
generated, of which 90% are used for the training sets and the others
constitute the validation sets. Each set of data takes the defocus PSFs
induced by the misalignments of SM as the input and the misalignments
of SM as the output. Fig. 5 shows four samples of defocus PSFs induced
by different misalignments of SM.
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Fig. 6. The evolution of the loss of the Comp-Net.

.3. Training details and results

The optimizer of the Comp-Net is a dynamically adjusted adaptive
oment estimation with an initial learning rate of 1 × 10−4. The

learning rate is a hyper-parameter used to control the rate at which
an algorithm updates the parameter estimates or learns the parameter
values. The batch size is 128 and the number of epochs is 300. The
mean square error (MSE) is chosen as the loss function to quantify
the differences between the ground-truth and predicted value of the
network, as shown in

𝑀𝑆𝐸 = 1
𝑁

𝑁
∑

𝑖=1
(𝑦𝑖 − 𝑦𝑖

′)2, (16)

where 𝑦𝑖 and 𝑦𝑖′ are the ground-truth and predicted value of the 𝑖th data
respectively, 𝑁 is the numbers of data in training sets and validation
sets.

The parameters of the Comp-Net are updated iteratively using back-
propagated gradients based on the loss value until the predictions of
the network are as close as possible to the ground-truth. The entire
training process is implemented using the accelerated computation with
an NVIDIA GeForce RTX3090.

(−0.5◦, 0.5◦) is taken as the field point of interest for training. Data
generation and CNN training are carried out.

The curve of the loss during CNN training is shown in Fig. 6. It can
be seen that the training loss and the validation loss have decreased
steadily, which indicates that the Comp-Net has good abilities to predict
the misalignments of SM.

For validating the Comp-Net, the defocus PSFs of the validation sets
are input into the Comp-Net to directly obtain the misalignments of SM.
And the average value of the root mean square error (RMSE) of the
misalignments of SM is used to evaluate the accuracy of the Comp-Net
 d

6

Table 3
The RMSE of the misalignments of SM.
𝐷𝑆𝑀𝑥∕μm 𝐷𝑆𝑀𝑦∕μm 𝐷𝑆𝑀𝑧∕μm 𝑇𝑆𝑀𝑥∕′′ 𝑇𝑆𝑀𝑦∕′′

5.6000 5.2000 0.5000 2.1600 2.5200

Table 4
Dynamic range of figure errors of PM.

Zernike coefficient 𝑎5 𝑎6 𝑎7 𝑎8

RMS range/𝜆 ±0.1𝜆 ±0.1𝜆 ±0.1𝜆 ±0.1𝜆

Table 5
Dynamic range of misalignments of SM.
𝐷𝑆𝑀𝑥 /mm 𝐷𝑆𝑀𝑦 /mm 𝐷𝑆𝑀𝑧 /mm 𝑇𝑆𝑀𝑥/ ◦ 𝑇𝑆𝑀𝑦/ ◦

± 0.0400 ± 0.0400 ± 0.0050 ± 0.0100 ± 0.0100

Table 6
Dynamic range of misalignments of TM.
𝐷𝑇𝑀𝑥 /mm 𝐷𝑇𝑀𝑦 /mm 𝐷𝑇𝑀𝑧 /mm 𝑇𝑇𝑀𝑥/ ◦ 𝑇𝑇𝑀𝑦/ ◦

± 0.0400 ± 0.0400 ± 0.0050 ± 0.0100 ± 0.0100

and characterize the degree to which the predicted value deviates from
the ground-truth, as shown in

𝑅𝑀𝑆𝐸 = (
∑𝑁

𝑖=1 (𝑦𝑖 − 𝑦𝑖′)
2

𝑁
)1∕2, (17)

here 𝑦𝑖 and 𝑦𝑖′ are the ground-truth and predicted value of the 𝑖th
ata respectively, 𝑁 represents the numbers of data.

The RMSE of the misalignments of SM are shown in Table 3. It can
e seen that the RMSE of the misalignments of SM are relatively small,
ndicating that the Comp-Net can accurately predict the misalignments
f SM from the defocus PSF. Next, the well-trained Comp can be used to
btain the adjustments of SM to implement the optimal compensation
or the perturbed preliminary SNAP telescope.

.4. The optimal compensation with SM

We utilize the scheme shown in Fig. 2 to implement the optimal
ompensation for perturbed preliminary SNAP telescope with mis-
ligned SM, TM and deformed PM.

Firstly, the optical model of perturbed preliminary SNAP telescope
s built. According to the practical application, 100 data with different
ow-order figure errors of PM, and misalignments of SM and TM within
he ranges shown in Tables 4 to 6 are randomly generated and input
nto the preliminary SNAP telescope.

Then, based on the scalar diffraction theory, the corresponding
efocus PSFs of the field point of interest of perturbed preliminary
NAP telescope are obtained, which can be input into the Comp-Net to
irectly predict the adjustments of SM associated with the field point
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Table 7
RMS values of the wavefront aberration before and after the aberration compensation
at the field point (−0.5◦, 0.5◦).

Average RMS/𝜆 Std RMS/𝜆

Before the aberration compensation 0.5893 0.2466
After the aberration compensation 0.0845 0.0243

Fig. 7. Comparisons of Zernike coefficients before and after the compensation at the
ield point (−0.5◦, 0.5◦).

f interest. In our study, two alignment schemes either using single-
ield or multi-field defocus PSFs are carried out to obtain the final
djustments of SM by multiplying the outputs of the Comp-Net and the
eight factor based on the field point.

Finally, the adjustments of SM are input into the perturbed prelimi-
ary SNAP telescope and the aberration compensation is completed by
djusting SM.

In this paper, the Root Mean Square (RMS) of residual wavefront
fter the compensation is used to evaluate the accuracy of aberration
ompensation, as shown in

𝑀𝑆 =

√

√

√

√

∑𝑚,𝑛
𝑖=1,𝑗=1 [𝑊 (𝑖, 𝑗) −𝑊 ]

2

𝑁
,

(18)

here, 𝑊 (𝑖, 𝑗) is the wavefront aberration at the point (𝑖, 𝑗), 𝑊 is the
verage value of the wavefront aberration of all sampling points, and

is the total number of sampling points.

. Results and analysis

.1. The compensation results of the single-field alignment scheme

The RMS values of wavefront aberration at the field point (−0.5◦,
0.5◦) before and after the compensation are shown in Table 7.

From Table 7, after the aberration compensation, the average RMS
of residual wavefront aberrations can be reduced from about 0.59 𝜆
to 0.08 𝜆, and the standard deviation (Std) RMS of residual wavefront
aberrations can be reduced from about 0.25 𝜆 to 0.02 𝜆, which show
that the perturbed system almost has been recovered to the nominal
design. The changes of residual wavefront represented by the 4th to
8th Zernike coefficients before and after the compensation are given in
Fig. 7. It can be seen that defocus, coma, astigmatism at the field point
of interest are greatly corrected by utilizing the proposed method.

Fig. 8 shows the comparisons of the focus PSFs at the field point
(−0.5◦, 0.5◦) before and after the compensation. Here we present four
examples which have different initial perturbed states. The first row
is the initial perturbed focus PSFs before the compensation, and the
second row is the corresponding focus PSFs after the compensation. It
can be seen that after the compensation, the initial irregular dispersion
blurring state of the spot is improved, the energy of the spot is concen-
trated, and the image quality is significantly improved. It is verified
again that the proposed method can realize the in-orbit aberration
compensation at the field point of interest.
7

4.2. The compensation results of the multi-field alignment scheme

In our study, four field points namely (−0.5◦, 0.5◦), (−0.5◦, −0.5◦),
0.5◦, −0.5◦) and (0.5◦, 0.5◦) are selected to perform the multi-field
lignment. The dynamic ranges of the low-order figure errors of PM
nd the misalignments of SM and TM are the same as those of the
ingle-field alignment scheme. The RMS values of wavefront aberration
t each field point before and after the compensation are shown in
able 8.

Obviously, from Table 8, the aberrations of each field point are
ompensated for based on the field-balanced strategy. In general, the
MS values of wavefront aberrations of multi-field can be reduced from
bout 0.59 𝜆 to 0.12 𝜆.

In addition, for the selected field points, the changes of residual
avefront represented by the Zernike coefficients before and after the

ompensation are shown specifically in Fig. 9. From Fig. 9, the coma
an be well eliminated and the astigmatism can be balanced by using
he multi-field alignment scheme.

Fig. 10 shows the comparisons of the focus PSFs at five field
oints before and after the compensation. The first row is the initial
erturbed focus PSFs before the compensation, and the second row is
he corresponding focus PSFs after the compensation. Similarly, it can
e seen that after the compensation, the image quality is improved.
t is also verified that the proposed method can realize the in-orbit
berration compensation based on the field-balanced strategy.

In summary, the two proposed alignment schemes either using
ingle-field or multi-field defocus PSFs can be used for aberration
ompensation with high accuracy. Compared with the existing com-
ensation methods, the proposed method requires neither a dedicated
avefront sensor nor driving active correction components repeatedly
or a lot of iterations to optimize a metric function, which is suitable for
n-orbit active fast compensation for perturbed coaxial TMA telescope.

.3. The influences of noise and high-order figure errors of PM on compen-
ation

As mentioned above, it is impractical and high-cost to accomplish
he network training by adding a large number of misalignments into
M through actual experiments. In this section, we focus on the influ-
nces of the high-order figure errors of PM and image noise on the
ccuracy of aberration compensation so as to make sure our simulations
re consistent with the actual situations.

The RMS value of residual wavefront aberration is still used to
valuate the accuracy of aberration compensation, and the quantitative
esults of the influences of various factors on the accuracy of aberration
ompensation are obtained, which are described as follows.

.3.1. Noise
Apparently, the image noise will affect the light intensity distri-

ution of the defocus PSF. Signal-to-Noise Ratio (SNR) measures the
trength of the signal relative to the background noise, which is defined
s

𝑁𝑅(𝑑𝐵) = 20log10
‖𝐼(𝑢, 𝑣)‖
‖𝑛𝑜𝑖𝑠𝑒‖

(19)

The Gaussian noises with SNR of 30,40 and 50 are added to the test
data respectively and 100 new test data are generated in total. Fig. 11
shows that defocus PSF under Gaussian noises with different SNR. Then
the test data are input into the Compe-Net, and the corresponding
accuracies of aberration compensation are shown in Table 9.

It can be seen from Table 9 that when the SNR decreases, the RMS
of residual wavefront aberration will increase accordingly. When SNR
is higher than 30 dB, the compensation accuracy can be controlled
within 0.085 𝜆 RMS, which indicates that the Compe-Net suppresses
the influence of some noises when image features are being extracted.
The proposed method has good robustness to noise.
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Fig. 8. Comparisons of focus PSFs before and after the compensation. (a(1) ∼ a(4)) Before the compensation. (b(1) ∼ b(4)) After the compensation.

Fig. 9. Comparisons of Zernike coefficients before and after the aberration compensation (five field points).

Fig. 10. Comparisons of focus PSFs before and after the aberration compensation (five field points).
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Table 8
RMS values of wavefront aberration at five field points before and after the aberration compensation.

Field point Before the aberration compensation After the aberration compensation

Average RMS/𝜆 Std RMS/𝜆 Average RMS/𝜆 Std RMS/𝜆

(0◦, 0◦) 0.5644 0.2452 0.0921 0.0299
(−0.5◦, 0.5◦) 0.5893 0.2466 0.1174 0.0273
(−0.5◦, −0.5◦) 0.5889 0.2495 0.1182 0.0303
(0.5◦, 0.5◦) 0.5971 0.2490 0.1155 0.0318
(0.5◦, −0.5◦) 0.5871 0.2516 0.1170 0.0291
Fig. 11. Defocus PSF under Gaussian noises with different SNR.
Fig. 12. Comparisons of Zernike coefficients before and after the aberration compensation in case of high-order figure errors of PM existing.
Table 9
The RMS of residual wavefront aberration under Gaussian noises with
different SNR.

SNR/dB ∞ 50 40 30

Average RMS/𝜆 0.0844 0.0844 0.0845 0.0847

Table 10
The high-order figure errors of PM.

Zernike coefficient 𝑎9 𝑎10 𝑎11 𝑎12 𝑎13 𝑎14 𝑎15

RMS range/𝜆 ± 0.02 ± 0.02 ± 0.02 ± 0.02 ± 0.02 ± 0.02 ± 0.02

4.3.2. High-order figure errors of PM
In practical application, the high-order figure errors of PM exist

inevitably. In the case of single-field alignment scheme, we study the
influence of the high-order figure errors of PM (represented by the
9th to 15th Zernike items) on the accuracy of compensation. The high-
order figure errors of PM are added to the perturbed preliminary SNAP
telescope to generate the corresponding defocus PSFs, then, the defocus
PSFs are input into the Compe-Net for testing. In our study, the 9th
to 15th Zernike coefficients vary randomly within the ranges shown
in Table 10, and the dynamic ranges of the low-order figure errors of
PM, and the misalignments of SM and TM are the same as those in
Section 3.4.

The accuracies of aberration compensation are shown in Table 11
and the changes of residual wavefront represented by Zernike coeffi-
cients before and after the compensation are shown in Fig. 12.
9

Table 11
RMS values of wavefront before and after the aberration compensation in case of
high-order figure errors of PM existing.

Average RMS/𝜆 Std RMS/𝜆

Before the aberration compensation 0.5993 0.2462
After the aberration compensation 0.1133 0.0370

It can be seen that the proposed method can still significantly reduce
the RMS of residual wavefront in case of high-order figure errors of
PM existing, but compared with the results shown in Table 7, the
compensation effect declines. The main reason is that high-order figure
errors of PM cannot be compensated for by only adjusting SM. As
shown in Fig. 12, the 9th to 15th Zernike coefficients have not changed
after the compensation. Besides, comparing Fig. 12 with Fig. 7, we find
that the proposed method can still significantly reduces the RMS of the
residual wavefront although the compensation capacity on the 4th to
8th Zernike items is dropped slightly with the introduction of high-
order figure errors of PM, which verifies that the Comp-Net has good
generalization abilities.

4.4. The comparisons with STM

STM is a common method for calculating the adjustments of SM,
which has been widely used for active compensation for perturbed
coaxial TMA telescope. The compensation accuracy of STM is limited to
the wavefront sensing error because it requires employing a wavefront
sensor (such as SH) or PR method to sense the wavefront aberration.
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For STM, due to the commercial SHs having the sensing accuracy
f 𝜆/100 RMS and high sensing speed, the compensation accuracy
nd efficiency become relatively high, however, the use of a dedicated
avefront sensor will increase the complexity and cost of the system.
R method performs massive computations, which is time-consuming.

The proposed method only needs defocus PSFs to calculate the
djustments of SM, and no extra hardware devices and expense are
eeded. When a defocus PSF is input into the Comp-Net, it takes only
.035 s to obtain the adjustments of SM, which has the outstanding
erformance in the correction efficiency.

. Conclusion

In this paper, an active compensation method for perturbed CRST
ased on defocus PSF and CNN is proposed, and the TMA telescope is
sed as an example to illustrate our method. Two alignment schemes
ither using single-field or multi-field defocus PSFs are proposed to
btain the adjustments of SM by multiplying the outputs of well-trained
NN and the weight factor based on the field point. In case of single-

ield alignment, the RMS of wavefront aberration can be approximately
o the nominal design state, and defocus, coma and astigmatism are ba-
ically eliminated. For the multi-field alignment, the aberration at each
ield point can be compensated for by a field-balanced strategy. The
imulation proofs show that the proposed method can implement an
n-orbit active fast compensation for perturbed CRST with misaligned
M and TM and deformed PM by obtaining the adjustments of SM
ccording to the selected field points and corresponding defocus PSF.
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