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Abstract

Off-axis reflective telescopes are prone to component misalignment due to external envi-
ronmental factors and mechanical vibrations. This misalignment introduces low-order
aberrations, which severely degrade imaging quality. Thus, active misalignment correction
is crucial for maintaining the imaging performance of off-axis reflective telescopes. Current
computer-aided alignment technologies for optical systems mostly rely on wavefront sen-
sors to acquire aberrations at multiple fixed fields of view (FOVs) or even the full FOV. This
significantly increases system complexity and hinders practical engineering applications.
To address this issue, this study first conducts sensitivity analysis of misaligned degrees
of freedom (DOFs) using a mode truncation algorithm based on singular value decom-
position (SVD). A compensation strategy is proposed to avoid the aberration coupling
effect. Furthermore, two novel misalignment aberration compensation methods for off-axis
reflective telescopes are presented. These methods require only a single focal spot image
and eliminate the need for aberration detection and iterative calculations. One method
directly solves component misalignment errors using a convolutional neural network
(CNN) based on the system’s point spread function (PSF). To further improve compen-
sation performance, an improved method fusing spot images and Zernike coefficients is
proposed. In practical misalignment correction, both methods input a single acquired focal
spot image into a well-trained model to obtain the misalignment compensation amount.
Simulation experiments demonstrate that the improved method, which uses Zernike poly-
nomial coefficients as an intermediate feature bridge, effectively establishes the mapping
relationship between spot images and misalignment amounts. It achieves higher solution
accuracy and better aberration compensation effect compared to the direct CNN method.
This verifies the necessity of extracting Zernike polynomial coefficient features from spot
images. Comparative experiments with the traditional sensitivity matrix method show
that the two proposed methods outperform the sensitivity matrix method in aberration
compensation accuracy over a large misalignment range. Comprehensive simulation re-
sults confirm the feasibility and effectiveness of the proposed methods. They overcome the
limitations of existing methods, such as complex structure, high cost, and low efficiency, to a
certain extent.
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1. Introduction

Off-axis reflective telescopes have no central obstruction. Among them, off-axis
two-mirror telescopes offer advantages such as a small number of reflective surfaces, a
low primary mirror F-number, and a large aperture. However, this design makes the
system extremely sensitive to mirrors spatial position misalignment errors. The beam
expander system, precisely aligned during the assembly phase, is subjected to wind loads,
temperature changes, and mechanical vibrations during transportation and operation.
Additionally, adjusting the optical axis and secondary mirror (SM) position when observing
targets causes deformation of the internal mechanical structure. These factors lead to
deviations in mirrors spatial positions, ultimately degrading system imaging quality. With
the development of optical design and processing technology, the alignment accuracy
before telescope delivery and the misalignment correction accuracy during service have
become key factors limiting the final imaging quality of off-axis telescope systems [1,2].
Therefore, developing a fast and high-precision misalignment error correction method is
critical for improving telescope imaging performance.

Current mainstream misalignment correction methods based on wavefront detection
fall into two categories. The first category is analytical methods based on nodal aberration
theory (NAT). Researchers such as Gu et al. [3], Zhang et al. [4,5], Wen et al. [6], and
Bai et al. [7,8] analyzed the aberration compensation characteristics of off-axis two-mirror
and three-mirror telescopes using NAT and proposed corresponding misalignment cor-
rection models. These studies provide a theoretical basis for analyzing the changes of
system wavefront aberration and PSF caused by mirrors misalignment. However, the
complex establishment of analytical models hinders their engineering application. The
second category is alignment technology that constructs simple numerical models based on
existing misalignment values and corresponding wavefront aberration coefficients using a
fitting approach, also known as computer-aided alignment. Researchers such as Figoski [9],
Seonghui Kim [10], and Lee [11] conducted optical system alignment research using the
sensitivity matrix method, merit function regression method, and differential wavefront
sampling method, respectively. The sensitivity matrix method lacks sufficient nonlinear
mapping for large misalignment ranges. The merit function regression method is prone to
local optima. The differential wavefront sampling method suffers from large measurement
errors in practical detection. In contrast, artificial neural networks have been applied
due to their strong nonlinear fitting capabilities [12,13]. It should be noted that all the
above methods require additional optical equipment, such as Shack-Hartmann wavefront
sensors [14], curvature sensors [15], and interferometers [16], to detect system wavefront
aberration. Complex algorithms are then used to solve for misalignment values. This
not only increases system complexity but also easily causes error propagation. He et al.
proposed a residual-error-aware Shack-Hartmann calibration method [17], which further
confirms the impact of residual errors from additional detection equipment, highlighting
the necessity of sensor-free methods. Moreover, wavefront sensors are unavailable in some
application scenarios, such as space telescopes, limiting the applicability of these methods.

To break this limitation, advances in wavefront sensing technology have promoted
the development of methods for directly extracting Zernike polynomial coefficient features
from spot images [18]. In traditional methods, phase retrieval (PR) and phase diver-
sity (PD) infer wavefront aberrations by analyzing intensity distributions on single or
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multiple planes to extract coefficients; multi-channel diffractive optical element (DOE)
filtering based on Zernike matching achieves coefficient separation by directly responding
to specific orders of Zernike modes through customized filter structures. Notably, stray
light and parameter fluctuations in optical systems can interfere with spot image quality.
Zhou et al. confirmed through research on LiDAR optical systems that internal stray light
suppression [19] and adaptive parameter adjustment [20] can effectively reduce the impact
of system defects, which is consistent with the idea of avoiding stray light issues through
sensor-free design in this paper. With the development of deep learning, methods for
directly learning the mapping relationship between focal spot morphology and Zernike
coefficients using neural networks have emerged. Jiang et al.’s research [21] verified the
effectiveness of deep learning-assisted phase processing, and Li et al.’s multi-stage learning
strategy [22] achieved high-precision phase unwrapping under strong speckle noise, further
improving the accuracy and robustness of wavefront coefficient extraction.After obtaining
precise wavefront coefficients, such methods can calculate misalignment errors through
the analytical and numerical approaches presented in the previous subsection. Since the
principles of the above methods indicate that the image information of an optical system
can reflect the magnitude of wavefront aberrations, it is also possible to directly estimate
the misalignment state based on this information. Consequently, a class of methods has
emerged that directly perform misalignment aberration correction using image sensors.
Researchers such as Li [23] and Bai [24] used specific optimization algorithms to find the
extremum of the objective function constructed from light intensity information acquired
by detectors, achieving wavefront aberration compensation. However, such nonlinear
optimization algorithms face difficulties in convergence and are prone to local extrema
when errors are large. Additionally, multiple iterations require repeated adjustment of
component positions using actuators, reducing the stability of the optical system and short-
ening the mechanical lifespan of optical components. In recent years, with the development
of artificial intelligence technology, deep learning methods have been gradually applied
to misalignment error detection, significantly reducing hardware costs and improving
alignment efficiency. Researchers such as Jia et al. [25], Gu et al. [26], Bingdao Li et al. [27],
and Wang et al. [28] used CNN:Ss to fit the nonlinear relationship between defocus PSFs
at different FOVs and mirrors position errors. This enabled the detection of SM position
errors in coaxial reflecting space telescope (CRST) systems. However, these methods are
mainly designed for misaligned coaxial reflective systems. Due to lack of rotational sym-
metry, off-axis reflective systems are extremely sensitive to component position errors, and
aberrations introduced by different misaligned DOFs are coupled. This greatly increases
the difficulty of constructing neural network models. Furthermore, extracting defocus spot
images requires translating the image plane using a high-precision focusing mechanism,
which increases system complexity. In summary, although existing methods have achieved
certain results in telescope misalignment error detection, each has inherent limitations.
Therefore, before establishing the mapping relationship between focal spot images
and misalignment values based on neural networks, this study first conducts sensitivity
analysis of the SM misaligned DOFs of off-axis two-mirror telescopes using an SVD-based
mode truncation algorithm [29]. A compensation strategy is proposed to avoid the multiple-
solution problem in the mapping from focal spot images to misalignment values. Two
novel misalignment aberration compensation methods for off-axis telescopes based on
focal spot images and without the need for multiple iterations are then presented. The
first method directly establishes a mathematical model between focal spot images and
misalignment values using a CNN model. This method is abbreviated as CNN in Section 4.
The second method, considering that traditional alignment methods accurately solve com-
ponent misalignment values by acquiring Zernike polynomial coefficients and the strong
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nonlinear fitting capability of artificial neural networks, proposes a misalignment aberra-
tion compensation method fusing focal spot images and Zernike polynomial coefficients.
This method is abbreviated as CNN-FCNN in Section 4. Network model training consists
of two parts. The first part constructs a mathematical model between spot images and
Zernike polynomial coefficients based on CNN. The second part fits the nonlinear mapping
relationship between Zernike polynomial coefficients and misalignment values using a
fully connected neural network (FCNN). After training, the weights of the two parts are
combined to form a complete new model. In practical misalignment correction, both meth-
ods input a single focal spot image of the misaligned system into the well-trained model to
solve for the mirrors misalignment compensation amount in one step.

The structure of this paper is as follows. Section 2 introduces the wavefront aberra-
tion characteristics of a misaligned off-axis optical system based on NAT, and establishes
the analytical relationship among the point spread function (PSF), wavefront aberrations,
and misalignment using Fourier optics. Section 3 first conducts a qualitative analysis of
the fact that the multi-valued inverse problem in the mapping from focal spot images to
misalignment stems from the aberration coupling effect induced by different misaligned
DOFs. It then applies a mode truncation algorithm based on Singular Value Decomposition
(SVD) to conduct a sensitivity analysis of misaligned DOFs and proposes an aberration
compensation strategy. Subsequently, the detailed implementation process of a misalign-
ment aberration compensation method for an off-axis telescope based on fusion of focal
spot images and Zernike coefficients is introduced. Section 4 validates the superiority of the
proposed improved method through comprehensive simulation experiments, evaluating
both misalignment estimation accuracy and wavefront correction performance. Finally,
Section 5 provides a summary of the content presented in this paper.

2. Principle of the Misalignment-Induced Aberration Compensation
Method Based on Fusion of Spot Images and Zernike Coefficients
2.1. Low-Order Wavefront Aberration Formula of Misaligned Off-Axis Reflective Optical Systems
Based on Nodal Aberration Theory

According to nodal aberration theory, the aberration on the image plane of an op-
tical system is the sum of aberration contributions from each surface (component). The
wavefront aberration of an off-axis reflective telescope system is expressed as:

o o0 o0

W=3Y 3 Y (Waw)j(H- H)P[(5+5) - (5 +3)]"[H - (5 +5)]" ©)
j ponom

where (Wj;,,); represents different types of wavefront aberration coefficients of the j-th
surface (component) of the optical system. H, g, and 5 denote the normalized image-space
FOV vector, pupil aperture vector, and pupil decenter vector, respectively. Notably, when
§ = 0, the formula can represent the wavefront aberration of a coaxial system. p, n, and m
represent the exponents of their vector operations, with k = 2p +m and [ = 2n + m.
Aberration analysis of off-axis reflective optical systems requires the use of a pupil
coordinate transformation matrix. Introduce the pupil scaling factor B and pupil off-axis
vector d, ie., 0 =Bp+ d. Substitute them into Equation (1) to obtain the vector expression
of the aberration of the off-axis reflective optical system:
W =333 (W), (H - H)P[(BF +d) - (BF +d)]"[H - (B +d)]" 2)
j p onom

When component misalignment exists, the wavefront aberration of the full FOV
changes accordingly. To characterize the influence of component misalignment values on
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system wavefront aberration, a normalized aberration field decenter vector ZT'j is introduced
to represent the offset vector of the aberration center of the j-th surface relative to that
of the ideal system. Based on this offset vector, the effective FOV in the misaligned state
is expressed as H Aj = H- 0j. Substitute it into Equation (2) to construct the analytical
relationship between the wavefront aberration and misalignment values of the misaligned
off-axis reflective optical system:

~—
i)
=)

W= 533 (Waawy [(H— ) (- )] (85 + ) - (B3 + )" [ (B~ 3) - 85 + )] ®
j p onom

The ultimate goal of misalignment correction is to optimize the imaging quality
of optical systems. For off-axis reflective systems, the degradation of imaging quality
caused by component misalignment (specifically manifested as variation in the intensity
distribution of the Point Spread Function) is mainly affected by spherical aberration W4,
coma W31, and astigmatism Whp,. Even higher-order aberrations may also be introduced
in some complex systems. When only third-order aberrations are taken into account, the
aforementioned relational expressions can be expanded as follows:

W =B* Z Woao)j (- 6) + B2 [(}_(Wia1); HA]‘|’4Z Wouo);d) - 61(7 - )
j j j

1 7 -
+ Bz[ Z(WZZZ) HA] + 2 W131 : d) + ZZ(W(M())]'LP] : p2 + else 4)
j j

2.2. Analytical Relationship Between Point Spread Function and Misalignment Values Based on
Fourier Optics Theory

Based on nodal aberration theory, the mapping relationship between misalignment
values and wavefront aberration is established. From the above formula, when there is
component misalignment in the off-axis reflective optical system, the wavefront aberration
of the pupil plane is a function of FOV, pupil, and misalignment amounts, expressed as:

-,

W =W(H,p,0) )

where & represents the vector composed of the misalignment values of each component.

The system wavefront aberration can be accurately characterized by the orthogonal
expansion of Fringe Zernike polynomials. Thus, there is a specific relationship between
misalignment values and Fringe Zernike polynomial coefficients. According to the nodal
aberration theory in Section 2.1, optical system misalignment mainly affects low-order aber-
rations. Ignoring field curvature, which does not affect imaging sharpness, the wavefront
aberration expression is:

N — —
Z i(H,p,6) (6)

where Zj(FI, p,9) is the Fringe Zernike polynomial. In this paper, j is set to 4 t0 9. j = 4
corresponds to defocus, j = 5 corresponds to 0° astigmatism, j = 6 corresponds to 45°
astigmatism, j = 7 corresponds to X-axis coma, j = 8 corresponds to Y-axis coma, and j = 9
corresponds to spherical aberration. For some complex systems, j can be set to 4 to 16 or
even higher orders according to the actual misalignment correction accuracy requirements.
(When the magnitude of changes in Zernike polynomial coefficients above the 9th order
caused by position misalignment is non-negligible.) A; is the sensitivity matrix, reflecting
the influence of different misalignment values on aberrations.
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To study the influence of aberrations caused by component misalignment on the final
imaging of the system, a generalized pupil function is defined as:

P(5,8) = Po(p) exp | ikW (H, 5, 5)] @)

where k = 271/ is the wave number (A is the working wavelength), and Py(p) is the ideal
aberration-free pupil function, defined as:

(x,y) € pupil aperture

Py(x,y) = (8)

1
0 (x,y) € pupil aperture

Based on Fourier optics theory, the analytical relationship between the point spread
function of the incoherent imaging system and the component misalignment values can be
finally obtained:

I(H,5) = |F{P()}”

9
= ‘F{Po(ﬁ) expljk gAjZﬂﬁfﬁrXﬂ}
]:

2 )

where I(H, §) represents the point spread function of the incoherent imaging system, and
F{-} denotes the Fourier transform. When the observed target of the telescope system
is a point light source, the PSF of the system is equal to the intensity distribution of the
observation result (spot image). This formula indicates that there are clear analytical
relationships between the spot image and the misalignment values, as well as between
the spot image and the wavefront aberration. In summary, component misalignment will
introduce geometric aberrations, which change the Zernike polynomial coefficients and
then the wavefront aberration. This is reflected in the PSF as a change in its shape. Therefore,
based on Fourier optics, there is a definite mapping relationship between the wavefront
aberration changes caused by component misalignment and the PSF changes of the system.
This lays a theoretical foundation for the misalignment aberration compensation method
for off-axis telescopes fusing spot images and Zernike polynomial coefficients.

3. Misalignment Aberration Compensation Methods Based on Focal
Spot Images
3.1. Analysis and Solution of the Multiple-Solution Problem of Focal Spot Images Caused by
Misaligned DOFs Coupling
3.1.1. Description of the Multi-Valued Inverse Problem Between Misalignment Values and
Focal Spot Images Caused by Aberration Coupling

This paper focuses on the compensation method for low-order aberrations introduced
by the deviation of the SM spatial position from the nominal position in an off-axis two-
mirror telescope system. As described in Section 2, the aberrations caused by system
component misalignment are ultimately reflected in the system'’s spot images. The high
sensitivity of PSF morphology to subtle phase perturbations [30,31] ensures that the aberra-
tions introduced by component misalignment can be fully characterized by the changes in
the focal spot image of the off-axis reflective telescope system. A point target at infinity
passes through a misaligned telescope system, and its original star-like spot becomes frag-
mented, as shown in Figure 1. Figure 1a shows the spot image in the ideal state; Figure 1b
shows the spot image in the misaligned state. Due to the aberration coupling effect caused
by X-axis decenter error (XDE), Y-axis decenter error (YDE), X-axis tilt error (XTE), and
Y-axis tilt error (YTE) of the SM, the same PSF morphology may correspond to different
misalignment values combinations, as specifically shown in Figures 1c,d. It can be seen
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from the figures that the two PSFs are basically consistent in morphology, but the true
misalignment values are significantly different. This is the multiple-solution problem in
the mapping from focal spots to misalignment values. A neural network is essentially a
black-box model based on data fitting. The multiple-solution problem will lead to non-
convergence of network training and distortion of prediction results. To avoid this problem,
specific constraints need to be imposed on the training dataset to ensure the one-to-one
correspondence between focal spot images and misalignment values as much as possible.
This ensures that the well-trained neural network does not output false solutions during
the misalignment prediction phase.

(a) (b)
(©) (d)

Figure 1. PSF morphology approximation due to misalignments coupling. (a) Spot image under

nominal state; (b) Spot image under misaligned state; (c) Misaligned state: XDE = —0.251 mm,
YDE = 0.704 mm, XTE = 0.486°, YTE = —0.299°; (d) Misaligned state: XDE = —0.331 mm,
YDE = 0.607 mm, XTE = 0.296°, YTE = —0.154°.

Taking the off-axis two-mirror telescope in Section 4 as the research object, to explore
the influence of different misaligned DOFs on aberrations, a certain misalignment error
is sequentially applied to the four DOFs of the SM (XDE, YTE, YDE, XTE). The variation
trends of Fringe Zernike coefficients Z4~Z9 representing defocus, coma, astigmatism, and
spherical aberration are plotted (The order of magnitude of the variation in the coefficients
of Z9~Z16 is much smaller than that of the coefficients of Z4~Z9). The order and error
amounts of adding misalignment errors are XDE = 1 mm, YTE = —2°, YDE = 1 mm,
XTE = 2°, as shown in Figure 2. Both XDE-YTE and YDE-XTE have severe mutual
influences. The aberrations generated can be mutually compensated by applying specific
misalignment amount coupling.

To further study the correlation of the influence of different misaligned DOFs on
aberrations, the drawn correlation coefficient matrix is shown in Figure 3. The darker the
color, the closer the absolute value of the correlation coefficient is to 1, indicating a stronger
correlation between variables. The results show that there is a strong positive correlation
between X-axis decenter and Y-axis tilt, and a strong negative correlation between Y-axis
decenter and X-axis tilt. The aberration generated by X-axis decentration misalignment
is basically not affected by the aberrations generated by Y-axis decentration and X-axis
tilt misalignment, and the aberration generated by Y-axis decentration misalignment is
basically not affected by the aberrations generated by X-axis decentration and Y-axis
tilt misalignment. In other words, the multiple-solution problem in the corresponding
relationship between the spot shape at the focal point and the misalignment amount is
caused by the paired misalignment of two sets of DOF combinations (XDE-YTE and YDE-
XTE) with coupled aberrations. Utilizing this characteristic provides empirical guidance for
the establishment of the dataset for subsequent neural network training. Selecting almost
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uncoupled DOFs as all compensation DOFs can avoid the multiple-solution problem
as much as possible. This selection also helps improve network training efficiency and
solution accuracy. In summary, from the aberration coupling relationship diagram in
Figure 2 and the correlation coefficient matrix in Figure 3, two pairs of DOFs can be used
as compensation DOFs, namely the two decenter DOFs (XDE-YDE) and the two tilt DOFs
(XTE-YTE).

1.35 * . ;
7 N —6—74
1.05 / \ —--75| 1
- ’ 3 —Y= 76
S 0.75¢ ’ \ et 77|
§ / \ —A—ZS
& 045+ 70l
(5]
o
© 0.15
()
= = = =
20157 e . K4
\\ /
%-0.45 - \ ) / 1
= S /
E -075 B \\ '/' T
\\ /
-1.05 5} .

-1.35 : ' '
Nominal state XDE=Imm YTE=-2° YDE=1mm XTE=2°

Figure 2. System aberration coupling caused by changes in misalignment values.
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Figure 3. Correlation coefficient matrix of different misaligned DOFs.

3.1.2. Sensitivity Analysis of Misaligned DOFs Based on Mode Truncation Algorithm

Section 3.1.1 has determined the DOF combinations that can be used for aberration
compensation. According to the principle of completing misalignment-induced aberration
correction with the minimum compensation amount input, it is necessary to determine the
specific compensation strategy through sensitivity analysis of misaligned DOFs. Sensitivity
reflects the influence of unit misalignment value of misaligned DOFs on aberrations. This
paper employs an SVD-based mode truncation algorithm to conduct sensitivity analysis
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on misaligned DOFs. By decomposing the sensitivity matrix reflecting the sensitivity
relationship between wavefront aberration and misalignment values, the DOF combination
with the highest aberration compensation sensitivity is selected. Taking the off-axis two-
mirror telescope in Section 4 as an example, after selecting FOV points, data for the
sensitivity matrix are collected. A large number of random disturbance misalignment
values within the range of £2 mm and +2° are independently applied to the four lateral
misalignment DOFs of the SM, and Fringe Zernike terms Z4~ Z9 of multiple FOVs are
collected. Linear fitting is performed on the data. The first-order coefficient of the fitted
function is the element of the sensitivity matrix, which is arranged according to rules to
form the sensitivity matrix A. According to the classic SVD method, the sensitivity matrix
A can be expressed as:

A=uxvT (10)

where U and V are the left and right singular matrices, respectively, X is the diagonal
matrix whose main diagonal elements are the eigenvalues of A. The mode truncation
algorithm based on SVD is an iterative algorithm. In each iteration, the least sensitive
variable among the selected compensation variables is truncated and eliminated from the
sensitivity matrix A. Figure 4 shows the sensitivity analysis flow of the SVD-based mode
truncation algorithm. The iteration ends after reaching the artificially set number of times
k, where k represents the k least sensitive items among all disturbance factors. The DOFs
corresponding to the columns eliminated from them are the currently least sensitive DOFs,
thereby completing the sensitivity ranking.

Find the column index P
of the smallest
eigenvalue in matrix ¥

Obtain the sensitivity
matrix A through Zemax l

Find the row number ¢
corresponding to the
element with the
maximum absolute value

in column Pof ¥

!

Remove all elements from
Let A=3V7" column ¢ in 4 to generate
new 4, and record the

variable in column ¢ in 4

}

Perform singular value
decomposition on matrix
A to obtain A=UZV"

Lo SRl VAl Tterate to the specified times

decomposition on f‘{ to N Only one column remains for 4
obtain A=UXV"

IRY%

End and provide the
sensitivity-equivalence
ranking table and values

Figure 4. Sensitivity analysis flow using SVD-based mode truncation algorithm.

Taking the off-axis two-mirror telescope in Section 4 as an example, the mode trunca-
tion algorithm completes the sensitivity ranking of the four misaligned DOFs relative to
aberrations after 4 iterations. The operational sensitivity ranking is obtained after unifying
the units, and the results are shown in Table 1.
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Table 1. Sensitivity ranking of misaligned DOFs.
e s e . Operational
DOF Sensitivity Sensitivity Unit Sensitivity
YDE 3.6167 mm~! 14.4668
XDE 2.9942 mm~! 11.9776
YTE 0.0703 deg ™! 0.2812
XTE 0.0696 deg ! 0.2792

It can be seen from Table 1 that after unifying the units, the X-axis and Y-axis decenter
operational DOFs are higher. Moreover, as known from Section 3.1.1, the coupling is also
small. Considering comprehensively, the two DOFs of X-axis and Y-axis decenter are used
to compensate for the misalignment of the four DOFs of X-axis/Y-axis decenter and tilt.
This provides guidance for the establishment of the dataset for subsequent neural network
model training.

3.2. Misalignment-Induced Aberration Compensation Method for Off-Axis Telescopes Fusing Spot
Images and Zernike Coefficients

According to the NAT and Fourier optics theory in Section 2, it is proved that there
are specific analytical relationships between the system’s spot images, Zernike polynomial
coefficients, and component misalignment values. Based on this, this paper proposes
two novel misalignment aberration compensation methods for off-axis telescopes based
on focal spot images. The first method constructs a mathematical model between focal
spot images and misalignment amounts directly based on a CNN model. On this basis,
utilizing the characteristic that Zernike polynomials can effectively characterize system
aberrations, an improved misalignment aberration compensation method fusing focal spot
images and Zernike coefficients is proposed. The algorithm flow chart is shown in Figure 5.
The mapping relationship between spot images and Zernike coefficients is established
based on a CNN model, and the nonlinear relationship between Zernike coefficients and
misalignment amounts is fitted based on a FCNN model. After the two network models
are trained, the weights are combined to form a new weight model. In the actual aberration
correction process, both methods do not require aberration detection. Only a single focal
spot image needs to be collected and input into the trained network model to solve for
the misalignment compensation amount in one step. This method has low hardware
requirements and relatively fixed network parameters, making it easy for relevant technical
personnel to operate.

The schematic diagram of model training based on MobileNetV3-Small and FCNN
is shown in Figure 6. The specific implementation steps of the misalignment-induced
aberration compensation method for off-axis telescopes fusing spot images and Zernike
coefficients are as follows. Taking an off-axis two-mirror telescope as an example, it is
divided into neural network training and actual misalignment correction processes:

(1) Construct a dataset for neural network model training of the system to be mis-
aligned and corrected. Specific steps: Build an off-axis reflective telescope system. Record
the ideal spatial position of the SM relative to the primary mirror when the system is fully
aligned, as well as the spot image and the wavefront PV and RMS values of each FOV
in this state. According to the analysis in Section 3.1, to ensure that the neural network
model learns the unique mapping between spot images and misalignment, it is necessary
to select two almost uncoupled misaligned DOFs to construct the training set. Add known
uncoupled two-DOF misalignment values to the SM. Use a CCD camera to collect the
PSF in this state and a wavefront detector such as an interferometer to obtain Zernike
polynomial coefficients representing system aberrations. Take the PSF and Zernike poly-
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nomial coefficients as one set of samples, and the Zernike polynomial coefficients and
misalignment amounts as another set of samples. Repeat the above steps multiple times to
form a complete dataset.
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Figure 5. Flow chart of the misalignment-induced aberration compensation method based on fusion
of focal spot images and Zernike polynomial coefficients.
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Figure 6. Schematic diagram of model training based on MobileNetV3-Small and FCNN.

(2) Select appropriate network model structures and parameters for the two parts
of the network. Train the neural network models using the training set. After the two
network models are trained, combine their weights to form a new weight model, thereby
establishing the mapping relationship between focal spot images and misalignment values.

(3) In the actual misalignment correction process of the telescope system. No wavefront
detector is required to acquire the coefficients of Zernike polynomials. First, use a CCD
camera to collect a single focal spot image of the system. Input it into the combined neural
network model. Then output the SM misalighment compensation amount. Input it into
the six-DOF platform of the actuator that controls the SM spatial position to guide the
alignment of the primary and secondary mirrors. Collect the system’s spot image again
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for image quality evaluation. If the image quality meets the requirements, the alignment
process of the primary and secondary mirrors is completed. Otherwise, repeat the above
steps to form closed-loop control.

4. Verification

In this section, the feasibility of the proposed method is verified through a detailed
misalignment correction simulation process of the off-axis two-mirror telescope. The
superiority of the proposed misalignment aberration compensation method for off-axis
telescopes based on fusion of spot images and Zernike coefficients is verified from both
misalignment value solution accuracy and wavefront aberration correction performance.

In this paper, a lightweight neural network MobileNetV3-Small [32] is selected to estab-
lish the mathematical model between spot images and Zernike polynomial coefficients. The
network structure is shown in Figure 5, and the training parameters are shown in Table 2.
MobileNetV3-Small is selected for mapping spot images to Zernike polynomial coefficients
due to its excellent compatibility with research requirements. Firstly, its lightweight design
(adopting a lightweight channel attention mechanism and depthwise separable convo-
lutions) significantly reduces computational complexity and parameter count, enabling
efficient operation on telescope embedded systems with limited hardware resources and
meeting real-time misalignment correction needs. Secondly, the integrated squeeze-and-
excitation (SE) module and H-Swish activation function enhance the network’s ability to
extract subtle intensity distribution features of spot images, which is crucial for captur-
ing aberration-related information encoded in Zernike coefficients. Thirdly, it achieves a
balanced performance between feature extraction depth and overfitting resistance, which
is well-suited for the constructed dataset scale (5000 groups of samples), avoiding the
inefficiency of overly deep networks or insufficient feature extraction of shallow networks.
Its proven generalization in image feature extraction tasks further ensures reliable perfor-
mance in the specific scenario of spot image and Zernike coefficient mapping. Therefore,
MobileNetV3-Small can achieve favorable misalignment solution performance at a rela-
tively low computational cost. Considering the nonlinear relationship between Zernike
polynomial coefficients and misalignment amounts and that both are numerical data, a
fully connected neural network suitable for regression problems is selected to fit the map-
ping relationship between Zernike polynomial coefficients and misalignment values. The
network training parameters are set as shown in Table 3. Minor adjustments are made
according to changes in input and output parameters of different experiments.

Table 2. Network training parameters based on MobileNetV3.

. Initial . ..
Batch Size Learning Rate Loss Function Epoch Optimizer

16 0.0001 MSE 1000 AdamW

Table 3. Network training parameters based on the FCNN.

Output Number of Number of
Input Number P Hidden Layer = Dropout Rate
Number Layers
Neurons
30 4 5 50~500 0.5
. Initial .
Batch Size Learning Rate Loss Function Epoch -
256 0.01 MSE 10,000 -
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The 3D layout of the off-axis two-mirror telescope model used in the experiments
of this section is shown in Figure 7, and the optical parameters of each surface are listed
in Table 4. Its effective focal length is 1237.63mm, the system’s F-number is 12.4148, the
entrance pupil diameter is 100mm, the pupil off-axis amount is 100mm, and the working
wavelength is 10 pm. Under the ideal nominal state of the model, the wavefront PV value
of the central 0° field of view (FOV1) is 0.2146A, the RMS value is 0.0478A; the wavefront PV
value of the 0.27° field of view (FOV2) is 0.4005A, the RMS value is 0.0827A; the wavefront
PV value of the 0.386° field of view (FOV3) is 0.4529\, the RMS value is 0.0935A.

Secondary mirror

Focal plane

1100 mm

Figure 7. The optical layout of the off-axis two-mirror telescope system.

Table 4. Optical mirror parameters of the off-axis two-mirror telescope system.

Surface Diameter/mm  Thickness/mm Radius of Conic Factor
Curvature/mm
Primary mirror 110 —178.590 —304.260 —1.009
Secondary 56 26.702 47.127 ~0.568
mirror

4.1. Misalignment Value Solution Accuracy Test

To intuitively verify the training effect of the neural network model, the labels of the
test set and training set only include the misalignment amounts of the two compensation
DOFs of X/ Y-axis decenter. Two misalignment error ranges are set: a large misalignment
range where both XDE and YDE are (-2, +2) mm, and a medium misalignment range
of (=1, +1) mm. A total of 5000 groups of misalignment samples involving X-axis and
Y-axis decenter are generated, among which 4000 groups are randomly selected as the
training set and 1000 groups as the validation set. The model with the minimum validation
set loss is saved during the network training process. Several new test sets with random
misalignment within a certain range is then regenerated to verify the nonlinear fitting
capability of the neural network. The focal spot images for testing are input into the trained
neural network model to solve the corresponding misalignment amounts, which are then
compared with the true values. Mean absolute error (MAE) and root mean square error
(RMSE) are used as evaluation indicators. MAE can effectively avoid mutual cancellation of
errors and truly reflect the absolute deviation level of a single solution. RMSE can highlight
the impact of large deviations on overall accuracy and more comprehensively characterize
the solution stability of the model. First, to determine the optimal training sample size, a
comparative experiment on the solution accuracy of misalignment amounts with different
sample sizes (2000, 5000 and 10,000 groups) is designed based on the MobileNetV3-Small
architecture, with the MAE of X-axis decenter (XDE) and Y-axis decenter (YDE) as the
evaluation index. The experimental results are presented in Table 5. It can be seen from
Table 4 that when the sample size is increased to 10,000 groups, although the accuracy
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is continuously improved, the data acquisition costs (including the time consumed by
simulation experiments and hardware resource occupation) and model training time in-
crease exponentially. Combined with the misalignment correction objective of this study
(the wavefront RMS residual after correction is close to the nominal state and less than
0.003A), 5000 groups of samples can fully meet the accuracy requirements of the research
and achieve a balance between accuracy and cost. In subsequent practical applications,
the sample size can be flexibly selected according to specific scenarios. Subsequently, a
comparative experiment is conducted to evaluate the solution accuracy of misalignment
amounts of the two methods under different misalignment ranges. It can be seen from
Table 6 that whether in the large misalignment range of (—2, +2) mm or the medium
misalignment range of (—1, +1) mm, the solution accuracy of the CNN-FCNN fusion model
is significantly better than that of the CNN model. In the range of (-2, +2) mm, the overall
error of XDE and YDE solution by the CNN-FCNN model is reduced by more than 30%
compared with the CNN model. In the medium misalignment range of (—1, +1) mm,
the solution accuracy of both models is improved, and the advantage of the CNN-FCNN
model is more significant, with an error reduction of more than 35%. This indicates that
the CNN-FCNN fusion model has higher solution accuracy in different misalignment
amount scenarios.

Table 5. Misalignment solution accuracy under different sample sizes based on MobileNetV3-Small.

Sample Size XDE YDE
2000 0.0068 0.0055
5000 0.0060 0.0041

10,000 0.0030 0.0024

Table 6. The MAE and RMSE of misalignment solution.

(—2,2) mm (—1,1) mm
Method XDE YDE XDE YDE
MAE RMSE MAE RMSE MAE RMSE MAE RMSE

CNN 0.0120 0.0145 0.0100 0.0130 0.0060 0.0075 0.0041 0.0051
CNN-FCNN 0.0076 0.0096 0.0085 0.0112 0.0039 0.0049 0.0029 0.0036

From the scatter distribution characteristics in Figure 8, all test sample points are
closely clustered near the ideal fitting line (y = x, where the abscissa represents the
actual misalignment value and the ordinate represents the estimated misalignment value)
without obvious deviation trend. This intuitively proves that the mapping relationship
between spot images and misalignment amounts established by the CNN-FCNN fusion
model has good linear consistency and stability. To further analyze the absolute error
distribution characteristics of misalignment value solution for all test samples, Figure 9
shows a comparison of the absolute error ratio distribution of the two models within
the misalignment range of (—1, +1) mm. For XDE solution, 95.2% of the samples of
the CNN-FCNN model have an error not exceeding 0.0lmm; while the proportion of
samples with an error exceeding 0.0lmm in the CNN model reaches 17.8%. For YDE
solution, the proportion of samples with an error of 0~0.007mm in the CNN-FCNN
model reaches 94.7%, which is much higher than that of the CNN model. The above data
fully indicates that the CNN-FCNN fusion model effectively extracts the core information
related to misalignment amounts from spot images by introducing Zernike coefficients as
an intermediate feature bridge. It greatly reduces the solution error and lays a preliminary
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model training foundation for subsequent proof of the superiority of using two-DOF
compensation for four-DOFE.

1.00

XDE solution accuracy YDE solution accuracy

© by the CNN-FCNN ® by the CNN-FCNN
--=-- Perfect Prediction ]

0.75 1

--=-- Perfect Prediction

XDE Estimated Value
=
S

YDE Estimated Value
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(a) (b)

Figure 8. Comparison between estimated and actual misalignment value obtained by CNN-FCNN
(abscissa: actual misalignment value, ordinate: estimated misalignment value, dashed line represents
ideal fitting line y = x). (a) Scatter plot of X-axis decenter error solution accuracy; (b) Scatter plot of
Y-axis decenter error solution accuracy.
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Figure 9. Comparison of absolute error ratio distributions of misalignment solutions by two methods.
(a) Comparison of absolute error percentages of X-axis decenter error solution based on CNN and
CNN-FCNN. (b) Comparison of absolute error percentages of Y-axis decenter error solution based on
CNN and CNN-FCNN.

4.2. Wavefront Aberration Correction Performance Demonstration

In practical engineering scenarios, after correcting the axial misalignment of the
secondary mirror, the lateral misalignment of the off-axis telescope often manifests as
coupled misalignment of four DOFs: XDE, YDE, XTE, and YTE. At this time, it is difficult
to directly compare the accuracy of the two-DOF compensation solution with the four-DOF
actual values. Therefore, this section quantifies and verifies the correction effect of the
method by evaluating the wavefront aberration indicators (PV value, RMS value) of the
system after correction. The wavefront PV and RMS values of each FOV after correction
are compared with those of the nominal design state and the uncorrected misaligned state.
The experiment selects 3 FOVs of the system (FOV1: 0° central FOV, FOV2: 0.27° FOV,
FOV3: 0.386° FOV). Artificial four-DOF coupled misalignment is set: the XDE and YDE
decenter error ranges are +0.6mm, and the XTE and YTE tilt error ranges are +0.4°. Collect
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the focal spot images under this misaligned state and input them into the trained model.
Obtain the compensation solution and apply it to the SM adjustment mechanism. Record
the wavefront information of the three FOVs after correction. Compare them with the three
FOVs in the nominal state. Calculate the MAE of the PV and RMS residuals of each FOV to
characterize the stability of the correction performance.

Table 7 shows that the misalignment correction effect of the CNN model is significantly
better than that of the traditional sensitivity matrix method (SM). The correction effect of
the CNN-FCNN fusion model is further improved. Compared with the CNN model, the
average MAE of residuals is reduced by more than 25%, especially the correction effect in
the central FOV is the most prominent, which is closer to the ideal design state.

Table 7. MAE of wavefront aberration PV and RMS residuals.

FOV1(A) FOV2(A) FOV3(A)
Method
PV RMS PV RMS PV RMS
SM 0.0559 0.0122 0.0586 0.0129 0.0595 0.0128
CNN 0.0178 0.0036 0.0157 0.0036 0.0163 0.0039

CNN-FCNN 0.0099 0.0024 0.0133 0.0029 0.0147 0.0034

Figure 10 shows an intuitive comparison of the average wavefront PV and RMS values
of each FOV after misalignment correction of all test samples using three methods. Taking
the central 0° FOV (FOV1) as an example, the wavefront PV value and RMS value after
misalignment correction using the sensitivity matrix method are significantly higher than
those in the nominal design state (the wavefront PV value is 0.2146A and the RMS value
is 0.0478A in the nominal design state). After compensating for the aberrations caused by
four-DOF misalignment using the CNN model, the wavefront PV value and RMS value
are reduced but still higher than those in the nominal design state. After misalignment
compensation using the CNN-FCNN model, the wavefront is closest to the nominal design
state. In summary, the misalignment aberration compensation method fusing spot images
and Zernike coefficients is the most superior.

Nominal State 0.10 Nominal State
SM SM
0.4 CNN CNN
CNN-FCNN 0.08 CNN-FCNN
0.3 —~
2 60'06
wn
z =
0.2 & 0.04
0.1 0.02
. 0.00
00 FOV1 FOV2 FOV3 FOV1 FOV2 FOV3

(a) (b)

Figure 10. Comparison of wavefront correction effects by three methods. (a) Comparison of wavefront
aberration PV values of three FOVs under SM, CNN, CNN-FCNN misalignment correction and
nominal design states (b) Comparison of wavefront aberration RMS values of three FOVs under SM,
CNN, CNN-FCNN misalignment correction and nominal design states.

The scatter plots of wavefront aberrations of 500 groups of test samples in Figure 11
further reveal the changes in aberration distribution before and after correction based on
the CNN-FCNN model. Before correction (green dots, purple dots), the PV and RMS values
of each FOV are widely scattered and the overall values are relatively high; after correction
(red dots, blue dots), all sample points are clustered near the ideal values, and the dispersion
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degree is significantly reduced. This indicates that the correction effect of the CNN-FCNN
model has good consistency and stability, and can effectively suppress the image quality
degradation caused by different degrees of coupled misalignment. Figure 12 randomly
selects a group of samples to compare the wavefront parameters and spot morphology,
intuitively showing the misalignment correction effect. Under the misaligned state, the spot
is speckled, the PV value exceeds 2.2A, and the RMS value exceeds 0.37A. After correction
by the CNN-FCNN model, the spot is restored to a regular circular spot, and the PV and
RMS values of each FOV are close to the ideal state. Among them, the PV value of FOV1 is
0.2172A, and the RMS value is 0.0483A, the difference from the ideal value is negligible.
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Figure 11. Scatter plots of wavefront aberrations before and after correction based on CNN-FCNN.
(a,c,e) respectively represent the comparison of wavefront aberration PV of 500 groups of samples in
three FOVs before and after correction. Green dots represent the distribution of wavefront aberration
PV before correction, and red dots represent the distribution of wavefront aberration PV after
correction. (b,d,f) respectively represent the comparison of wavefront aberration RMS of 500 groups
of samples in three FOVs before and after correction. Purple dots represent the distribution of
wavefront aberration RMS before correction, and blue dots represent the distribution of wavefront
aberration RMS after correction. .
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Figure 12. Misalignment correction effect.

In practical application scenarios, detector noise can affect the quality of collected spot
images, thereby reducing misalignment correction accuracy. To further discuss the robust-
ness of the proposed method, different levels of noise (evaluated by peak signal-to-noise
ratio, PSNR) are added to the test spot images. The root mean square deviation (RMSE) be-
tween the wavefront RMS of the corrected state and the nominal state before misalignment
correction is calculated. The relationship between the misalignment correction accuracy of
the proposed CNN-FCNN method and the noise level is shown in Figure 13.The results
indicate that the alignment accuracy of the method is actually related to the noise level.
As the peak signal-to-noise ratio increases, the system’s alignment accuracy gradually
improves. When the peak signal-to-noise ratio is greater than 30 dB, the misalignment
correction accuracy is close to the noise-free state. However, when the PSNR is less than
30 dB, the algorithm’s correction accuracy is relatively low. In future work, the influ-
ence of various types of noise should be considered to further improve the robustness of
the algorithm.

0.11 . .

0.1F 1
0.09 1
0.08 - 1
0.07 - 1
0.06 1
0.05 1
0.04 - 1
0.03 1
0.02 | 1

0.01 r J

0 . | T |
0 10 20 30 40 50 60

PSNR(dB)

RMSE

Figure 13. The relationship between the misalignment correction accuracy of the proposed CNN-
FCNN method and the noise level.
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In summary, both from the quantitative index level of wavefront aberration residuals
and the intuitive characterization level of spot morphology, the misalignment aberration
compensation method fusing focal spot images and Zernike coefficients proposed in this
paper exhibits excellent correction performance. Its accuracy is significantly better than
that of the CNN model and the sensitivity matrix method, which can effectively solve the
correction problem of four-DOF coupled misalignment of off-axis telescopes and ensure
that the system imaging quality approaches the ideal design state.

5. Conclusions

Taking an off-axis two-mirror system as an example, this study proposes two methods
for directly solving SM misalignment compensation amounts through a single focal spot
image. First, based on vector wavefront aberration theory and Fourier optics, the analytical
relationships between the system’s PSF, Zernike polynomial coefficients, and misalignment
amounts are established to lay a theoretical foundation. Then, considering that different
misalignment amount combinations correspond to similar focal spot images, to ensure the
accuracy of neural network learning, an SVD-based mode truncation algorithm is used to
conduct sensitivity analysis of different misalignment DOFs and propose an aberration
compensation strategy to avoid this problem. This study proposes to directly establish
the mapping relationship between focal spot images and misalignment amounts based on
a CNN. On this basis, it further proposes to establish the mapping relationship between
spot images and Zernike polynomial coefficients based on a CNN, and fit the nonlinear
relationship between Zernike polynomial coefficients and misalignment amounts based on
a FCNN model. After the two network models are trained, they are combined to form a
new weight model for the new misalignment aberration compensation algorithm.

In the actual aberration correction process, both methods do not require aberration
detection. Only a single focal spot image needs to be collected and input into the trained
network model to solve for the misalignment compensation amount in one step. Input it
into the displacement control platform to realize the misalignment correction of the off-axis
telescope. Simulation results show that when only the focal spot image of the central FOV
is collected, after aberration compensation using the two proposed methods, the wavefront
aberration PV and RMS values of the central FOV and two edge FOVs are close to the
nominal design state. The focal spot image is restored from a speckled state to a circular
spot state. From the comparative experiments, it can be seen that adding a process of
extracting Zernike polynomial coefficient features from spot images can more effectively
establish the connection between spot images and misalignment amounts, and achieve
better misalignment aberration compensation effect. Both methods are significantly better
than the traditional sensitivity matrix method based on wavefront aberration detection
in the large misalignment range. The misalignment aberration compensation method for
off-axis reflective telescopes proposed in this study does not depend on the accuracy of
wavefront detection and does not require multiple iterations. It balances accuracy and
efficiency and ensures the final imaging quality of the system. However, this algorithm
also has certain limitations and is mainly applicable to focused telescope systems with
perfectly coupled lateral misalignment DOFs. To ensure the misalignment correction effect
of telescopes with different parameters, in the actual application of this algorithm, it is
necessary to perform separate data collection (including as large a misalignment range as
possible to cope with most scenarios) and model training for each specific optical system.
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