ChinaRxiv [$X]

AT translation - View original & related papers at
chinarxiv.org/items/chinaxiv-202602.00093

Mock Observations for the CSST Mission: End-
to-end Performance Modeling of Optical System
(Postprint)

Authors: Zhang Ban, Xiao-Bo Li, Xun Yang, Yu-Xi Jiang, Hong-Cai Ma, Wei
Wang, Jinguang Lii, Cheng-Liang Wei, De-Zi Liu, Guo-Liang Li, Chao Liu, Nan
Li, Ran Li, Peng Wei

Date: 2026-01-28T11:17:06+00:00

Abstract
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cal imaging performance of the Chinese Space Station Survey Telescope (CSST)
under in-orbit conditions. An integrated system model comprising five static
and two dynamic error sub-models was established. The wavefront errors associ-
ated with each sub-model were computed and compared with the overall system
error to quantify their individual contributions to image degradation. At the
detector level, the wavefront error, point-spread function (PSF), and ellipticity
were evaluated across the full field of view (FOV). Under full-error conditions,
the average radius of 80% encircled energy (REE80) of the PSF over 25 field
points was found to be 0.8 $114. Furthermore, the results reveal a correla-
tion between the wavefront distribution and the ellipticity distribution within
the optical system. By optimizing the wavefront distribution, the ellipticity
distribution of the PSF across the full FOV can be adjusted. The end-to-end
simulation framework developed in this work provides a theoretical basis for
improving image quality in large-aperture, off-axis space telescopes.
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Abstract

This study presents a comprehensive end-to-end simulation analysis of the opti-
cal imaging performance of the Chinese Space Station Survey Telescope (CSST)
under in-orbit conditions. An integrated system model incorporating five static
and two dynamic error sub-models was established. Wave front errors were
calculated for each sub-model and compared to the integrated system error to
quantify the individual contributions to image degradation. At the detector
level, wave front error, point-spread function (PSF), and ellipticity were evalu-
ated across the full field of view (FOV). The average radius of 80% encircled
energy (REE80) of the PSF under full-error conditions was determined for 25
field points, yielding a value of 0.114. Furthermore, the calculations indicate
a correlation between the wave front distribution and the ellipticity distribu-
tion within the optical system. By optimizing the wave front distribution, it
is possible to adjust the ellipticity distribution of the PSF across the full FOV.
The end-to-end simulation approach adopted in this paper provides a theoreti-
cal foundation for improving the image quality in large-aperture, off-axis space
telescopes.

Key words: techniques: image processing -instrumentation: detectors -meth-
ods: data analysis -telescopes

1. Introduction

The Chinese Space Station Survey Telescope (CSST) is an off-axis three-mirror
space telescope designed for a space-based sky survey. Its primary goal is to pro-
vide high-resolution astronomical images that will advance the study of galaxy
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formation and evolution and help constrain cosmological models (Zhan 2011,
2021).

Space telescopes are vital for capturing astronomical images, yet assessing their
in-orbit performance through direct testing is challenging. Consequently, simu-
lation methods become essential in evaluating imaging performance. Accurate
simulations not only help to understand the characteristics of imaging errors
(Kauffmann et al. 2020; Pires et al. 2020; Li et al. 2021), but also assist in
shortening development time and reducing development costs while facilitating
system optimization. Previous research has demonstrated that the integrated
opto-mechanical-thermal simulation analysis method can comprehensively as-
sess the imaging performance of space telescopes. Moreover, this method can
identify the key factors that contribute to the degradation of image quality
(Bonoli et al. 2012; Connolly et al. 2014). The end-to-end system simulation
method extends the integrated opto-mechanical-thermal approach. By model-
ing various error sources through dedicated sub-models based on the physical
imaging mechanisms of the telescope, this method computes the system’ s imag-
ing performance parameters (Fitzmaurice et al. 2005). The end-to-end simula-
tion analysis supports the entire lifecycle of a space telescope, from design and
development to in-orbit operation and post-deployment maintenance.

This approach has been widely adopted in major space telescope projects. For
example, the Hubble Space Telescope (HST) team used it to calculate the point-
spread function (PSF) of various detectors under in-orbit working conditions and
developed the simulation software, Tiny Tim, which can analyze the imaging
performance of the telescope (Rhodes et al. 2007; Krist et al. 2011; Gaspar &
Rieke 2020). Similarly, the Spitzer Infrared Space Telescope team used it in
assessing the optical performance of the telescope under low-temperature oper-
ating conditions (Gehrz et al. 2004). The James Webb Space Telescope (JWST)
team adopted it to simulate the dynamic PSF of the coaxial optical system
(McElwain et al. 2023). Furthermore, the European Athena Space Telescope
imaging mission team employed it to predict in-orbit performance, providing
valuable insights for optimizing and designing subsequent products (Dauser et
al. 2019).

During the research and development phase of the CSST telescope, end-to-end
optical image quality simulations were conducted based on the design parame-
ters, including calculating both the telescope’ s PSF and field distortion char-
acteristics. The resulting data were integrated into simulation workflows for
all CSST terminal modules to validate the system-level performance. While
available space telescopes, such as the HST and JWST, predominantly utilize
coaxial optical designs optimized for deep-field observations, our investigation
concentrated on off-axis three-mirror anastigmatic configurations. Additionally,
errors that occur during the operational phase of space telescope optical sys-
tems were analyzed comprehensively, including processing errors, environmen-
tal deformations, misalignments, and vibrations. In this way, the fidelity of our
computational results was enhanced, making them more reflective of real-world
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conditions.

In summary, the end-to-end simulation modeling process of the CSST optical
system was methodically outlined in this paper, and the optical imaging quality
characteristics were calculated under this framework. The detailed contents are
organized as follows: Section 2.1 presents our static error model, Section 2.2
describes our dynamic error model, Section 2.3 introduces the sampling model
at the detector end, Section 3 provides an image quality analysis, and Section
4 concludes the study.

2. Simulation Modeling

This section elaborates the modeling framework for the end-to-end simulation
of the optical system. During the initial design phase, the imaging capabil-
ity of the telescope optical system, as described in this paper, approached the
diffraction limit. However, as construction proceeded, the imaging performance
became compromised due to factors such as material processing and assem-
bly adjustments. In the operational phase, the system’ s imaging performance
further degraded due to the combined effects of environmental variations and
self-induced vibrations. These influencing factors did not counterbalance each
other; instead, they acted simultaneously, resulting in a progressive decline in
the imaging performance of the telescope optical system.

First, we analyze the error factors present during the in-orbit phase of the
telescope and establish an error model. The error model is classified into two
categories: static and dynamic. Figure 1 [Figure 1: see original paper] shows a
schematic diagram of the end-to-end simulation model for the telescope’s optical
system. The central purple dashed box represents the optical system design
model, which, in combination with the four error models shown in the left purple
dashed box, forms the static error models. The upper-middle purple dashed box
signifies two dynamic error models, while the lower-middle purple dashed box
represents the active optics model. The pink solid boxes categorize optical
system error parameters into mirror surface deformation error parameters and
mirror positional error parameters. The right section of the diagram includes
a blue dashed box representing image quality results and a brown dashed box
representing image quality analysis. Hollow arrows indicate the generation or
transfer of intermediate data. Next, we will introduce the modeling process for
each of the error models in detail.

2.1. Static Error Model

The static error model consists of five models, namely the optical system design
residuals, mirror surface figure error, alignment error, in-orbit gravity release
residual, and in-orbit environmental change error, as detailed in following sec-
tions.
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2.1.1. Optical System Design Residual All optical systems contain opti-
cal design residuals, which are typically calculated directly using optical design
software such as CODE V or Zemax. An off-axis three-mirror reflective system
was selected as the optical system in this paper, as illustrated in Figure 2 [Fig-
ure 2: see original paper]|. The system comprises four mirrors, labeled M1 to
M4, with an F-number of 14, an aperture diameter of 2 m, and an effective field
of view (FOV) of 1.1° x 1°. This paper primarily focuses on the end-to-end
simulations based on the optical system design models, and the design residu-
als were calculated by referring to the optical design-related literature (Zeng et
al. 2014). Under the initial design conditions, the wave front aberration of the
optical system is calculated as 0.027A\.

The active optics model, serving as a sub-model within the end-to-end system
simulation framework, is only activated when the telescope is in a degraded
imaging state during in-orbit operations. However, this process does not fall
in the scope of the current study. A detailed description of the operational
workflow of the system is given by Ju (2017).

2.1.2. Mirror Surface Figure Errors After processing, the surface shape
of the mirror partially deviated from the intended design, leading to a degrada-
tion of the image quality of the optical system. Based on previous processing
experience (Tamkin & Milster 2010), mirror surface figure errors can be classi-
fied by frequency into low-frequency and medium-to-high frequency components,
as illustrated in Figure 3 Figure 3: see original paper and (b). Low-frequency
errors primarily degrade the image quality of the optical system, while the high-
frequency components in the medium-to-high-frequency range diminish imaging
contrast. Statistical analysis of similar historical data indicates that, after elim-
inating the low-frequency errors corresponding to the first 36 Zernike terms, the
residual error distribution approximates a Gaussian shape, as shown in Figure

3(c).

In this paper, a model was established based on the frequency characteristics
of surface figure errors. First, the low-frequency errors of the mirror surface
were simulated using the Zernike polynomial fitting method, while the medium-
to-high-frequency errors were generated using a function-based simulation ap-
proach. Subsequently, the low-frequency and medium-to-high-frequency surface
figure errors were superimposed to form the overall mirror surface figure error,
as depicted in Figure 3(d). The detailed calculation process is as follows:

A normal distribution random matrix q was generated, with an expected value of
0 and a standard deviation of 1. By applying a filtering function to this matrix,
the distribution function of the medium-to-high-frequency surface figure errors
is obtained, as expressed in Equation (1) below:

D(z,y) = p(z,y) - q(z,y)

Here, p(x, y) represents the filtering function which can be calculated from the
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autocorrelation function (Equation (2)), q(x, y) refers to the random matrix, and
D(x, y) denotes the resulting distribution function of medium-to-high-frequency
€ITOors.

p(z,y) = FH[A(z,y)]"/?}

Here, A(x, y) denotes the surface autocorrelation function, which has a well-
known correlation with PSD, as given in Equation (3). Typically, the PSD
function for medium-to-high-frequency error surfaces is calculated using a func-
tional form that includes the standard deviation and correlation length, as fol-
lows:

X2 Y2 ,
Alz,y) = //02 exp < - ) e XetYy) g X qy

PR

Here, o denotes the standard deviation of the surface figure simulation data,
while 1_x and 1_y represent the correlation lengths in the x- and y-directions,
respectively. By setting these parameters and applying Equations (1)-(4), the
medium-to-high-frequency error function can be derived. The low-frequency
components are then superimposed with the medium-to-high-frequency compo-
nents to yield the full-band surface figure data of the mirror. After the full-band
error simulation surface figure is obtained, its PSD is calculated, which shows
a decreasing trend, as depicted in Figure 3(e).

The frequency characteristics of the machined mirror surfaces were investigated
to verify the accuracy of the aforementioned simulation method. Two large-
aperture mirrors were fabricated and their surface profiles were analyzed. They
were made from the same material as the primary mirror (M1) of the telescope
—silicon carbide (SiC), and have circular apertures with diameters of 2 m and
1.5 m, respectively. The measured surface profiles of the mirrors are shown in
Figure 4 Figure 4: see original paper and (d).

First, the Zernike polynomial fitting method was employed to eliminate the first
36 low-frequency terms from both surface profile datasets. Subsequently, curve
fitting was performed on the middle-to-high-frequency sagittal height compo-
nents of residual surface data. The fitted curves exhibited Gaussian distribution
characteristics, as illustrated in Figure 4(b) and (e), which are consistent with
the simulation results in Figure 3(c). Furthermore, the PSD distribution func-
tions across the full frequency band were calculated for both surface profiles, as
depicted in Figure 4(c) and (f). Both curves display linear decreases, which are
in good agreement with the simulation results in Figure 3(e). These findings
substantiate the validity of the mirror surface machining profile simulation mod-
eling. By applying the surface figure error to the optical system and performing
ray tracing, the induced wave front error was calculated as 0.336A.
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2.1.3. Alignment Errors Before the completion of telescope assembly, it
is essential to establish an alignment and adjustment error model to assess the
impact of these errors on image quality degradation. The alignment and adjust-
ment errors consist of three components: optical element positional alignment
and adjustment error, mirror installation unevenness error, and focal plane er-
ror.

Optical element positional alignment and adjustment error. During
the actual assembly process, discrepancies arise between the installed positions
of the mirrors and their designed positions. Before the final assembly, the po-
sitional error of each mirror’ s placement is not a fixed parameter but instead
exists within a specified range of values. To address this, the Monte Carlo
method was employed in this paper to simulate mirror installation positional
errors, using uniform distribution sampling to select parameter values within
the defined range intervals. The specific methodology is as follows:

Taking the primary mirror (M1) as reference, six degrees-of-freedom errors, in-
cluding translations along the x, y, and z axes and rotations around the x, y, and
z axes, are introduced at the installation position of the tertiary mirror (M3),
thereby misaligning the optical system. Subsequently, the position parameters
of the secondary mirror (M2) and the image plane are adjusted according to
imaging criteria to optimize the optical system and restore imaging capability.
At this stage, the position parameters of each mirror and the resulting wave
front degradation are recorded. Figure 5 [Figure 5: see original paper] presents
a statistical chart depicting wave front degradation in the optical system caused
by 100 sets of mirror installation position error parameters. The circular line
encloses the region with the maximum wave front value 0.0137A, and the dashed
line represents the average value 0.01A. The maximum value was selected to
assess the extent of image quality degradation caused by this error.

Mirror installation unevenness error. Taking the primary mirror (M1) as
an example, the error modeling methodology was explained in detail. The pri-
mary mirror has an aperture of 2 m, and the distance between the installation
node surfaces at the rear of the mirror body is approximately 1 m. When the
installation nodes are not coplanar, it will lead to deformation of the mirror
surface. As per the design requirements, non-coplanarity errors of the installa-
tion node surfaces for each mirror are assigned as 0.1, 0.05, 0.08, and 0.05 mm,
based on which the deformation parameters caused by this error are calculated.
After that, the wave front degradation resulting from this error was determined
as 0.024)\ based on calculation.

Focal plane error. This paper first investigated the in-orbit imaging behavior
of the telescope’ s optical system through simulation. To comprehensively quan-
tify the optical image quality, this paper incorporated a partial error analysis
of the primary survey detectors, considering their critical role in the optical sys-
tem’ s performance. The primary survey detectors of the telescope consist of 30
co-focal detector units assembled in a mosaic configuration. The Peak-to-Valley
simulation range for the surface unevenness of the detectors is set to $£+$30 pm.
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The error sources arising from the mosaic assembly process are categorized into
(1) tilt of individual detector units and (2) defocus of individual detector units.
Schematic diagrams illustrating the image spot shifts induced by the detector
surface under ideal focal plane alignment, tilt, and defocus conditions are pre-
sented in Figure 6 Figure 6: see original paper. Additionally, a filter assembly
was installed in front of each detector unit, as depicted in Figure 6(b). To assess
the image quality of these detectors, the surface figure error of the filters must
also be taken into account. In the optical system simulation model, the filter
structure is implemented, and its surface figure error is incorporated. Simulta-
neously, by adjusting the positional parameters of the focal plane, the image
quality degradation induced by detector tilt and defocus errors is quantified.
Figure 6(c) provides a simulation schematic of a single detector unit along with
its corresponding filter assembly.

2.1.4. In-orbit Gravity Release Residuals Due to the 1 g gravitational
difference between the pre-launch and post-orbit environments of a space tele-
scope, we installed optical components in a —1 g configuration prior to launch
to ensure that the telescope can image properly after entering orbit. However,
the limited contact points between each optical component and the truss struc-
ture make it challenging to position all nodes of the optical components in the
ideal position. To address this, this paper developed a gravity unloading resid-
ual model for orbit entry to quantify the degradation of optical image quality
caused by this error. First, a finite element analysis model was employed to de-
fine the positional parameters of each structure under a —1 g gravitational load.
Subsequently, a 1 g force was applied, and the resulting structural analysis was
adopted to calculate the relative positional parameters and mirror surface de-
formation of the optical components. Finally, these parameters were integrated
into the optical system simulation model, where the wave front degradation
caused by this error was calculated to be 0.0253\.

2.1.5. In-orbit Environmental Change Errors Due to solar irradiation,
the environmental temperature of a space telescope undergoes drastic fluctua-
tions during in-orbit operation. While the internal components of the telescope
are protected by the thermal control system, minimizing temperature variations,
its external structures and support platform experience significant temperature
fluctuations (Cengiz Kunt et al. 2003; Turella et al. 2019). These fluctuations
degrade the relative positions of optical elements and alter their surface figure.
Notably, transient thermal changes constitute a form of dynamic error. In this
paper, we simulated the operational environment of the telescope during in-orbit
operation and evaluated the variation in its internal temperature in response to
environmental changes. No obvious fluctuations were observed. Therefore, this
error was treated as a static error for calculation purposes.

This paper specifically focused on calculations under extreme high-temperature
conditions, particularly under scenarios with the maximum temperature vari-
ation. First, a finite thermal model was established to calculate the element
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temperature field distribution of the telescope under extreme high-temperature
conditions during in-orbit operation (Yang et al. 2019). Subsequently, based on
the calculated temperature field distribution, the relative positional parameters
and mirror surface deformation parameters of the optical components were de-
rived. These parameters were then imported into the optical system simulation
model, where the wave front degradation caused by this error was calculated to
be 0.023\.

Figure 7 [Figure 7: see original paper] displays the mirror deformation distribu-
tion as calculated from the static error model, including the deformation caused
by mirror fabrication errors (Figure 7(al)-(a4)), the deformation due to mirror
installation tilt errors (Figure 7(b1)-(b4)), the deformation caused by gravity
unloading residuals upon orbit entry (Figure 7(c1)-(c4)), and the deformation
resulting from in-orbit temperature variation errors (Figure 7(d1)-(d4)). Table
1 lists the numerical values of mirror position changes, derived from the static
error model, corresponding to alignment and adjustment errors, gravity unload-
ing residuals after orbit entry, and in-orbit temperature variation errors. Here,
X, Y, and Z represent translation parameters along the Cartesian coordinate
axes, while RX, RY, and RZ denote the relative rotation parameters around the
coordinate axes. By integrating these surface and position parameters into the
optical design model, the degradation of optical image quality caused by each
static error model was calculated sequentially.

2.2. Dynamic Error Model

The images captured by space telescopes during long-duration exposures are
influenced by both static and dynamic error factors. As described in Section
2.1.5, the inner-layer temperature of the telescope remains stable, with minimal
variation during in-orbit operation, rendering transient thermal-induced errors
negligible. Consequently, dynamic errors in this paper were primarily attributed
to vibrations inherent to the telescope itself. The telescope is equipped with an
image stabilization system, which partially mitigates image quality degradation
caused by vibrational errors.

It has been established that the stabilization control system is capable of com-
pensating for vibrational errors when the frequency is 0-8 Hz. Therefore, the
residual errors that remained after stabilization within this band were analyzed
in this paper, which were referred to as “stabilization residuals.” For vibrational
errors exceeding 8 Hz, which cannot currently be eliminated, they were defined
as “micro-vibration errors” and their impact was quantified in this paper. The
following sections provide a detailed analysis of these two categories of dynamic
errors.

2.2.1. Image Stabilization Residuals The telescope system compensates
for image shifts caused by vibrations by adjusting the position of the fast-
steering mirror (M4) in a real-time manner, thereby mitigating dynamic errors.
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However, due to the finite control precision of the fast-steering mirror, stabiliza-
tion residuals are introduced during the correction process.

This study simulated the real-time low-frequency vibration correction process
(0-8 Hz) of the telescope to model the stabilization residuals. First, vibrational
error parameters were applied to the structural simulation of telescope, enabling
the calculation of time-dependent positional variations of each optical compo-
nent. The position parameters of these components at different moments were
then input into the optical system simulation software to obtain the image point
offset at each time step. By simulating the movement of the fast-steering mirror
to compensate for the image point offsets in the optical system, the corrected
low-frequency vibration error model, namely the image stabilization residual
model, was finally obtained.

2.2.2. Micro-vibration Errors The magnitude of micro-vibration errors
at each moment is relatively small and is hard to be corrected through com-
pensation methods. However, the cumulative effect of these small differences
over a long period cannot be ignored in high-precision astronomical calculations,
necessitating appropriate modeling and analysis.

A micro-vibration error model was developed in this paper by simulating the
real-time high-frequency vibration process of the telescope. First, medium-to-
high-frequency error parameters were introduced into the telescope system to
calculate the temporal variations in the positions of the optical components.
These position data at different moments were subsequently input into the op-
tical system simulation software to generate the micro-vibration error model.

Importantly, the PSF for static errors can be directly derived from the optical
system simulation model. In contrast to the static error model, the dynamic
error model requires the cumulative result of the PSF images over time. The
optical system of the CSST is an incoherent system, and the dynamic PSF im-
age is equal to the superposition of the PSF images at each moment during long
exposure. Therefore, in this paper, static PSF images from different moments
were superimposed to obtain the dynamic PSF images. To ensure accurate sam-
pling, the sampling interval for dynamic image calculations should be shorter
than that used for micro-vibration error calculations. Given that the maximum
vibration frequency of micro-vibrations is 300 Hz, according to the sampling the-
orem, the sampling interval for calculating the dynamic image should be shorter
than or equal to 1/(2 x 300 Hz) 1.67 ms. For computational convenience, the
image sampling interval in this paper was set to 1 ms.

2.3. Sampling Parameters at the Detector End

As shown in Figure 6(b), the main survey detector of the CSST consists of 30 de-
tectors. Based on the positional parameters on the focal plane, the observation
FOV for each detector can be calculated. To balance computational efficiency
and simulation accuracy, the PSF for 30 x 30 uniformly distributed field points
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on each detector unit was first calculated, and interpolation was then applied
to determine the PSF for the remaining FOV. The following subsections will
introduce the sampling wavelengths and parameter settings used for the images
of each detector unit.

2.3.1. Sampling Wavelength of the PSF We divided the effective spec-
tral range of the incident light for each detector unit into four equal intervals
and used the central wavelength of each interval as the sampling wavelength.
The PSF was then calculated for each of these sampling wavelengths. Table 2
presents the observation wavelength ranges for each band of the survey detector.

Taking the i-band detector as an example, the effective incident wavelength
range corresponds to the shaded region under the detector’ s spectral response
curve 7, as shown in Figure 8 [Figure 8: see original paper]. The physical process
of converting incident photons into an electronic image is as follows: incident
photons pass through the telescope’s optical system and the filter before reaching
the detector, where they are used to generate an electronic image. Therefore,
the value of 7 is determined by three parameters: mirror reflectivity R, filter
transmittance 7, and the detector’s quantum absorption efficiency €. The specific
relationship can be expressed by the following equation:

2.3.2. PSF Sampling Image Parameters Once the incident wavelength
band is determined, sampling parameters for the PSF image must be established.
Generally, the relationship between the sampling interval in the exit pupil plane
and the image plane of the optical system is described by the following equation:

= 37

P
where f is the focal length of the optical system, A is the light wavelength, d_p
is the exit pupil sampling interval, d_ c is the detector image plane sampling
interval, and N is the number of sampling points. Additionally, the exit pupil
sampling interval is related to the exit pupil diameter, as expressed by:

D

dp:N7Q

Here, D is the exit pupil diameter, and Q is the sampling factor. Then, the
below equation can be deduced:

d,=<2L — Q\F
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Here, f/D is the F-number of the optical system. According to the Nyquist
sampling theorem, the sampling frequency must be at least twice the signal
frequency, i.e., Q > 2 to fully preserve the information of the original signal.
Therefore, the detector sampling interval should satisfy the following equation:

AF
d. < >
Based on optical design principles and experience, it is understood that reducing
the image sampling interval can lead to a decrease in the system’ s Modulation
Transfer Function (MTF) value and imaging quality. According to Equations
(8) and (9) in the text, the shorter the wavelength of the incident light, the
smaller the maximum allowable sampling interval d_ c. To simultaneously satisfy
the sampling interval requirements across different optical bands, the minimum
ultraviolet wavelength should be selected as the critical value. The minimum
sampling interval corresponding to the ultraviolet band with a wavelength of
0.255 pum is approximately 1.785 pm. At the initial stage of the simulation,
the sampling intervals for the NUV and u-band detectors were set to 1.25 pm,
while the intervals for other detectors were configured at 2.5 ym. In practical
detector designs, where the pixel size is 10 pm, a 2.5 pm sampling interval
achieves a 4x oversampling ratio. Furthermore, when comparing the ultraviolet
band with sampling intervals of 1.25 ym and 2.5 um, the differences in PSF
ellipticity and radius of 80% encircled energy (REES80) values were found to
be minimal. However, both configurations resulted in a 4x increase in data
storage requirements and computation time. Therefore, the sampling interval
of the PSF images was uniformly assigned to 2.5 um across all bands, with a
fixed sampling grid size of 256 x 256.

2.3.3. Ellipticity Calculation Ellipticity is an important physical parame-
ter in astronomical calculations (Keeton et al. 1997). In this paper, ellipticity of
the PSF was calculated by centering the PSF on its centroid and considering a
radius of 0.5, with the specific formula as follows. It is important to emphasize
that 0.5 is a predefined parameter. While this parameter could be adjusted to 1,
1.5, or other reasonable values, the resulting REE80 values would vary depend-
ing on the selected parameter. To ensure consistency across simulations, all data
processing teams adopted this standardized parameter prior to simulations.

First, the centroid position of the PSF was calculated:

LrPlyWay) o 2yP@yWiy)
> Pz, y)W(x,y) > P(a,y)W(z,y)

f:

Here, P(x, y) represents the light intensity of the PSF at the focal plane position
(x,y), and W(x, y) is the weight function. From this, the second-order moments
of the PSF can be obtained:
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The two components of the PSF ellipticity were calculated using the following
equation:

er - ny - Qsz
me + ny7 2 sz + ny

61:

The PSF ellipticity value was then calculated:

) 2
e=\/e]+ e

3. Image Quality Analyses

After the end-to-end simulation modeling of the telescope optical system, we an-
alyzed its image quality. Specifically, five indicators were calculated to evaluate
the optical image quality of the space telescope. These indicators included static
and dynamic PSF, the ellipticity distribution of the PSF over the entire FOV,
the wave front degradation amounts of various error models and field distortion
over the entire FOV. The following analysis proceeds sequentially through three
aspects: static image quality, dynamic image quality, and image field distortion.

3.1. Static Image Quality

First, the PSF of the telescope was computed for different sampling wavelengths
within the same observation FOV, as shown in Figure 9 [Figure 9: see original
paper]. The wavelengths corresponding to wave 1 to wave 4 correspond to the
four central wavelength values specified in Section 2.3.1, with these values in-
creasing progressively. According to the parameters in Table 2, the wavelengths
span the NUV, u, g, 1, i, z, and y bands, in that order. The calculation re-
sults reveal that within the same band, variations in the PSF spot are relatively
small. However, when the observation band is changed, a significant change in
the PSF spot shape is observed. Meanwhile, the above simulation results are
consistent with the theoretical calculation results described in Equations (6)-(8),
where, under the same sampling parameters, the size of the PSF spot increases
gradually with the wavelength.

In this section, the changes in the telescope’ s PSF under the design and static
error model conditions were compared. The PSF at the center of the FOV was
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calculated, with the incident light sampling wavelength set to 632.8 nm. Figure
10 [Figure 10: see original paper] presents the cross-sectional profiles of the PSF
at the center of the FOV along both the x-axis and y-axis. The Strehl ratios
of the PSF under the design and static error conditions are 0.964 and 0.816,
respectively, indicating that the PSF under the static error condition exhibits
energy dispersion compared to the initial PSF, with a corresponding increase
in the full width at half maximum (FWHM) value. This suggests that static
errors have compromised the image quality of the optical system, reducing the
energy enclosed within the telescope’ s PSF.

The ellipticity of the PSF has a known computational relationship with the
wave front value of the optical system (Zeng et al. 2014). To this end, this
paper calculated the ellipticity distribution of the PSF across the full FOV and
compared the distribution of ellipticity values of the PSF with the wave front
error values across the full FOV. The results are detailed in Figure 11 [Figure 11:
see original paper|. The ellipticity values and wave front error values of the PSF
across the full FOV were calculated for five static error models. Among them,
the alignment and adjustment errors were divided into mirror position errors and
mirror installation tilt errors for calculation. Based on the calculation results, we
observed that the distributions of the ellipticity values of the PSF and the wave
front error values are similar. By adjusting the wave front distribution across
the full FOV, the distribution of the ellipticity values of the PSF across the
full FOV can be indirectly controlled, allowing for the adjustment of ellipticity
uniformity to meet the development requirements of the instrument.

In this section, the degradation of optical image quality caused by different
static error models, as well as the degradation of REE80 angle radius of the
PSF, was calculated. The calculation results, outlined in Table 3 , reveal that
the largest wave front degradation and the REE80 angle radius degradation
are caused by mirror surface figure errors. The wave front degradation caused
by different factors, including gravity, temperature, and installation tilt errors,
shows similar magnitude, while that caused by alignment and adjustment errors
is the smallest. Therefore, when the optical performance of the telescope system
described in this paper did not meet the development requirements, priority
should be given to improving the mirror manufacturing process to enhance the
imaging performance of the telescope system.

3.2. Dynamic Image Quality

The dynamic and static error terms can be combined to comprehensively evalu-
ate the image quality of the telescope. The degradation of image quality caused
by each dynamic error model was analyzed, and the dynamic errors described in
this paper were divided into image stabilization residuals and micro-vibration
errors. The degradation of image quality caused by image stabilization residuals
is addressed in previous work (Li et al. 2025), and the degradation caused by
micro-vibration errors was calculated in this section.
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Typically, telescope exposure times last several minutes. Figure 12 [Figure 12:
see original paper] shows a schematic diagram of the change in the line-of-sight
(LOS) jitter at the center of the FOV caused by micro-vibration errors at dif-
ferent moments. The figure indicates that after an exposure duration of more
than 20 s, there is no significant change in the region where the spot moves.
Statistical analysis of the 30 values of the LOS jitter for six different exposure
durations shows that the values are all lower than 0.01. This suggests that af-
ter the PSF spot stabilizes, the jitter’ s influence on image quality is minimal,
allowing the selection of the shortest exposure duration for further evaluations.
By focusing on this duration, the efficiency of simulation calculations can be
improved.

The REE80 angular radius of the PSF is a key indicator for evaluating telescope
imaging performance. Figure 13(a) depicts the process of calculating the REE80
values across 25 field points in the full FOV under static and dynamic error con-
ditions. The telescope in this paper uses an off-axis three-mirror optical system.
In its initial state, the PSFs at symmetric field points (e.g., F1 and F5) are
similar in appearance, and their REE80 values are also the same. As shown in
Figure 13 Figure 13: see original paper, the lowest curve represents the symme-
try of segments within the dashed-line boxes. However, as static and dynamic
error models are applied, the symmetry of these segments is reduced. This is
because the superposition of various model errors causes the wave front distribu-
tion of the optical system to degrade in a non-symmetric manner, which hinders
high-order optimization of the system. The computational results reveal that
under the design condition, the average REE80 value across 25 field measures
is 0.067. When static errors are applied, the average REE80 value degrades to
0.097, representing a +0.03 increase compared to the design condition. When
dynamic errors are further introduced, the REE80 value deteriorates to 0.114,
representing a +0.046 increase compared to the design condition. In addition,
after applying both static and dynamic errors, the distribution of the REES0 val-
ues of the PSF across the 25 fields of the telescope remains continuous without
abrupt changes.

3.3. Field Distortion Modeling

Based on the descriptions above, the PSF sampling data under the full error
conditions can be obtained, including the sampling coordinates (u, v) and pixel
coordinates (x, y) of the wave front on the pupil and focal planes, respectively.
Notably, the pixel coordinates (x, y) contain the field distortion caused by the
optical system as well as the static and dynamic error models described above.
Consequently, they could be utilized to construct a full-view distortion model for
the entire focal plane. Actually, after the celestial object is projected onto the
focal plane through the World Coordinate System (Calabretta & Greisen 2002;
Greisen & Calabretta 2002), its pixel coordinate without considering image
distortion can be represented as (x, y,), which satisfies Equation (14) below:
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zg\ _ (CD1_1 CD1_ 2\ (u— CRPIX1
yo) \CD2_1 CD2_2/ \v— CRPIX2
where the CDi_j keywords encode the rotation and scaling in the image header;

CRPIX1 and CRPIX2 represent the origin of the pixel coordinate along the x-
and y-axes, respectively; and A is defined as:

A=CDl 2xCD2 1-CD1_1xCD2_2

The field distortion model is the mathematical mapping between (x,, y,) and
(%, y), satisfying the equation expressed below:

= f.(20,9), Y= fy(mo’y(J)

Notably, after applying two-dimensional spline interpolation with an order of n
= 4 to approximate f x and f y over the entire focal plane, the interpolated
functions could be yielded. To evaluate the interpolation accuracy, residuals
were calculated, with the mean values of Ax = —7.6 x 10710 pixels and Ay
= —5.2 x 10719 pixels, and the standard deviations of cAx = 1.0 pixel and oAy
= 1.0 pixel, respectively. The residual distributions are illustrated in Figure 14
[Figure 14: see original paper| (gray histograms).

Due to an unevenness error in the detector installation, the detector units in
the focal plane exhibit imperfect alignment. Notably, this misalignment induces
discontinuities in the field distortion between adjacent detector units, which
cannot be accurately modeled by global interpolation methods. Consequently,
spline interpolation was employed to further model Ax and Ay at the individual
detector level. Then they were incorporated into Equation (15) as correction
terms. This approach is referred to as global+local interpolation. As a result,
the final field distortion model is approximated as:

lobal
x=xo+ 577 (@0, y0) + [0 (20, Yo)

lobal
y=1yo+ 5" (20, Y0) + f10 (g, o)

where f _x"{global}, f y {global}, f x {local}, { y {local} represent the poly-
nomial interpolation of Ax and Ay, respectively. As shown by the black his-
tograms in Figure 14, the interpolation accuracy improved significantly, with
the mean residuals decreasing to Ax = —3.8 x 107! pixels and Ay = 4.0 x
10~'° pixels, respectively. The standard deviations along both axes are 0.2 pix-
els, representing a fivefold improvement over the global interpolation method.

The left panel of Figure 15 [Figure 15: see original paper]| illustrates the field
distortion model across the focal plane. Each arrow represents a vector, with
the starting point at pixel position (x,, y,) and the end point indicating the
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corresponding position influenced by the field distortion. It is evident that the
field distortion increases from the center to the edge of the focal plane, with the
maximum position offset exceeding 200 pixels.

Here, the ellipticity distribution induced by the field distortion was further com-
puted using the method presented in Zhang et al. (2019). Specifically, the two
ellipticity components are expressed as follows:

6fz/8x0 — 6fy/ay0 edistortion — 8fx/3y0 + 8fy/€)m0
0f. /01 +0f, /0y, 0f,/0wg + 0, /9y

distortion __

where the symbol “0” represents partial derivative. Substituting Equation (16)
into Equation (17), ellipticity at any given point in the focal plane can be deter-
mined. The right panel of Figure 15 displays the ellipticity distribution across
the focal plane. As with the field distortion, ellipticity also increases toward
the edges. In addition, because each detector unit is assigned a unique filter,
the filter difference between two adjacent detector units leads to complicated
patterns and significant discontinuities in the ellipticity distribution.

4. Conclusions

In this paper, the image quality of large-aperture off-axis reflective space tele-
scopes was simulated and analyzed under in-orbit operational conditions. Based
on the types of error models, five static error models and two dynamic error
models were established and integrated into a comprehensive system model.
Subsequently, the PSF of the telescope and the corresponding ellipticity values,
wave front values, and field distortion were calculated under the conditions de-
fined by these error models. Additionally, the REE80 values of the PSF for
25 uniformly distributed field points across the full FOV were calculated. The
results demonstrate that after application of these errors, the PSF experiences
energy dispersion, with an increase in the FWHM value. The distribution of the
ellipticity values of the PSF across the full FOV shows a similar pattern to that
of the wave front values, indicating that adjustments to the wave front distribu-
tion can indirectly influence the ellipticity distribution. As static and dynamic
error models are progressively applied, the symmetry between the PSFs of the
left and right fields of the telescope diminishes. The REES80 value increases by
0.046 under the full error loaded condition. The 3o value of LOS jitter at the
center of FOV is below 0.01. Furthermore, due to varying incident wavelengths
across the detector units, the PSF ellipticity values exhibit weak continuity at
their adjacent regions.

By employing an end-to-end simulation and analysis approach, the imaging qual-
ity of a space telescope under the influence of comprehensive error factors can be
effectively evaluated. Moreover, by quantifying the wave front degradation asso-
ciated with various error models, the key contributor to image quality degrada-
tion can be identified, thereby optimizing the design parameters. Notably, when
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conducting end-to-end system simulations, the error models described in this
paper should not be viewed as exhaustive. In future work, we will incorporate
additional error models, such as those accounting for optical system attitude
corrections, shutter operations, and other factors, into the simulation system.
This will enable more accurate calculation and a more precise assessment of the
optical image quality of space telescopes.
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