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Low Spatio-Temporal Frequency Wavefront
Aberration Correction Method Based

on a Movable Secondary Mirror
Yawei Xiao , Simin Zhao , Junbo Zhang , Linhai Huang , and Naiting Gu

Abstract—A low frequency wavefront aberration correction
method for solar telescopes based on secondary mirror movement
is proposed to correct dynamic wavefront aberration during the
operation of solar telescope. The correction ability of this method is
analyzed and validated by numerical simulation and experiments.
Theoretical analysis and numerical simulation both indicate the
system processes significant aberration correction ability given
the correction frequency of the secondary mirror movement is
10 times higher than aberration frequency. After spatiotemporal
frequency division of actual wavefront data from solar telescope,
the experiment result proves that the proposed correction method
based on secondary mirror movement can effectively reduce the
overall RMS of dynamic aberrations with high-frequency portion.

Index Terms—Imaging system, aberration correction, secondary
mirror, sensitivity matrix method, solar telescope.

I. INTRODUCTION

THE imaging quality and resolution of large aperture solar
telescope system is limited by various influence factors,

such as optical and mechanical structure deformation from
solar radiation, gravity bending, and environmental temperature
fluctuation [1], [2], etc. These influencing factors are introducing
aberrations with similar frequency characteristics during obser-
vation. Based on the frequency characteristics, these aberrations
are generally been categorized as low-order and low-frequency
aberration, also known as low space-time frequency wavefront
aberration.

In practice, there also exist high frequency aberrations arise
from wind borne and atmospheric turbulence. During observa-
tion, the aberrations containing all frequency bands are mixed
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together and downgrade the regular observation result of optical
system. At present, all of the above aberrations are been detected
and corrected by Adaptive Optics (AO) system.

If the low frequency portion of aberrations can be corrected
by other pre-processing methods, then let the Adaptive Optics
system focus on high frequency aberrations only, fully release
its potential, and achieve better correction result. In general, low
frequency aberrations come from various degrees of deflection
and skewing of optical axis with respect to pitch angle changes
during observation. Meanwhile, the fluctuation of environmental
temperature also contributes to the deformation of telescope
main tube and mirror, resulting in low frequency aberrations.
This is a common problem for solar telescopes, and cannot
be solved by pre-assemble and adjustment in integration and
adjustment stages.

In order to correct low frequency aberrations during obser-
vation, the method of secondary mirror movement have been
widely used. This method controls the adjustment of position
and orientation of secondary mirror. At present, there are two
main types of method’s working modes, the open loop mode and
closed loop mode.

The principle of open-loop working mode is to estimate the
position relationship between the primary and secondary mirror
under different pitch angles according to the telescope structure
model, and compensate the misalignment with respect to each
pitch angle during operation. This method is adopted by the 2 m
ground based optical telescope of the Changchun Institute of
Optics, Fine Mechanics and Physics, CAS [3]. This open-loop
working mode system does not require a sensor, and the lookup
table established pre-observation achieves a high precision level
with repeated calibration. However, the correction target of
open-loop system is limited only on the displacement between
primary and secondary mirror from bending of the pointing
structure. Thus, open-loop system is unable to handle aberra-
tions from sources other than mechanical bending by secondary
mirror movement effectively.

The principle of close loop working mode is to control the
position of the secondary mirror through feedback information.
The feedback information includes the position relationship of
the primary and secondary mirror measured by a laser tracker,
for example the LBT telescope [4] in the United States. In
other practice, the close loop feedback information could also be
the average aberration value from Shaker Hartmann wavefront
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detector. In practice, the Shaker Hartmann wavefront detector
records a long period of data to eliminate the high frequency
aberration such as atmospheric disturbance and focus on the rest
low frequency aberration to calculate the adjustment amount of
secondary mirror, for example the LSST [5], German GREGOR
[6], GST [7] and DKIST [8] in United States, 2m telescope [9]
in China. The LSST telescope is equipped with active optics
system operating at 0.025 Hz. GREGOR is equipped with a
tilting mirror to adjust the misalignment of telescope optics and
keep pupil image at the center of wavefront sensor. Comparing
with open loop mode, the closed loop mode releases the full
potential of low order aberration correction of the secondary
mirror movement.

However, current close loop working mode cannot effectively
utilize the dynamic ability of the secondary mirror adjustment
mechanism to achieve real-time dynamic aberrations correction
such as aberrations from atmospheric disturbance and wind-
borne structural deformation. If we can make fully use of the
secondary mirror adjusting mechanism such as travel range
and dynamic capability, and process the aberrations based on
wavefront sensor frequency data, effective correction of low
spatio-temporal frequency aberrations of secondary mirror can
be realized and the imaging resolution of solar telescope system
can be further improved.

Based on aforementioned background, this paper takes the
POST solar telescope [10] as research object and studied the
dynamic low spatio-temporal frequency wavefront aberration
correction method based on secondary mirror movement. First,
basic parameters of the telescope and the correction mechanism
of secondary mirror movement targeting aberration correction
is introduced. Then, numerical calculations and simulation of
correction effectiveness were performed on various dynamic
aberration frequencies introduced by gravity deflection and ther-
mal deformation of telescope structure. Then, the correction
effectiveness on various frequency aberrations by secondary
mirror adjustment is analyzed in detail, and experiment were
performed to verify the necessity of spatio-temporal frequency
division process for mixing frequencies dynamic aberrations
correction. In conclusion, simulation and experiment results
both show that the rigid body movement of secondary mirror
processes a remarkable correction effect on aberrations of low
spatio-temporal frequency of solar telescope. With further in-
crease of dynamic adjustment frequency of the secondary mirror,
the correction of higher frequencies aberrations will be achieved.

II. TELESCOPE OPTICAL SYSTEM

The POST Solar Telescope was designed and built between
2014 and 2017 to validate and solve some of the technical and
engineering challenges of the CLST [11] solar telescope. The
POST solar telescope adopts an axially symmetric Gregorian
system. Its optical layout and schematic are shown in Fig. 1 and
system parameters are shown in Table I.

Generally, the orientation and position of secondary mirror of
symmetrical telescope is controlled by rotation around the X/Y
axis (where Z axis is the optical axis in Cartesian coordinates)

Fig. 1. Optical layout of POST (a) and the telescope (b).

TABLE I
SPECIFICATIONS OF POST SOLAR TELESCOPE

and displacement in three dimensions. The wavefront aberra-
tions are mainly consisting of oblique aberration, defocusing
aberration, coma, minor spherical aberration, astigmatism etc
[12], [13], [14]. Among all of the aberrations above, aberrations
caused by system misalignment such as structural deformations
and bending, can be corrected by adjusting the position and ori-
entation of the secondary mirror. For non-misalignment aberra-
tions caused by thermal deformation of mirror, ambient temper-
ature fluctuation, atmospheric disturbance, etc., which include
tilt, defocusing, coma, spherical and astigmatism. Among which
the tilt and defocus aberrations processes similar characters of
misalignment aberrations, and thus can be corrected effectively
by secondary mirror movement. The rest other aberrations such
as coma, spherical, astigmatism also process some character-
istics of position mismatch, but they exist in a combination of
certain ratio, and thus the secondary mirror movement can only
partially correct them as a whole [15].
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Fig. 2. Deformation of secondary mirror fixing surface when the main tube in
zenith state.

While moving the secondary mirror in the direction of
5 degrees of freedom, a numerical relationship between the
displacement of secondary mirror and aberration correction
results can be established. We adopt second-order sensitivity
matrix [16], [17] as the fundamental method in this paper to
establish this relationship, as shown in (1). In practice, the
adjustment amount of secondary mirror is calculated based
on sensitivity matrix, and then executed by Hexapod. That’s
working mode of real-time correction of the low space-time
frequency of the telescope.

Z − Z0 = AΔX.2 +BΔX+ δ (1)

Where, Z and Zo is the Zernike coefficient at current position
and initial position repectively, A and B represents the quadratic
term coefficient matrix and the primary term coefficient matrix,
respectively. ΔX represents the displacement of the secondary
mirror along the direction of each degree of freedom, ΔX.2

represents the matrix formed by the square of the displacement of
the secondary mirror in the direction of each degree of freedom,
and δ is the residual error.

III. THE ANALYSIS OF LOW SPATIO-TEMPORAL ABERRATION

OF SOLAR TELESCOPE

There are many sources of low spatio-temporal frequency
wavefront aberrations in regular observation process of so-
lar telescope. Restricted by load, precision requirements and
engineering ability, the highest dynamic frequency of POST
Hexapod is 0.5 Hz. The effectiveness of rigid body secondary
mirror correction under current conditions can be analyzed by
spatio-temporal characteristics of these aberrations and propose
dynamic frequency requirements for Hexapod system.

Because of the change in pitch angle during operation of
telescope, the support structure of the primary and secondary
mirrors is affected by the change in relative angle between
pointing axis and gravity, which leads to different degrees of
bending, eccentricity and tilt between the primary and secondary
mirrors, as shown in Figs. 2 and 3. When the main tube in zenith
state, the primary and secondary mirror spacing shifts 49μm
along the gravity direction. Whereas in the case of main tube

Fig. 3. Deformation of primary mirror tube when the main tube in zenith
state.

TABLE II
ZERNIKE ORDERS WITH ASSOCIATED ABERRATION

Fig. 4. Changes of oblique aberration during a day’s observation from struc-
ture bending.

in horizontal state, the primary and secondary mirror intervals
are offset by 9.5μm along the optical axis and 46μm along the
gravity direction, as a result, the relative tilt of primary and
secondary mirrors is 7.5".

Through the simulation of aberrations from misalignment
between the primary and secondary mirrors at different pitch
angles throughout a whole day, we obtain the aberration result
over time of POST solar telescope continuously tracking the sun.
The changes of oblique aberrations and defocusing aberrations
are shown in Figs. 4 and 5 respectively. This paper adopts the
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Fig. 5. Changes of defocusing aberration during a day’s observation from
structure bending.

Fig. 6. Thermal deformation of main tube.

standard Zernike orders shown in Table II, [18] starting from
Z1, which represents piston, Z2 and Z3 represents tip and tilt,
Z4 represents defocus, Z5 and Z6 represents astigmatism, Z7
and Z8 represents coma, etc.

Apparently, due to thermal radiation from the sun, there is a
significant surface temperature gap of solar telescope between
the sun side and back side. Because of solar radiation and am-
bient temperature fluctuation, there is a structural deformation
that leads to misalignment between the primary and secondary
mirror, which mainly leads to defocus aberration. Given ambient
temperature of 22 degree Celsius and solar telescope pointing to
zenith position under maximum solar radiation, the maximum
deformation of the main tube is 12 μm, as shown in Fig. 6.
According to the environmental temperature data of a specific
day in winter at the telescope site, the changes of defocusing
aberration with time under the influence of temperature and solar
radiation can been simulated, as shown in Fig. 7.

The frequency range of the above aberrations is analyzed,
with a result of dynamic frequencies all lower than 2x10−5Hz.
For example, the defocusing aberration from structural bending
only requires for an adjustment frequency of 0.005 Hz. After

Fig. 7. Changes of defocusing aberration during a day’s observation from
thermal deformation.

Fig. 8. Correction of defocusing aberration from structure bending by sec-
ondary mirror rigid body displacement.

correction, the maximum defocusing aberration RMS is lower
than 0.05λ and result is shown in Fig. 8. The adjustment fre-
quency of 0.005 Hz is much lower than Hexapod adjustment
frequency, which proves that the current Hexapod adjustment
frequency meets the requirements for low space-time frequency
aberration correction of solar telescope.

In practice, there are a number of low spatio-temporal fre-
quency aberrations from wind load and atmospheric turbulence.
Take the tilt power spectrum recorded by X. Li as example, there
consists of a large portion of low frequency signal, specifically
under 0.5 Hz [19].

In addition to literature, the spatial frequencies of the candi-
date wavefront were analyzed by Zemax software. From simula-
tion, the spatial frequency aberration mainly comes from the dis-
placement of secondary mirror, including sources of structural
deformation from gravity, position mismatch, etc. In experiment,
several representative static and dynamic Zernike aberrations
were selected to test the effectiveness of the correction system,
which can cover the temporal and spatial frequency of the
practical POST.
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Based on the frequency domain data, rigid body displacement
of secondary mirror adjustment mechanism is capable of correct-
ing these types of low frequency aberrations. However, the high
and low frequencies aberration signal always exits together and
high frequency signal affects the processing of low frequency
signal. For example, the processing of all frequency aberrations
could result in signal amplification rather than contraction in-
stead. Thus, a frequency separation is required to divide the
aberration based on its frequency domain, and focusing on
correcting low frequency signal to realize the adjustment of low
frequency aberration correction.

IV. THE DYNAMIC ABERRATION CORRECTION BASED ON

HEXAPOD

To achieve dynamic correction for low spatio-temporal fre-
quency aberrations, secondary mirror demands for a dynamic
platform that can adjust at higher frequencies in five degrees of
freedom. Hexapod platform has been widely used as a secondary
mirror adjustment platform for large photoelectric telescopes for
advantages such as precision control, structural rigidity, high
load capacity, system stability, and no position accumulation
errors, etc [20]. The Hexapod of POST Solar telescope comes
with a highest adjustment frequency of 0.5 Hz, which is taken
as the frequency of aberration correction. Besides part of the
simulation frequencies is very low, to validate the proposed
method stricter, and push the system to its fully potential, various
aberrations at different frequencies are simulated and analyzed.

A. Simulation of Single Frequency Dynamic Aberration
Correction

Generally, when the sampling frequency is more than twice
higher the signal frequency, the sampled digital signal com-
pletely retains the information of the original signal. In practice,
sampling frequency is usually 2.56∼ 4 times of signal frequency
[21]. Among all aberrations, the tilt and defocusing aberrations
are most sensitive to the position and orientation of secondary
mirror and can be fully corrected. Taking defocusing aberration
as the correction object, and set the secondary mirror correction
frequency at 0.5 Hz. Correction simulation is performed for
dynamic defocusing aberration of 0.25 Hz, 0.125 Hz, 0.1 Hz,
0.05 Hz and 0.025 Hz (from 1/2 to 1/20 of correction frequency)
respectively. The average aberration RMS and PV in a correction
cycle is used to represent the correction effectiveness of dynamic
secondary mirror rigid body displacement. Correction result of
the above aberrations of different frequencies is shown in 3 and
Table IV, and the correction result of 0.05 Hz aberration is shown
in Fig. 9, Table III. In Fig. 9, the correction frequency is 0.25
Hz, with current aberration value as the target of correction at
the beginning of each correction cycle.

The dynamic aberration correction results of fixed frequency
are also analyzed. It can be concluded that the higher the fre-
quency ratio of secondary mirror versus aberration, the better
the correction results. When the correction frequency is 10
times higher than aberration frequency, the average aberration
RMS is 33% and PV is 59% of before. However, when the
correction frequency is only less than twice of the aberration

Fig. 9. Aberrations correction of frequency 0.05 Hz.

TABLE III
RESULTS COMPARISON OF ABERRATIONS CORRECTION OF SINGLE

FREQUENCY

TABLE IV
RESULTS COMPARISON OF ABERRATIONS CORRECTION OF SINGLE

FREQUENCY

frequency, there is little correction effect on aberration, even
negative optimization may exist. Therefore, it is necessary to
separate the signals with respect to its frequency domain and
filter the original mixed signal to avoid high frequency aberration
affecting the calculation and correction of aberrations.

B. Simulation of Multiple Frequencies Dynamic Aberration
Correction

Based on aforementioned conclusion, the aberration correc-
tion of the secondary mirror movement is effective given the
frequency of correction is more than twice of aberration. Mean-
while, negative optimization may occur in the case of high fre-
quency aberration correction. However, in practice, aberrations
of high frequencies and low frequencies always appear together.
Therefore, it is necessary to separate dynamic aberrations based
on frequency and focusing on correcting low frequency aberra-
tions.
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Fig. 10. Filtering effect of Kalman filter for mixed frequency.

Fig. 11. Correction result without Kalman filter.

Kalman filter [22] is an estimation algorithm based on expe-
rience and measurements. The principle of Kalman filter is to
make prediction of physical quantities base on comprehensive
analysis of previous state and measured value. The signals apart
from (1) can be filtered successfully with adequate filtering
parameters. The key advantage of Kalman filter is real-time
filtering, and that is the reason for us to choose Kalman filter for
this application scenario of correcting aberrations. The filtering
effect of Kalman filter on dynamic aberrations with multiple
frequencies is shown in Fig. 10. Aberration signal can be pro-
cessed in real time after setting appropriate filtering parameters
based on Hexapod correction frequency. The aberration signal
obtained after real-time filtering is close to the response of (1)
from unprocessed signal. From the results, the aberration signal
close to (1) been retained while signals apart from (1) effectively
filtered. Thus, Kalman filter meets the requirement of aberration
approaching the response of (1) in this paper.

Figs. 11 and 12 shows the correction effectiveness for defocus-
ing aberrations with a large portion of aberration apart from (1) is
calculated by aberration data with and without Kalman filtering

Fig. 12. Correction result with Kalman filter.

TABLE V
COMPARISON OF APPLYING KALMAN FILTER

pre-processing. Table V shows the comparison of aberration cor-
rection effect with or without Kalman filtering. After analysis on
correction effectiveness, the average aberration RMS is greater
than before after correction without Kalman filter. Whereas the
average aberration RMS is reduced by 70% with Kalman filter
pre-processing to separate the real time aberration signal apart
from (1). The component apart from (1) of real-time aberration
information can be effectively filtered by Kalman filter and
been corrected after secondary mirror correction. When Kalman
filter not applied, the system aberration correction even results
in negative optimization because of the correction frequency
of secondary mirror adjustment mechanism is relatively low
compared with high frequency aberration. During the opera-
tion of solar telescope, the system aberration is affected by
atmospheric turbulence and consists of a large portion of high
frequency aberrations, which apart from (1). Therefore, it is
necessary to apply Kalman filter to separate the aberration signal
approaching (1) and correct them by rigid body displacement of
secondary mirror.

C. Experiments of Secondary Mirror Rigid Body Aberration
Correction

To verify the correction effectiveness of rigid body displace-
ment of the secondary mirror on low spatio-temporal frequency
aberrations, an experiment optical system was set up as shown
in Fig. 13. The deformable mirror used in experiment is part of
the POST telescope, followed by a reflective mirror and several
refractive lenses. The effectiveness and performance before and
after moving the secondary deformable mirror is similar with
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Fig. 13. Experiment set up. (a) The front-end optical instruments, including
the light source and deformable secondary mirror. (b) The rear-end optical
instruments, including image lens set and HS camera. (c) The schematic of
the whole optical layout.

POST. The primary mirror of POST was simulated by a light
source with same focus length, and the position and orientation
of secondary mirror is controlled by Hexapod. The deformable
secondary mirror was used to generate low spatio-temporal fre-
quency aberration to simulate the actual operation environment
of solar telescope. The wavefront aberration of exit pupil plane
of the field of view on the axis was measured by Hartmann
camera [23]. The software calculating wavefront restoration and
solving the value of secondary mirror rigid body displacement
correction is developed by Institute of Optics and Electronics,
Chinese Academy of Sciences.

The experiment processes are as follows: First, the wavefront
slope is detected by Hartmann detector. Then, the whole aber-
ration was processed and allocated into each specific Zernike
order of aberration. After that, the system calculates the low
frequency signal based on historic data. Zernike polynomial is
calculated by algorithm integrated in the software. After that,
the secondary mirror step movement amount is calculated using
minimum square method and pre-measured sensitivity matrix.
Last, Hexapod moves the secondary mirror and correct the low
spatio-temporal frequency aberrations. Real time correction was
realized through closed-loop iterations with flow chart shown in
Fig. 14.

Fig. 14. Flowchart of aberration correction of secondary mirror rigid body
displacement.

Fig. 15. Defocusing aberration correction at 0.05 Hz.

In experiment, dynamic frequency of Hexapod adjusting
mechanism of the secondary mirror under load is 0.5 Hz. From
simulation result, the correction effectiveness is prominent when
the correction frequency of secondary mirror is more than ten
times higher than aberration frequency. The secondary mirror
has a high correction effect on tilt and defocusing aberrations
from sensitivity matrix of secondary mirror and aberration. In
experiment, dynamic aberrations including tilt and defocusing
are generated by a deformable mirror, and their dynamic fre-
quency is controlled to simulate low spatio-temporal frequency
aberrations. The correction results of the secondary mirror of
aberrations of tilt and defocusing are shown in Fig. 15.

When correcting multi-order aberrations simultaneously in
experiments, the residual defocusing aberration of single cor-
rection is about 0.05 μm due to coupling of different degrees of
freedom directions and displacement calculation error. But this
is the optimal result under current correction frequency. When
the aberration frequency is 0.05 Hz, the average of corrected
aberration RMS is reduced to 53.7%, PV is reduced to 62% of
before, and the frequency of 0.05 Hz is taken as the benchmark of
frequency division in this paper. The aberration correction effec-
tiveness of other frequency is shown in Tables VI and VII which



6801109 IEEE PHOTONICS JOURNAL, VOL. 16, NO. 3, JUNE 2024

TABLE VI
ABERRATION CORRECTION COMPARISON IN RMS OF SINGLE FREQUENCY

TABLE VII
ABERRATION CORRECTION COMPARISON IN PV OF SINGLE FREQUENCY

Fig. 16. Aberration correction of mixing frequencies.

further proves the effectiveness of secondary mirror movement
for low spatio-temporal frequency aberrations.

In experiment, dynamic aberration of multiple frequencies is
generated by a deformable mirror, and the low spatio-temporal
frequency aberration is processed by Kalman filtering, then
corrected by secondary mirror movement. The correction ef-
fectiveness of secondary mirror on defocusing aberration on
dynamic aberration of multiple frequencies is shown in Fig. 16.

After correction, dynamic aberration is effectively reduced,
with average corrected aberration RMS 35.7%, PV 67.2% of
before. After adjusting the frequency composition of aberration
and repeated the experiment, the correction results secondary

TABLE VIII
ABERRATION CORRECTION COMPARISON IN RMS OF MIXING FREQUENCIES

TABLE IX
ABERRATION CORRECTION COMPARISON IN PV OF MIXING FREQUENCIES

mirror movement are shown in the Tables VIII and IX After
correction, the average RMS of each group of mixed aberrations
is 40% (PV 30%) lower than before, which verifies the correction
effectiveness of secondary mirror movement for mixed dynamic
aberrations.

V. CONCLUSION

In this paper, dynamic characteristics of aberrations from
different sources during operation of solar telescopes are ana-
lyzed. For low spatio-temporal frequency aberrations caused by
structure’s deflection and thermal deformation, oblique and de-
focusing aberrations are majority and can be effectively reduced
to 0.05λ by secondary mirror movement. For aberrations caused
by atmospheric turbulence and wind load with high dynamic fre-
quency, it is necessary to divide the actual wavefront data based
on frequencies and correct the low frequency components. The
relationship between the secondary mirror adjustment frequency
and effectiveness of dynamic aberration correction is studied.
Numerical simulation results show that given the correction
frequency of secondary mirror adjustment is 10 times higher
than aberration frequency, the average aberration RMS and PV
after correction are 70% and 40%lower than before, and this
frequency ratio is taken as the benchmark of spatio-temporal
frequency division in this paper.

Experiments were conducted with adjustment frequency and
aberration frequency of 0.5 Hz and 0.05 Hz respectively. The
effectiveness of correction is proven with average aberration
RMS and PV after correction 53% and 62% of before. Finally,
secondary mirror adjustment on mixed dynamic aberration is
proved by simulation and experiment. After spatiotemporal fre-
quency separation, the secondary mirror adjustment can effec-
tively reduce the overall RMS of dynamic aberrations containing
high frequency components. After correction, the average RMS
and PV of mixed aberrations of each group are lower than 40%
and 70% of before. Compared with active optics system of LSST
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[3], our system correction frequency is about 20 times higher.
It allows the POST telescope response faster to aberrations and
environmental challenges. The method of secondary mirror rigid
body displacement correction can effectively reduce the low
spatio-temporal frequency aberrations during the operation of
solar telescope system without additional optical component,
which processes good development prospect and application
value.
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