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Abstract: Off-axis reflector telescopes are mainly used in space astronomy observation and other related fields.

The image quality of off-axis two-inversion telescopes is sensitive to lens misalignment and is more difficult to

calibrate using a laser interferometer after misalignment in an operating environment. To address this challenge,

this paper proposes a method that uses the out-of-focus spot map of the system for infinity point targets and uses

the Swin-Transformer network to calculate the amount of lateral misalignment of the secondary mirror. Theoretical

calculations were used to determine the camera defocus positions that could avoid the multi-solution problem, and

simulations were used to investigate the effect of different defocus amounts on calibration accuracy. The trained

network uses a frame of out-of-focus spot map of the out-of-tune system to perform the estimation of the amount of

out-of-tune. Both simulation analysis and experimental results verify the effectiveness of the method, which can

achieve high accuracy and fast correction of out-of-tune telescope systems in the working environment.

Keywords: optical imaging system; off-axis telescope; secondary mirror; defocused spot; neural Networks; quick

adjustment
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Fig. 1 Three-dimensional layout of the off-axis telescope
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Table 1 Telescope basic parameters table

Parameter name Focal distance/mm

F-number

Caliber/mm Working wavelength/nm

Parameter value 242712

16.3805 148 532

k2 BRERAESHEA

Table 2 Parameters of the telescope reflector

Surface Mechanical diameter/mm Radius of curvature/mm Interval/mm Conic factor Off-axis parameters/mm
Primary mirror 148 -1200 -480 -1 210
Secondary mirror 60 -240 260 -1 42
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Table 3 Coefficient and distribution of the out-of-focus term

=15 mm

=10 mm -5 mm

-5.580
[-7.0875, -3.8361]
[4.0725, 7.3239]

Defocus term coefficient
Coefficient distribution/¢
Coefficient distribution/¢’

-3.307
[-5.2038, -1.9909]
[1.4102,4.6231]

-1.844
[-3.3399, -0.1329]
[0.3471,3.5541]
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Fig. 2 General implementation process of the method in this paper
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Table 4 Summary table of network parameters
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Parameter name Parameter
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Training times 2000
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Fig. 4 Wavefront statistics of misaligned samples. (a) Wavefront PV statistics; (b) Wavefront RMS statistics

230040-5



FH R, . s TR, 2023, 50(7): 230040

https://doi.org/10.12086/0ee.2023.230040

B IEL ST, WHT PV AE 4 A1 Bl [0.21094,
5.03854], % A RMS{H 4 1 i [l & [0.04404,
1.14834].,

SEA PR RGOS . UM AR R F RS, K
EUZR I 1024x1024 Sp PR R4 5] 224%224 Jp 88, %
BT 25 A U 2R S 507E 2000 W% T 25 oI 25

TEVIZREE LA B B 37 B 1Y) 200 F IR EEA ([H]

H 45Misalignment test samples wavefront PV statistics

Max=4.80714
40 Min=0.2299A

Mean=2.7015A

Sample count

0 051015202530354.0455.0
Wavefront PV/A

HYHIRZE) Tt Swin-T W45 4 2 8 T £ 77 28470
WK, RN A e R A AR BRI E okt IR, e it
FEAKE IE A B AR B L A IE R ik 25 . 141 5 42
T T MR AR B IHT PV (EF RMS {8, BUESSM 0,
3 A7 P 5 R AR D i 43 A v R O

6 geit T =R B R R BUE R AR S
REEHT PV E, MWEH AT LIES], 215 mm

n 4I\(;Iisalignment test samples wavefront RMS statistics
Max=1.0917A

35+ Min=0.0553A
Mean=0.6068A

Sample count

0 0.2 04 0.6 0.8 1.0 1.2
Wavefront RMS/A

B/ 5 MEXAEAKITE E%it. (a) AT PV %4it; (b) AT RMS %t
Fig. 5 Test sample wavefront Information Statistics. (a) Wavefront PV statistics; (b) Wavefront RMS statistics

After correction wavefront PV statistics
(Sensitivity matrix)

m -
70l Max=0.2101A
Min=0.0578A
60 - Mean=0.0963A
£ 50/ PV<=0.2 A: 98.5%
(5]
@ 40}
g
E 30l
»
20
10 +

0 1 1 1 1 1 1 1
0 01 020304 0506 07 08 09 10
Wavefront PV/A

After correction wavefront PV statistics

=10 mm
80 -
70 Max=0.2347A
Min=0.0609A
-~ 60 - Mean=0.1131A
% 50 | PV<=0.2 A: 97%
(&}
o 40}
£
E 30t
»
20 +
10+

0 1 1 1 1 1 1 1
0 0.1 02 03 04 0506 07 08 09 1.0
Wavefront PV/A

After correction wavefront PV statistics

=15 mm
- -
70l Max=0.2686/
Min=0.0602A
60 - Mean=0.1149A
£ 50/ PV<=0.2 A: 95%
(5]
@ 40}
£
E 30l
»
20
10 +

0 1 1 1 1 1 1 1
0 0.1 02 03 04 0506 07 08 09 1.0
Wavefront PV/A

After correction wavefront PV statistics

-5 mm
< -
701 Max=0.8863A
Min=0.0647A
"~ 60 - Mean=0.1460A
% 50 | PV<=0.2 A: 85%
(8]
o 40t
£
E 30t
»
20+
10+

0 1 1 1
0 0.1 02 0304 0506 07 0809 1.0
Wavefront PV/A

A6 AREBKA PV 4it. (a) REELEME; (b) BE-15mm; (c) B E-10mm; (d) & £-5mm
Fig. 6 Wavefront PV statistics after correction. (a) Sensitivity matrix method; (b) Defocus =15 mm; (c) Defocus =10 mm; (d) Defocus -5 mm

230040-6



FHJEVE, 45 J6HL TR, 2023, 50(7): 230040

https://doi.org/10.12086/0ee.2023.230040

F—10 mm (477 %8 5 R U A A ROE JR B SE T4
FHAT, BHE-S mm B9 RS AN 22, ROEJR I
I PV H/INT 022 BIREAS &7 LUoR 85%, 5 R U RE
BB AE-1S mm., —10 mm FEME T NE S ELEL

B 7 Gedt T =R B 4R 7 SR R U AR BRI I S
REH PRI RMSAE, #5415 mm 197 £ 100K B i
&, BIEJE BEET RMS fH /N F 0.034 B FEZR (5 Lt ik
89%, B5HE-5 mm 7 RN B B 25, MCIE 5 B AT
RMS B/ T 0.031 BUREAS &5 He Ry 72.5% .

il 6, B 7TKRE, BEHE-15 mm 7 B E
W& = F—10 mm A5 %, BHE-5 mm A9 AR UL
WA 2E . B AR5 mm 7 SN AR %) i PR A AR I
Bt /NERUY, BRE AT HOE . DR AR R SR
HOAHOC, MIARER AR BT E T 1 22 0 45 i i PR ik Fsf BT
ZENWIRTT N, 2 m B 45 i TNRS I, 45
AR SIS T —E

BT 2 B B EOLEER, BT DL 3 HE 3 B
WS IP R TNH R IR 22, IEAh, EMGMERSh
— AT MG AN o] ZAR AR 22508, BT LA
FRATHT—15 mm B EETT R0 ML BT T & R 1
PRI, X2 BT 200 AN REAS N & R 5 KO
1 1% W75 WS, S IE JG IR RTSETT25 R a4l 8
J7R, AT LAR SISO 1052 WS 52 ) Jeo K BE 0
AL IE 5 WERT PV AE/N T 0.254 IIREAS 5 LA g ik
# 95%, RMS {H/NT 0.0351 FIREA 5 ik F) 86%,
WERR T A SO VR A B iR e 0

TESEPR R G, B ORI R/ NN R
R, B AR i R MG BE K2 S BUR MR 5 ot
BEA7 B RS IR s O BE, B AR RN B B
LN, JCREBULER, TR ERDGERE/N . tiRA R
il AR 50T R LA S i a5 B0 s AN [m] B A8 T R AR E
FWEEE, SRIGTER G N R BN R 5
FRISCOT EAS R, S50 R IE S50 R FRS B =
RUESHE—15 mm Ay 228017 .

3.2 SCIGIOE

SCEG- B WA 9 B, RSO B ALK RS A
JEIREE 532 nm, IKBEH IS B HEM BT G RE,
ML FRE AL A & LB T L Gl S
TP RN, BB e H T
PG R 2 PRI ER), AHMLSAR B 55 CE — R s
BEARN Af RGE, SRR AR AR T A IAL IE AR
(RIS IERER , NS5 0 Pl 0 ) .

MR RIS R 5.5 pm, (R ZFE RN 1024x1024,
W3R 100 fps, RAE 8 bit BME, N T 48 U2k R] 2
PR B G EBCH IR B B BGRB8 FR
Kim 224x224; WRRSALIREF S EANE 5 PR,

WA b — /N EAR AR R AR AR . ISR 28K
TESLEF- 6 1A B AR IF 58 UM 28 I 2, 25 i) 5
bR R GE BRI (2§ fEOCBETT 2L T CCD SRAE X)),
iU 2 PR I 7E20.5 mm P, AR 81 leps
FE+0.3°LILN . FEARJE TUIZRAERT 200 S FEAS KT 9 2%
VAT, BEMLMECL T 5 410 R w25 R T3 6
&R, MWEHFTLIE S| 5 A HE-S BAEAERERUD,
UEBHYIZ5RIT 11 I 45 i 6% AR 4 b 3 3 5 5 Bt i ) UK B
JHE

ST A T b S R 2% 1 R PR TR, AT
HE 200 ATRAEAS S ) H B TN 2 ) it i 3% 22 A OC AR
Rads TR 7, Kb s 74 A b EmNE S ZE
FREM R . F/ME . BEMAREZE . oK
i (D, D,) BRI 22 /NT 0.05 mm, {HIARKE
i (T, T,) WERIGE2Z /N T 0.05°, HA Bk
B,

AN, S R G T AT 1 B W IR B AL 3 3
PIREATNIEL 10 frs Ch T B G- b SR /R0 H, XF PSF
HEAT T g L™ OB BEAE ), W RT(E B AR
SALIRASRAE . INRGLIIIRTPRT . J A5 BT AL
EJRIERTIXT R, PRI B T A SN IE,
MEIEJG JERT PV E AT RMS (B B S/, #2230 2 04 i
KA.

MAIEL 10 BT LUF 31 5256 6 300 1 6 i 288 5 FLASE A8
FRAEIR S W AT A — & 2205 (FRAE PV {H M 0.04981,
RMS {4 0.01364), FATTIN K i pliax — B4 1Y A fig
JRHA : BEmIN TR 2E A0 B8N 5 A M AT iR 22
(AR SIZ56 T FH B T 2SR B e KN T PV iR 25/ T 1/64)
A NEEP B ARG G R BT IR 22 . (HE X
ANCXFAR TP A R, 28 ) 2% i A i 2
LG, LRGN EE RS Rt , Ykt
RGN RS B IR J5 SR I R A 2 SR, A
IEJE I RGEARE B2 B WG RGARE T . BRI
ZA, A R 22 B TR AT RE S X AR SO A
SRS BT R . RGEAHNL A B W i AR it K
KA Ui BOGCHERF SRR s AHBLES FE AL B 12 0R
25 o X AL MRS U Bl T LA AR BOHE A Ak 3 A X
JIE A TR I 3 0 % Bl e S T T AR A B e b

230040-7



FHEVE, 45, 6 TR, 2023, 50(7): 230040 https://doi.org/10.12086/0ee.2023.230040

After correction wavefront RMS statistics After correction wavefront RMS statistics
Sensitivity matrix -15 mm
H 90 ( y ) n 90 ( )
80 | Max=0.0566A 80 | Max=0.05144
Min=0.0137A Min=0.01384
Mean=0.022394 0r Mean=0.021664
g RMS<=0.03 A: 81% E 60 RMS<=0.03 A: 89%
8 8 50
g 3 40
Qo [e% F
g g
(/) (/) 30 '
20 +
0 0.04 0.08 0.12 0.16 0.20 0 0.04 0.08 0.12 0.16 0.20
Wavefront RMS/A Wavefront RMS/A
After correction wavefront RMS statistics After correction wavefront RMS statistics
. (=10 mm) n (-5 mm)
@
Max=0.0496A Max=0.1849A
Min=0.0138A Min=0.0140A

Mean=0.02416A
RMS<=0.03 A: 83%

Mean=0.02804A
RMS<=0.03 A: 72.5%

Sample count
Sample count

0 0.04 0.08 0.12 0.16 0.20 0 0.04 0.08 0.12 0.16 0.20
Wavefront RMS/A Wavefront RMS/A

B 7 AREE KA RMS %it. (a) RUEJERZE; (b) EA-15mm; (c) §£-10mm; (d) & £-5mm
Fig. 7 Wavefront RMS statistics after correction. (a) Sensitivity matrix method; (b) Defocus =15 mm; (c) Defocus =10 mm; (d) Defocus =5 mm

After correction wavefront PV statistics After correction wavefront RMS statistics
with 1% image noise with 1% image noise
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Fig. 8 Statistics of correction results under 1% noise floor of the defocus =15 mm scheme.
(a) Wavefront PV value statistics; (b) Wavefront RMS value statistics
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Fig. 9 Experimental platform

K5 bR AR
Table 5 Hartmann parameter table
Technical parameters Value Technical parameters Value
Aperture dimension 5.2 mmx7 mm Repeatability/rms <lambda/200

Number of sub-apertures dedicated
16%x20

Wavefront measurement accuracy

Maximum between ~ lambda/100 and 6 nm

for analysis in absolute mode/rms
Tilt dynamic range >+3°(600 lambda) Max acquisition frequency 20 Hz
A6 MAKBAZTAAULE AMEER
Table 6 Predicted value and truth table of random misalignment
True value / Predictive value Group 1 Group 2 Group 3 Group 4 Group 5
D,/mm 0.499/0.500 0.491/0.496 0.088/0.086 0.299/0.313 -0.472/-0.471
D/mm -0.312/-0.325 0.101/0.104 0.293/0.287 -0.323/-0.328 0.427/0.428
T./degree 0.063/0.057 0.012/0.012 -0.114/-0.113 0.053/0.450 -0.121/-0.120
T,/degree 0.128/0.124 0.118/0.118 -0.067 / -0.066 -0.134/-0.113 0.078/0.074
AT MK EIREBIELI R
Table 7 Statistical table of prediction misalignment residual data
AD,/mm ADJ/mm AT,/degree AT /degree
Maximum 0.0194 0.0147 0.0170 0.0198
Minimum 2.599E-5 2.099E-5 1.100E-5 1.800E-5
Average 0.0072 0.0045 0.0037 0.0055
Standard deviation 0.01421 0.00594 0.00557 0.01028

PERE, X TR BT LR 2 WiF- 5 ) P
A7 IR 22 4 s 18] _E B9 JT 4, X T AR ML B fR AL
DR 22T LU H & o A A 7 12 ety R B A
N5 — R RAE R 285 2

i, FRATRAG YNGR A 0 2% 5038 AN [RT R

TP 5 L AT G ) T B[R] A ARG 56, S Bz
FristralmfE 11 s, RGBT ER ik, GPU it
P CPU, (N RRE 4 ) B RS- T SRR I
¥1/NF 120 ms, RTX3090GPU BA YK 354 #E AL 7.3
ms, FRRAZIEFERTE .
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Fig. 10 Calibration test sample
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Study of off-axis telescope misalignment
correction method using out-of-focus spot
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Random dissonance correction effect

Overview: Off-axis reflector telescopes are mainly used in space astronomy observation and other fields. The imaging
quality of off-axis two-reflection telescopes is sensitive to the lens misalignment. This makes the correction of out-of-
tune telescope systems in the working environment hindered. To address this challenge, this paper proposes a method
that uses the out-of-focus spot map of the system for infinity point targets and uses the Swin-Transformer network to
calculate the amount of sub-mirror lateral misalignment. Through the derivation and analysis of the wavefront phase
and point spread function formulas, it is pointed out that the use of a non-special location of the out-of-focus spot to
avoid the focal spot can avoid the occurrence of multiple solutions so that the network can solve the system
corresponding to the amount of misalignment from the spot morphology. In order to avoid the adverse effects of the
special out-of-focus location, we observe the distribution range of the solution set and the pseudo-solution set through
the Monte Carlo analysis method to determine whether the selected camera out-of-focus location is in a special position
or not. We give the general implementation procedure of this method, according to which a reasonable amount of
random transverse misalignment is applied to the simulation model secondary mirror in the simulation. The out-of-
focus spot map is recorded to generate a dataset for network training. A test set is generated for validation, and the
trained network can be used to estimate the amount of misalignment using one frame of the out-of-focus spot map of
the misalignment system. The simulation shows that the out-of-focus amount is proportional to the correction accuracy
within a certain out-of-focus range. Since this is an image-based method, we also tested the noise-resistance
performance of the out-of-focus scheme with the highest accuracy. Finally, the predicted misalignment of the test
sample set was verified by the experimental platform, and the mean prediction error of the eccentric misalignment was
0.0072 mm and the mean prediction error of the tilt misalignment was 0.0055° when compared with the real
misalignment. The average computation time is less than 120 ms for a single computation when compared with the
wavefront of the system before the misalignment. The simulation analysis and experimental results verify the
effectiveness of the method, which can realize the misalignment telescope system in the working environment with high
accuracy and fast correction.

Tian S H, Huang Y M, Xu Y J, et al. Study of off-axis telescope misalignment correction method using out-of-focus
spot[J]. Opto-Electron Eng, 2023, 50(7): 230040; DOI: 10.12086/0ee.2023.230040
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