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Distortion analysis and focal length testing of off-axis
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Abstract: To realize the high-precision distortion analysis and measurement of an off-axis optical system
and fast and high-precision distortion correction of on-orbit images, a high-order distortion analysis method
is used to fit and analyze the relative distortion of the off-axis optical system. First, the theoretical distor-
tion of the off-axis optical system is examined. Then, the concept of equivalent focal length is proposed,
and the relative distortion of the system is fitted and analyzed using the aforementioned analysis method.
The distortion testing and focal length measurement are then completed for the well-aligned off-axis optical
system. Finally, the measured results are used to complete the object image correspondence of the off-axis

optical system. The maximum deviation of the equivalent focal length calculated using the high-order dis-
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tortion analysis method is 0. 366 mm when compared with the results of the ZEMAX ray tracing. The

measured focal length deviation of the equivalent coaxial system for an off-axis optical system is only

6.378 mm, and the relative deviation is 0. 073%. The correctness and accuracy of this method for distor-

tion analysis and measurement and focal length evaluation of the off-axis optical system are verified, there-

by providing reliable input for the fast and high-precision distortion correction of on-orbit images.

Key words: off-axis optical system; distortion analysis; focal length testing; equivalent focal length;

high order distortion coefficient

1 3 F

Bt 3 2 1) D' = SRR R Y DR A g, O i A2
23 [ Xk s 00 g5 0 B L R 3 B AR 7 oK
D6 FRGE B M R A5 TR] DG 8 R R
R EROt e RS RA B 2B A HE,
HBA o042 A% 3 iR AR SR 2 AL
A L A TR] OGS Xl WL A 0 43 R R
RO

1 1 G 27 2 58 1 W 22 43 A K T i, b
I S (6] ML BIF 5 BT B0 R 5 R 4 1Y) 8 ADOIG 2 &
GEIT e 1 4 0 7 e 78 114 — SO AL GE F R BIF ST, AH
SR ST R B BT T P 6 9 37 R S
(10 2R ARG IE U T R A B CR S T BHBE K O
BURT S X5 B 3 = ROt R G0, T 1 5 Sk 4% 1 Wy
AR RE e AR AL Wy 728 0 2 45 7 1D B T T R T AR 5
B, I R T s 7 Sk 1 RS R AR
{H G B S 8 BRALL B X TR S B Y BE AL 1%
25 M SRS BERAR E PER o IRk WV R 2
R BB bR R W B ST A x
G o FR G e A2 oy A K D R T R T IR A
TN

AT G B Rl OG o R G SR N [A] SE R
Uy L fof # A &% 4 (Time Delay Integration
Charge Coupled Device, TDICCD) #H & , ot
RGN 0. 377X 3. 57 MBI R KA R g A
BAHE R 1. 413%0 0 62 ZR 58 0 W 78 4 14 52 1
B A TUA] 7 RS B, X 2R G0 0 AR s 7 s
R

AR SCR B DG A R G B W AR BEAT T
Fr 4 th T SRS A S X B O R G
X W S R BCHEAT T O3, O X 2 9 5 1A B B

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

Bhoes: R G0, M 22 4 2 AR LMD AL J7 ¥k 58 il
WA 3 A A £ BRI X A AL S B £ T LR
KR IR X L 5 R HEAT M 58 B i T R ST AL
Lz A3 B AR figp B0 B AR RE 8, i RHAILAE B I 4R 1)
PR e R E R LS 1 I 4R T A

2 REIAFERAEGE LT

WiAE | FAETRENFRGE T, LR
G 7 A W 0 R R R AE — X ) AR AL B L,
e B R R A 7 A 1 AR AT AR A R R R R
i, P EURARXT T W R L T ARRUE . R, W AR
IR AN T JAR B T AT RE A0 A AR L
i {57 RS B

Bt %5 62 R G A I AR K, 3R 5 1 IR AR
Sty NP i R 15 e 28tk = N B g
WS — R L K, HLBUASORS B 2R e v, TR
VSR HBUHES Tl A D /N 2 90 A A 2 A 145 )

e 5t 1 T[] %l S 5 O 2% & 46 4 Ritchey Chre-
tien(R-C) R Gt , H A 6 2 B8 18 45 0¢ T 2 58 6 il
[ 5 kAR , DR 0k %k T 40 3 A ) B 0 s AR T
] A ey, OFG e i K R AR — R . X R A
AR SR m A G AR A )l A
AR o) W A R AH R Y . FEBOE T B AR RO
Ttz XK . B BE ) 2 AR AR B
(AN TR) W 5 3 53] S B0 I T W 28 JRTAR T W 2

X T & St R 8, 515G R-C &
GiAHEG, & BB CE R OO AR
16 2 R e 1 T Al KR AN B BE L 3 £ RN T
O i ELBE Al A R B AR T AR A . X Al A )
ARG WS E AT 3L Dy AR ] B
MG — RO R W TR — . Pt

http://www.cnki.net



% 22 3

Fi B, A5 B AL R G AL

S AT S R I 2841

TEARA -, W 28 RS F G T2 oD X AR, T
5RO RGN f e A A O R B AT
XGRS WY T T4 A T R R G e R
4015 B3 T
2.1 BHAFRAFZNERKEE
XoF O A 2R 8 B W 1 e 3k 2k AT
Fo X (2, y) HWIT AR (X, Y ) AR TT e bR
C R R GE A2 1y R B R
H=h+ph*+ yh’, (1)
Hrh HRMEE AP, = AR R E, y
g T WS R

7 gt AR 1 20k AL O A AR AR B
=, B
—JX Y h= R R (2)
A
X 9xX
I P
= 4 —
ATl ey o) Lo
dx  dy

(20y0)
H o A=1+803x0+ yi)+ y(5x;+ 625 y; +
Yo ), B=2Bx,y, + 4y (xiy,+ x0y8), C=
2ﬂ10y0+47(18y0+10y8)7 DZlTLﬂ(JCiJF
3yi )+ y(as + 62t yi + 5y0)o

A6 B AALE R (X, Yo)o FIE
LM FR L AE XY J7 ) 19 755K AR, JF B
A EE R/ A5 0 28 LA AE . Horp, 24

X=ua+ px’+ pay’ + ya° + 2yx® y* + yay'

X=Hcos0=(h+ ph*+ yh’)cos 0 =
[1+ 8022+ )+ y(a* 4+ y* ]

Y=Hsin0=(h+ ph*+ yh*)sind="
[1+ﬂ(12+y2)+ y(x2+y2)2]y

AGIL WA SIENIEC ¥

(3)

, ‘ o (4
Y=y+pz’y+ By’ +yxty+ 2y2’y’ +yy° )

X8 3 (4) 5K — B fi 7 %
X

7:1+,6’(312+y2)+}/(5x4+612y2+y4)
z

87X:2ﬁ1y+4}/(1‘3y+xy3)

dy

.(5)

Yy

——=2fxytdy(2’y+ay’)

dx

aY 2 2 4 2 .2 4

@:1+ﬂ(1“+3y oy (262" y*+5y*')
PP OE S R BB Y T AN AL Y

e (o, yo ), FE AR N HEAT — B R T, T 45 .

[14_;8(15—0—315)4’7(15—0—3/3)2}% C DJldyl

HFERE R e BRI R OER , EER DL RS
TE 2 Fly J7 1) (R A8, YCBE R o e 22T Ay
oy, BRI R G0 R A . Al — 2

RiKN -
[, sin 19,,} da (7
l,cos @, ]| dy

[X} _ [Xo} 4 [Z,, c9s g,
Y Y, l,sind,

L= [0+ p(aat 4y y(5ad + 6atyi + )]

Hov
+[ 282030 + 4y (2o + 20y )]2

Zy:\/[l +18(I()+ 3y0)+ y(.r()_'_ 61‘()3}0 + 5y() :|
2ﬂ10y0+ 47(.royo+xoyo

. N 2
Zﬂl'oyo + 4'}’( If)yo + oo ):|

0,=tan ' . (8)
1 +/8 310+y() )_'_ 7(5I(J+ 6103}0 +y0

2Bx0y0 + Ay (xdyo + 20y8)

0,=tan

2.2 BHXFRENENERE
TE bR e T B SE A b, CAF SR IR W) 7

{l+ﬂ(xo+3yo)+ y (b + 6255 + 5y) }

(00, yo ) &8 S8 P 6T 7 A9 452 T = 39 /0N, D) 4 A 5 1]
R 25 R R ) O

f\/ 1+,6’(3xo+yo)+ y (5 + a5 yi + yo :|

2()0+4(00+00)
[ﬂxy y(aoy ly] (9)

fy=f-,/[1 + a2+ 3yt a4 i+ 5]

(€)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

+[2,81'0y0 + dy (x5 y, eroyéf)}z

http://www.cnki.net



2842 pj e

K % TR

030 %

Horp, o0y 25 3R] dh &R G A HE

A7) ) R, H O i 545 21 85 b o
2 FR G R B S FR R B Ay, BIVRT 58 A B O
2 Z G0 W 78 G BT B B R D o
2.3 BHMXFRSENBENBESE

456 ZEMAX B i i 6 4238 0 B, FH
Z WA T AR B B O R g
T i B R AR R A

e U RE BRI () T - 3 A 07, B Bl A
4.15%) % Bl A1 35 O 1) 1) £ R TR 4 3 9
WHEATIH—1fk , i — 25 45 & ZEMAX B g 1%
i EHE L A H Matlab H 9 poly fit BR 06 IH — 16 5
1) 5 B 5t R B RIS B A% v i I 0E AT R B 2 0 X
PLE K RSB A XTI AR 1. 413% MEAT /0, e &

B RDG2 RG R = B WA R R AR
EX O
£=0.01326
y=10.00086
T R bR B W AR R RO Y I i
FURE BE B B Ay AR SRR IR A 20 (9) , 78 B Ay
W B A AL A e T 0T, 5 ZEMAX L ZGE
VB S5 B AT X L, S s B n & 1
7R o
F 1 ATLUAE 25 R T B w2 e AT LA
W, B K 2% +0.366 mm, A0 XF i 2%k +
0.004 1% , 804 B2 B A0 i TR S PR oK, 4
T RRE R A FR G AR 1 5 B4 BT O T
B 2 FR G5 1 B S W AR K AR R R AT

(10)

1 AHEEREOGHE 0SS ZEMAX L8 B4R M It
Tab.1 Comparison between equivalent focal length calculated by the fifth order distortion coefficient and ZEMAX ray trac-
ing results
B Y/ () W Xx/CC)  Jim IR AR/ mm ZEMAX G B 7 /mm 2 X4 i 25 /mm
8836.990 8 836.983 0.007
3.96 0
Y 9019.132 9019.185 —0.053
X 8 841. 366 8 841. 340 0.026
3.96 0.5
Y 9 020. 857 9 020. 887 —0.03
X 8 854.559 8 854.453 0.106
3.96 1
Y 9 026. 046 9 026. 009 0.037
X 8 876. 756 8 876.514 0.242
3.96 1.5
Y 9 034. 740 9034.596 0.144
X 8 891. 323 8 891. 447 —0.124
3.96 1.75
Y 9 040.422 9 040. 688 —0. 266
X 8 855. 021 8 855.017 0.004
4.33 0
Y 9076.584 9076.771 —0.187
X 8859.478 8 859. 787 —0.309
4.33 0.5
Y 9 078. 388 9078.554 —0.166
X 8872.910 8 872.790 0.12
4.33 1
Y 9 083.816 9 083.920 —0.104
X 8 895. 508 8 895. 235 0.273
4.33 1.5
Y 9 092. 909 9092.917 —0.008
X 8910. 336 8909.970 0. 366
4.33 1.75
Y 9 098. 851 9 098. 803 0.048

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

http://www.cnki.net



B OO, A < B O 2R G A0 W S A B A B 2843

5 22 W
3 BHARNEEAEIENT S
R D e WL R U R /e (N N

A 20 200 R S S ) O A HORS  H E TE
Uil D e 5 W 11 U2 S o T S Gl = L U2 o2 T S
SOCH T A o BRSO R B A R RS AR
ZV 2BV AL, A2 J7 ARG & 0 A AAE B2 & 1 28
A DN S Tl O S 2R G YA T e L, 0
MR b AN [ 220 2 1 552 B A8O6T 1 1 ) T 4k AL
.

P A 0 i P ]

Fig. 1 Distortion measurement schematic diagram
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R2 MAHBEMMEE EHLRESHESR
Tab.2 Object two dimension angle and actual image

height data table on grid plate

e LR 5T R B S 0l L B £ i 1] 5 ey
AR IE B LT 5K, i I T R0 A% R Ak ke
IO M T S B AL A IS . ISR 3 B, B X
B R R LB 3 AN RRAE AT, BT LA S Y A
AT 22 G SR R B W S R K5 R T B e
Ay, 807 M T LATH SRS B0 07 f B X
THEAT B R A M S PR AR SR L 3
A TT 8 107 F) L T A7 A P 2 B s (28 1 R 4R
r BER 1ANRRAE A bR O - 0 1-1, AR R R f ) .
%07 ) B B RO R G A BRI A B
EEGEIE S . S 731 i D0 WA R 7
i, S AR AL AR B P AR B0 e 22 A I AR T AR A
TS B BILALE 01 {5 S ] iy 22 A I o

o Wi s/ (%) 2 PR A8 B /mm
X Y X Y
1 4.237 —1.5328 656.761 —237.195
2 3.983  —1.1947 615.960 —184.485
3 4.240  —0.8526  656.760 —131.775
4 3.985 —0.5125 615.961  —79.065
5 4.241  —0.1706  656.759  —26.355
6 3.984 0.1708  615.962 26. 355
7 4.239 0.5117  656.761 79.065
§ 398 0.838 615961 131775 L2 A FH RS I 45 0 A 3 o 5 2R
9 4.242 11930 656.762 184. 485 Fig.2 Corresponding relationship between feature points
10 3. 982 1.5352  615.960 237.195 on each detector and ground object coordinates
®3 SRRNHELHINHFESLIER
Tab.3 Coordinates of three feature points on each detector (mm)
FE 2 P 5 FAE A 1 FEAE A 2 HAE A 3

1 (—210. 315,667.8) (—237.195,667.8) (—264.075,667.8)

2 (—157.605,627) (—184.485,627) (—211.365,627)

3 (—104.895,667.8) (—131.775,667.8) (—158.665,667.8)

4 (—52.185,627) (—79.065,627) (—105.945,627)

5 (0.525,667.8) (—26.355,667.8) (—53.235,667.8)

6 (53.235,627) (26.355,627) (—0.525,627)

7 (105.945,667. 8) (79.065,667.8) (52.185,667.8)

8 (158.655,627) (131.775,627) (104. 895,627)

9 (211.365,667.8) (184.485,667.8) (157.605,667.8)

10 (264.075,627) (237.195,627) (210. 315,627)
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