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Image Motion Compensation of Space Camera with Large
Field of View Using Earth Ellipsoid

Wu Xingxing Liu Jinguo Zhou Huaide
(Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences Changchun ,

Changchun , Jilin 130033, China)

Abstract During the imaging process of space camera with large field of view, longitudes and latitudes of objects on
earth corresponding to different field of view positions differ from each other. As a result magnitudes and directions
of image motion speeds caused by rotation of the earth are different. As the earth is actually an ellipsoid. distances
between objects on earth and the projection center change along with field of view position and geocentric angle from
ascending node to subastral point. Therefore image motion speed caused by orbital motion of the satellite varies.
Formulas for calculation of image motion speed and drift angle at different field of view positions using earth ellipsoid
are deduced based on analyzing imaging principle of space camera with large field of view. Influences of adjusting row
transfer periods uniformly and separately and drift angles of a space camera with large field of view on imaging quality
are analyzed. Results of experiments and analysis indicate that using no more than 5% reduction of modulation
transfer function (MTF) as a constraint condition, row transfer periods can be adjusted uniformly if no more than 8
time delay intergration (TDI) stages are used. Otherwise row transfer period of each CCD chip should be adjusted
individually. If 16 TDI stages are used, reduction rate of along-orbit MTF should be cut down from 17.33% to
0.53% as row transfer period of each CCD chip is adjusted individually.

Key words remote sensing; earth ellipsoid; field of view; image motion; modulation transfer function

OCIS codes 280.4788; 110.4100; 110.4153

1 5 = A 25 (AT HILAL 37 Ay 014 38 DR T 9 4 37 2 (8] AR AL
Wk TR L R e, o e g e " DATEDRFERE A ) 5 AR A [ A 55 B X %

&
N

KRB 2012-11-16; WRMEK R A 2012-12-10
HEEWMB: HEAKRP2HEE4L (61108066) % B &,
EER A 2R 980, B Wt BN 57 355 I 5 18] 38 BOR5 B 5 1 RS .

E-mail; starglare@126. com

0528001-1



2 M

b 9 K 91 Rl PRk 48 2% 5 78 25 35 R RO A5 U LA
T EE R N E . BEE G RGBT AL
PR A R0 24 28 G2 © 0T 8 BT T 25 18]
FBLR

2475 AL L 37 A /N it AT LR H R 2
22 AL T IR M BR Y B T R A A LR A 3T
SRR T L A AR B AR A L £
B YRR AT 2 R AMEE ST R
Yy s A AR HILER R i A v o A [ 40 3 67 8 o 7 ) i 49
SAFTEBOR W 2 B 22 M4 i 22 . S Bt Bk A #5510
14 18 8% T I 118 R /N R ) AT o 17 3t R 2 B g A R
R FIECE PO BB RE A AL B VR T RS T
A R AR AR T A2 Ak i T2 B I s Bl A R
Bl 2, 7EX SN R LA T KU
Gy =3 18] AR AL A 6 8% T 52 R A 3t £ Bt A0 320 7 B 1) AS [
A8 FRRA . QERAT L A3 1 RS R R AT
WGBS M & T LA B A7 AR R
18 W 3k J3E DU JiC % 22 T (o S 15 0 At T

WATEF AT T 28R I 9 A [ 0L 37 457 L 1Y
S5 SR ] R (ELRE AN (] L 37 o7 %) IO 4 3t ) s 3 R T
P s R R R L B B R BRI ER e A
SCAE S M R AL 25 1) A BIL AR it B ) B il L 4
TR BRI BR 1 KA 3 2 (8] A LA [R5 6 B 1
18 Mo 3 B2 At A A 8 X R 25 ] AR AL A £
T30 H EH 22 A% S i e — B A b PR 12 T A AT T
A P A T T LAGE— 000 J R R AT e A8 R R kAT
BRI RE — IR Wi /. LI
76" 1 2 [ AR BIL R 51 68 S8 — 00 e 9 AR AT J 0 LA K
G — AR D A1 0 8 ) 1% 3 R R CMITE) 19 52 ) ik
A0 A7+ SR ATLAE B0 AR I TE A 3t 2 BT A A A
2R

2 FET M ERABR 1 R = [ A DL

BitH

B 1 g i o 767 1 S KA 3 = 18] A AL A
BB P 1 ol DL L A5 K 3 2 8] AR B
FIRAR 1 T AN [R] WL 37 057 5 1) 3t ) i A AR R 1Y
ZPE 2R 25 BT HER B A AE ML) RS R I 2R
S JSE PR R /N M) e 26 3 % 5 T 5 1) A 3t )
1 22 BE A 5« DRI AN [ 40 3 467 B M Bk 11 % 5 S 1y 1%
Mo R 9 R /N A5 1) AN [ . T EL T M Bk O A Bk
(LR R R VA ROPNAEIE R/ BN VAR i /i TN wea ]
AP v 5[5 Bk

1 R 23 A AH AL R AR A A
Fig. 1 Imaging model of space camera with

large field of view

] 2 S 07 FH Hb BR A 2R 19 R W 3 25 (B AH AL IS R 11
IR, B 2 H O-XYZ Jyhos SR8 AR AR R L R
FO G, X B ds 10 & 4y A Z Rl AR e .
O-X'Y'Z' W FLAR AR R L TR O BT . X 4l
Fe 10 R I, Z' g 1 LR BGE I sharm .Y s X
A Z WA TR .C RS RPN L .G H
Gy 0 X I GO AR 0 X% R 15
S HUE R S AE Y B B AR AR O IE R 0 BUE{E.O
O'A NHIETE .4,y TERBUIE M, Q SRy B W 58
RSy WET RS T st M oa AT RUR
B p R TR SALANIRRZ 22 .0 WA T R,
& 0 TR B A2 S A T b0 1 A o R MR [
R,

P 2 o7 P b R A 3K Y K 3% 25 AL AH BLAR A% 1 3 R 2
Fig. 2 Imaging motion computing principle of space

camera with large field of view applying earth ellipsoid

0528001-2



RERS:

IS T 3t B B ) R R 47 25 [l AR BILAR B b £

i TGRS S il T2 0 ) A5 09 AR X iz Bl AR
14+ DRIk Al LA 2 T) AR ATL DA 1k o T 3t 0 ) 5
NEE Z UL w Do HE G B A BT A2 Bl 5 1) 48
Mot L — ¢ O ff  BE IR B B B A5 2R . Rl TUAR
V- B9 100K B MIRG SE BE AN W7 12 g . 8 A8 0 1R #8114
SEMAAR /S S DN TR T 53 v 20 1 S 35 R A% i BE 1
R

H1 T 3t 3R 0 52 PR IR OIR O M ER AL SR T WGS84
b TR BRAS L A BT

Ay 22
= =1, 1
R +R§ D

A ROHEERK B4R R, A4 Ry = 6378137 m,
R, =6356752 m,

PRI O'AO F1HER 1) 38 4k R — W [
1 154 7 g oA

2 2
s Ve
R§+R§ 1, (2)
A
RIRZ

(R sin i)? + (Rycos i,)7

I3 3 T A b O A T R AR B R TR AL B AN
AR DR 20 18 %) A5 RN R AN A8, 23 8] AH AL £k 1
& A8 B B3 i GO'O F M BR (1) 28 £kt o — A
B, A [ 9 S22 A [ 9 o7 B A AR B AL T 5 73
RIS AR A BEAT B B 1 5 R TR SR A B
GO'O Fghis iy Je £ i NI 2 AT LR H L A'O'A
Fa B — A~ B A R = A, AR B A R = A 5
533

cos iy = cos ysin(180 — 7,) , 4)
WEERE T GO'O F L ER (1) 28 26 5] i 07 72 N
EN
R’ +R§ 1, (5)
A
R, — RiR; (6

RT + (R — RDcos” ysin’i,

3 LR WAL AR I T GO'O A Hb 3R Bk
A P AR B R = A A R SRR
IR TS s AT Loy A

tan ¥ = sin ytan(180 — 7,). 7

TERAERZ AL E — ol o B4 GPS HIk
HLI A5 3, g 2 A b Bk Kk 2 s B A AL 4
ar. W TR AE WGS84 A bR & T 1 A2 A5 8 Cper »
vier s zpcr) > W LA R H.O I BE RS Ry R

Ry = I%:CF + y%;CF + ZiZ-ICF- (&

P 3 LRI 4 IR B0 45 R T A 3 BN R ) 48 AT

Fig. 3 Cross-section drawing of linear sensor

projection plane on earth ellipsoid

AR FE 1A 3 A

Rysin Yy —y, ) r

JRHCOS Y — x, tan(y” — 0

x; +y{ = R;, . (9
2 2

Ly Vi

1M+Ri

) BE b O A B B R v DLl i (9 A5 2. My
R A RARHLBGY o i R
H; = Rycos §— /R4cos’§d— Ry + R, (10)
o) 55 2R WA R A T Y TS A AT
A

R<2; +R%I * H(Z

yo= ¥ -+ arccos SRR, (1D
W) AT HUE B B 5 1 SE ML DL — @ Ol A

1) 5% 3 77 A W B B B
V. :_RGQIJCOS(}’E;_ 7/)9 (12

g

V. H(2) SRR O 2 AT
KA 2 o LA+l 20 o/ T B R
T 12 5 5 SR A M 5 2 AR P A B G
R e, FUIREE o M0 A28 Z WL o 6 15 1
B (RS L Vo AT TG A A
B AR R ZHHI0 S BE V. T 02 X BRI Y 4

L

==
V., =—R;cos Scwsin ag » (13

V,, =Rgcos dcwcos ag. (1)

HTAFE VA A bR R X 4hY SR Z

ARGV, V. V. ST L G P A

F 3t FE AL bR AR B 5 1) JE A A B AT 1) e B R

W 3fe LA V. .V, V.. BT 45 3 Vs Vo Voo
M 2 W] LU H 8 0 B B AR AR R 4R Z

0528001-3



2 i

B Y il X B — Q.58 X B Z Bl Y S
(/2 —iy)» 58 Y il 1 Z Jli i) X % — o B AT 5 4t 3
MEBRFR M XY BhRn Z s 2% Z Bl Y %
o] X BhE% — Q BTERE R %

cos2 sin2 O
R,.;, = {sin(l cos O}, (15)
0 0 1
L8 X b Z W) Y B n/2 — 4 ROBEEHELIE N
1 0 0
R.x = |0 sini, —cosi|, (16)
0 cos i, sin 7,
ZRY Hhith Z B X i — v OB EE R R
cosy 0 siny
R,y = [ 0 1 0 }, 17
—siny 0 cosvy
) iz e 2 Ot

“ o
V-",/\ =R,y *R.x * R, * V}‘A ’ (18)
vV, V.

W Z 5 ) (RS T A
V, =V. vy, (19
YY)y 16 B ) R B A V. bl (10) 30 HT LA
AR Y RS A AR AL PO R RS He . X
A ARALA R R L WA # 0 X By A 15 R A
WYy 1) AR 7% 3 B2 AR B 0 1) (9 A8 8% 3 88 43 Ry
Vie =[— Rogeos(yo— 7)) + V., ] X

S
H(;‘COS (9‘ ’ (20)

_ /
Vieoss =V, Holcos 0]’
A 0 X5 LR AL R AR R T2 1) e A
TS 530

GAD)

(Vglung )2 _'_ (Vgcross ) : ’ (22 )

aCross

(23)

arctan

s Vi
V long - V:g' + V:'\ )

3 Gi— Moyl AR AT R0 B O A R
JICABR o ) 57 Wi
671 248 28 4 (CCID) S 28 14975 A
BLE 3 R PP TR0 1R B 4 £ B R CCD 1y
76 R L AR R T 60 K/ AR DC T F 1 R % 75
SEC G F L COD IR R %R
iE T CCD HLFi 4 2 15 97 1 B %4 B 451 % . CCD £

52 B BT BRI 6 R 1 [ i R A7 B — 17 BB %
MER TR S . X T E LA CCD,
SR ) 6 AR Sy b ) T AR AT B B JE A TR L ] LA
TP IS 2N T AT R AL SR . % T I ] E R
U3 v A i & 4% (TDI-CCD) L 24 B0 A » B,
HOGTR I 6] K A5 AT HE 75 R

8B B % St 1 R /N R T 1) R AE AN B AR Ak 15
Bl B 2R St 1) 7 ) pl TSR B AR T A T )RR AL A 9]
e Al U A ol A ST T A 5 ) G 4 S AR RS 19 O 1) 2 ELR
PEIE KA 23 TR AR ML A 45 1 B, — i
% i TDI-CCD 7 — H @ 1 J AR - 9F e mmi ' . R
[f] i~ TDI-CCD X} B /9 37 f & A 6] . i i £ H B
DA W3 R HE E AT B8 — PR L AN [ W 4 17
fEFEfm L f VR 5% 2% . 4 B TDI-CCD 1175 % A
WAL LG — 8 M #& , [/ — - TDI-CCD P & A4~
G ZR AT i B A AR R) TR ok B 43 R R AT 4 75
J . &M 0 B AR B IL sk 2. DA
Ry 767 B H A5 (R AR AL A B8], SR T IR R A ) 3 T M
R BR ) KA 23 8] A AL [ 00 3 16 8 1 A5 5 ok
A O A Tk R G — A3 R R AT SR DL
35— VR Al U AR R IR BT Y 5 0 R AT 40T

1255 A HL AR BUIE & 650 km, SR HI K R TR]
HFEFGE R 767, Bl 4 D 0 M5 0=0") .+
1 W37 (0=38") F1 —1 W3 (9= — 38" )R #% ok &£ [ifi &2
T ST SO oy AR i 2. AR 4 T LA
B ZHAET 1 MR —1 g 8% 3 /N
T O MG R HE, 2y #3E 0° R4 167 T v 18
B 3T BN B 3 B K

Bl 5Ca) Ky 0 Mg, +1 Mg H—1 W i
BE T ST s S o Ay AR e 2. B 5(b)

o 0 field of view
+1 field of view
-1 field of view

5.3

Image motion speed V, /(mm/s)
o
(W]

5.1
-200 -100 0 100 200
Geocentic angle from substellar to ascend point y /(°)

B4 o.+1 F—1 GRAEHBERE v 19738 1L 25

Fig. 4 Curves of variaton of image motion velocity

of 0, +1 and —1 field of view with ¥

0528001-4



RELY .

IS T 3t B B ) R R 47 25 [l AR BILAR B b £

N1 A —1 W5 55 0 W5 i M Z 22 bl
y A& . MBS FT LU MY i U A A 268 0 (E

4] oy &
3 B &
ol e 00 field of view
> o +1 field of view §
< g 0 o -1field of view
Q. [¢] 2
® 0
°0
]
SE -1 L <<:v
Q (/}) /—{)
) ol &
o) og
o &
-3 % /S‘;
4 (a) ) . —)‘)33&"3}59/> L L L 1
-200 -100 0 100 200

Geocentic angle from substellar to ascend point y /(°)

TE 7R T8 R 3T 5 R S T BR P AR e/ -+ 1 A A —
15 0 M i Z 2208 v 22k .

0.015¢ o +1 versus 0 field of view
- -1 versus 0 field of view
%‘f 0.010 §
m s 2
L 0.005 o 2
) o i}
g o 2 o ?
oy g o L o
o f)\ o u‘ (\}
8 -0.005 (\7/1 )) ((/) o
=1 = o) o
2 ((";k /(f’
& -0.010 ‘@
a ()

-0.015 : : : ' ' '
-200 -100 0 100 200

Geocentic angle from substellar to ascend point y /(°)

5 Ca) i It A A () DU A 2 22 B8 o 2 A i 2

Fig. 5 Curves of variation of (a) drift angle and (b) drift angle difference curves with ¥

& 6 2y 4r 51 0% 91, 98° B A [F] M 37 157 B 1
BB 7y S —120. 856° Bf A [F] 4 3 i &
(D it . AAIEL 6 AT LA .2y D OB 78 X AR AR
Yl B 08B dUE AR R 5 y RN O°H R 3 3
ANBEA I 7 B % AR . NIEL 7 T LA H L A R A
Y o7 B 1 it O £ 45 AS AR TRD S 300 200 3 4 1) A 3 £ 5
rhC A 3 1A T AR R 25 B K

5.601

@

Ei

& 550}

><b

=

3 /

o, 540

1]

=

g

£ 5.300

& o

H R

E ool y=91.98
40 20 0 20 40

Half field of view angle 6 /(°)

el 6 A L R 1R i
Fig. 6 Image motion speeds at different field
of view positions
8 h 3 ) R TS SCHR M 110 35 T b B R AR 7R
AR B 11530 5k AL T () 3l R A ) AR A% 1 3R 1
AR 0 WAL E W m G REEE . hT
M BR A S B AR DAy W BR A 3 B0 T 1) ) 8RS S
ZHER T RS T m o A S AL B 8 A LUE
H 2 T BR (B BRAE T 3T SR B A9 0 ML B AT L
7 1) AR B R B2 AN B 2 T 5 T 32 0 A A2 A

1.975

y=—120.856°

1.970 1

i
©
=}
o

Drift angle 3, /(°)
=
=

1.955

1'951910 -20 0 20 40

Half field of view angle 6 /(°)
K7 ATl A6 2 0 O 3 A

Fig. 7 Drift angles at different field of view positions

X ARG SR DU ASAF T T R B A R A
(VY BT 1) 1588 S 7 % 3 R 30 5 A 7 Bk 19 A
/N o 3 5 M BR AR T8 BRI 9% 7R T 9 AR s T 114 S B JE
ARG+ DR IG5 T b TR A0 BR S TR (1 K A 45 4 i) A AL
BRI R

PR 2 (M ARBLAY 5P 1R A 11 | CCD 3¢
FEPFE T B, B - CCD £ 6000 A RUR %46 1 A
CCD (55 1 @R X +1 Mg, 56 6 A CCD [ 0
Xt R HL A A5 11 CCD RYER 6000 14 5 X1 —
1 ¥, Mg — g . 4 CCD # R H
O G T BT R AT GRS R . Y40 B R A T
JAAES B CCD SR i i CCD Hre %) 5 (19 413
LB R R TS AT R AL I . 1R A DL L 8% 22
|2 1 7% 25 30T R 24 DA% 1 5 260 1) 908 i £ 328 v

0528001-5



ot ¥ 2 e
@ 570 . . 1.00 ¢ — — —
= o based on earth elliposoid model T
£ + based on earth spherosome model -
g D6 & £095F
NG
-
5 sl B A § 2
g R0 § 3 $ = ;
2 oS o 2 g e 090}
b o o) o 8
o ‘..H,%.‘. HHHHHHHH BB 8 I
2 bbb o o o o T
e o o o o 2 0.85
£ ) o o o S ‘
& 550 g S e 5 = !
g o) o o) o 2 '
i 9 § % OO S 080f  ____. adjusting row transfer periods uniformly
f‘% 5.45 % % a adjusting row transfer periods individually
B
o 0.75 . . . . . : .
g 540 : ! L L L L . ! 0 1 2 3 4 5 6 7
e -200 -100 0 100 200 Pixel number N, /10

Geocentic angle from substellar to ascend point y /(°)

8 by ER A BRAK AU 55 4th 1R [ BRASE AL T FU B
J7 R B B H AR
Fig. 8 Comparison of along-track image motion speeds
computed based on earth ellipsoid model and earth

spherosome model

B Py B 1 1 ﬁFm%ﬁW““

;m( v

2 ?
Sin(%Stan ‘8(>
e = 7, (24)
%Stan B(‘

S RS HBL AV /V g5 K 3 B UT JE AR X R
2% B R T A PR AR AR 2

N 4 FHE 6 T LUF 1 g7 y=90"f 5 0
M BA B KRG BEE w2, — L WS TE y=—90°
55 0 W3 B S K IR RS o 32 i 22 . TR S 33
FEL PN S R A Ak 5 v 0 R 3 Ak AR R 8 O 25 B K
Bt y=90°8 — 90° B AT HE A4 W BL T 1) Fer®
M ME Fi . B9 82 y=90", B FAUR 16
Gt g — M43 R AT A RS R R AL E Y Fae
M9 AT LA W Y 5 v R AT RS 5 R R AL
BT L ) A5 38 R A A B R

10 Ay RAHR AL A v e — R A Al 3 AR ) D O
FRE A% 22 3 B BT 0] MTF f/IME FR, BEFR
IYFE AR 2. R 10 BT LA H . RIS AR 0 28k
Bz 96 g, 0517 MTF i R FERA AL 0. 02%
TR T 05— 8 Al 378 A X A ok B AS A 520

3 12 TDI-CCD R A A U2 8 42— Al
O3 Fr R AT R I 3 1) MTE B e /IME A % Ee
25, R 1 ATLIE I B A 16 90, 43
Jr VR AT TR 0 L HE T I MTF B d /NE R

B9 Ge— Moy i R AT R R TR R 3R A B 1
3L MTF
Fig. 9 Along-tack MTF of different pixels adjusting row
transfer periods of CCD uniformly and individually

1.0000

across
MT,min

0.9999

0.9999

Mininum drop of across-track MTF f

0.99%8, 20 10 60 80 100
TDI stage S
10 FEHT5 ) MTE dge/ME FEFR 7 20 5508 1b it £¢
Fig. 10 Across orbit MTF minimum curve with
the change of TDI stages

0. 9947, TGt — V4 B A7 Ja 19 x5 O A9 945 0 07 o) MTF
(i de/IME R 0. 8267, B4y v 8] 8 A7 Jo] 40 i 305 %0y 1wl
MTF [y F R M 17, 33 %02 1 0. 53%

F 1 AR RECT G— Mo 7 AT B 1

Table 1 Comparison of adjusting row transfer periods

uniformly and individually at different TDI stages

Fiie
TDI Adjusting row Adjusting row
stage S transfer periods transfer periods
uniformly individually
1 0.9993 0. 9999
4 0. 9886 0.9997
8 0. 9548 0. 9987
10 0.9299 0.9979
12 0.9001 0.9970
16 0. 8267 0.9947
24 0.6359 0. 9882
32 0.4126 0.9791
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