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Optical system design of star sensor with long focal length and

athermalization

Wu Yanxiong, Qiao Jian, Wang Liping’
(Foshan University of Science and Technology, Foshan 528000, China)

Abstract: Optical system is the core component of autonomous navigation star sensor to realize the collection of
star light and high-precision attitude measurement. In this paper, the optical system of high precision star sensor
was taken as the research object, the influence mechanism of the accuracy of optical system for detecting different
color temperature stars were studied and analyzed. It is difficult to suppress the centroid drift caused by the
changes of star color temperature and ambient temperature through later calibration, which needs to be controlled
under the stage of optical design. The calculation model and allocation method of optical system design
wavelength weight were established, and the performance evaluation was carried out. In addition to the
conventional energy concentration, distortion and asymmetric aberrations, the centroid drift of star color
temperature and ambient temperature change were proposed as the main index of accuracy evaluation. According
to the application requirements, a long focal star sensor optical system based on space satellite platform was
designed, with the focal length of 95 mm, the relative aperture of f'2.4, the field view of 8°x 8°, the spectrum

range of 450-1 000 nm, and the energy concentration of more than 85% in 3x3 pixels. Based on the regular glass
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materials, the lateral color aberration of the optical system was corrected under ultra-wide spectral range and long

focal. The lateral color aberration of the full field was less than 0.9 pm; The results of accuracy analysis show that

the accuracy of centroid position is less than 0.36 um in the range of 2 600-9800 K, and the change of focal length

is less than 2.7 pm in the range of 0-40°C, and the accuracy of centroid position caused by temperature is less

than 0.45 pm.

Key words: star sensor;  athermalization;
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Fig.1 Spectrum response curve of GSENSE2020BSI detector
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Tab.1 Parameters of optical system design

Parameters Values

Focal length/mm 95+0.5

FOV/(°) =8x8
Pupil(F#) 2.4

Waveband range/nm 450—-1 000

Energy concentration =85% in 3 x3 pixels

Centroid excursion/(") <15
Distortion <0.05%
Temperature/ °C 0-40

2mhc?
W (1)

/15(e/lkBT -1
o A AR, umg Ak 3 B TR AL, HL6.626%
107155 ¢ J G, HL2.997 x 10°m/s; ko 3% H- 2% 2 %
B, HU.38 X 10731/K; T s i, Bl K.
M B R A AR AT, H R ORI s Rk
Az AR AN [ € AR 1 e A S K A, P e R RS
E R

M,{,T =

A,-T =2897.8(um-K) 2)
T A~M G5 B R TE AL, R 8 B A 2 600~
11 500 K, H: ot B8 SR 5 K AE 350~1 000 nm {15 Fil 242
fb. o FEHZOEFERGE AR R 2= 22, AT
i T BSOS RS B B s R
A, FEBTTET, 5 B AN R e R R TR Y
FCE, I DL ik 47 BETE BT 6 2 2 48 A% 1 fE .
CodeV ¥ Zemax %5 6 2A B TH 2R FH B 800 4 AAL
FORRAF 2% ZR Goot i N RE ), B 88 Wk K0
e NAS, TEBLE R A, B RN Aon, F/NE
TN Agpore» T 22
Al

_ /llong - Ashon

< G

F T2 Agon i 450 nm; Ao 1000 nmy N HL 115 065712
Th 3k B O K Ol 475, 525, 575, 625, 675, 720,
775. 825, 875, 925, 975 nm.
A BEEOE R OPCEARR IR R G 58
JE A ST PR A4 S 1 S B R, E R U
f“w M(A,T)dA
Wr(A) = K=2 @)
L M, T)dA
KRR B, BB 18 BUE DL R W, ()AL
7E 1~100 {EFEZ N o
F T D0 25 A RS ' 1 3 B P S ) g K 1 o 1
RWORAAAE 22 5, 02T R 43 e 1 7] B 2% 1
SRR RS D NE oS oy € Y55 P Q2 B
PRI 5 8 TET Ak 1 AR B S S R
E;(A4,T) =M@, T)Q: () (5)

20200061-3



ISk A2

%94

www.irla.cn

% 49 A

LA AKX (@), 5), HREDEE RGBT I B HUI K
A EE T AR B

Ai+AL/2
[ MQT)Q:(Dd
Ai—A1/2

Wsys (ﬂz) = K (6)

Along
[ MQT)0r(dd

AN [ e i A 2 o0 S e 2 R s S 4k

FE DAk A 2 I KA A, R 2 600, 3 100,
4300, 5000, 5500, 6 000, 6800,7 600, 9 800 K 45 4L
RO P, 15 3 AS ] €2 31 2 A0 D AR A A n o 2
iR o 2 600~9 800 K 31 [ P Ay €2 3 1 AL g FC A 2
SR, R R BURSR G RGN X E B AR S|
A1 0,22 Je Ot AT R ), e M RE PPN B TR
4 HEOT 7 €2 3 A U KA A T 04T -

®2 AEBREENKKNENERE

Tab.2 Distribution values of wavelength weight with different temperature stars

Temperature/K
Wavelength/nm
2 600 3100 4300 5000 5500 6 000 6 800 7 600 9 800

475 10 18 37 44 47 48 50 52 55

525 32 51 87 96 99 99 99 99 99

575 51 71 97 99 98 95 91 88 82

625 70 86 99 94 90 85 78 73 66

675 87 96 95 86 80 73 65 60 51

725 98 99 86 74 67 60 53 47 38

775 99 92 72 60 53 47 40 35 28

825 92 80 56 45 39 34 29 25 19

875 83 68 44 34 29 25 21 18 13

925 68 53 32 24 20 17 14 12 9

975 31 21 12 9 7 6 5 4 3
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Fig.2 Schematic diagram of optical system

24 RERFGRNL
K Zemax Yt T B 5004k, FEEIT
WS LRI,

(1) FTFRIHE AR B R 5ot RG A5 R, 1
Zemax FAF R A SR A BT ESR 0 IR 6 2F R G
P, AR AREE . MY . IR D42 B EEAR | R Sk
RS, BIIR AL ET  RAE B8 R 1;

(2) BT R AL PR AL, 3T Zemax BRIA M1
PR, HEFEZE AL RMS, THEE R Spot Radius, Jf
Bt RGN EE | BRTTOEE . IGRE ., &
KM REKESFESH, DBEER JRE ., 2S00
W 5 R DAL AR B, JF IR R B B AR Ak, O Ak ik A o i
ZED e LS RSB ATTNTTE: MBI B R K 2okl b res 4 4 Dy A T L)
ASFBIN, Em FAR 22 1 7 A, JE T A IE
B2z, IRAFE TR R BRI R 45

(3) I 8 2 0 LR A 238 60 22 K, i B 40l
YCEARL T, TR RS TR AR Y
TEOLT, BIZRH 3 Bl LB I b 2 G DA S b 2%
FH 4 Fhw MBS 46 0 7 =, BRA I IE TS B R Y
25 B ZFOGAE s I RIEJE B TE R AL ROR, B R R
TEHE HFK61, CaF2 552k ik R ARk (5 I

(4) (22K E SO0 AL 0 [R]85 i % w2 | 1%
Ty A SR, 450 2 8 B Wl v)N, A PR 2k
AR KR EOE2E R A3 15t

(5) B 22K E SR AL 5 B, Zemax BRI AL o5
BRI PTV, HHE HE N Spot Radius, 2
e A5 T /R RCIE ) 8 R ) R 5

(6) B IE I T Bt 22 I — O IR, W% R %
FER IR T PR T0HE B K, R AR A S A5 2= A it
el R Zemax £ F 458 J5 20, #5720, 5. 10,
15, 20, 25, 30, 35. 40 °C %5 9 MR S 2 EL5H,
Xt O AL T (045 5 [R) IR 2R 47 45 1, B BT 45 4 14 6 et
PEFRER A 4 (R IK R B 9.5%10°9/K), HE AL 437 A
)3 B R A LR BT i, IR IS R R 1~2 OG- E 3R
B, B AT R TS B S AR B

(7) MR 4l 0 R AL A3 P (E, T S AR AR IR B R
2600, 3 100, 4 300, 5 000, 5 500, 6 000, 6 800,
7600 L4 K& 9800 K % 9 F ol 1H A2, A& 0. 10, 20,
30, 40 °C 55 5 MR S 2 EEN, FIBM AR,
TR ] R b2, 3 45 D2 E S5,

(8) PI-Ak AN [w] €2 3 1 A2 10 5 00 A% 2 DA A [ 3R
JE T 0 S0 R T S, MR 2 1 DA T Y
BB A A IR 2, e H 2 600 K {4 3R 1H 2 5 9 800 K

20200061-5



ISk A2

%94

www.irla.cn

il fE 2 A R 22 S BOR, 77 RS R A7 R
22, VAL R rh ORI AR L | SR R KE
G REGUVOHEREOR;

(9) 7€ AL AL B Al T8 BT HHOL 52 RGBT
ek

AL TR S PR WP 3 FT 7R o

Set up the initial system in Zemax, the
defaul toptimization function is RMS, and
the calculation criterion is spot radius.
The optical system structure meets the
first step requirements is obtained

v

Correct the chromatic aberration and
secondary spectrum in wide tspectral range
by replacing glasses, the first group
consists of three kinds of conventional
glasses and the middle group consists of

four kinds of conventional glasses N

A

Evaluate the correction
effect of chromatic aberration
and secondary spectru

At the later stage of color aberration
correction, the optimized function type
is PTV, and the calculation criterion is

spot radius, improving the roundness and
symmetry of the spots on the image
v
Set up multiple structures to control the
image quality at 9 temperature points
simultaneously, such as 0, 5, 10, 15, 20,
25,30, 35 °C and 40 C

Select Titanium alloy as the material of
lens structure, and replace 1-2 kinds of
_optical glasses a%prppriapely, S0 as to
jointly optimize the imaging quality at
(Ii)ifferent temperatures

A

valuate imaging quality
at different temperatures

Set up multiple structures of 9 kinds of
color temperature stars withe quivalent
blackbody temperatures of 2 600, 3 100,
4300, 500 K, 5500, 6 000, 6 800, 7 600 K
and 9 800 K, as well as 5 temperature
points of 0, 10, 20, 30 °C and 40 °C

Finely control lateral aberration and
optimize imaging quality under multiple
structures

A

Evaluate the centroid
drifting for different
color temperature stars and
temperatures

Final design results
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Fig.3 Flow chart of optimization design
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Tab.3 Results of optical system design

Parameters Results
Focal length/mm 94.932 1
FOV/(°) 8x8
Pupil(F#) 2.4
Waveband range/mm 450—1 000

Energy concentration
Centroid excursion/(")
Distortion

Temperature/C

=85% in 3%3 pixels
<1.0
=<0.003 25%
0-40

50 mm

4 RGO
Fig.4 Light path diagram of optical system
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Fig.5 Design curves of astigmatism and distortion
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Fig.6 Design curves of lateral chromatic aberration
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Fig.8 Encircled energy curves
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Tab.4 Relative value of centroid drifting under change of star temperature (Unit: pm)

TR ELHENE (BAL: pm)

AR5 | 0 B0 B RS T 2 /N T 0.36 um, XA 1Y
AR A BT 0.78"

Relative field 0w 0.3 W 0.5W 0.7W 0.85W LOW
2600 K 0 ~0.038 4 -0.075 6 -0.1529 0.089 6 0.268 4
3100K 0 ~0.042'5 ~0.068 7 0.3175 02078 -0.236 4
4300K 0 -0.034 6 ~0.045 2 0.249 3 0.1876 -0.197 8
5000K 0 -0.015 8 -0.0272 0.132 1 0.096 2 0.105 8
Relative centroid drifting/pum 5500 K 0 0 0 0 0 0

6000 K 0 0.008 4 0.009 6 ~0.156 2 ~0.126 5 -0.2059
6 800 K 0 0.0127 0.015 3 -0.184 4 -0.1523 0.079 8
7600 K 0 0.0152 0.018 5 -0.232 1 ~0.205 9 0.183 9
9,800 K 0 0.0278 0.048 7 ~0.3554 ~0.248 1 02131
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Fig.9 Relative value of centroid drifting under change of star temperature
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Tab.5 Relative value of centroid drifting under change of temperature (Unit: pm)

Temperature /°C

Relative field

ow 03 W 0.5W 0.7W 0.85W L.OW
0 0 —0.201 3 —0.286 4 —0.3896 —0.254 1 —0.756 2
5 0 —0.089 5 —0.1526 -0.256 8 -0.2152 —0.198 3
10 0 —0.065 8 —0.095 6 —-0.2017 —0.1958 -0.2325
15 0 —0.023 1 —0.012 6 0.058 9 0.037 5 0.0259
20 0 0 0 0 0 0
25 0 0.0335 0.0152 0.085 6 0.0753 0.0852
30 0 0.074 6 0.1123 0.193 3 0.1725 0.264 6
35 0 0.113 5 0.203 7 0.356 4 0.2509 0.3254
40 0 0.250 4 03218 0.450 5 0.279 5 0.563 7
®6 ARIEETRFEERBXNETNE
Tab.6 Focal lengths and relative change under different temperatures
Temperature /°C 0 5 10 15 20 25 30 35 40
Focal length /mm 94.929 4 94.930 2 94.930 8 94.9315 94.932 1 94.932 7 94.9333 94.933 9 94.934 5
Difference /um 2.7 -1.9 -1.3 —0.6 0 0.6 1.2 1.8 24
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Fig.10 Relative value of centroid drifting under change of temperature
(Unit: pm)
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Fig.11 Measurement results of MTF on axis
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Fig.12 Measurement of optical spot
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