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Lens design of star sensor with large relative aperture and wide
spectral range
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Abstract: In order to improve the relative aperture of the star sensor and broaden the spectral range of
the detection, the detector sensitivity calculation model was applied to determine the parameters of the
optical lens in a star sensor, then an optical lens based on satellite platform was designed. The lens was
composed of 7 spherical lenses, with the spectral region of 500—800 nm, the focal length of 50 mm, the
relative aperture of 1/1.25, the field of view (FOV) of 8.45°x8.45°, and the total length was 83.33 mm.
This lens used the telecentric structure in the image to reduce measurement errors caused by image
defocus and other factors. After the optimization, the lens distortion was less than 0.5%, the center of
mass color deviation was controlled within +2 pwm, and the diffraction encircled energy (within 3x3 pixel)
was greater than 80%, the maximum magnification chromatic aberration was —0.073 pm, the dispersion

spot energy concentration of all the fields of view was almost the same. In different temperature
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environments, the small change in focal length of the system verified the athermalization. The optical lens

had good image quality.
Key words: optical design; star sensor;

telecentric in image space;
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large relative aperture;

wide spectrum;

athermalization
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Tab.1 Star sensor functional requirements

Waveband/nm L1m1.t1ng FOV Angular Total length/ Distortion Cent.ro%d color Energy enc1.rcled
magnitude resolution/ prad mm deviation/pm concentration
500-800 m=7.5 =8.4°x8.4° Better than 150 <100 <0.5% +2 >80%(in 3x3 pixel)
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Fig.1 Initial structure
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Fig.2 Structure after optimization
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Fig.3 Spot diagram after optimization
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Fig.4 Structure of star sensor

AE A R Il 2 R B T B 4 SRR R PO
B, R T ARIE R G UG T it BT, B BURER  l S N
Y B R HCBE BE B4 b RE R A3 T R R AR —
., W s HEERGENRRRE T EMLE, WTLUE
H, BE R AE P E (33 pixel) KT 90%

DIFF.LIMIT F98007
||IIJ(HII|'
4.2285°
o Lo /7
EJ
L]
E: 0.8 ;}/
? r':':l
= Uﬁ| /
= |
= u.4-]'
3 021;*
gl
ol

il 15 30
Radius from centroid/pm

{5 REt 4 i
Fig.5 Diffraction encircled energy

BRSO RGBT RARGERS 2
i JE AR IR SR A A WL 1 B BB AR A A8

W, RAN—5; URECEER B0 (00 25 7 1 £E £2 wm
W, 6 kg, s T AR AR R, i 5
RPN T 5.5 wm, 1 2 R 2K Bl B F 0.7
MG S BEE AR, AL 0.8 wm P EH 2
VIR 5, BRI BE AT, UG 5) o S T T G b s
REBCBE R B, 454 37 0 5 HO R BCun 1 7 B

OBJ: 0.000 0° OBJ: 4.228 5°

- 08000

< (1L.6500
. . = 0.5000

100.00

IMA: 0.000 mm IMA: 3,690 mm
OBIJ: 5.9800°

=

IMA:5.211 mm

Units are pm  Airy radius: 1.221 um
Legend items refer to wavelengths
Field: 1 2 3

RMS radius: 4.663 5405 5244
GEO radius: 9.304 20,158 18.457

Scalebar: 100 Reference: centroid
Kl 6 migl &l
Fig.6 Spot diagram
p— Polychromatic
() orhed Huygens PSF
0.1027
30.10 0.092 4
g 2
E=) L]
-] 6
= 4
% 0.041 2
2 0.020 5
I 0.0103

X-position/pm

Polychromatic
Huygens PSF
{

1107 6
0.0969
0.086 1

- 10.075 4
~ 10.064 6
[#]

(b} 5.98°x5.98" field

0.053 8
0.043 0
0.0323
0.0215

( 0
X-position/pm 0.0

Polychromatic

Huygens PSF

0.0853
0.076 8
0068 2
0.0597
0.0512
0.0427
0.034 1
0.0256
0.0170

0

(c) 8.45° % 8.45° field

)
X-position/pm 100

{7 BT ek A
Fig.7 Huygens PSF

0718005-5



RSP & k4

%78 www.irla.cn % 48 %
AL TG MR N SR 3 i, SB—3C R B R YIS F%WT SRy

|-1 228 5"

T IR BT 5 =L
SRS DK 55 DRSS I R B I
HLE TR SE A BE A% 4 B, BT GRS
B REAR . (LACIR 09 REUH 2 TAE BT,
BERHH 2, X HOS R T 095 3 40
S LERANE 8,0 B 1 15° 250 3x3 38 s
P78 5 0 S ER 4 0% L, SRS i e P
MR TR R

=3 MBR

0.8

0.6

0.4

Fraction of enclosed energy

K 8 15 T 25 CHE L P E
Fig.8 Diffraction encircled energy at 15 C and 25 C

Tab.3 Material list
OBJ: 0.0000° OBJ: 4.2285°
Glass Nd vd a(1077/K) - - 0.8000
5 o < L6500
= . 05000
K6 1.51 60.54 85 —
H-LAKA4L 1.64 60.21 60 IMA: 0.000 mm IMA: 3.690 mm
OBJ: 598007
ZK12 1.66 54.61 93
oo
H-ZF6 1.75 27.55 87
ZF12 1.76 26.56 75 (a) 15T IMA:5.211 mm
Units are pm  Airy radius: 1.221 ym
H-ZLAF69 1.82 46.57 64 Legend items refer to wavelengths
Field: 1 2 3
H-ZLAF68B 1.88 40.81 68 RMS radius: 4.668 5485 5323

GEO radius: 9.097

R4 AERETREERR
Tab.4 System focal length at different

Scale bar: 100

20,480 18,777
Reference: centroid

40,00

OBJ: 0.0000°

®

+ 08000
= 0.6500
= 0.5000

IMA: 0,000 mm IMA: 3,690 mm

(b) 25C IMA:5.211 mm

temperatures
t/C f/mm
15 49.997 9
20 50.000 0
25 50.002 2
DIFF,LIMIT 598007
0,000 0
4228 5%
L.OJ | 2
Z 0.8} 4
.:_.,: | ’,i/
Z o6} i
"'E 0.4 -‘ | III
= 0.2f
£ [}/
- H AN 18 o
oll ) (a) 15°C
0 15 30

Radius from centroid/pm

Units are pm  Airy radius: 1.221 pm
Legend items refer to wavelengths
Field: 1 2 3

RMS radius: 4.663 5.329 5.171
GEO radius: 9.510 19.83818.127
Scale bar: 40 Reference: centroid

9 15 CHI 25 TLHFNE
Fig.9 Spot diagram at 15 C and 25 C

wE 10 iR, e R R i M AE &,
R NT 0.5% , FF 52K
AT AR X PR AR 22 5 R A 4% 5 R R P ORI L
FERE RO B, SRRSO E RGN R



ok AR

%18

www.irla.cn

% 48 %

0,25 B K A T e A e 11 iR, L R G
RO WA AR A2, P Rm iy, &
P30 BBl N e KA R 22 (H-0.073 pm!™®)

-0.05 0 0.05 -0.05% 0 0.05%

Field curvature/mm Distortion
& 10 37 it e A2
Fig.10 Field curvature and distortion

Maximum field: 5.9800°
Alry _ Alry
L

S S S — i |
| R S e T |

e —
T

T

-2.00 0 2.00
Lateral color/pm

K ARG 2%
Fig.11 Lateral color

3 RNESMH

TN R IR B 1R 25 25 Wi S B ' o 2R GE Y B
&, WOt RGAE BT R 2 5 | 167 652 A B A
%, MM Zemax BAFAZZ0 BT UIRE , K R GERY KIBE
RAMEAE R A ZEBUREE ARV A ZE T a5 R W3 5,

RS QDESHER

Tab.5 Tolerance analysis

Tolerance Range
Radius(fringes) +2
Thickness/mm +0.02
Decenter/mm +0.02
Tilt/(°) +0.01
Index 0.000 5
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Tab.6 Monte Carlo analysis results

Sampling probability RMS spot radius/mm

98 % 0.009 28

90 % 0.007 73
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10% 0.004 39
4 45 it

SCHRTE B Y R AU R G R G Y A
S5 B AU 1) D) RE T SR e BRI 4 30 1
i RARE BRI e B S R S 8, Wi —
FRARXTFLAE | T2 60 1) R BRSO Bk 1Bk
M7 R s 1 R RS I 1 gt B AL, Bk
MERE T, BARSECR GG Bl 500~800 nm, £
#ih 50 mm, MXFTFLEE R 1/1.25, %MK 8.45°%
8.A5° (XL Ml 11.96°), MK 83.33 mm, K
/NT 0.5% , BTl i 22 /N T +2 pm , e KAGR A2
H-0.073 pm, BEHLEE H B (3x3 BRITH) KT 80%.
Bl R G T i 0o, WU T PR T B RS R Y
D22 4 T 0 I RS B L IR AL YAk
TEA AR T AL AR/, B0E T ek it
TR EEMAEL, R Sk A SEBR Y A, A

SEH .

[1] Li Jing, Yang Baoxi, Hu Zhonghua, et al. Development
and performance testing of optical system for star sensor
[J1. Acta Optica Sinica, 2013, 33(5): 0522005. (in Chinese)

[2] Fan Qiaoyun, Li Xiaojuan. Selection of optical —system
parameters for an all-day used star sensor[J]. Acta Optica
Sinica, 2011, 31(11): 254-260. (in Chinese)

[3] Zhong Xing, Ji Jigiang, Jin Guang, et al. Detecting
performance and overall design of airborne daytime star
sensor for navigation [J]. Optics and Precision

Engineering, 2011, 19(12): 2900-2906. (in Chinese)

[4] Guo Yanchi, Xu Xiping, Qiao Yang, et al. Optical system

0718005-7



ok AR

H www.irla.cn

% 48 %

[5]

[6]

[7]

[8]

[9]

[10]

[11]

design of star sensor with wide field of view and wide
spectra range [J]. Infrared and Laser Engineering, 2014,
43(12): 3969-3972. (in Chinese)

Wang Hu, Miao Xinghua, Wen Desheng, et al. Optical
system design of star sensor with wide —view field and
small F-number[J]. Acta Photonica Sinica, 2005, 34(12):
1822-1824. (in Chinese)

Gong Dun, Tian Tieyin, Wang Hong. Design of wide band
and large relative aperture star sensor optical system with
aspere. [J]. Acta Optica Sinica, 2013, 33(8): 196-201. (in
Chinese)

Liu Jian, Hao Yuncai, Chang Jun, et al. Athermalization of
star tracker system [J]. Transactions of Beijing Institute
of Technology, 2010, 30(2): 223-225+230. (in Chinese)
Mohammad Asadnezhad, Abdollah Eslamimajd, Hassan
Hajghassem. Optical system design of star sensor and
stray light analysis [J]. Journal of the European Optical
Society—Rapid Publications, 2018, 14: 9.

Liu Jinguo, Li Jie, Hao Zhihang. Study on detection
sensitivity of APS star tracker [J]. Optics and Precision
Engineering, 2006, 14(4): 553-557. (in Chinese)

Tong Shuai, Li Hui, Wang Anguo. Calculation and
analysis of detection ability for shipboard star sensor[J].
Acta Optica Sinica, 2014, 34(10): 48-54. (in Chinese)

Han Long, Fu Qiang, Wang Chao, et al. Design of optical

[12]

[13]

[14]

[15]

[16]

[17]

(18]

0718005-8

system of star sensor with wide spectrum and lager
relative aperture [J]. Laser & Optoelectronics Progress,
2016, 53(1): 012202. (in Chinese)

He Lingna, Cui Weixin, Pei Yuntian. Design and
optimization of the optical system of the star sensor based
on CMOS APS [J]. Opo —Electronic Engineering, 2007
(11): 24-30. (in Chinese)

Li Xiao, Zhao Hong, Lu Xin. Study on detection
sensitivity of star sensor in dynamic state [J]. Aerisoace
Control and Application, 2010, 36(1): 37—41. (in Chinese)
Radio Company(USA). Electrooptics Manual[M]. Beijing:
National Defence Industry Press, 1978. (in Chinese)

Zhao Yang. Dissertation for the master degree in
engineering [D]. Harbin: Harbin Institute of Technology,
2007. (in Chinese)

Liu Jian, Hao Yuncai, Chang Jun, et al. Athermalization of
star tracker system [J]. Transactions of Beijing Institute
of Technology, 2010, 30(2): 223-225, 230. (in Chinese)
Sun Xiaoling. Research design athermalisation of TV
seeker zoom optical system [D]. Harbin: Harbin Institute
of Technology, 2012. (in Chinese)

Yan Peipei, Fan Xuewu, He Jianwei. Design of hybrid
refractive —diffractive star sensor optical system with
small F —number [J]. Infrared and Laser Engineering,

2011, 40(12): 2458-2464. (in Chinese)



