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Fig.l (a) Sky background radiation simulation results at noon for urban

summer with different detector directions; (b) Atmospheric
transmittance simulation results at noon for urban summer with

different detector directions when the visibility is 5 km
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Fig.2 Detectable star magnitude limit changes with focal length and

diameter at sea level
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Fig.4 Detection capability estimation at sea level
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Fig.5 Average number of navigation stars in FOV (field of view) at sea

level
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Fig.6 (a) Average number of navigation stars in FOV with fixed
diameter of 200 mm and changing focal length; (b) Average
number of navigation stars in FOV with optimal focal length at

different altitudes
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Fig.7 Average number of navigation stars in FOV changes with focal

length and diameter at 20 km
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Fig.8 Cutoff wavelength optimization at an altitude of 20 km
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Fig.9 Experimental system of star sensor with tracking mode
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Tab.2 Optical parameters of the experimental system

Parameter Value
Aperture/mm 60
Focal length/mm 515
Filter/um 1.48 (high pass)

Baffle/(°) 15 (suppress)

R H 1 1 5 BB AL S R, RE N DR R
60 mm, & B 5 GRS A L, B T R/ME
500 mm, £ /A B o A5 20 5% Sk S0 BR 09 S
515 mm. PG IO A A EUE K 1.48 pum, £ 5
i B EE R o[RBT, ke — > 22 OB/ 15°0
T BP0 ] A Rk K PH LA S RS A AL

STES T 2023 4F 10 H 1 H BT, s 7 5 g
BEIPT (IR 69 m, £ 112.99°, £ i 28.22°), Bk
I [R] B8 Ry 5 ms. 1 S 1E Y R 3K 1 5 AR
G AL, B 2 i 1 1 R AURR AR DG T R 1) A
B R S AT v g X, SR R R 08 1R
B, £TAMHBLE S04 200 iSRRI BREE 8 il
B, TULINE B 04 B S RN 2 A £ DL AR 3, RAE R K1Y
iFIE] A 9:40—10:10.,

®3 BEVNEENER

Tab.3 Information of observed stars during daytime

Magnitude Right ascension/(°) Declination/(°)
—1.608 95.74 22.51
—1.573 79.17 45.99
—-1.515 93.72 22.51
—0.609 83.05 18.59
—0.602 89.98 45.94
—0.28 57.37 80.32
-0.179 94.48 61.52
—0.09 99.14 38.45

Kl 10(a) fr s ARSI IE SR 2L 2 I,
A ST L X B H D% BE—1.608 Z5, #1145 T L4 9:45,
Xt R AT A a5 B RO 7 HE AR A2 A X, 1% 1K
B A K BE A AN & 10(b) Bz o AR T3 M, B
FEEMG R AR5 BT, AT DA AL S R B 2 A AR = 1
I

Xt 8 2T A0 L o Sl AT AR 4 A0 R 0 A AR
W OF BT R K BEE A MR L3 1, &5 R an &l 11
Bt o ) A 1 804 T L7580 S ) 2 45 ) S o 2
JO7 P15 M b o 224 {5 MR LL 0 B (LB S, 1% R L RE RS AR
0 1) 5 5 AR e R 249 —0.1 4%

g 2.1 T ELER, 04 60 mm. ££FFE 515 mm
142 22 G2 7 1 T T T A 1 Al PR AR I A2 45 24 1 —0.5,
SR ] A —0.1 B A5 E WUNAE . SER6 45 R RE
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Fig.10 (a) Infrared star image taken at daytime after non-uniformity
calibration (magnitude —1.608, 9:45 a.m.); (b) Gray values of the
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Fig.11 Signal to noise ratio of star images for different magnitudes
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Optical parameter optimization of star sensor for daytime star

detection at different altitudes

NI Yuanman', DAI Dongkai***, WANG Xingshu®*, ZHOU Zhaofa'

(1. Laboratory of Intelligent Control, Rocket Force University of Engineering, Xi'an 710025, China;

2. College of Advanced Interdisciplinary Studies, National University of Defense Technology, Changsha 410073, China;

3. Nanhu Laser Laboratory, National University of Defense Technology, Changsha 410073, China)

Abstract:
Objective

The detectable star magnitude limit, the number of navigation stars in the field of view, the size and

weight of the optical system, and etc. are important indicators of optical detection system for all-time star sensor.

And the improvement of these indicators is often contradictory and restrictive, which leads to the lack of clear

optimization objectives for the parameter design of the optical system. In order to improve the comprehensive

performance of the all-time star sensor, the parameter optimization of the optical system is studied in this paper.

Methods

According to the response characteristics of the short-wave infrared detector, a signal to noise ratio

model based on image gray-scale information is established. Based on this model, a parameter optimization

20240056-10
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scheme of the optical system for the star sensor is proposed aiming at two different navigation modes of tracking
and strapdown. The optimization goal of tracking mode is the number of navigation stars in the celestial sphere.
The maximum focal length is firstly determined according to the control accuracy of optical axis direction. Then,
detectable star magnitude limit with different focal length and diameter is calculated (Fig.2) using the sky
background radiation obtained by MODTRAN (Fig.1). A relatively small diameter is chosen to balance the
detection ability and the optical system size. After slightly adjusting the cut-off wavelength of the detection band
(Fig.3), the focal length is finally determined according to the requirements for detection capability (Fig.4). If the
average number of navigation stars in FOV (field of view) is less than 3 for any focal length and diameter, only
tracking mode can work (Fig.5). Otherwise, strapdown mode is selected for certain working altitude (Fig.6), and
the average number of navigation stars in FOV is the optimization goal. Its change with focal length and diameter
is calculated. An appropriate focal length and a relatively smaller diameter are determined when the number of
navigation stars meets the requirements and its mean value is greater than 3 (Fig.7). The cut-off wavelength of the

detection band is slightly adjusted to improve the average navigation star number in FOV (Fig.8).

Results and Discussions The parameters of InGaAs sensor from Sofradir are selected as typical values for
simulation, based on which the optical system parameters of the sea-level tracking mode and the high-altitude
strapdown mode are designed respectively. Working at sea level, the optimal aperture for daytime star detection is
60 mm, and the cut-off wavelength is between 1.45 um and 1.6 um. The focal length is selected according to the
requirements of the detectable star magnitude limit. While the optimization results for 20 km is aperture of
125 mm, focal length of 400 mm, and cut-off wavelength between 1.4 um and 1.5 um. Besides, the corresponding

conversion altitude of the all-time star sensor between tracking and strapdown navigation mode is around 20 km.

Conclusions The prototype system (Fig.9) has a diameter of 60 mm, a focal length of 515 mm, and a cut-off
wavelength of 1.48 pm, which is used to carry out daytime star tracking experiments on the ground. Stars brighter
than H-band —0.1 magnitude (Fig.10-11) can be detected around 10:00 am at Hunan, Changsha (altitude of 69 m),
which shows that the system has the capability of daytime star detection near the ground. The experiment verifies
the validity of the simulation results, indicating that the parameter optimization theory proposed in this paper has
high reference value for the optical system design of all-time star sensor.

Key words: star sensor;  daytime star detection;  optical parameter optimization;  short-wave infrared;

noise model
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