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i BV T TR FAURS (BeiDou satellite navigation System, BDS) fR i T2 2 2 BAAH XS B
B ) R, AELpR T Bk =2 SNBSS IR R TR . 4 53R W], 500 km 2 0F- 2 rT AL BDS TR ¥
9.7, T HuERE 11 #1378 ( GeoStationary earth Orbit, GEO) T & Fl{Hi 48} b Bk [7] 4 #13 ( Inclined GeoSynchronous
earth Orbit, IGSO) TLA FAEAE , KM X (¥ AT AL BDS TR EUHH B AR 2 . {55 B0 I e 75 1) 52 i ), 35 F BDS
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Precise relative orbit determination of LEO formation flying using BDS

YI Bin', GU Defeng® , SHAO Kai' , YI Dongyun'
(1. College of Liberal Arts and Sciences, National University of Defense Technology, Changsha 410073, China;
2. School of Physics and Astronomy, Sun Yat-sen University, Zhuhai 519082, China)

Abstract; The PROD ( precise relative orbit determination) for the LEO (low earth orbit) formation-flying satellites based on BDS ( BeiDou
satellite navigation system) was studied. Due to the lack of experimental data, the simulation method was used. Results show that the average
number of visible BDS satellites at altitude of 500 km is about 9.7. Because of the GEO ( geostationary earth orbit) satellites and IGSO (inclined
geosynchronous earth orbit) satellites, the LEO satellites can observe more BDS satellites over the Asia-Pacific region. When only the observation
noise is considered, the accuracy of PROD based on BDS is 0. 74 mm. Furthermore, the influence of ephemeris errors is analyzed. For a few
kilometres separation of the LEO satellites, the effect of ephemeris errors on PROD could be ignored. However, for a 200 km separation of the LEO
satellites, the SD ( single difference) ephemeris errors of GEO satellites would be on the order of centimetres. The experimental results show that when
IGSO satellites and MEO satellites co-work with GEO satellites, the accuracy decreased from 1.09 mm to 0.96 mm, decreased by 13.54% . Finally,
the conclusion is that the accuracy of PROD based on BDS can reach sub-millimeter level after the remaining errors are processed, the differences of
the PROD results are not apparent between different regions. When relative position between satellites is only a few kilometres, the GEO satellites and
IGSO satellites can improve the accuracy of PROD all over the world. In the future, BDS will be widely used in PROD of LEO satellites.

Keywords: BeiDou satellite navigation system; low earth orbit formation flying; relative orbit determination; geostationary earth orbit

satellites ; inclined geosynchronous earth orbit satellites
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T SAR LR ARG SAYERE. HET, B A5k
CEEMREMNIRH LERNREARZ, b
TanDEM-X"' ( TerraSAR-X add-on for digital
elevation measurement ) . Swarm'* | & 5 & # 5 X
e sz bt ( Gravity Recovery And Climate
Experiment, GRACE ) #l GRACE-FO'*) (' GRACE
follow-on ) 5§,

S B\ TL R R G PEREOLBR , I A5 I L (HAlL
T AR 22 G R R PR AR, e, IR T2 2 BA R
GEXRH R BT 114 2 F5 0 A B SR AR S T
TanDEM-X {:55 9 ] , 1% AT 55 FH T by T e e 0 &
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FH UL BOR JE [86] 7 AR ) 75 3] 22 K B R ) AR XL
I 2007 45 Jagei AR B /N TRy R
fit GRACE RGLMIHHX 1A , K/ Ka i Bl #H (K/
Ka-band Ranging, KBR ) # #% ¥ & & #|
0.88 mm'"™', 2011 4, Montenbruck #|ffJ~
IR S BT K i TanDEM-X (4 AH X 8LIE , H0E
LG Ok gl AR 3% WA X E UK R aT 3k B A
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Tab. 1  Orbit parameters for the BDS

SR GEO 1GSO MEO
2 K-l /km 42 164 42 164 27 878
YL/ () 0 55 55
PR/ (°) 0 0
VbR (°) 257 257 0
58.75,80
T3 A5 U 118,0),
140,110.5, 0,120,240
IR/ (°) 238
160

0,45,90,135,
180,225,270,
315,10;15,
60,105,150

I 0,118, P

/(%) 0 120 195,240,285,
330,55,30,
75,120,165,
210,255,300,

345,105
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Tab.2  Orbit parameters for the LEO satellites

SHy A B C

SR Afi/km 6896.195  6896.195  6896. 195
BB/ (°)  97.47535 97.47535  97.475 35
FH3E AR () 100 100.011 6 100

fi0%/(°)  0.001 075 0.001 108 04 0.001 075

I s SR/ () 0 357.263 6 1.6
SR AR/ (0) 90 92.737 8 90
HAR \/b
5 A 1 5 200
5 /km

B 1 2k 500 km 23 P24 ar AL S| TR, B
KRy 18 i, F-3412 9.7 5, ¥y F b=} 2 AR Xk
SRS R d & 1 AT, BDS (40 B
BE X2 5, WK X A DB B T
MR HIX X F B GEO 1 1GSO Jirt s
XL, B AL 55° B IR 4 180°, F 46 55° £4L4h
55° 937 K H X AT BDS FEAN[R] X IR 1
FEXTE PG EE , LA S GEO Fil IGSO X ik #h T2 A1
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Fig. 1 Average visible BDS satellites on
altitude of 500 km
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Fig.2 Visible BDS satellites from A and B
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*3 EF NUDTTK potaxtHEmE "

Tab.3 Summary of the dynamical and measurement

models used for GNSS-based PROD in NUDTTK'"!

I Je Z 0 filiik

Dbt A8 L W8I A3 5 GNSS T & St
FER AL H O BLIE , igs08. atx; A A3 4
LEUUIE ; FHXHE BIE ; GNSS B2 77, B
BB O B OB R 22 7

GNSS 57

REERFE 10s

HERE 3% GRACE H Jidg#iAl 02C 100 x 100
T R bR Ek H % 5 27% 2 RS 2003
. KEH HEBERF T AL ), S EmES 3l )
BT e e s i 405
MIXT iS58 U Schwarzschild i
 REBE Jacchia 71, KA 1 2B+
-
e T
KBHYCESESN  Ball #7E  H REFRAS
e 1: min 1 2470 BEZEPERE Sk i S
B
BRIEREE  BSism A A, i/ TR B A
g Bk
MLsh 1 SEMHLSN N S5 Rl
BUWCR L AL e s
N s
S AEHL H bR ek S % & 2008
%7 E) ] B K S22 2000A

HERGEFE S48 TERS Standard Rapid 7= i

SR AR, B TR

NUDTTK J& i [ B B K2 8 R 0 Bl
WA, SCh 9255 4 7E NUDTTK | 58 B, 1% 3K
- 8 2 i H T GRACE , TanDEM-X 4 4 A
TR Bk AR, fn 2012 4 R F Ak 3h h
20715, 3K A GRACE i BA () AH XT38 , K I Bl
5 (K/Ka Band Ranging, KBR) £ 4t & 56 i 1 22
91,26 mm'" ;2015 4R, Ju Sk T ALSh I Y
BAE A5, GRACE ML A F T S A5 4 A0 %
SERLAEHE KBR K%K 5 0. 7 mm ™ 52017 4F,
Gu 8538 2 P01k e F AR B2 [ 22 5 W R0 AH X AH 437
H A8 AR Al 3 7 25, 75 B GRACE A X #iL i
KBR #4542 45 H /0. 68 mm'™™' . #F NUDTTK
FEXT R LA IR AR AN & 3 F .
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A 1 B 15 REPMIHE G R WE 4 Fis, FH5R
JE 2k 0. 74 mm 33 32 B AE {032 LI M 75 520 s, R
FH BDS [ X 8 HURS FE v iR B 2ok S, iF—
430 BDS ARSI TR B S BRAH X E PR B, LA
5°x 5ONXAIGETT T 15 KAYAHST & HURB B, n
K5 BR, A AL 2 R AR S, BDS 97
PIARXT S BURE BE O T 1 mm, HLBEA B 500 IX 45§
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Fig.4 PROD results in 3D of A and B in 15 days
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Fig.5 Global distribution of PROD results of A and B

3.2 GEO #1IGSO D ERZm

H L 1 ] R, SR s DX ] R T R I8
2%, 34 W KRIIX SR RHIX 15 KA &
SRR A IR A 57 R0 Mg 75 s R X o SR 485 SR AE LA
EARE (R) RAT T (T) ik T5 18] (N) M= 4
(3D) J5 Ial A% B2, SR b X AR R B X RT
N.3D F i p%E 2% 0.26 mm.0.48 mm,
0.40 mm. 0.68 mm Fl 0.27 mm, 0.55 mm,
0.44 mm 0. 76 mm , V. A X B9 A0 X} 22 FURS 1 0
e AR X

x4 RHIZE AT BHENENRE
Tab.4 PROD results of A and B

ALY :mm

PR H X R R H X
R T N 3D R T N 3D
Jun.9™ 0.24 0.24 0.28 0.68 0.25 0.53 0.48 0.76
Jun. 10" 0.24 0.24 0.46 0.72 0.29 0.61 0.44 0.80
Jun.11™ 0.27 0.27 0.38 0.64 0.37 0.62 0.42 0.83
Jun.12™ 0.27 0.38 0.44 0.65 0.31 0.52 0.54 0.81
Jun.13™ 0.20 0.49 0.42 0.67 0.25 0.55 0.48 0.78
Jun.14™ 0.23 0.51 0.30 0.64 0.24 0.54 0.40 0.71
Jun.15™ 0.22 0.43 0.32 0.58 0.23 0.56 0.43 0.75
Jun.16™ 0.25 0.44 0.42 0.65 0.29 0.56 0.40 0.75
Jun. 17" 0.29 0.61 0.52 0.86 0.24 0.68 0.38 0.81
Jun. 18™ 0.35 0.54 0.40 0.76 0.27 0.51 0.46 0.74
Jun.19™ 0.28 0.52 0.34 0.68 0.25 0.49 0.43 0.70
Jun.20™ 0.25 0.30 0.31 0.50 0.30 0.62 0.42 0.80
Jun.21™ 0.28 0.64 0.39 0.80 0.32 0.52 0.44 0.75
Jun.22™ 0.26 0.48 0.51 0.75 0.27 0.47 0.37 0.66
Jun.23™ 0.23 0.39 0.44 0.63 0.26 0.43 0.56 0.75
Mean 0.26 0.48 0.40 0.68 0.27 0.55 0.44 0.76

J T A GEO TLEAN IGSO T X AH X
FEPPER, 43 geit T MEO T3 &2 F1 MEO +
GEO +1GSO T3 Z 7E 43K | VK Ml DX RN 7 K b [X.
(AR B BURE BE , Q& 6 7R o X MEO B 15 K1)
S-SR S BN BEAE A ER TR X IR S b X
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Tab.5 Errors added to broadcast ephemeris

Hifi :m
TR R T N
GEO 0.20 2.00 0.60
IGSO 0.10 0.20 0.20
MEO 0.05 0.10 0.10
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Fig.7 Errors added to ephemeris in R
A L M R UL B AN 52 6 My 15 K
)P ARG S U5 B2, AT 0, ZE IR LR A F B
HRI AR 5 158 22 5 A S 4% SR 1 5 i T 1L 22
Wk R T A 25 X B 25 MO B B dn st (4) 1
JF 5% o

j _ o]
eAB(t) 'grj(l)\Hrj(t) —rB(t) ||||8r1(t)H (4)
ra(1) =ry(1) —ry(1) (5)

Hr, vy Ry SR AIARFEMRL LR OLLE P Fl e,

SrRMRESMI LA | WAL EMEIRE, e, - &,
BT UR ZE 0 B R B B . SO A T B Y
AETE B34 24 2 km A 5 GEO T2 1) dpe i I 5
2474 35 000 km, gy LRI 15 GEO T3 AL [ AL iR 22
XF A B R 2EHIE B S e K292 0.1 mm, [A]
PR IGSO F1 MEO T3 2 (1) B JJ 152 2 %) B 25 B0 1
S22k 0.02 mm #10.015 mm, B BDS H §if4
T3 5 250 e I 5 O A R e AR 2 A5 SR (1452 il
Al DL 20 XY AL [R] BE B 3 K E] 200 km f,
GEO TR 2251 R PR 2 R KA E] 10 mm,
AnfZamg, AL 3 AR CAENGNRS,
[’ 8k A Al C FETCE PR M B DR 2T 1A
XPREHURG B, A2 18 2 DR 22 i) 1GSO + MEO I
GEO + IGSO + MEO [y A X & #L 45 H 43 5 H
0. 80 mm7Al 0. 74 mm, fil A B 7R 22 J5 (0 45 1 o
5124 0.96 mm F11.09 mm, A W, % &5 iR
SR, GEO LR P A 75 A0 X 2 0 rRoKS B
IGSO + MEO [{3£RE R T 13.54% .,
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Tab.6 PROD results of A and B with and without

ephemeris errors

AL :mm

TR ITR%E HEPTRE
R T N 3D R T N 3D
Jun.9™ 0.25 0.54 0.44 0.74 0.25 0.50 0.48 0.73
Jun.10™ 0.28 0.59 0.45 0.79 0.29 0.55 0.46 0.78
Jun.11™ 0.35 0.58 0.42 0.79 0.39 0.59 0.41 0.82
Jun. 12" 0.30 0.49 0.52 0.77 0.29 0.57 0.54 0.84
Jun.13™ 0.24 0.54 0.47 0.75 0.23 0.54 0.49 0.77
Jun.14™ 0.24 0.53 0.38 0.70 0.25 0.55 0.37 0.71
Jun.15™ 0.23 0.53 0.41 0.71 0.26 0.56 0.39 0.72
Jun.16™ 0.28 0.53 0.40 0.73 0.29 0.53 0.40 0.72
Jun. 17" 0.25 0.66 0.42 0.82 0.25 0.52 0.41 0.71
Jun.18™ 0.29 0.52 0.45 0.74 0.32 0.56 0.44 0.78
Jun. 19™ 0.26 0.50 0.41 0.70 0.26 0.56 0.41 0.74
Jun.20™ 0.29 0.56 0.40 0.74 0.27 0.57 0.39 0.74
Jun.21™ 0.31 0.55 0.43 0.76 0.29 0.52 0.43 0.73
Jun.22™ 0.26 0.47 0.41 0.68 0.28 0.54 0.41 0.73
Jun.23" 0.25 0.42 0.53 0.72 0.30 0.41 0.51 0.72
Mean 0.27 0.53 0.44 0.74 0.28 0.54 0.44 0.75

25 L AT 6 3 P G BN T B AE R S
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