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Abstract: Augmentation with low Earth orbit (LEQO) satellites has become a hot topic in future po-
sitioning, navigation and timing services, and high-precision LEO satellite clock product is an es-
sential condition for the realization the LEO-augmentation. Using the data from the Sentinel-6 A
satellite, this paper analyzed its clock characteristics, explained the clock determination method
and influencing factors, and introduced an LEO satellite clock prediction method that considers the
clock characteristics. Experiments show that the LEO satellite clocks contain multiple periodic
terms, which brings difficulties to clock modeling and prediction. Compared with the case using
the kinematic precise orbit determination (POD) model, the reduced-dynamic POD model can sig-

nificantly improve the LEQ satellite clock precision. In the case of using the kinematic POD mod-
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el, the multi-GNSS scenario delivers better LEO satellite clock precision than the GPS-only sce-

nario. The research result shows that Sentinel-6 A satellite clock accuracy based on GPS and

Galileo observation is improved by 36% compared with GPS single system clock error accuracy.

The precision of the LEO satellite clocks is also found to be closely related to that of the GNSS

products used. Using the LEO satellite clock prediction method that considers the satellite clock

characteristics, the RMSE of the predicted and estimated clocks is within 0.1 ns and 0. 3 ns, re-

spectively, for a prediction time shorter than 1 min and 5 min. The prediction precision degrades

significantly with the increasing prediction time.

Key words: Low Earth orbit (LEO) satellite; Clock determination; Clock prediction; Global navi-

gation satellite system (GNSS); Sentinel-6 A
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Fig. 10 Differences of the Sentinel-6A clock errors
(with respect to the reference clocks) in kinematic POD

base on different GNSS products on DOY 34~38, 2022
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Fig. 11 The flowchart of the LEO satellite

clock prediction algorithm

b4 b et [e30s
] e S N R
A S A g MU

(b

12 RPDEHETRRERFT
Fig. 12 LEO satellite clock prediction errors



126 S A S R

2024 4 5 A

S F 20 2R AL A AR TR b 25 T 25 SR
F 1A, WNE T AT, B 1 min DL, TR B2
(TR 5 i@ B 2 2219 RMSE)7E 0. 1 ns Z N ; Tl
5 min I, UK ELE 0.3 ns ZHN, ik 1 h
B FUARORT BE WY R RE L GAE] 1.5 ns LA B, AT Wb
09 0 4 45 SR TC kT A2 RS PNT R .

£ 1 K I E Sentinel-6A ST EFIRE R
Tab. 1 Precision of the LEO satellite Sentinel-6A

clock prediction results

WA /s TR ) /s RMSE/ns
120 30 0. 048
280 60 0.068
330 300 0.192
420 600 0. 356
4980 1800 0. 856
12 500 3 600 1. 189
5 &g

Wi E TR SN 7 R AWK R TR
$8 iR 2 W7 R B Y BIE ST AR R IR TR b 22 R
—AEER T, A SOAR TR B2 ot
FEALFE AR T 22 R PR ARHL T b 22 1 8 S AR
BT L A 2 TR AE O T I A LB 25 AR

DR TR Z 45 R GRS A B2 i L S 80 B A
SRR . SR A A T B 2% 0
TR TR . PP MR, 5ETRR SR
iz )2 5 U L, 56 T o R/ 3Rk 9 TR L B
J 27 R T 3 5 Rt S R B Y R A B TR
2% s T T B gl 2 e PR s AR T B b 22 )
GNSS Z R GBI 5T L DL & GNSS K % 7 i
FI5IA AT GPS PR S GNSS S22 &, BEf%
H dob b 2l AR L TR o 22 AU RS B2 L) Sentinel-6A TL
R 1) R I R 4 0 R 36 26 i 105,

2) % S SR TR T 5 B %) ) 00 B 4L (R
ER =S5 1K 30 R A Qg a1 B B S o A 7 M
i 2 TR L R FH 22 T S 8 45 5 T 40 ) vk
HEAT 8P 2% 4, LA Sentinel-6A T & K ], >4 il Hz
B AE 30~3 600 s Z [ B, AR T2 5 4 25 T4l 45 i
Bl 2% RMSE 7£ 0. 05~1. 5 ns 2 i,

3) B & R T B 22 BT PR TR A L 75 22
TEVRA T AR T2 RR 1 W Ll L, i — B 5]
I SHE 090 3 B A5 R IG B T A A 2 0 B 1 W 0

A S0 52 4 0 6 PR B X8 0 2 LA 5
{745 52 5 8 P 0 6090 R O 2 D
EITEES

2% UHk

(1] EH, E, Bk, . MITE SR

AR— Bl 5P T]. HE TR, 2020, 22(2):
144-152.
WANG Lei, LI Deren, CHEN Ruizhi, et al. Low earth
orbit (LEO) satellite navigation augmentation technology:
opportunities and challenges[J]. Strategic Study of CAE,
2020, 22(2): 144-152(in Chinese).

(2] GK/hEr, Hhfmad . fRPLS M GNSS KELHRLT].

2224, 2019, 48(9): 1073-1087.
ZHANG Xiaohong, MA Fujian. Review of the develop-
ment of LEO navigation-augmentation GNSS[J]. Acta
Geodaetica et Cartographica Sinica, 2019, 48(9). 1073-
1087 (in Chinese).

[3] WANG L, LID, CHEN R, et al. Low earth orbiter
(LEO) navigation augmentation: opportunities and
challenges[ ] ]. Strategic Study of Chinese Academy of
Engineering, 2020, 22(2) . 144-152.

[4] GRIGGS E, KURSINSKI E R, AKOS D. Short-term
GNSS satellite clock stability [J]. Radio Science,
2015, 50(8): 813-826.

[5] LIK, ZHOU X, GUO N, et al. Comparison of pre-
cise orbit determination methods of zero-difference ki-
nematic, dynamic and reduced-dynamic of GRACE-A
satellite using SHORDE software[ J]. Journal of Ap-
plied Geodesy, 2017, 11(3): 157-165.

[6] YANG Z, LIU H, WANG P, et al. Integrated kine-
matic precise orbit determination and clock estimation for
low Earth orbit satellites with onboard and regional
ground observations[ J]. Measurement Science and Tech-
nology , 2022, 33(12) . 125002.

[7] ZHOU X, JIANG W, CHEN H. et al. Improving the
GRACE kinematic precise orbit determination through
modified clock estimating[ J]. Sensors, 2019, 19(19):
4347.

[8] WANG K, EL-MOWAFY A, YANG X. LEO satellite
clock modeling and its benefits for LEO kinematic POD
[J]. Remote Sensing, 2023, 15(12); 3149.

[9] XIAO G, LIU G, OUJ, et al. Real-time carrier ob-
servation quality control algorithm for precision orbit
determination of LEO satellites[ J]. GPS Solutions,
2022, 26(4) . 102.

[10] YANG Z. LIU H. QIAN C, et al. Real-time estima-



5% 3

AT ) 7 ST 48 56 1) U L T2 o 2 0 % TR 7 3 T 5

127

[11]

[12]

[13]

[14]

[15]

[16]

tion of low Earth orbit (LEQ) satellite clock based on
ground tracking stations[ J]. Remote Sensing, 2020,
12(12) . 2050.

GE H, WU T, LI B. Characteristics analysis and predic-
tion of low Earth orbit (LEQO) satellite clock corrections
by using least-squares harmonic estimation[ J]. GPS So-
lutions, 2023, 27(1). 38.

WANG K, EL-MOWAFY A. LEO satellite clock analy-
sis and prediction for positioning applications[ J]. Geo-
Spatial Information Science, 2022, 25(1): 14-33.

WU M, WANG K, LIU J, et al. Relativistic effects
of LEO satellite and its impact on clock prediction[ J].
Measurement Science and Technology, 2023, 34(9):
095005.

WEINBACH U, SCHON S. Improved GPS receiver
clock modeling for kinematic orbit determination of the
GRACE satellites[ C]// Proceedings of 2012 European
Frequency and Time Forum. IEEE. 2012. 157-160.
DONLON CJ, CULLEN R, GIULICCHI L, et al. The
Copernicus Sentinel-6 mission: enhanced continuity of
satellite sea level measurements from space[]J]. Remote
Sensing of Environment, 2021, 258. 112395.
MONTENBRUCK O, HACKEL S, WERMUTH M,
Sentinel-6 A precise orbit determination using a

et al.

combined GPS/Galileo receiver[]J]. Journal of Geodesy,

[17]

(18]

[19]

[20]

(21]

2021, 95(9): 109.

DACH R. BROCKMANN E, SCHAER S, et al.
GNSS processing at CODE: status report[J]. Journal
of Geodesy, 2009, 83: 353-365.

SRR, JEIEAE, XINI, % . &4 BDS/GPS il & PPP #fi
S 2021 ARI 2 MW7, 4 Jb 8 =B K []]. M E 5,
2023, 46(2) . 216-225.

ZHANG Huai, NIE Zhaosheng, LIU Gang, et al.
Determination of three parameters of the 2021 Maduo
MW?7. 4 carthquake using high-rate BDS/GPS[]].
Journal of Seismological Research, 2023, 46(2): 216-
225(in Chinese).

HADAS T, BOSY J. IGS RTS precise orbits and clocks
verification and quality degradation over time[ J]. GPS
Solutions, 2015, 19: 93-105.

LAURICHESSE D, PRIVAT A. An open-source PPP
client implementation for the CNES PPP-WIZARD dem-
onstrator C]// Proceedings of 28" International Tech-
nical Meeting of the Satellite Division of the Institute of
Navigation (ION GNSS+ 2015). Florida. 2015: 2780-
2789.

YAO Y. HE Y, YI W, et al. Method for evaluating
real-time GNSS satellite clock offset products[]].
GPS Solutions, 2017, 21. 1417-1425.

(I Tt



