JPNT 12(2), 167-176 (2023)
https://doi.org/10.11003/JPNT.2023.12.2.167

Journal of Positioning,
]I) N T Navigation, and Timing

Performance Analysis of Real-time Orbit Determination and Prediction
for Navigation Message of Regional Navigation Satellite System

Jaeuk Park!, Bu—Gyeom Kim', Changdon Kee'", Donguk Kim?

'Department of Aerospace Engineering and the Institute of Advanced Machines and Design, Seoul National University, Seoul

08836, Korea
2Agency for Defense Development, Daejeon 34186, Korea

ABSTRACT

This study presents the performance analysis of real-time orbit determination and prediction for navigation message

generation of Regional Navigation Satellite System (RNSS). Since the accuracy of ephemeris and clock correction in navigation
message affects the positioning accuracy of the user, it is essential to construct a ground segment that can generate this
information precisely when designing a new navigation satellite system. Based on a real-time architecture by an extended
Kalman filter, we simulated orbit determination and prediction of RNSS satellites in order to assess the accuracy of orbit and
clock prediction and signal-in-space ranging errors (SISRE). As a result of the simulation, the orbit and clock accuracy was at 0.5

m and 2 m levels for 24 hour determination and six hour prediction after the determination, respectively. From the prediction
result, we verified that the SISRE of RNSS for six hour prediction was at a 1 m level.
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2. ORBIT DETERMINATION AND
PREDICTION METHOD

2.1 Introduction of Ground Segment of RNSS
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Fig. 1. Conceptual figure of ground segment of regional navigation
satellite system.
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2.2 Real-time Orbit Determination and Prediction
Algorithm
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Fig. 2. Representation of an extended Kalman filter for real-time orbit determination and prediction.
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Fig. 3. Groundtrack of RNSS satellites and distribution of monitor stations.
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3. PERFORMANCE ANALYSIS OF ORBIT
DETERMINATION AND PREDICTION OF
RNSS

3.1 Simulation Configurations
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Fig.4. Architecture of the real-time orbit determination and prediction simulation.

Table 1. Reference orbital elements of RNSS (Jan 1, 2025 00:00:00).

Orbital el ¢ GEO 1GSO

rolelemen VI sv2  sv3 SV4  SV5  SV6  SV7
Semimajor axis [km] 42164 42164 42164 42164 42164 42164 42164
Eccentricity 0 0 0 0.075 0.075 0.075 0.075
Inclination [°] 0 0 0 43.0 43.0 43.0 43.0
Right ascension of ascending node [°] - - - 218 128 38 308
Argument of Perigee [°] - - - 270 270 270 270
True anomaly [°] 228.92  268.90 188.90 108.10 188.45 271.00 11.25

Table 2. Dynamics model used in the simulation.

Truth model Filter propagation model Reference
Geopotential EGM 96 (60x60) EGM 96 (12x12)
Third-body DE405 (Moon, Sun) DE405 (Moon, Sun) Standish (1998)
Solar radiation pressure  ECOM, conical shadow ECOM, conical shadow Yu etal. (2018)
Tides IERS 2010, FES2004 - Petit & Luzum (2010)
General relativistic IERS 2010 - Petit & Luzum (2010)
Earth orientation IERS C04 IERS C04 Bizouard et al. (2017)
£ A 519t sj9]e] ZFA]Z-E Chun et al. (2019)0] A|ekst 12 Table 3. 'Averaged orbit difference between truth model and filter
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Table4. Observation model and settings used in the simulation.

Models and settings

Observations

Frequency L1,12
Sampling time 60 sec
Determination interval 24 hour
Prediction interval 6 hour
Mask angle 5°
Satellite clock error

Receiver clock error

Ionospheric delay error
Tropospheric delay error  Black model

Tonosphere-free linear combination of pseudorange smoothed by carrier phase

32 -1

Atomic clock model; ¢, =3x107 s, g, =5x10"" 5™ (Galleani 2008)
Atomic clockmodel; ¢, =2x107* s, g, =4x10™ s (Galleani 2008)
Eliminated by ionosphere-free combination

Tropospheric delay noise 1st order Markov Process (Yun et al. 2014)

Receiver noise
Smoothing
Initial bias

Gaussian random (function of elevation angle) (Jin 1996)
Hatch Filtering with K=100
Position: 1 km, Velocity: 10 m/s in random direction

Allan deviation of GPS and RNSS satellite clocks

1012k
g
o
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Q i
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£ G03 Block IIF (Rb) o
< G04 Block Il (Rb) Res
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— 7;1
—_———— 12
7
10716 . . .
10' 10? 10° 10

Averaging Interval 7 [s]

Fig. 5. Allan deviation of GPS and simulated RNSS satellite clocks.

@ 0.20 m, 0.34 me] x}o]7} LyeRT.
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A& S8l I" & 35k 714 o] 2A17H)-& 1 efste] 6417 o]
& a5k 2/ HEute] o & A 5E .

Table 5= SATREECIA Tefek Atel wigo] WA T

(a) Tropospheric delay noise
25

0 5 10 15 20
Time [hr]

(b) Receiver noise (L1 pseudorange)

-2.5

0 5 10 15 20
Time [hr]

Fig. 6. Time history of measurement errors; (a) Tropospheric delay noise, (b)
Receiver noise of L1 pseudorange.

Table 5. Setting variables and values in the extend Kalman filter.

State variable Nun:nber of Initial covariance Process noise
variables

Satellite position 3x7 (3km)’ 0
Satellite velocity 3x7 (30m/s)’ (3x10°m/s)’
Satellite clock bias 1x7 (10%sec)’ 0
Satellite clock drift 1x7 (107 sec/sec)*  (3x10™ sec/sec)’
Receiver clock bias 1x18 (10%sec)’ 0
Receiver clock drift 1x18 (107 sec/sec)’ (10™ sec/sec)’

http://www.ipnt.or.kr
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Orbit Determination and Prediction Result of GEO Satellites (SV1-3)
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Fig. 7. Time history of orbit and clock errors and estimated standard deviations of GEO RNSS satellites. Blue and red indicate determination and prediction,

respectively; (a) SV1, (b) SV2, (c) SV3.
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Orbit Determination and Prediction Result of IGSO Satellites (SV4-7)

(a) P Radial (SV4, IGSO) p Along-track (SV4, IGSO) p Cross-track (SV4, IGSO) 3 Clock Bias (SV4, IGSO)
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Fig. 8. Time history of orbit and clock errors and estimated standard deviations of IGSO RNSS satellites. Blue and red indicate determination and prediction,
respectively; (a) SV4, (b) SV5, (c) SV6, (d) SV7.

3.3 Signal-in-space Range Error Analysis SISRE :\/(a'R—c-T)z +(A2 L C? )/ﬂ )

AEF o)A 7|Hto 2 AR 9 of 2351 H =9} A A0 e E 617] A R, A, C, T= Z}Z} radial, along-track, cross-track H}3k]
AFHA LR At AR} Ash7] Sl8), Signal-in- = QXpek A ©34E, o= W] SES, o, f 224 radial
space Ranging Error (SISRE)o] tst 24 % Z1385}9ich. SISRE Sk} along-track 2 cross-track HlFaEO] 7]-3x] A4S ou|st

+ @A AE L AA 2xfellA] 7115 A S8 A Tt RNSS| GEO B IGSO 9/ 9] arkof] whE A| 3+ %1i3te] 7]
2pe] o212 Yelfs Ao SFHAIAR 0] ko] 2o 512 BAIE sl 4] (DM a, pRE Zh2F 0,999} 1278
A Zo|t} (USDOD 2022). SISREE A1 (HZ mHF ZHa519d Tt (CSNO 2021).
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(a) Orbit and Clock RMS Error: 24 hour Determination
25 T T T T T T
I Radial
o | | ] Along-track _
[ Cross-track
I Ciock
15 —
E
L il
0.5 -
. Hm=l Hual D=0 Nusll NusB Bazl Hesl
SV1(GEO) SV2 (GEO) SV3 (GEO) SV4 (IGSO) SV5 (IGSO) SV6 (IGSO) SV7 (IGSO)
(b) Orbit and Clock Prediction Error: 6 hour Prediction
25 T T T T T T T
I Radial
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SV1(GEO)

SV2 (GEO)

SV3(GEO)

SV4 (IGSO)

SV5 (IGSO)

SV6 (IGSO)

SV7 (IGSO)

Fig.9. Averaged orbit and clock errors of RNSS satellites from 30 trials of simulation; (a) averaged RMS error in the last 12 hour intervals in 24 hour
determination, (b) averaged magnitude of error after 6 hour prediction.

SISRE of RNSS (Prediction Time: 0-6 hour)
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Fig. 10. Averaged signal-in-space ranging errors (SISRE) of RNSS based on the prediction from 30 trials of simulation; Blue and orange indicate GEO and IGSO

satellites, respectively.

Fig. 10& of|& A]7to]] whE RNSS ¢4 E 9] SISREE YeERdA
Ao, sk uhe) Tl w7k sio) e 27t GEO $14
7} IGSO €41 9] SISRES UFebWiT). o}-22] Table 62 GEO U
IGSO $P3 5] all % Algho] Th2 SISRES et Zolet, o]
A T SISRE ghe: 9h41 BA13h mEd7}A 2 308 uhE A1) o
2 oxjo) WPgowRe £ o5 Azke] $7F3te] o}
2} SISREZ} 571519100, 6413k el & A] GEO $141€ 0.92 m,
IGSO $14 0.93 mo] B SISREZ} E2w|9ich, £ x| Eeflo] 4
o] Zake gpguilalAl el @3k 29 F A4 23, o5 oxTh
o3l Aol g, ejulelze] weof T oxl mejE A oF
& Amolet, YHAEY stebu]e 2] sgle] ofg SISRE 03}
7} RNSS&}F 2514 GEO 2 IGSO 9418 AF&5}= BeiDous}
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Table 6. Averaged signal-in-space ranging errors (SISRE) of RNSS.

L SISRE [m]
Prediction time [hr] 1GSO_ 1GSO
0 0.05 0.05
2 0.33 0.32
4 0.59 0.63
6 0.92 0.93

QZSSellA] cm 4=Fo]2H= 2} (Choi et al. 2020b), S A|AE]
£-9] standard performance (CSNO 2021, Cabinet Office 2022)
| A] A|AJE}= SISRE E2o0] Z+zF 2 m, 2.6 m (95%) S 7kl

S o, 2 oo A B o] Axlo] o5l RNSSQ] HLoA

6217 TAR ] 5g +ATATHA GARE SISRE $5& A&
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