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systems (GNSS) and the growing demand for real-time, high—precision applications have led to an increasing
variety of state space representation (SSR) products provided by the International GNSS Service (IGS).
Evaluating the accuracy and availability of GNSS real-time precise products and their positioning perfor-
mance across different analysis centers is of great importance for users. We aim to assess the availability and
accuracy of real-time SSR products and their impact on real-time precise point positioning (PPP) from six
commonly used analysis centers. Methods: We evaluated the epoch availability and satellite availability of
SSR corrections, as well as the accuracy of GPS and BeiDou satellite navigation system (BDS) precise or-
bit and clock products. Simulated kinematic GPS and GPS/BDS PPP experiments were conducted to in-
vestigate the relationship between SSR product accuracy and three-dimensional (3D) position accuracy. Re-
sults: The Chinese Academy of Sciences (CAS) exhibited the highest availability for GPS satellites, providing
SSR corrections for all 32 GPS satellites. CAS, Deutsches GeoForschungsZentrum (GFZ), and Wuhan
University (WHU) demonstrated the highest availability for BDS satellites, with all three providing SSR
corrections for all 15 BDS-2 and 27 BDS-3 satellites, excluding BDS-3 geostationary Earth orbit (GEO)
satellites. Among the SSR products from the six analysis centers, WHU’s GPS satellites achieved the best
3D orbit and clock accuracy. The signal-in—space ranging errors (SISRE) for GPS satellites across all six
centers were generally better than 5 cm. The SISRE ranking for GPS satellites was as follows: WHU <C
GMV Aerospace and Defense (GMV) << Centre National d’ Etudes Spatiales (CNE) < Deutsches
Zentrum fiir Luft- und Raumfahrt (DLR) << GFZ << CAS. In contrast, the orbit and clock accuracy of
BDS satellites was comparatively lower. For WHU, the best-performing analysis center, SISRE values
for medium Earth orbit satellites of BDS-2 and BDS-3 were 8.83 ¢cm and 5.91 cm, respectively. In GPS—
only kinematic PPP, DLR exhibited the slowest convergence speed, while GFZ achieved the fastest. Add-
ing BDS satellites did not significantly improve positioning accuracy but effectively enhanced convergence
speed. Conclusions: SISRE is shown to reliably reflect the 3D position accuracy of GPS-only kinematic
PPP. Moreover, incorporating BDS satellites can significantly improve convergence speed, even if their im-
pact on positioning accuracy is minimal.

Key words: precise point positioning; real-time orbits and clocks; state space representation; analysis cen-
ter; BDS-3
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Table 1 SSR Product Information
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(Compared with IGS Final Product)

LR/ Bh 2152 /ns \
SR . S R R GEAE COMME RSB % . 18l GMV )
RS RA C e STD RMS BDS SSR # iF $052 H R B AR, WL Ge 3t 55 4h 54
CAS 18 30 23 42 011 054 3BT Rt 19 BDS 52 B $UIE PR 2% 0985 B, I BDS

GEO D EMHE M2 =Mk Ed RNiAS 545
I & Hrb i BDS S BLIE /E R VA LC 7 1)
B RMS WA 6 s, BDS SE P 22 19 STD Al
RMS &8 7 fi7s , 4 53 Hr b 9 BDS T Bl iE B
220 SRE BE LR 5.

CNE 1.8 2.5 2.2 3.8 0.07 0.26
DLR 1.4 2.5 2.1 3.5 0.09 2.34
GFZ 1.3 2.9 2.5 4.0 0.10 0.47
GMV 1.5 2.5 2.4 3.8 0.06 0.40

WHU 1.2 2.4 1.9 3.3 0.05 0.32

Co6 CO8 Cl10 Cl2 C14 C19 C21 (C23 (C25 C27 (C29 (32 (34 (36 (38

RS
(a) CAS

C34 C36 (38

Cl10 Cl12 C14 C19 C21 (C23 (C25 (C27 C29 (32
TS

(b) CNE

0

or

8 ........
C40 C42 C44  C46

Cl0 CI2 Cl4 CI9 C21 (C23 (25 (27 C29 (32 (34 (36 C38
RS
(¢) DLR

Co6  CO08

C34 C36 (C38 C40 C42 C44 C46

Co6 C08 Cl0 CI2 Cl4 C19 C21 (€23 (25 (27 C29 C32
TR
(d) GFZ

C34 C36 (38 C44  C46

Co6  CO08

Cl0 Cl2 Cl4 CI9 C21 (23 (25 C27 C29 C32
TES
(e) WHU

N R EE A I C

F6 455l SSRZ i BDS S LI R VA (C 43 1 RMS (5 COM 5 77 it FL82)
Fig.6 RMSof R, A, and C Components of BDS Real-Time Orbits for SSR Products from Each Analysis Center
(Compared with COM Final Product)

i &1 6 #1135 AT 0, AN [6] 43 B bt 19 BDS-2
I BDS-3 SZAf HLE ) — S e 22 5% 0 X T H
Y 3D RMS, BDS (9 1IGSO T 5 1 18 kG 2 3% 5
4 F MEO T & ; BDS-3 1 1GSO T2 HL I K
W45 T BDS-2 A9 1IGSO T A ;BDS-3# MEO T A
AR E 5 BDS-2 ) MEO 12 B H & 4 1) —
ek A 4y Hr s BDS MEO T8 3D %L1 5
B4 F 12 ems M1 H GPS T2 |, T A 43 #r b 0
BDS T8 1Y 3D HuaE A B B WARAL . b & 7 Fn R
5 0] F1, A [\ 43 B s (1 BDS-2 fil BDS-3 52 B 4
L) —BUEAAAE 22 5% . TEXE SR A5 STD 1 , B
T GFZ ULAh, H4x 4 B b0 1) BDS-2 F1 BDS-3
) IGSO T2 #h 22 R B o 1Y) — Bt , GFZ 1Y

BDS-31GSO B R 2 AF1E 7% (WK 7) BT A 7
M 9 BDS-3 MEO T A #h 22 ¥ i F BDS-2,
VB 25— 20, A 3 Frepl BDS TR 22 3
4 F GPS A& . 78 BDS 4 2 0945 B 48 5 RMS
Ji T, WHU B 2208 B2 5 25, LR 43 B bl A 2
E8ns AWM.
24 ESZTEMERE

K8 k7R 1 6443 B oty SSR ™ it 1) 4 At
GPS/BDS T &2 i) SISREfH . Z% GPS L& 1
SISREfEYTES em AN, HLTE 2.5 em (9K B F
IF 805 [/ — P GPS TA (A TR 43 A7 ot 19 SISRE
B — B ar oAbk AR A9 SISRE {H AH X 4%
K, ZE BDS TEMTE 15 cm LN, [d]— i BDS



550 FH 4 I PHAE . GPS/BDS 52 SSR 7= i i 1 1Ak B H: PPP M BE 43 #r 721

206 108
SR ET P 1 B P D I ——— g 5 @
C06 C08 Cl0 Cl2 Cl4 CI9 C21 (23 C25 C2Z% €29 C32 C34 C36 C38 C40 CA2 C44 Ci6

TES

(a) CAS
299 10 &
243 5 : - . - 2
© 0Co6 o8 Cl0 Cl2 Cl4 CI9 C21 C23 (25 €27 C29 C32 C34 C36 C38 C40 C42 Cad  C46° 2

RS

(b) CNE
206 &
203 2
» 0C06 08 Cl0 Cl2 Cl4 Cl9 C21 (23 (25 (27 C29 C32 C34 (36 C38 C40 C42 Cd44 Cd6 2

RS

¢) DLR
206 © 102
5L ERE L LA | — : T W D D EEss @
& o s M : e ' ' 02

C06 C08 Cl0 CI2 Cl4 CI9 C21 €23 (25 (27 C29 (32 (34 C36 (38 C40 C42 C4d  C46

RS

(d) GEZ B
296 130 £
(FTTITI O | e e
» Y06 CO8 ClO CI2 Cl4 CI9 €21 C23 €25 (27 C29 (32 (34 (36 (38 C40 C42 C4d  C46

RS

(e) WHU

s STD WS RMS

BI7 45l SSRY™ i BDS Lk 22 STD Al RMS (5 COM )5 7™ i [ 42
Fig.7 STD and RMS of BDS Real-Time Clock for SSR Products from Each Analysis Center (Compared with COM
Final Product)

x5 ESWHOSSREMBDSIMMESHENEHHEE(S COMERTMILR)
Table 5 Mean Accuracy of Real-Time BDS Orbit and Clock for SSR Products from Each Analysis Center (Compared with
COM Final Product)
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