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&89 %K, A A B R GNSS IR 441 22 5% 8 Bk 45 (international global navigation satellite system service real-time
service, IGS-RTS)#% % 4 GPS T 2 4ui 5 4F 2 B 4%, 4 s M R 52 B 2 EE 203 P Wi L T 2 3L B R 28 2 &,
GPS %ot & 4ty RBE P IFRAT L . B RS T %o BES R LB SR G A0 2 5 4R 53R 2 69 TALAF 12

RIG VA Ay R e, 2 23 GPS % i 4% 5

AR P My 5 BRI AU R Y P BRI A R R AU A M«LX'J‘

B AR E X KA R T Hra , Ad K IR KB E R A, RN B AT 69 5 e 2 T St
SATODS, 1 A GPS ;J#% 2 1 5 CLK93 % B /= &, 5t A4 4 — B 49 £ /) 3% Wk 8 4= & 4% 5 35 (gravity recovery

and climate experiment, GRACE) C I 2 4 GPS U3 52 ) 24 5 AL 30 12 $ 52 o 4 % 2

boabrr, EHAREY A

F B R B E P W SL T, T AR S iR B E BTy ok TR B) 7.04 em #945 B AR E VAR 0.20 mm/s 4 ik B

AR PR T ok B T AT AR AUk

KBIR :GPS & A € S Hid 5 AF 2 BOE SRR 2 B FR GNSS IR 428 42 5% af IR 4

HESES P228 MHRAR AR A
AR B 25 AT 55 H 42 3 2, — 2L
TR X U TE 2 B RS B R S R R T AR
TR o BIIAEARL S ARG SR R G, T b
JHRE S5 B 43 oK - T K 0% S I A 8 E AL IR TR
B 1 S0 I R B T A B EOR R R4
BR 5 it LA & 4t (global navigation satellite sys-
tem, GNSS) JCZ 4 50 o v, 52 i B K 920 B
S O 2k R L I A S e Ak B A
HHis% GNSST # 2 DimHiaiR 25 T A
P 22 SRR R B I 2, S B E B H AR A 2
0.4~1.0 m {9 {37 EK§ B2, i 1 [ PR GNSS iR 55
2041 (international GNSS service, IGS) & 17 A #A Tl
A 2 ;AT S E B AR B 0.2~0.5 m
{1 TR BE T B S A REOK R I R T SRATY AR A
—E M 2E
H 2013-04-01 # , IGS i 1F £ T & B ™ 1Y
RTCM M 2% 1% i Pp 1L (networked transport of ra-
dio technical commission for maritime services via
internet protocol, NTRIP) [a] &= BR#& & 1GS 3L A} AR

s B #:2021-01-10

% (IGS real-time service, IGS-RTS) # ¥ i , H 5
EAE 290 5 em, I i0kS BE 2954 0.3 ns, I 8] SE R
/NT 30 s. H AR T T A &R 4t (quasi-zenith
satellite system ,QZSS) \FFEIL} =5 M LA
#4i(the third-generation BeiDou navigation satellite
system, BDS-3) i i 4 3K [7] 20 1 18 (geostationary
earth orbit, GEO) T & # & S I gl =%k, wf iz H T
DX 1) S I RS B A . — BB Rk AL 40 Nav-
Com , Fuguro %5 38 1 GEO T & 7] 4= Bk #% A H
P4 A ST TE RRE R X X el Bl 4 3k S
HCIE B0 S AR L AT AL 4R GNSS SERRS % 2 Bl
B AT RE o N A o A A T A B Y S EE
B i, ok S B Bl e B XTI SR 345 A
A (Sentinel-3A) WK ¥ =3 8] Jay 19 16 i (SWARM)
S5 TR GPS S K0 T Ji% 552 I RS 8 2 B S
BUIE RS BE O 10~20 em'™™ 0 BT GEO LR A7 A
w B X, DL TR WK Z A A RN 5 A
PRI 2% 0 B ) 0038 1 £ #2235 T 90 IR Bl B T &
TE e DO B A TE 5 1 3 GEO T 6 & 14 52 i

BB 280 - {5 1 SRR 42 (91638203, 62073044 ) 5 i 2 M BR 2 (1) BRI -5 I M P 44k 00 308 T 6 52 30 25 T il 2k 42 (19-02-03) 6
F—EE KT, WA, FENG TR SNUE NS TR E IS 575 . wwzhang@sgg.whu.edu.cn
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BJ7 5, SWARM T2 % HURS BE 7T 35 8.5 em, H:
il TR Bl DX TS0 BB 2R 1Y T i AR R D s s T
2 TR, S I E BURE BE ™ OB T A TR Y
RS HE

AR S XoF W XS B R T KR WA b A R
SR K 9 R 2k GPS S B g B G S n) R
BN B TR T 3 NS SRR ¥ [
Y B P 25 R 25 1 AR AR R S AR DL O AR
I 78 B4 GPS SRS % 8 BB A A rp g
o3 B BEAIL I S 00 D AR B 2 B LA B, i/
T3 &5 4 158 22 X6k S IR %8 5 B A S o, DT 5 B
KGO FE 1 55 I 5 I R RO S R
53¢ B (gravity recovery and climate experiment,
GRACE)C TL2 GPS B 52l £ 45 Al CLK93 52
IF 7 i B TE T A4S SR M Y S IR B B
AR T JEAT RS BE 43 B o

1 EXRFEH GPSEHEHEFEE

1.1 EHGPSWiMEER

X AR TR R 2 GPS BUR 2 AL, R
GPS XU TG /1 25 2 (lonospheric free, IF) 41 & 1h
S 7R 288 JB A S SO0 00 L B Pl B 2 S AR AR 22, AN
2 RN I JA A R AR 2, O Ty FR AT A R

Pr=p+tc:dt,—c- 0+ Mp+ep )

Ly=p+c: 0t —c- 08+ By + M, +e
K, Py Ly 43 900 20 GPS BUS O # RN 48 I AH
ALICH B EH A WD E , 57 cms o O A R IR
Pl GPS LA Z [a] i LA BE 85 5 ¢, F1 o¢° 53 531l by
B WAL GPS LR 228 c hE SR
(956 3 5 By S0 2H B 380 AR A7 9 AR B s M, i M
a3 0 A 4G DR BE ORI S AR 0 1Y 2 BE AR IR 2 s e
Fil e, 23 0 Sk 4G O B FRIT 288 30t AR 67 P O T e
12 EFIMBEHNBENERNHENITE

15 GPS ™ #5 5 71 2 80h B /i Bh Ecdis
1945 AH A HL B Y S B 0 OE 5, P T A3 81 GPS
TREMK SR EMM 2, B YL TFES K
S e Z0 i GPS ) AL D B BI0E A 22 00
N 1o T dii, W GPS TR K 2% B8 r FURS %5 b
Zdr it EW T .

r'= Iy — 0r (2)

dor=[e, e, e.]do (3)

do=[ do, 0o, 0o, '+
[ ddo, ddo, ddo. ]"(1—1,) (4)
e.=v/||v]|
e.=(rxXv)/||rxwvl (5)
e,=e, X e,
ds* = dtie + 0c/c (6)

dc=rcotci(t—ty)+c,(t— 1) (7)
AL, r vl i GPS T #E A DT B AEY
B DI JC AR 5 KA ¢ Z) WGS84 AL bR & T GPS
TRAE EE e e, e 000 N TE GPS TLAEH
i 2 m (radial, R) . ¥] [ (along, A) | ¥ W
(cross, C) I By B A7 [0] 4 5 00 2 GPS T A 7EHL
AR R T RAC 345 1) b (9 BCIE & 5 0c
GPS T A o 22 BUIE & 5 ¢ o H 25 1Ol 3
(d0,, d0,, do,) 1 (ddo,, ddo,, ddo,) 73 # N 1, =
W20 19 GPS TLREBUIE A2 b5 & F RAC 345
] 9 9018 B OE A S B AR 5 (cos 01y 02) I GPS
TR ZER RE . XA S B 2% K E
BOE 2T L N S A5 B A A A R R
W G0 T, B 3 R 2] 04 0 RO A HE >
A Z2I) ) A T 8
13 ERGEARERESHE L
P S5 I R E 0™ 2 i TGS B b 2
PR R B E AR MPE S ES B Al
AF R PR A L ST, BT I B ) A RN B
B, S B I THRORS B AT G B JE R . (B R
GPS B A A [R) 25 20 A Jt B, T2 AL b 22 1
WK —E 2T 3o ER X DL 2t
T S I 0 T, A 0 e B B 200 A O Ok A A
AT B 20 MOE B, B 5 BOSOE B R 22 R R
AR AS AL o H S I IE R A H J s A A ek
IEEGHRE M GPS TEME 5822, 5 LM T A
HUE PP NI — 0 22 5 X Bl 22 S AE GPS R
5% 4 1% 42 (location of signal, LOS) 5| i 2
AR Eos W R R,
Eros=(p"—cor") — (0 — cdr') = do— ¢~ dor
(8)
X, 0" Fllcdr o 5 B R LR 5 GPS 12
AL Z A B LA BE 25 AT GPS Bl 25 5 0 B b2 43 5 R
H GPS | & & [y #1152 B o0 E B0k 55 0 JL AT R 2
N GPS 8P 2 5 B2 R J6 T 5 do ¢ - Aoz’ 4351
Syt B DTRESR M E GPS 5 5L # iR L
JUATHE B 1 25 5 GPS #h iR 2%
T Evos Z 80X (1) h B8 BE 280 B, 19
RS H YR, JCR R o 25, R, A TR
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Ly=p+cdt,—c o' +A+M, + e
14 RPIDEZHHFER

I T3 52 1Bl %6 b BR 32 % 19 3 g 2 O B T 3k
RN

Qo —a,+a,+ a, (10)

K, @ AR TR BT 32 () BN B 5 a, o8 R AR
SE O CEL AR ML ek s 51 AR BRIE 5] ) ONAR 5]
J7 Hb 3K [E A v RV £ 8 1 4D B I
IR BE 5 a,, R B ARG SE S (46 RSB 1 R PG
FeF145) 51 M I B s a9 AR B A 25 N
HRE TR TG B A Ak i Al 1R A R 1 BN B
Bl 1 052, SR I — B 7 - 2R AT R B AL A
RAC 3477 [ E 47 8l J7 2 R A M
1.5 IHBEEEHIREEDR

LI GPS WU TG HL 55 J2 4 O B 0 28 0% AH 7
P8 o 3 B M, 45 & 1% B T2 1k 3h g 2 A
B HY R IR SR P AL T TR AL AR
RS HL, 52 B B0 A AR rp bR 2 T AR R I
M REaE .

X, =@, X, ,+W,
Z,=H,X, \+V,

KA, X Z, 53 5 R 47 e R IR 2 0 R A 1 AU
W3t 5 @, FIH A3 530 A PR 2 2 7% 6 B R 00 0 4
Wi s W, RV, ok 2R G0 M s A0 00 e o o £
i U IR A5 B BN -

X,=[Ye, T... P.., A,..]" (12)
L, Yoo =[r o]k e ZEH TR BLE S
(AL =Y B r MEE 0) 3 Ty, = [0, dot, | N
GPS 42 W L B 22 or, £ 8h % o, 805 Py =
[ci ¢ a.]hEh 1 BRI 5 S 80 (46 KA
F1B2H e, KBIEE BB ¢, RAC 3475 [ 1 £ 56
M a,) ;A =[A, A, A,
FH 0 T GPS T2 TR 1 P B B 28

TE S B I B B By R Dh B T
WA WBEHLE R 5 E, o 25 S %L, %58
B Eos 1728 Ak 45 VR Sl & PR ARE . 3 gk O BA JE
SR 2 B AG 3T DN Eos X SE B S B B
M, AT 5 7R S o RS

(11)

2 HEMEMESHBMEIRE

21 IGSEHMIEH~MmBEEDH

ARSCLNIGS S 2N %% 5L D3 FORG % 80 22 (30 ) 7™
i oS 2% A1 1G S SERBCE 0™ b WA B S AR
feHEPE . FIH BNC(BKG Ntrip Client) 8424210k T
CLKI3CRFER A 5 s)HE# 5 7 2019-04-08—2019-
04-14, BI4EFLH (day of year ,DOY)%; 98~104 K,
B IGS-RTS #dls i o = (2)~=(7),Lh 30 s
] B 11350 CLK 93 52 i o %5 03 5 g 22 45 51 O
55 TGS K %5 5L I3 MUK %5 0 22 7 i S 45 R AE 1
BOETFE SR, 2R IGS K % U iE N TR T
O ERCIE B R Z AR s o

W W35 BB 22 E 5 R B R VA C 7 I, F 40
P45 J7 1] 1 34 J5 # 12 2% (root mean square error,
RMSE) . AR TR 522 19 5 Gt f 22 52 1, A 3C
VEHL GO1 DA ME A MR R SR R 221 Jr ik
VAl S B A 22 R ORG B e 25 TR 22 I E
(MEAN) .RMSE #5#E22(STD) .,

K 14 DOY % 98~104 K CLK93 52 if 7= &
T TR BE R 228 KRR B, mIE
Al LLFE Y, CLK93 52 I 7 i 75 RAC J5 [ (1 L i
LT 5 em, 8P 22 K5 4 0.2~0.5 ns.

.l MR ) O A O C i )

)

w3t
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Fig.1 Orbit and Clock Accuracies of CLK93 Products

K24 H T DOY 4 101 K4 GPS T & #)
A 22 gt EE A b GO4 & A s b 22
SUEME B BB 20 LU A R Z 08 1 3
TE R 22 R TR B IR A0 R 22 A AE — E AN — 3K
PE, o, GOS D AEMIAE R Z#id T 10 cm, GO3.,
G18.G21 % TR BRI AL iR 2L T 1 ns, 2T
77 R 22 K B S IR T AL S RS % E LY
BUTEORS B R S E SR b A S DL R R
/N LS



546 BE 11

T LA — K 1GS-RTS BI04 12 b 7 11 T K 2 42 3% GPS S i o Ly ik 1623

IR ;) B A [ C [

24 6 8101214 1618 2022 2426 28 3032
GPS PRN

BV EAN I RMSE ESTD |

BPIER /s

B2 2% GPS TR MHUE 52K
Fig.2  Orbit and Clock Accuracies for Each GPS Satellite

22 EoTUHFEERBIERNHE

ZIEFGEOEHH X, A B E ML DA
AT S B R T 6571 X U A XS [, % T HLiE
151 B 249 500 ke (M B0 T A | 3 2 A DX T B JE) R
Yy 13 mine 78 X B IE B0 iR B B 0
FH 5 J5 AT Ak 20 B 8 IE B0k AR 3

PLIGS A % B Dy FOkS % 8 22 (30 s) 7 b 1y 11
FAE AR (4) 1 B Sl 5 8 22, T GPS
IR R DT CLK93 S 7=, 3713 GRACE C I
B A T A GPS TR A do.c-ddr', Eros
dE oso B 3251 T DOY 45 101 K % 2¢ 4 it 1%
DX HA 0] 19 55 E s HH OGS 000 28 FR I B, 4 TR 3k B
1 GPS T3 AL A % 252 B i oI B Ol 1], e v 45 i 28
FEAR T 43 X I A A DX IR

(=}
[N}

R | A
s~ N
384000 386000 388000 390 000 392 000 394 000
GPSJH N Fb/s
g 26
< 3.0k s
% 3.4 l L N X “"\-—-a-—. "V"‘,
LSRR
384000 386000 388000 390 000 392 000 394 000
GPSJH /s
R A
2 3. 0f
K9 6la . A . . .
384000 386000 388000 390 000 392 000 394 000
~ GPSJHNH/s
é N s S 65°N
ow ﬂm,.r .
\\é74 R A bl 1 """".‘”"""'.”"M.""‘6SOS
53-’ 384000 386000 388000 390 000 392 000 394 000
GPSJH A Fb/s

—Gl4—G2I—G12——Gl3
K3 5 Eios RS A £k

Fig.3 Variation Curves of Parameters Related to E o5

Hi P 3 R, AR XCOINBE N, dp AT ¢ - dor Y
i £ 22 Ak~ 22 BLOGHT , (H 2 th AR AL R dE o 22
AL, Evos (332 BI/NE G BEHLIR 22 B9S2 WA o 1

e X HRBL A, A 52 3 AP ) 7 46 B2 g 18 22 1Y 5%
M, Eos B9 8 B R TR X, AR L RE1E 5
TR R DA o AW X B E os BN B,
{EAE A DX 21, Eos 1 B0 235 09 & B A2 4k, 3
BT R S R RO TR B BE AL E s
T H /)

BEXT Eyos 7E AR DXRTEE ) XA 7] 228 46 55 7
AR SR 43 B B AL SE 2ok R o P AR BE A BEAT
ey i

A=A+ w, (9)

AR TR A XIRBE S , A AN S B 0 46
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Tab.2 Accuracy Statistics of Real-Time Orbit Determination for GRACE C

) L A B /em MRS/ (mmes ™)

IR R 75 [n] A Jr 1) CIrim 3D R 7711 A Jr 1) C 71 3D
1 10.3 26.5 12.3 30.9 0.298 0.133 0.161 0.363
2 4.74 5.32 4.00 8.18 0.144 0.097 0.099 0.201
3 3.74 4.85 3.45 7.04 0.139 0.096 0.103 0.197
4 3.12 3.68 2.72 5.55 0.134 0.094 0.099 0.191
5 2.85 2.85 2.54 4.78 0.131 0.093 0.099 0.188
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TERCS I O U, 45 0 23 B BE AL A 1o R R 2
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A Centimeter-Level Real-Time Orbit Determination Method Using
Space-Borne GPS Measurements Considering IGS-RTS

Data Receiving Interruption

ZHANG Wanwei' WANG Fuhong' GONG Xuewen' GUO Lei!
1 School of Geodesy and Geomatics, Wuhan University, Wuhan 430079, China

Abstract: Objectives: At present, low earth orbit (LEO) satellites with missions, such as LEO navigation
enhancement, earth observation and scientific application, require higher accuracy and real -time perfor-
mance of orbit parameters. Because of the limitations of GPS broadcast ephemeris errors, the accuracy of
traditional real-time orbit determination using space-borne GPS measurements is still a long way to catch up
with real-time centimeter-level orbit demand. The use of real-time orbit and clock corrections for precise po-
sitioning applications will be extended into orbit if they are available via a satellite link to geostationary orbit
(GEO) satellites. However, the data link to GEO constellation may not be available over the polar regions.
Methods: The centimeter-level real-time precise orbit determination (RTPOD) method using space-borne
(1GS-

data receiving interruption in the polar regions is studied. Firstly, the characteristics of ephemeris

GPS measurements with international global navigation satellite system service real-time service
RTS)
comprehensive errors caused by real-time corrections and its short-time extrapolation are analyzed. Based
on the analysis, a pseudo-ambiguity is modeled as a stochastic process with piecewise random walk and esti-
mated in the mathematical model of RTPOD to reduce the ephemeris comprehensive error, and then the
centimeter-level accuracy can be realized. Finally, using GPS broadcast ephemeris and IGS-RTS products
(CLK93), the onbroad RTPOD data processing for one week GPS measurements from the GRACE C
satellite is simulated by the SATODS software. Results: The experimental results show that, considering

the receiving interruption of real-time corrections in polar regions, the position and velocity accuracies are

(T4 % 1685W)
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density profile with SAR-derived VTEC.Results: Application of the proposed method to ALLOS-1 full-po-
larization SAR images with descending and ascending orbits over the region of Alaska shows that , for Ex-
periment 1 with ascending orbit, SAR-derived VTEC is consistent with GPS-derived VTEC and the
difference between them is about 3.1 TECU ( total electron content unit ). For Experiment 2 with descending
orbit, the difference between SAR-derived VTEC and incoherent scattering radar (ISR) VTEC is only 0.2
TECU.When comparing with the electron density derived from ISR, the standard deviations has decreased
by 33.57% for the proposed method, and the standard deviations has decreased by 47.98% at the attitude
over 133 km.Conclusions: It can be concluded that it is capable to estimate high-spatial-resolution VTEC
and 3D electron density from full-polarization SAR images. These products can help us better understand
the characteristics of ionospheric variation in space.

Key words: synthetic aperture radar; Faraday rotation; international reference ionosphere; electron density
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7.04 cm and 0.20 mm/s, respectively.Conclusions: The proposed method is feasible and effective.
Key words: GPS real - time orbit determination; orbit and clock corrections; low earth orbit (LEO)

satellite ; International Global Navigation Satellite System Service real-time service (IGS-RTS)
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