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# E. A4 GPS/GLONASS B4 T 247 £ 46 3+ 8 , GLONASS # 47 4] 4 £ (inter-frequency bias, IFB) &
TR IRE R £ S Rk AN SE B ALAY £ A RO, B — 3 o 3N GLONASS 2 240 2 45 F, @it
BIN % A“0t i 4m £ 7 A 4 (inter-system and inter-frequency bias, ISFB) & M Am 2 45 5k 3t 35 GLONASS 7%
IFB # 47 & HBERAME , R S FF L2 2 ARG AR B P46t st ot B 24 £ fo S2ab by 2 2 5
& f# (real-time precise point positioning, RT-PPP) 3t 4745 46, &R A . &£ T 24 2 FH Wl H 42 F 2
vt 75 JFB, &9 2 Ak GLONASS T 2 4F 2 5145 5 #7 7 3% fe A 28 %o 75 1IFB 3t T 2 4F £ 4515 69 % o, BT 3K
1% GPS.GLONASS T 2 4t 2 5 ESA(European Space Agency) F 545 B 4F 2 = % ip £ F ¥ 3 F AL 5 7] D
F0.2ns.0.3 ns, A A Eo 4+ T EA EZHEFFHS RT-PPP, Sl st &K% 2 h aF,GPS # % % .GPS/
GLONASS 284 % %49 3D & A2 45 FE AL T 10 ecm, GLONASS # % % 3D £ Ax45 E 44 15 cm; = A 4 X 24 h

B R 3D T oM E AL T 5 em,

KBRS B A £ K AR E R R T AL IR R AR £ R £

U k4 K5 . P228 XAk FRE A

e R EE ) SN TR A 2 O R SRR S N RS
P 5 % 7 (real-time precise point positioning,
RT-PPP) AR M 6. i T 2 357 B 5 52 03
FRRE M PRBE T B 2 L A P R 2R L IGS (Inter-
national GNSS Service) & 3 43 #7 1.0 42 41 (1
PR 3AE TR A 22 77 il A R/ N P AL B TR B T RE
Ve BB AP KT, ok i 2 RT-PPP i 25K .
— % F] A 4> Bk 8¢ 77 38, GNSS (global navigation
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2 g I o 7 A AR R HEAT RO B R 22
ML Bf Al 31 . 2013 4F 4 H 1 HL,IGS 1E U
AT ARSI T AL B0 IE AN TR B 2 7 Y S IR 55
(real-time service,RTS), Hfij £ %L 1GS 43 #1
> A] PRAE IR 75 45 1) F 7R (state space representa-
tion, SSRO % 2 By 52t GPS T2 b 25 7 i, HoAG
JEZ N 0. 2~0. 3 nss A D BULA 704 o0 RE T2
it GLONASS S 18R B 22 7= i HORS BE Sy 0. 8
ns 24, 5 GPS AL 4R GLONASS &
SRy Z2 HEHR X 4ok B AN R DR 5 .
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F O 7 42 SCIL oA P 2 7 A R 3 T A3 23 17 S )
FE IR Z T (inter-channel bias, ICB), X R N #i
[a] f 2= (inter-frequency bias, IFB) . & & W 5%
W], GLONASS % IFB 75 A [7] 45 5 5 1 1] 1) 22
SRl IREOK, B 5L B | B A L R &R
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L % I3k 12 ML GLONASS #47 IFB K¢ ph A5 4
FES W T TED U] R 45 TR A0 38 [A] 1) 22 S
To WAL 22 S BB, ks GLONASS
i TEB X135 ik T2 48l 22 114 5% i » BRI 25 [ J=) (Eu-
ropean Space Agency, ESA) 4t &1 .0 1€ 4= ]
GLONASS it T B 22 7 it i A7 4 2 o
et A O BEOUL IO T A T B b 22 2 B o ol R
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GLONASS T2 B 22 7 fi TEAH Q8 K i 2 B & 2R
BeAr . Zm GLONASS 4 IFB Xf T2 &h 25 44 11
Ko P 75 S 5 R W] AR S TR A 22 A
HXF 45 3 GLONASS 15 IFB JE17 A R i (4
it — 0 5E

ASCAESY BF GLONASS % 1IFB % 52 i) T8 8
o 25 A (LR WD 1 6 ik L A — R o e A e 22
ZH A GPS/GLONASS 52 if 11 #h 2% 4 1 7
P, IF 38 A S AL 43 0 A GPS/GLONASS
SEEp AL T TR Bl 22 F1 RT-PPP ARG .

1 GPS/GLONASS D E4hZ4itW
7 F2

I GNSS 275 ol [/ $2 5 ) 52 i 28 5 A iz
AR BE UL (L XTI - GPS TLAL ¢, Al i W
P

Dl = p" + c(dey — de?™) + A N + Otiops + €5
{P%;.,- — o (e — e+ ol e
@D)
A Dl Pl 73 5 S AL A O B L B 2
SRR 5 0 Ay 3ty B2 JLART BE B8 5 ey e 4 i Ol 422
Wbl ah 22 5 TR P 22 5 N, T H 2 )2 A 6 B8
BELAC R XF R B I 5 Oy XTI FE R 565 L eF
3 0 SR AR 0P BE UL 0 T 7 5 ¢ SRy LS RO

H1 T 1GS % 73 Bt v 0 5 4k A 1 P 4 T2 A
BB IR 22 RN (5 em) , HAERAS A0 T2
B b 22 W s, R AR TR b 22 S Al b — R
JFH 18 4T T8 0 1 SR . GNSS 228 3 19 L
BT LU IGS S8 23 A i fife 2 7 52 4 50 (solu-
tion independent exchange format, SINEX) 3¢ 4
. TR (D WA S ECE GPS TR i
25 WAL P 22 0] 2 AE IR KRR B S 8 1R 2
Ti R R AT Ul KR h
{vg]“ = o(dtf — %) + ms,, + 2 Nk, + i,

vfa;”__l = o(dty — de7) +mis,,, + P,

(2

S B P A Ik 1B UM B 3 3 1T 45 T i
22 BCIE J5 R A 0 BRSO M 5 e« VB A X
F14) SR S0 1L A0 TE 505 0 10 K THXGE 0 2 T HEE 3R 5
Xof 107 P B 55T BRI B

R A GPS/GLONASS #F 47 T8 A % 22 Al 1
B AT S HE ORI B 22 L B GPS F GLO-
NASS 0 HLsP 22 . i F GPS TR (5 5 K A H

(8] 72 A5, PR GPS 2 W bIL RS 8 1 S 38 4 B GPS
LA 22 W 05, AT GLONASS 45 e AL g £ 1
FEIR B TFB [R A3 32 O [m) I A7 78 22 5, i GLO-
NASS $5 WAL 22 5 50 W 1A 2 e WL AT s 47 422 3R
INIEER AN . AN, GPS 5 GLONASS T & 4h 2%
SR FH B[R] 228 SEHE AN TR) 30 6 %5 1 8 1) R G
B 22 . — B3l 3T 51 A “ & G B 227 (inter-system
bias, ISB) S5, ¥ GLONASS $2 I 1 5h 2% 32 15 1
GPS UL sl 2 5 R g 2 Z Fi g,
de} = dt¥ 4+ dtygp., = dt¥ + (dtgys + ME — D¢)
(3)

L, Al dt® 451k GPS.GLONASS $22 Ui B 44
2= s dtise, N R GL BT 22 1SB; disys S £ 48 I [R] 1 22
MY S GLONASS S HLIS 349858 ; DY i GPS
WL LR |

K3 PR G 227 dtiss,. KA H GLO-
NASS # LS TFB, GLONASS 7% IFB — #5453
Sl B9 GLONASS T B 25 0% Wi, 5% A3 3B 43
W VA LA O BEOUL I {8 5% 22 v . g TR (LS A E
SR AEAE = K B % AH 7 08 D0 (AN e T0 22 e
ZEAE D3 TG 1] RS A 22 4, 1T O S5 UL 0 {0 %) B 2 i
) 32 B2 TR TE T 5 Ak BT Al ot P 22 A I ] 2 2
WEDY . AR TR B 25 S A T R b BB GLO-
NASS T EFEA A JJ5 TG 6] JF 2 45 3R fife 1 000 3 0 2%
KA TR B 2% Ak (RDKs 52 30 AN [] 00 3 22 WAL
GLONASS % IFB [ 454 520

2 GLONASS 73 IFB f £ 18 B #p

LI s B2 WL GLONASS % IFB 5 1§
il TL R B 22 Z B0 A RS B 5 7T X A 0k 0L
) GLONASS T3 XoF 0L o7 7 3 35 B — A 1
flit IFB 2%k, HEI A ZSECK S disvs MY 1
Dy 2 PEAH G, AT BOWM 7 k5 . 25 1& 3 [H]
— 35 A 7] GLONASS B A dtsys MY J DY
AR R A - B I AT B GLONASS 43 W L A5 “ 4
[ {227 5 RGUIS 227 S AT A 0F B9 LA S,
“B} A {227 (inter-system and inter-frequency bi-
as, ISFB) 2% dtges

dtlSFB,].r = dtisp., +E1.r 4
T KaBh = fkeBi .
ot B, = L BB e 2 e
K.1 K.2

A E XTIV B GLONASS 74 IFB; BY, (Br2, 2 J5
T T U0 I (R X5 18 19 TFBs fre » frce 43 B R
L, F1 L, Z& 45 2%, F 4% K %675 GLONASS 11
B I R A AR B S
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X 75 5 A6 BT e B 9L W] i 22 Y GPS/GLONASS s i T & i 22 Al i 1211

Jii 65 TFB 19 GLONASS T 4 22 4 31 1%

{Ugm/ = c(def + dtisen.j. — dtJR/A) + mﬁazwd + ARNIRF.J -+ 55:_/

ZTTREN

(5

"Uzlglh = c(dt? + dtisen.;., — dt}?’/x) + m]Razwd + PFF.]

K (5) 52 455 M 7 1 S 508 SO R
1) fEIH EAR R 88 GLONASS 48, By
B () FR (5 #EFT GPS/GLONASS T 4h 2%
AT RE A A2 L b 25 5 LR B 22 24
FETESVAOC s A A ] o Bk O A TR b 0 3 ik
fR98 7 FRAF S o 38 1R E LA R A — el 2
ASZ 2 0l K AR OB S 2 2% B RN A 375
W PR ER SN TZSHN . S5 Jr
PR (5) H i A B A 22 7 2 80 WP B 25
GLONASS PRS2, ik, il gl A
B 249 555 A o B R A 0 35 T A R A6 B AR
FEVZ A0,

ZdtISFB.j.r =0 (6)
j=1
Ao, S I S 2 oo I 2 ) GLONASS

TR K R w22 7 S HE Dy 0 Y AR AT
AL g HE AL L AT 5 0L 5 A 3K (2) A () Bk
57> % A Kalman 38 3% #£17 GPS/GLONASS T &
Bl 22 ) SRS

3 XBWEHH

3.1 BERESAERR

Hui RZE IGS 3 #rb 0 T GPS K% T2
A 2 LI 7 o A ) 2 2 il B — RFE 50 A LA
. X F GPS 3 & 45, GPS/GLONASS W%
58 KA S 2% il ) 1) 250 40 Ak 380 A0k 3R 2 W 3 AT
JBSE N A SC T i ) S I N FH AR ST A Bk A
Sy 30 4~ GPS/GLONASS &5 3 J F 1A
o 2 1) S I A T DU G A A A 1 TR . D xE e
3BT TR Bh 25 Al it ok B R S % I8 GLONASS
15 TED X 4 22 M 1 52 Wil 23 il 4% LA 9 b 7 58 ik
Froh bl J5 58 1, A W s AUl 3 — " R 4
I 22”28 (inter-system bias, ISB) ; % 2, &4
T35 080 B GLONASS T8 X6f 1o 08 i Jy 2 34 15
B ST A B R 227 2 8 (inter-system and in-
ter-frequency bias, ISFB) #4711t

T3 7 ' 6 52 0 1GS it SINEX SCF o 4
BURy =4 Aabr s LR &R ESA B P wi 4k TL A
BB i s GPS.GLONASS T #f 22 ) {5 45 %
ESA JH R T B 25 7 b (%) T A 5 3l a5 2 U5
A7 5CBE RH R V8 R R 57 8 58 | R 2R AH A i 22
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LR/ (°)
1 TR A SR AR TR T TGS T3 43 A T
Fig. 1 Distribution of the IGS Stations Selected for

Real-Time Satellite Clock Estimation

L AR S 0F DL B P AR 7 58 X 5% FH AR [R] B o IE SR
M. % T GPS 5 GLONASS % % i} i) fi 2% . 1
S SA AR A7 SIE IR K A 1] 4l 22 5 7E AH 4B 3 76 A8 1)
(i) ) oy A G A A AT AN A S AR i R P D 58
(1) ISB il ISFB Z: 5035 W0 hy Bt ML I A o R A 3L
3.2 IMIEWEFMITERSM

MIGS T #8546 30 s [a) B 0 0 £ Hs
RINEX ST I 45 480 52 i 550408 O o 08 00 1 [ oy
2014 4 DOY (day of year)41, £ % MATE
M LB 1E S 2 2% S GPS/GLONASS T
B 2E Il 45 R S ESA MRS TR &h
ZE7 (30 s [ D AT AL . I FASLI X S %
B e 2 55K g 0 (1 3% B2 5 ESA fEAEA— 3
fliit 45 200 TR Bh 224 5 ESA F 5 7 (1) 77 78
ARG NER 2 . X T RS B 1 3 A i 22 0L A
PPP & {7 a] Bl 42 WO B 2 MR TG 7 R AT TL A
o 2K B PP A B U)K AT BR . 4% § 3.1 BT
W il 7 22, %F GPS/GLONASS T2 % 25 # 17
Kalman 83 & 71, I 4 45 20 19 52 0 fh 3 8h 22 5
ESA M % D E M 21T . EkR DA
o 25 R A A 25 TS R O G2 A5 ) 1 0 G b i
225 ESA )5 77 o AR B B2 I E 2 PR

M 2 AT LE LT GPS L2, /% &
GLONASS % TFB Xf H 4 22 9 1 M fw 22 I 3¢
Wi 7 b 7 AR B0 AP G TR B 2 E A — B
2% GPS TR SEml118p 22 5 ESA )5 77 5 (1)
01 0 e g 22 6] 4 22 S AE 0.2 m PS50 TR
PRNO1,PRN27 ) 22 5 3t 0. 4 m, X ] Gg 5 D)
TR S BB — 40 Block TIF Rb A7 3¢, Xt
F GLONASS T 76 R I AH R 2 25 ul k47 5 22
A B0 R A T A A TEB kb B 5 w2 45 31 R
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Fig. 2 Differences of the Initial Clock Biases Between
the Estimates and the ESA Final Products

[) 149 00 4 b O 2 {8, T — 80 1AL N2 5 % R Y
IFB Tt 22 %35 2.5 m DA ;5 ESA H g
7 b ) T B O 25 A P T R O R A 22 1 U Bl
FIE 2 m PN, BT GLONASS # IFB (1)
KN 225 i Fin SR 0 32 O BIL B R 2 288 710 46 A1
K MRS ESA AR 1 2 2% 3l 43 1 i TFB
A 3SR W BT A B 1 W46 B 25 (DR 2 AT . X T
PPP i FH o T3 B 22 7 5 v A 00 46 A 22 25 i A
W1 B2 S B0 MO AS 5 7 S A T

TE X 2L A AR A i 25 A T3 L AH 56 1490 B B O
ZEHATIOBR)G - LA ESA H)G R % DR B 22 7= 5 N
S AN ] BEAT TR B 22 AG TR R PR AL . )
Bro 8 R 0L, GPS T A % ¥ B 8 Je Wi s 28 2
GLONASS TR EFSH R % 1 BT A, M
KPRMEEWE L,

x1 ATHEMTERSTHIERR

Tab.1 Satellite Information Selected for Satellite Clock
Estimate Analysis
5 DA LB R i 2 R AR
G03 Block ITA Cs G26 Block ITA Rb
GPS G11 Block ITR-A Rb G19 Block IIR-B Rb
GO7 Block IIR-M Rb G24 Block IIF Cs
GO1 Block IIF Rb
R14 Cs[—7] R06 Cs[—4] R22 Cs[—3]
GLoNAgs R1E - GL-2JR16 GsL—1]  R15 G 0]
RO5 Cs[ 1] R24 Cs[ 2] R23 Cs[ 3]
R21 Cs[ 4] RO7 Cs[ 5] RO8 Cs[ 6]

B F GLONASS fi5 IFB %} GPS T & 4 2% £
TR HE 1 5% 2 15581 GPS Bh 2245
)5 (roat means quare, RMS) {H 22 B JE &

/NONT 220,01 ns) L 7R AL 25 H BT S A TED 4k 2
J5 % GPS 52 i 22l 1 25 1 tn &l 3 s,
A ES AT HE L SFE 2 BN
GLONASS S DR 224558 . B 3 AT LLA
1E TR B 245 TR R B BE . GPS LR Bh 25 45 R 3
TR & TR0 46 B D 22 04 WL S50 22 K
[f] o 3X—77 160 AT 68 5 Ak 31 R FH 0 2 25 0 B0 X ¢
A s Iy — 5 T R AT 3 14 fim 22 A B o A g
LESHL S DR 2GRS RCR . T4
5~6 h RSz 5 & TR P 25 Ak B I 22 Y e FR e 7
0.1 myEHEAN. XTEE 4B 5 aTRLEH, 1
19 GLONASS T o 2 Al {i i 22 24 W] | R T 07 %
2, G BUNEE S A AE £0. 2 m§E RS 7
ZF2ZR PR EAMEAELTO ] myu H NP .

0.4
03 G11G19
0.2
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= 0 =G24 GO3

& 0.1 Gol
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Fig. 3 Biases of the GPS Real-Time Satellite Clock

Estimates
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B4 ZWsT TFB 1 GLONASS 52 i 8 2% f 2%
Fig. 4 Biases of the GLONASS Real-Time Satellite
Clock Estimates Ignoring IFBs
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Fig.5 Biases of the GLONASS Real-Time Satellite

Clock Estimates with IFBs Compensation
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e TR Z A B g, 58 GLONASS T A A
6] 5 I T 2 5 3K fif 1 2 25w s AW A2 4k
BT % 1 3 A% & GLONASS 74 04 i 0
D v g A5 ) A0 25 30 A 00 T B A O 22 )
% ZH a5 IFB (1 25 45 5% W % i 14 GLONASS
PR ZEME SR KEE WS, 7R 2@
VB U 257 2 B0 25 0 3 S TEB ifE 174 31

Ja DR ZE T M m 22807 %8 1 T/,

£ GPS/GLONASS S T8 b 22 ik 1 i 81
5.8 2014 4E DOY 41 9 TR 8 =456 5
ESA 55585 % b 22 77 b 522 1% RMS {E, W& 6
Jis . AT LA . R 7 28 A5 21 GPS TLA 4
EMESIHEE NG BF Y RMS (584 /hF
0.2 ns; X F GLONASS L4022, 7% 1 ) RMS

FEMHNFE M R LB TR £ S50 HEH S KT HFE 2.3 12 RMS H T
B GLONASS sZif 2 sh 25 E 45 R 5 ESA H 0.7 ns, I J7 % 2 2812 RMS {E/MF0. 3 ns,
0.3
£ 02
E“*IH sttt
o
LU AN
I: 2 5 89010 i 121314151617181920212223242526272829303132
PRN
(% {a) GPS
| GLONASS
E 0.9 -
2 06 i
S L | .
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1 2 3 4 OII 12 13 14 15 16 17 18 19 20 21 22 23 24

SLOT

(b) GLONASS
] Z WG HYIFE e A7 UIFB

B 6 GPS/GLONASS 5 i 4 22 8 & 55 1
Fig. 6 Comparison of RMS of the GPS/GLONASS Real-Time Satellite Clock

Estimate Biases with/without IFB Compensation

3.3 RT-PPP ¥ Eil{

i T PPP X T8 22 7 b Jo k55 O BIUIRR
RN X 385 10 A4~ IGS 2% 0, i1t GPS LR 4t
GLONASS ¥ Z4i fl GPS/GLONASS 41 & & 4:
SRR B9 RT-PPP 5255, FH T §3.2 52
i 11 S B TR b 2 o R AT PRAR

EH 2014 4 DOY 41 ss (6~24 g 1L
B b 22 A5 {8 45 S 17 RT-PPP 5255, o il i
AJAC.PENC & i 5 RWE 7 frow. X F
GLONASS Hu 245 75 U8 ) b B B A4~ 0 2 17
HRAr e (E) VB R4 (UM 22 5k HAE 76 W i AH
Ktk HEHBUNT B R SE 505 & (N
FHIFE A A 22 K F- . X bR T 5 GLONASS WLl {5
KB S T3 R 43 A 5 A OGS, B i F GLO-
NASS Sz T3 B 22 0 B2 AH X5 845 H 00 B 2 17
B BERS ES 22 51 . X T GPS R4, il
il V- T 3 5 A A N T P 47 A0 B R K KT
Horpr s PENC %7 16 W81 B e 72 4 52 it 25
K (L 10 e, U3 AJAC 7E 12 h )5 H 30 = 72
i 2 38 KA B, 31X 5 R A B BOULIN GPS T A 11
BhEAER EA XK. X T GPS/GLONASS 44

R G5, b A U8 R 0SSP I 3 A% o i e 25 8 FE
+5 emPA N AR,

oy itt — L AL AS W) B B &S RT-PPP BT fig
KEAKS BE L X 10 AN Y 2014 4E DOY 41~54
L S 1) 3 2 WL A A L PR B 2 hio6 ho12 hy
24 h FEAT R 43 43 BRI O &2 A AR B
GPS/GLONASS T £ #4122 #E 17 RT-PPP, 3 i1
H 5 1GS A i s e px 3D A 22 RMS {H, 45 5 4
B8 i, mlLAE . e B K 2 h i,
GPS/GLONASS 2 & £ Gt W) & ALK B2 2L T
GPS 2 4, I 3 fw 22 RMS {E ¥ /N F 10 cm;
GLONASS # 2% 3D @ik 2K 15 em, 24
WL BE K ER E 6 h JF . GPS/GLONASS 414 &
525 GPS B R G014 8 0 K5 BE A 245 % F 24 h B
Kff .3 Pl U # 47 RT-PPP #RE K153t T 5
cm 1) 3D ALK .

4 & iF

TERES GPS/GLONASS Y72t ks & T 2
Bh AN R AL B T TR AR RBCE AR PR % R
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Fig.7 RT-PPP N/E/U Biases with Different Processing Modes Using the Estimated Satellite Clocks
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An Approach for Real-Time GPS/GLONASS Satellite Clock Estimation with
GLONASS Code Inter-Frequency Biases Compensation
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Abstract: In GPS/GLONASS satellite clock estimation, GLONASS code inter-frequency biases (IFB)
can not be assimilated into the receiver clock parameters due to the discrepancy of GLONASS frequen-
cies, which is partly involved in the GLONASS satellite clock estimates. In order to separate the
GLONASS IFBs and the satellite clock estimates effectually, an approach for real-time GPS/GLO-
NASS satellite clock estimation with multiple inter-system and inter-frequency bias (ISFB) parameters
and additional restriction is proposed. The estimated satellite clocks and real-time precise point posi-
tioning results are then evaluated. The results show that ignoring GLONASS code IFBs could dramat-
ically degrade the GLONASS satellite clock accuracy. The new approach can efficiently avoid the ad-
verse impact of GLONASS code IFBs on satellite clock estimates. Compared with the ESA final satel-
lite clock products, the average RMS of clock biases are less than 0. 2 ns for GPS and 0. 3 ns for GLO-
NASS respectively. RT-PPP experiments were conducted with different session lengths. The 3D posi-
tioning accuracy of RT-PPP using the estimated satellite clocks was better than 10 cm for GPS-only
and combined GPS/GLONASS modes, 15 cm for GLONASS-only mode with 2-h observations, and
better than 5 cm for all the three modes with 24-h observations.

Key words: real-time satellite clock corrections; real-time PPP; inter-frequency bias; inter-system and

inter-frequency bias
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