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TR g bk i 1 He X pO T SR, 45 & TR ST B 1] B X (Two-Way Satel-
lite Time and Frequency Transfer, TWSTFT)FGPSH % ¥ i 52 {7 (Precise Point Posi-
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des Poids et Mesures, BIPM){f]Jiang%% A 45 & TWSTFTHIGPS PPPK #1450 Hif2 €
JERE, BT Vondrak-Cepek 41 & I8 /712K GPS PPPRITWSTFTRHMT TRl &, & T
TWSTET ) H RO X85 2% ) A2 B2, 4% HH T TATR T B,

i v IR ) BT B B 1) AT SR, BIPME R K H 22 R 7 vE X il 45 SR EAT AH FL3RAIE.
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Fig.1 The principle of TWSTFT
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A T AR A RBE, kRARAFSLIR =L 2, R Trwe AR =S HE S
FNIEIS IE; Toarre JIRA] EER o IR E I AE 5 Tespyars A5 XU ) BEH AR 52 J 0 M T 5
I ZEARAY; TRurpiy e A HIE 7] 225 55 21X m) 15 % 1B 4E.
2.2 GPS PPPHRIELLYRIE

GPSH %5 5 U A7 I [] B 2 R B BRGNSSHR 55 10 (International GNSS Ser-
vice, IGS) A A7 IIGPSHE & S1UTE R 25 b 22 Hidh, K SUSIB R A Ao A0 Oy RO IR - 55
B AR B SHLART T2 0 W IGSH (IGS Time, IGST) 8P %, fEREIWLA TR HE)G,
Z B 22 0] LB AEAR M 2 % I [0 (UTC(k)) 5 2 2% I [RIGST )l 22, P9 <7 I 92 50 = Ji i
GPS PPPHYJT kI AR 5 2 I i b 22 f5, dlad 22 0 1 55, B AT 45 38 > 5250 &
(RIS TE] Lok &5 51, T2 P dn B 2 B (6],
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Fig.2 The principle of GPS PPP time transfer
FRAE b3 Ji P B0 9 I 1) SR8 =5 I 1] B &6 B 2 200
Ajjutcl = Tutcl —IGST
ATﬁuth = Tutc2 —IGST ) (2)
AT11,2 = AT‘utcl - A,I‘uth
H, AT o1 ATyea 7095 5 HOG AN 8] 5556 25 A A HB IR [RIUTC (k) 5 2% 15 (7]

IGSTHIM %, Tusers Tutea 70 AP/ 18] SLUG S R ASHII (6] AT, o RIS 5 LX)
P TSI 6 = A 1] 2.
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5T PE AR, TERRA VT 5 b B o A /N8 R MR 5 e ] 7 22 B B, IR A [ B
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o2 flo24r BN TWSTETRIGPS PPP4E B 75 5B 8] B 1A BT 1] 5 2, py Flpa 43 511 A
Sf LI 18] 77 2 (1, o Fleon J AL RE HIAL. S 55K B FE Wk NTWS T T4 S0 2%
Rz, I TWSTFTHIGPS PPPLERFE MG = 1 dift i 1) 5 2 fE vF OB, I & &
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Cn = wlTn + WZGn ) (4)

RPC, N AR, T, NTWSTFTZ %, G, NGPS PPPIR A EL 45 5, n A BT I #dE s
g, X TWSTFTHGPS PPPHIARAS [F] FIF L, K FH 3URFE 24 (B 10 7 104 R 3 B A
X HS 5.

3.2 Vondrak-CepekiEFat& &k

Vondrak-CepekZH &9 7772 7 H 2 5 T 5t/ IR BL S X LI A0 A 4% i 46
Xof 38 LR H— B S U 4 A 3R I O B AR HT R B e aii SAS B TWSTET
PLE GPS PPPH} A LE X 25 3 PATWSTFT4E BAE A AWML, PLGPS PPPH [a] Lt Xt
S5 R 2 045 BAE WA () — B S A R TWSTETHEAT MR 58, far 5 51 8P
TH 2R R R BUE. B 3R IZRFIE RS, S il 2 A X UL 13 B F LA K
S il 2 A WA — B SR E B F. Vondrak-Cepek2H & JEI 771 B 787 52 “FI8
By, ESFPA R E R T, S B AR 25 1F 2 5 3O R 1) 45 SR 00
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AT RIR N

U=S+6F+§F:min:>§Z:0 (j=1,2,---,N), (5)
H U N3MLATRFAT N B AIMEAE R, e(> 0)v 2(= 0)75 7l =2 W ek F P AL —Fir 5 %
FEEH TR, @t 9855 9~ S 50n] LA ST 3R IR il 2 A S s R BT ~P i IR A R,
25 8 WA 58— B S 2 AUECR,, ~F 5 B E S WA Bz . B TWSTEFTZ RAE R
ME, #GPS PPP— Z /0 sl R AEAE N — I FEUEX TWSTFTZ R 47+, BA
PE i () P BE R MR RGPS R 1R I D I AR e v A B X B e R P
B RIE 5 IR R IR 2 te, - T TWSTFTHIGPS PPPRLS H 27 HGPS PPP
e R 1 A R R o L 1) B T Bl st o 1) ) AR, R b kot 7 R 1 B H 08
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FITWSTF T B A T HUHR 20 S AE 0.3, X T Z 585 K FH IGPS PPPI— B i R AH,
AT e AR EX 0.8, 43 545 B0 R K IR Tre = 26400, & = 6230, BARTHE ik &%
SCHR(3).

3.3 KalmanjERp&E X

Kalmanig 8 (145 A 18 HE J H w60 15 58 4k Ay 1188 110 B 1] 5 S ARl 2 50 7 A o 2.
P 1) 5 3807 7 R AT A A A i A, 0 B 7 R A AR IE T R 2L g S A T R R
NP EL A B O PO - I RV, B B O TR FE AR S ERBE ML 2 40 7 FE G A

Xm = AXm—l + Bum—l + w1, (6)
&5 7
Z = HX o+ 0y, (7)

o, Z,, mst Z06 2 A e 7S ) AR & X, m ZI RS THIRES AR &2 ARIRES
R X, A Em — I 2l TR R 5 B, w,, o 36 R AL
W, NI FEBI N . H O WINAR B v, W e I LT AR AR S AR N [R] AR 4k
FrhA = [1]; BRI (] EET ERAE ARG B — 2, B = [900]; w,y,— 1 AR [a] i [A] LT
X BB AR AR [ (1 PP P I 24 A5 0 75 () W IIME IR A & (W BRI, BTDLH = [1].

BEAAE 5w, M, 73 0 2 7~ i R e 75 AU e 7 . R e AT AR B, TIERS
SYATIR g e

p(w) ~ N(Oa EQ) ) (8)
p(v) ~ N(OvER) ) (9)

HAEQME g4y 7 3 7R 1 T2 80Rh e 75 W 75 22 58 B FO UL e 75 0 7 26 FE. Eq = [Q),
QNI FEB g 5 W T M R K. ER = [R), RAVVLINNE 5 7 250 F5 2% %,
CURf E QEME, RN E BN BSRE S, —Mrikeh e — 1 QME, AitfE(E
RN R AN B MR ST — N AT DA R (e FRAR .

ETWSTFTHIGPS PPPRlG A A1 A% /)% 8 8 ik i Hh 1R 25 SR B 22 40006t TR ol
R RAE R, DRIDE . 225 QIR T — N RU/INIIME, (AR SERRRR & b B rp 25 FE 35 N £ 8%
B AN 8 P DL S s HE R R iR ZE AW AR R, B QIMEUE K/, B A Fmst Kol
JEE AR AR AS TS Y (RS A P, T RE 2 SRS R B I AR SCELQ = 0.00001. M g
P 5 2 B 2 B R W I A T O ) B 1] Bt 456 SR 1 e S KA i, A SCEIXTWSTET
5 GPS PPPEZSE 5 2 GeiHEAE NI 75 0 7 2 5 R B, £481HSR = 0.5.
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Fig.3 The results of TWSTFT and GPS PPP time transfer
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XTWSTFTHIGPS PPP&E Bt ATl A, e oh B an E4fs.

6 T T
The fusion results of Vondrak-Cepek
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Fig.4 The fusion results of different methods
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Fig.5 The DCD results of three methods against GPS PPP
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#1 DCDER%I
Table 1 The statistics of DCD results

. Maximum Minimum Mean Standard
Link DCD
/ns /ns /ns  deviation/ns
Weighting-GPS PPP 0.58 —0.95 —0.07 0.23
NTSC-PTB  Vondrik-Cepek-GPS PPP 0.41 —1.18 —0.28 0.33
Kalman-GPS PPP 0.81 —1.34 —-0.29 0.35

H ABIPMAZH#EIGPS PPPHE M S A E B N1.7 ns, MESIFEE &R 1T AN, BT
K8 FE ALl 45 45 SR 5 GPS PPP I ZEAE 485 HE B K N0.95 ns, Vondrék-Cepekfili & 45
5GPS PPPH) Z M8 48 4B B K ~1.18 ns, Kalmanfil & 45 5 5GPS PPP ) 2 45 % E
e KN1.34 ns, FBTELT nsIIANH 2 BEVE RN, B BASH 7 ikal & 145 R 5 GPS PPP4;
ARG () — ik, Ay DU A2 [ iy () B 2R . 5 T 4808 BRI & 45 R 5 GPS PPP
DCDIFR#E ZE B/, RONPPPES AL E oF 5 b (5 8K L E, Kalmanfih A 25 52 A
Vondrak-Cepekfifl £ 45 F {8 AR E 2 AT, 158 W) F I 9 b 7 925 160 fih 2 45 SR v s
W RV AN R 5145 R R FRE B, 2 AN [F) 7 VA6 B [ B ()4 22 (TDE V) FE IE
Allanff % (MDEV) 1 6 F1 I 7.

MIEGAT TR LA H, 3Fh Rl & 5 v 0 T TWSTFE T 6 30152 52 B A A H XN #0
B O3, 3381 IR TR) RS R A e T LA B g AP FI 10~ 0 & 2). 7E-F- 351 [a] T
1 di, BT Vondrak-Cepelfil & 715 14 58 o, HoAa e B e, (52 5 KRR L 45 3
I 15 B, PRE B ZE; Aoe IRl a & 45 F 0 AR 1 E iy, (H L 28 Ui PPP 4
FH RO, BT AR E 825, KalmaniiE i il & 45 F 70 AN 4 S 300 R 0 152 1) ]
EEAR MR, (HTEIE B  RSR e,

10°
10" F 1
2]
£
>
w
[m]
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102 F —o— TWSTFT 3
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-3 | L T | ! PR
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6 ANFITTI R 1] i 22

Fig.6 Time deviation of different methods
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Fig.7 Modified Allan deviation of different methods
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A H R T A FHKalmanif % (I TWSTFTHIGPS PPPRL &, It 58 & B
¥, Vondrak-Cepekil I [t fil & 45 FHEAT X EL, ADCD%; o5 2%, M 8]k 2 F14& 1E
Allanfi 2= 558 br L5 A 25 R R IEAT 7 VP4, I8k SR o M SR BH, 3RS A
H T I TE) B R R R SR, WP TWSTET () H A S AGPS PPP Y “R Bk o) B
HAFMEESE, HE5GPS PPPIDCD4S F 75 B M AL 1 I ASH & FEVa B N, FF & 24l
I o B[] BU oA P2 225K . 3381 ALV I )RR A5 32 A2 i B2 43 i) ml DAIS B 4R A F 10~ 15 & 2.
Vondrak-Cepekflt & 551 dPA N I Fa 58 i e vey, AR ECRERE 22, 3 TV 348 i Aa e FE 10
8] E G B Rl . FE BE IR, Kalman i ik i A (R B AT, 3 FH -1 6 if B R
(RN T Lot B B b B, o) e BE A A TR B R R A 22, Kalman i il &
Fooe R s, (H TSI AR 2, AR S ok A [ B ) B 2 SRge EUAS [R] o /5 5925
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Analysis and Comparison for Fusion Algorithms of
Time Transfer

WANG Wei-xiong!??  DONG Shao-wu!?? WU Wen-jun®?*3  GUO Dong!?
ZHANG Jian!23

(1 National Time Service Center, Chinese Academy of Sciences, Xi’an 710600)
(2 Key Laboratory of Time and Frequency Primary Standards, Chinese Academy of Sciences,
Xi’an 710600)
(8 School of Astronomy and Space Science, University of Chinese Academy of Sciences,
Beijing 100049)

AsstracT In order to improve the reliability of precise time comparison, this pa-
per takes advantage of long-term stability of Two-Way Satellite Time and Frequency
Transfer (TWSTFT) and short-term stability of GPS Precise Point Positioning (PPP).
Stability weighting, Vondrak-Cepek combined filtering, and Kalman filtering methods
are applied to fuse the TWSTFT and GPS PPP time comparison between the National
Time Service Center (NTSC) and Physikalisch-Technische Bundesanstalt (PTB). The
results show that the three fusion methods all improve the diurnal variations in TW-
STFT and the discontinuities in GPS PPP solution, and the absolute value of the
Double Clock Difference (DCD) between fusion results and PPP solution is kept with-
in the link calibration uncertainty. The 1 d time and frequency stability of the three
methods can reach the order of sub-nanosecond and 10~'°. The Vondrék-Cepek fusion
method has the highest stability within 1 d, which is suitable for the fusion of time
comparison links with requirements for short stability. Stability weighting and Kalman
filtering fusion have better fidelity, which are suitable for the fusion of time comparison
links that require high accuracy.

Key words time comparison, methods: data analysis, Vondrédk-Cepek combined fil-
tering, Kalman filtering
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