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Abstract: The PPP time and frequency transfer method is a high-precision time and frequency transfer method for GNSS that has the
characteristics of high precision, wide range, and low cost. The CV time and frequency transfer method can eliminate the satellite clock
and reduce path errors, such as ionospheric and tropospheric errors. This study combines the advantages of the two methods and implements
an improved PPP time and frequency transfer method. In the experiment, five IGS stations are connected to UTC (k) and one external
high-precision hydrogen clock is selected to form zero, short, and long baseline links to evaluate the performance of the improved PPP. The
results show that when IGS final clock products are used as time reference, the time transfer accuracy of the improved PPP is improved by
2.55% ~17.78% compared to PPP. The frequency stability can reach 2.0x107"7/600 000 s for the zero-baseline link. The short-term
frequency stability is better than that of PPP when the common-view satellite does not change in the zero-baseline, and the long-term
frequency stability is comparable to that of PPP. The frequency stability of the improved PPP of each link in the non-zero baseline link
after the average time of 10 000 s is improved by about 10% compared with the IGS final products and the BIPM PPP.
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Fig. 1 Principle of common-view time transfer
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Fig.2 Principle of PPP time transfer
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Fig.3 Principle of the improved PPP time transfer
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USN8 POLARXS5TR TPSCR. G5 UTC(USNO)
BRUX POLARXSTR JAVRINGANT_DM UTC(ORB)
SPTO POLARXSTR TRM59800. 00 UTC(SP)
IENG POLARX4TR SEPCHOKE_MC UTC(IT)
ONSA POLARXS5TR AOAD/M_B KVARZ CH1-75A

®2 HRFHEEFR

Table 2 Details of the links km
HERK K
USN7-USNS8 0
SPTO-ONSA 68
BRUX-SPTO 947
SPTO-IENG 1455

TG R 3R 07 UL (7% 000 5 2 1 s A 25 1
47°0.. 003 m, P P I 175 28 D A A7 A ) o 15 2 PO A o 2
FEfE R 10001, 28 3 & PPP U I Ha 25 )2 114 b F0 5 g
TR 8 Wl v, 280k AR A i 22 110 3k i M 7 B v 22
0.000 1 m, K T0 X3 J2 4E 3R 9 2 & Wt 75 4R o 25
0.000 1 m, T A 0} Bh A2 2 M A o 72 e 75 bR o 22
Sx107" s/, T BT 28 00 3ify 150 490 3 I8 B4 40 R At 22 , PR
N3t 27 [) B 2 1T REAF A T2 A8 , 0k B4 FH T TAl 15 3

2 XBERST

2.1 FELEHER

T HLLLBE MK USNT ~ USNS 114 19 4 100 s il ][] — 4>k
LRRANERATR IR, & 5 Sk B H 6 K eh 227 41,
RIS AR 22 P SN AE O fE IR, i T R R & #k
HLLA S 5 B2 OHL P 38 1 iE 3R A (], 5 3800 2% 7 471 o 3
— MR, R 4 J& PPP Rt PPP B [H] % 33X
6 RIS it45H, 5 16S H XF 1Y B K #5 #E 2 ( standard
deviation, STD) BT 30 ps, i T 2250 Hl 55 1K i
FERY R AR 2, ok gk PPP AHXT T PPP SE 2T T
4.43% ,

£ 4 $EE USN7~USNS $hZ£ 55| STD
Table 4 STD of clock difference for the USN7-USNS link
ps

A 003 004 005 006 007 008

pppP 23.6 15.3 9.6 9.0 8.6 14.3
Ui PPP 22.4 14.2 9.0 8.9 8.3 13.8

& 6 4% USNT ~ USNS 1) 30 R4h Z A& 1F Allan
PRt 22, £ 5 TRl LUE B, i Foledt PPP S 2 ) e
IR Ul R A 22 4 BB AL , X S 8t PPP



172 o A xR ¥ $45%
¥ O B3 12
~s060; " PPP PRHEPPP -50.60 10
. W 50655, P e giPEPPP
~50.70 Pz =50.70 [ s s ) ) 100 -~
073G 35 70 735 15 5.0 &
« FRE « FRAE E
g £ 10
4 (a) IR 8 (b) BE2R ny
N (a) Day 1 N (b) Day 2
4 -50.65 4t -50.65 1015 s s )
B 50,70 B iy 5070 10! 10° 10°
B 5075 T - %5075 WM,»W«W T s
- ; ' =-50.80 s
ﬂ 0845 5.5 6.0 ﬁ 6.0 65 7.0 () #BIH004_G32 3h
F£RH #£RH (a) DOY004_G32_3h
% (c) 3K % (d) H4R 1012
&= (c) Day 3 & (d) Day 4
-50.65 -50.65 W ow
3070 N civoisiiey, P P 3070 e s P T P IAA 5
-50.75 s Pl =50.75 [ sy <
-50.80 : : -50.80 : E
7.0 75 8.0 8.0 85 9.0 10
G| FERH {
(e) /5K (f) 6K 1075 . . i
(e) Day 5 (f) Day 6 10! 102 10°

K5 #EH USNT~USNS (1) 6 Kih2 741
Fig.5 The 6-day clock difference of the link USN7 ~ USN8

AR TG BE TR ARG 22T PPP, 1 200~ 300 000 s i [i]

(IR , MG PPP AT R BEAE X T PPP ~F- 185t 1
21% , i PPP (A5 A E ] 36 ) 2. 0x1077/600 000 s,

10*]2 -
o, —*—PPP
*D\,
1ok \:Q, —o— 4k PPP
\’\
e ..
5 10 41 \*Q*
= ok
= ; \.\
g “ \‘\
N
~—e¢
10 \
IO*|7 1 1 1 i | 1
10! 102 10° 104 10° 100
SIS /s

6 HEH USNT~ USNB Sl & i i 1
Fig. 6  Frequency transfer stability of the USN7-USN8 link

]SS T 56 F ) M40 9 B X 2le stk PP %EE;EJ%%H“
FERFZ [ 7 245 1T iR B AL 3 h e A —
TR BN B BERAT R AR E l’é"lfPTuﬁanz_é*ﬁ
FARl—0 TR W G0, 50E PPP A A3 S o B A
PPP,30~1 200 s B [a] [ f&yE FF 2427 7 13, 17%
2.2 SEELHER

& 8 JEHE % SPTO~ ONSA 6 KA4h2: 5 16S | & 7"
it b X 25 SR VR R Oy i BRL K R ) EG X 0 0 {45 O T
0. 15 ns, ¥ AR T 0.10 ns, & 8 1, 2k PPP {1145
B3 3 70 X {1 1) & A 4 {8 5 40 A s /N T STD
R )4 A T3 1) 960 1 I B % A 25 D sl K, o
FREEHR —EXm, £ 5 PEEE SPTO-ONSA 5 1GS
B 287 i FEX 1 5K STD 8948 F 30 ps, it PPP AH Xt
T PPP FI4RTF T 8.38% . &l 9 /245 SPTO-ONSA 11

P38y 0 Rl /s
(b) #EHH008_G30_3h
(b) DOY008 G30 3h

7 B USNT~USNS 3 h AUJHIEHL S (L 1 1o 1L
Fig.7 Frequency transfer stability of the USN7-USNS link when

the CV satellite is not changed over three continuous hours

* PPP O B3 PPP

2.10 2.10
% 8(5) " @w”"g"‘“’;&\m,;ﬁ % 8(5) ol
1o5E e 195 [ ol Bt
1.90 : ; 1.90
3.0 35 40 40 45 5.0
A E| FERE
£ @) PR £ (b) 2K
MNH (a) Day 1 ﬁ (b) Day 2

19 0
b SRR F:

. il it b,
%?@sﬁ"% - f"é%ga o i
I 30 55 60 Iy 50 65 7.0
H #HH e FERHE
£ (c) 3K & (d) 4K
% (c)Day 3 % (d) Day 4

2.05 ) 2.05 )
200F % 200}
195 ﬁ‘f* i Wi, 195 L‘%{wﬂgw B
1.99 - ; 1.90 :
7.0 75 : 8.0 85 9.0
FRAE FERAE
(OF ;AP (GEIFS
(e) Day 5 (f) Day 6

P8 K SPTO-ONSA 15 1GS S 7™ iy iy B R IR ] L Xk 45 2
Fig. 8 Single-day time comparison results of the SPTO-ONSA
link with respect to IGS final products

R 5 $EEE SPTO-ONSA $1£ 5 IGS R& =M L3T STD
Table 5 STD of time comparison for the SPT0-ONSA link

with respect to IGS final products ps
AEFH 003 004 005 006 007 008
ppPP 17.5 21.6 25.5 19.9 23.8 20.9

Uik PPP 16.5 19.5 23.5 17.9 21.5 19.2

30 REPZEMIEIE Allan bRfEfi 2 , RN T %56 1GS
AT RS R UEAT HUER, i TS ONSA T3 %



552 B 42 ST PPP LR AR Bk PPP IR 43 )7 v 173
1072 - -18r
—*— {(EPPP * BUEPPP+0.5 ns
—A—PPP -20¢ A PPP
ol —e—1GS ® BIPM PPP-24 ns
» "
R &
? 1014 F E
5 S
¥
105 F .
7 12 17 2 27 32
#£HHE
1016 1 1 1 1 |
101 102 10° 104 10° 10° & 10 #EH BRUX-SPTO 4 30 K42 551

P [ /s

P9 i SPTO-ONSA PR AL K i i
Fig.9 Frequency transfer stability of the SPTO-ONSA link

1 BIPM PPP 1y%dli , Bt LAz i 1% A 55 BIPM PPP 4551
HEHRER, DI A DR [ A S B0 I el ik PPP e
ARG E B W 22 T PPP, Bif ] [ @ >~ 1 200 ~ 300 000 s
i, e i PPP WE A T PPP, 4 HF (] [A] % o 12 000 ~
600 000 s I, ik PPP F1 PPP PEfEAE Y, 40 T 1GS &
L7l

2.3 KELHEK

KR BE B T BRUX-SPTO (947 km) 1 SPTO-
IENG (1 455 km) P 454 R [A] A9 B8 %, R ARE 1GS fe ¢
7edn . B R 3 4 R (International Bureau of Weights and
Measures, BIPM) 25 i} 1) PPP #p 2545 5 5 PPP Ak i
PPP 47 HLEA3HT .

& 10 J& 4 % BRUX-SPTO () 4 Fidh 22 240 | iy T4
FAGHRHESS AP LR | PPP A PPP A%} BIPM PPP
FIGS Fe 7= S AT e —E W R AL , 0 T 4 (19 50 Bt He
4, BIPM PPP Fleie it PPP i} [a] 53 F s U i T -24 ns
F1+0.5 ns 25, K 10 AT SR 1GS 7™ i,
1 T8 R AL RS I R[], 530K 5 R 2 (8] H BBk A8 2R
%, BERE BRUX-SPTO 30 KAYZE R 1GS £ 247 i He Xt
BB STD ¥ F 50 ps, it PPP X T PPP FHy4R
F T 12.55% , £& F+ b fl '/ T USN7 ~ USN8 Al SPTO-
ONSA, & 11 248 BRUX-SPTO 1 30 K 4 Fhish 2= (15
1E Allan FRUE(R 2, 4B [E] [B] B >4 12 000 ~ 600 000 s Hi,
UeiE PPP (W33 R Ae e A XS PPP PR T T 4. 92% ;
1 i8] ] % 27 6 000 ~ 600 000 s i}, e ik PPP AU KT8 E
JEAXT BIPM PPP S35 T+ T 10. 76% 3 X4 15 1] [8] B o4
300~600 000 s A, it PPP ARSI R Aa E FE A XS 1GS ek
FEah R T T 29.85%

& 12 JE4# % SPTO-TENG A4 4 Fhih 221751 |, 244 B K
JEIRF] 1 455 km, 85 4% SPTO-IENG 1) 30 KAYLE 35 1GS
B2 i X B9 B STD 448 T 50 ps, B0t PPP A%
T PPP FIHETF T 10. 33% , $2 T i 52 I T4 [ BRUX-

Fig. 10 The 30-day clock difference of the BRUX-SPTO link

1012 -
—— H3EPPP
—A—PPP
—=—BIPM PPP
——1GS

1013

BIERT6 7 2

=3
T

10 16 1 1 1 1 1
10! 102 103 104 10° 10°

P )/

Bl 11 #E BRUX-SPTO 5% A% b i
Frequency transfer stability of the BRUX-SPTO link

Fig. 11

w
)
3

* BUEPPP

A PPP+0.5 ns

= BIPM PPP+533 ns
*GS

[V IV
(PSS
LR

3 18] B 2 /ns

[
[ 3
[}

O~ .
R NI R

-

w
%}
[=}

[
[}
=~

7 12 11 2 2 R
FRE
Pl 12 # SPTO-TENG 1 30 K2 )54
Fig. 12 The 30-day clock difference of the SPTO-IENG link

SPTO, PRI Ryt 2 43 H AR AR B 52 I g3 B o i (] P B
BTN 22 00 I 59 VE N, gl 13 FR 7
B 4 FhBh 22 A TE Allan FRiEdR 22 b | 240 8] 6] 5 A
12 000~600 000 s A, ek PPP ({45 5 Fa i E A X PPP
SEHRTFET 8. 49% ; 2405 [H] [R] B 4 6 000 ~ 600 000 s i,
HeilE PPP ) B 6 A2 0 I AH T BIPM PPP, 385 T
19. 35% ; 4 [A] 18] B 24 60 000 ~ 600 000 s B, 23tk PPP
AR RRE BE AT 1GS fe 2™ i, P34 T T 20. 03% .,
UeiE PPP SRR A E B e 2R 8 T 2. 0107,



174 %8 L FE ¥

#H 45k

10712
—=— KEPPP
4— PPP
—u— BIPM PPP
1013 —o—IGS
H
R
§ 1071+
i
&\\
1015 F
1016 L L L L I
10! 102 103 104 10° 10¢

P A/

P13 BEEK SPTO-IENG (#4515 1% 186 A5 i
Fig. 13 Frequency transfer stability of the SPTO-IENG link

3 & i

ARWFFEEE A LA PPP I R] 4% 356 B A f 48 55 S 0
TGy PPP AL T T T ekl PPP (]
B PR T A SR e T PPP Flekcidt PPP (1R
AL, 25 BT DL IGS fe & h 25 77 i ol i) ) 2
% Wit PPP IR RIAE RS BE AR L PPP £ T 2. 55% ~
17. 78% 3 FEE £ 08 I [R] — 91 1052 i, 32 vk 1 00 R A
FEALT PPP,AHXT PPP IGS 5277 i Al BIPM PPP 4%
T EAERTaI ] PR 10 000 s LUSHETE T 10% A4, %5
DARXT PPP A5 R A% 336 T i AT — 26 7 T A B (EAE i
PR A T3 TR Rl 0 L Bk A S ) AT T st — A
9, R B TR A RS B A TR Y, LA i Ik Y
[ 3 1 e

S 3 Hk
[ 1] ALLAN D W, WEISS M A. Accurate time and frequency

transfer during common-view of a GPS satellite[ C]. In:
Proceedings of the 1980 IEEE Frequency
Symposium, Philadelphia, 1980, 334-346.

PETIT G, JIANG Z. GPS all in view time transfer for
TAI computation[ J]. Metrologia, 2008, 45(1), 35-45.
PETIT G, JIANG Z. Precise point positioning for TAI

Control

(2]

[3]
computation[ C]. In 2007 IEEE International Frequency
Control Symposium Joint with the 21st
Frequency and Time Forum,2027.395-398.
SK/ANEL B 2R LR S R GPS RS B A E for
HEATIN I ARG BB [0 ] DU 2 4l A BB 2
WZ, 2010, 35(3) ;274-278.

ZHANG X H, CAI SH X, LI X X, et al. Accuracy

European

[4]

analysis of time and frequency transfer based on precise

point positioning[ J |. Geomatics and Information Science

[5]

[6]

(7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

of Wuhan University, 2010, 35(3) .274-278.

PETIT G, DEFRAIGNE P. The performance of GPS time
and frequency transfer; Comment on ‘A de-tailed com-
parison of two continuous GPS carrier-phase time transfer
techniques’ [J]. Metrologia, 2016,53(3) :1003.

PETIT G. Sub-10-16 accuracy GNSS frequency transfer
with IPPP[J]. GPS Solutions, 2021,25(1), 1-9.
PETIT G, MEYNADIER F, HARMEGNIES A, et al.
Continuous IPPP links for UTC[J]. Metrologia, 2022,

59(4),5007.
REN Z, LYU D, GONG H, et al. Continuous time and
frequency transfer using robust GPS PPP integer

ambiguity resolution method [ J]. GPS Solutions, 2023,
DOI; 10. 1007/510291-023-01420-w.

LEICK A, RAPOPORT L, TATARNIKOV D. GPS
satellite surveying, 4thedn[ C]. Wiley, Hoboken, 2015.
SHI J, GAO Y. A comparison of three PPP integer
a-mbiguity resolution methods[ J]. GPS Solutions, 2014,
18(4), 519-528.

SRAKTE  E A, RGBS GNSS Z R4 PPP G
] EE XTI g [ 0] A AR 41, 2020,41(5)
39-47.

ZHANG ] H, DONG SH W, YUAN H B, et al. Study
on multi-system GNSS data fusion technology in PPP time
comparison[ J]. Chinese Journal of Scientific Instrument,
2020,41(5) :39-47.

ik, AR, IR, 5. GPS ZIEURHLIMALAH & 3%
MR [] B [ 7). B il A0 % 5 4, 2020, 43 (3)
175-184.

ZHANG J, DONG SH W, WU W J, et al. GPS mulii-
receiver  weighted  combined  common-view  time
comparison[ J|. Journal of Time and Frequency, 2020,
43(3).175-184.

RIS R IR, R, . BT I ) 4% T v
K HAEBE T[] ALER AR 2= 4R, 2017, 38 (11) ;
2700-2706.

ZHANG P F, TU R, GAO Y P, et al. Beidou time

transfer method and its accuracy analysis [ J]. Chinese

Journal of Scientific Instrument, 2017, 38 ( 11):
2700-2706.

GE Y, CHEN S, WU T, et al. An analysis of BDS-3
real-time PPP; Time transfer, positioning, and
tropospheric delay retrieval [ J]. Measurement, 2021,
172, DOI: org/10. 1016/j. measurement. 2020. 108871.
SAASTAMOINEN J. CoKntributions to the theory of

atmospheric refraction[ J ]. Bulletin Géodésique, 1946—



24

B R 45 BT PPP AL AR (2l it PPP B[R] ATR A% 366 vk 175

1975, 105:278-298.

[16] NIELL A. Global mapping functions for the atmosphere
delay at radio wavelengths [ J]. Journal of Geophysical
Research: Solid Earth, 1996,101(B2), 3227-3246.

[17]  WRAPH, RS, B W] 55, 2250 15 25 % PPP 2K

BERZWI BT FT [ T]. S W& A2 5 =, 2021, 8(6) :
131-137.
HAN J Y, ZHANG J, ZHONG SH M, et al. Study on
the influence of differential code bias on PPP timing
precision[ J ]. Navigation Positioning & Timing, 2021,
8(6):131-137.

[18] WU J, WU S, HAJJ G, et al. Effects of antenna

Astrodynamics,

orientation on GPS carrier phase [ ] ].

1992, 18:1647-1660.
EE &

BER 2021 FEFRINKFPARE L2
A, Bk v R 2 B kG i Rl 5 B R A
B R L w1 A B e A D e L =9 =
T G Aot 1) 2

E-mail ; lurunmin@ apm. ac. cn

Lu Runmin received his B. Sc. degree from
Wuhan University in 2021. He is currently a master student at
Innovation Academy for Precision Measurement Science and
Technology, Chinese Academy of Sciences. His main research
interest is post high precision time transfer.

SRAR GEAF FE#) , 2010 45 o [ 4 5
REFAAG AL, 2015 45T o RL 2 e K
SEPRAFIE 2, B [ RS e I
P 5 BORQUBTRTFE e 5 9 T RR I, E2ERF
G751 g e R S [ A3 A e S G Y, T2
EHOEIEE A

E-mail; zhangjie@ apm. ac. cn

Zhang Jie ( Corresponding author) received his B. Sc. degree
from China University of Geosciences in 2010, and received his
Ph. D. degree from University of Chinese Academy of Sciences in
2015. He is currently a senior engineer at Innovation Academy
for Precision Measurement Science and Technology, Chinese
Academy of Sciences. His main research interests include high-

precision time and frequency transfer and its applications, SLR.

SHHERA, 1997 4FF RGN RHE AR
2440, 2000 45 F DU 2 BHE R4k
TR 5240, 2006 47T rh T RL A e Ut 5
BRI ST PAH I 2 i, B v R
e s 0 e o 2 5 B R BT F 5 e I F
B, WG ) R TR GE B GNSS A %5
S (LA O I B K b B
E-mail ; zhongshiming@ apm. ac. cn

Zhong Shiming received his B.Sc. degree from Wuhan
Technical University of Surveying and Mapping in 1997, received
his M. Sc. degree from Wuhan Technical University of Surveying
and Mapping in 2000, and received his Ph. D. degree from
Institute of Geodesy and Geophysics, Chinese Academy of
Sciences in 2006. He is currently an associate professor at
Innovation Academy for Precision Measurement Science and
Technology, Chinese Academy of Sciences. His main research
interests include satellite orbit determination, GNSS precise point
positioning, and SLR data processing.

& PR, 2020 4F T RGBT R AR5
e, B b E R Bk R S
EN IR R M T L R e e s U s L
BUSCHL Bh 22 AR GNSS 8l 25 1 [ 1% 33 B
ARAE,

E-mail ; goldensun_han@ apm. ac. cn

Han Jinyang received his B.Sc. degree from Taiyuan
University of Technology in 2020. He is currently a Ph. D.
candidate at Innovation Academy for Precision Measurement
Science and Technology, Chinese Academy of Sciences. His
main research interests include receiver clock modeling, and
GNSS dynamic time transfer.
RFIH,2022 4F TRV RAG 7 17

{37, B v B2 ook e i e 22 5 HR B
BT BE - WF S A, WS 1) S S
18] 2 38 5 AR5
E-mail; liangzihan@ apm. ac. cn

Liang Zihan received her B.Sc. degree
from Wuhan University in 2022. She is currently a master student
at Innovation Academy for Precision Measurement Science and
Technology, Chinese Academy of Sciences. Her main research

interest is real-time time transfer.



