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2 | eutc_usno
..-O v oe® " o 00" 'u"u Band " 4 _'-.'.
0- e T il ™ - I T L
e’ e o,
-2 I | I I
72} .
£ 2 Cald [ eutc_su
% " e
N e - ; i
N x evns®oe s .
o, e » o' Seeetyseny
U -2- pe— W [P,
S \
iy . !
,_j? 2~ . ] . eutc_ntsc
ot o~ 'oe B .-"". ."-... o%%00y% $%000g00 00 A e Pl 0% 00, -."” Monsi o ot
8 0 o s SR *0%0a, - -t o 3 T *0geatse’s
D -2
I I
2- - s [ -ufc_pib
0- e e, 57, o
> . e, P < o, oe*ot00e, ot
,_-‘..' “"uw”.'-.n‘....‘.“‘ *.“#.‘ “ovseete, “.-'-" b "".._-. ._."' ""“m-,“._,,,,...
) = ‘ ‘ eengonst™ ‘
59500 59700 59900 60100 60300 60500
MID

B3 UTCK) 5 UTC &

EEFEHERLE (USNO) H 1830 4F LIk 3k Eiff FEFR LRI k5, 2 GPS [ )i Y&
X4 . USNO B [a] JUBEHE T4 . VBRI AN e SR B 2 e e 4, b S8 5 DA - 35 45 21 4K T A
Al BUEIEFERER (R4, S 3 SRR e, el S KAREN, EaREERENA
FE FE R A RS . UTC(USNO) JE I “IRFIZE” K A1 5% UTC KRB, FIH £ 00
PR B, FE R R IR I IR, TR ZE AN AN R 2, IR
AR 2 I AR 1.75%1075; FI A Kalman JEJ% A% S MO, SRR FMESNZ, 1
B R S EUE THE ABA, BRI AN IS 2.7x 107165 5 R 1T B SE 2 1)
T ERIST R BRI N RS, Hi NI S, Aeh At e, Rk
B P ek 25 B, A i PR et ) R R A R AR A T SR 100 ps,  [RIEHARAIE TR AT RE S UTC
B5E™ . AT UTC(USNO) R 8.81x107'6/5 d, 3.23x1076/30 d, UTC(USNO) 5 [ ik
eI IE] UTC Hafm2z & B B, [UTC(USNO)—-UTC| < 2 ns, UTC(USNO)-UTC H ik i
RMS 4 0.56 ns.
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1% 5 7 16 % e R K TG 2% L T RE T 72 e (VNIIFTRI) B TR 35R K ER 5E 170 2 B0 55
HL 1996 FEFF UG R A INBCF 415327 42 UTC(SU), BT 2515 RES 58 1 JeFa—
A BAEAG TSR AR, SRS FH R BT T S B0 H O B TR RUEE s ARAE A kT
AR FBEAS I B L WUR B I E B2 4 UTC(SU). BRUTEA, Eoefiitehz, RIE5IA
EYR e H R mZE, DEBREBE T —H SN BIURIE, B R 2 SRS
TR, #5538 R 3% 10755, 24 [T UTC(SU) Fa 58 N 6.02x1071/5 d, 3.37x10716/30d,
UTC(SU) 5 [ Bkt 1] UTC Bt 25 & B B, [UTC(SU)-UTC| < 3 ns, UTC(SU)-UTC
[ kS BF RMS 4 1.23 ns.

Hp [ R} 2 B [ R A% R0 (NTSC) R ALGOS 553542 il UTC(NTSC), 55 B 4 20 i 46
PPN AR, EBPEE,  o Jk E B R s B TR ) S AT IR, SRR AR
W R AR RS e M . A=A T 5 R R A A BUE IE: B 29 B NTSC S i) 5256 A
Ji - 41 AR R IR B B ROBEAE N 2 28 Bkt s A 2 B0F ] UTC(k) 55 UTCr Z (8] (A AL 22 K 0F
B BUEIE, fff UTC(k) 5 UTCr RA]Redir; & H BT UTC(k) A UTC Z 8] I FHA 2
kit EBPUEIE, 4 EMRA S TAI #5457 UTC(NTSC) A 7.44x107'6/5 d,
3.22x107'%/30 d, UTC(NTSC) 5 [ prbrieit 1] UTC iM% & B B, [UTC(NTSC)-UTC]
< 2ns, UTC(NTSC)-UTC Iz ik % RMS 4 0.64 ns.

78 E IR B A 7B (PTB) R AR AL A4 (PMS) 25 B B A 328072 UTC(PTB),
B A FEE R . PR, HEmER AN CsF1. CsF2 DL AR A Cs1. Cs2, B i aph 54
#E8P . F81 5 TALL UTC 55 UTC(PTB) HIA2 Mk 22 4 43 212 I & DL 4+ UTC(PTB) 55 UTC
P o I AR S (0K RS R ANV A B DL R e R A I A AR E B ORAIE UTC(PTB) (1)
HERREE AR E E, 240 UTC(PTB) Fa i€ fE N 4x107'%/5 d, 2.26x107'%/30d, UTC(PTB) 5 [H fx
bRUERTE] UTC Motz tn i B B2, [UTC(PTB)-UTC| < 2 ns, UTC(PTB)—UTC {45 Hi K s
RMS 4 0.87 ns.

B SR G [ 4ERF

GNSS {KFEFEMRIS M AT E AL, FENMAGRERFL. Ak, T2 SRS
FE A VR 8 STV R A ORI 4R RF N 58 R SR 18] (GNSST). X BT TAL {HitmER AR, i
bh, FEREF| GNSS A HIRVET R, KA GNSST FiRFF 5. HAT, GNSS RS aliEH
PR S UTCK), M5 UTC @SB R, JE{RFem 2 1 skt B A B i e e, BH 4w T
VRSN RGR 5 UTC B 2.
5.1 GPS

GPS I [i] (GPST) H i [fj iz 24 5t Ensemble Timescale Filter(ETF) & 57, 175 2 UTC(USNO),
HZER S XN UTC FE] 1980 4E 1 A 6 H 00:00, A% . GPST KAHA R, F
F Kalman 83 5HE, 28 A MU 5 A0 T I 780 A2 BARTRTE 18], B UTC(USNO) 25 B4R I B
[, 3% GPST, 5 UTC(USNO) [F#6. HAl GPST 55 UTC (USNO) SEELANFP 2[R0 . ETF
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15
-utc grs
-utc_glonass
3 -utc_galileo
10 Y N . -utc_bds

UTC(k)5UTCZ #/ns
ch

—25
60420 60480 60540 60600 60660 60720 60780

MIJID

4 UTC-GNSST

072 Kalman SV, HRHE BIEFRSC 00 S 22 H50 SR Pt AR IE A ALIRAS

UTC(USNO) 252 FE 7 8.81x107'%/5 d, 3.23%x107'%/30 d, [UTC(USNO)-UTC| < 2 ns, UTC(U
SNO)-UTC F#% 45 RMS 4 0.56 ns. GPS ##h HIEM R 3.41x1074, Kfah 4.73x107'3,
Hadp HIERE R 0.34x10714, RFEH 5.5x107, LA 32407 UTC-GPST IR, @l 4 fios, 1
MRIEFP 25, GPST 5 UTC fWZ Al #4357 10 ns LN, RMS N 1.13 ns, KE&AH 4.35x10715,
5.2 Galileo

Galileo R ZiH 0] (GST) HIFS &I 4 it (PTF) Ak . GST #J46 )71 76~ UTC k] 1999 4
8 H 22 HEMH 00:00, {H15 GPST fREFZFHEFP, LI /L GPS-Galileo HAR/EIETR R FiRk
ERTSEME, Galileo RAA PN PTF, A7 T 48 E A& KFI P A Galileo il 10y (GCC)o N
5% GST n] 1%, PTF /D&M & Esh A s (AHM) MU & 4ash, —& AHM 1E v 4P,
A—6&H, &M AHM B HAMN S = AHM RFFFD . 43 AHM 55 ERBURBI, KRR
S HNYIHE & AHM, PUifR GST HELLME . Galileo J@IT YR E £ 4> UTC(k) MBS
%1, ¥ GST 5 UTC Bk Rk, M) 4% UTC. GST 5 Wi = B isest . & PTF 2%
USNO  [alifiid CV M TWSTFT fREFLLXT, FEEEME GPS-GALILEO i 224 (GGTO)-.

UTC(PTB) & 5€ & i 4x107'%/5d,2.26x107'%/30 d,|[UTC(PTB)-UTC| < 2 ns,UTC(PTB)-UTC
[Pk £ RMS 4 0.87 ns. Galileo #18h HIZEFE 2 7.45x10714, KA HN 2.86x10714, A %0 HIE
BE 1.46x1074, KFaN 5.56x1075. dUL{3H] 93] UTC-GST k4, i { pizs, fnigiEm
)5, GST 5 UTC W20 {7457 10 ns LAY, RMS 4 4.06 ns, KFaA 4.34x1075%,
5.3 GLONASS

GLONASS #4ih[H] (GLNT) H GLONASS H S [7] 20 2% (CS) 4EFei H AR e A, 5
UTC(SU) [R5 . CS HIAZ o2 A% /0] (8] AR FF it (FTKF), g PUANZ 8, MR ImZE Af/ f
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INTF 3107, REEMRT 2x1075,  FT A8 EL i 19 R 40 DL T3 i A 805 S 3R AR A
ARG, %M CS HIRRESE CS W[ REGE S (AV) Xt 77ik3 o MR Py b gt 1
PRAL A AR B R e A B o 38, AR AR E SRR IZ1T . GLNT 5 UTC [FIP1EHFP. H
T GLONASS #%#| B4% 2 Thfig, GLNT 5 UTC(SU) /£7E 3 h 5, Rl: GLNT = UTC(SU) +
10 800 s

{7 UTC(SU) £45E FE N 6.02x107'¢/5 d,3.37x107'%/30 d, [UTC(SU)-UTC| < 3 ns, UTC(SU)
—~UTC (45 H0F5 E RMS A 1.23 ns. GLONASS #i4f HIERZ 0.59x1074, KEaH 4.64x10714,
FH LT B9 BT UTC-GLNT IRAS, Wi 4 fizn, GLNT 5 UTC {2 il fRFEF7E 20 ns LAY, RMS
99.06 ns, KEaH 2x1071,

5.4 BDS

JE=F RGeiH ] (BDT) H 3= 2l 1 J5 180 21 DAL A Bl 2Qs2 B, IS R 48 (PES) 447, it
4768 UTC B TE] 2006 4 1 A 1 H 00:00, 5 UTC(NTSC) . BDT 5 UTC 2 [&] [ F)
EEAE SRS IERY . BDT gl M st 4 s i sh 46 Fr, FUHIZE ALGOS kit 545
£| BDT. BERCE 2 BRAE T Allan 75 262, JH R ERE LR, BDT B[R [R5 A € &
LB 1 ns, 70 E AL RY AR FEAR B R PP B0, ARERUERA A 1.3x107, RARE FEik
B 4.6x1075 [, T AL GNSS HIRET R, BDS &K BGTO {5 5, 45k
SR G R )R 22

BDT LA UTC(NTSC) JifiJi, H5 UTC @78k &, UTC(k)/UTC Z [A][FI ZE i CV Fl TW-
STFT #EMEFRE: ™ . 4AT UTC(NTSC) Fa5E [ 4 7.44x107'/5 d, 3.22x107'6/30 d, [UTC(NT
SC)-UTC| < 2 ns, UTC(NTSC)-UTC H#= 45 RMS 4 0.64 ns. BDS-3 #ufh HE# %
4.15x10714, REaHN 8.23x107", Afh HIEREE 0.053x107, REa N 8x1071%, HILAT 2 24|
UTC-BDT k74, Wi [ fis, BDT 5 UTC {2 A {RF-7E 10 ns LLIY, RMS J93.62ns, Kid
M 5.79x107 15,

SCHR [84] THE T UTC 55 GNSS 7 #%# UTC FE 2, FR4aH T HH S8 B A E B
H.rh GLONASS 5 UTC K Z7E -25 & 15ns, BDS -5 & 10ns, GPS 1 Galileo N -5 &
Sns. AREESERENEH . TLLE L Galileo ™ # UTC WA I AH & 4 F BDS A GPS,
BDS I GPS #fT- GLONASS.

#z5 MNKSMAELS % UTC FTUMMETREE
GNSS AN % P ns

BDS 4.1
Galileo 3.7
GLONASS 6.6

GPS 4.1
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LRIV ARG DA B E b BRPUE T2 (MEO). Mk (k308 (GEO) iR}
HER[FEPETE (IGSO) A%, FEXTHIZE 55 X I8, R e RFak SHUE RS . R EEE
WiE 55, FRJUTHRAR R EE, SHCPPP YRS, Fmsi 2 3eE. Ak iR
A, E A R R TR R R S S SRR GNSS. S5 Eil LEMLL, KT
BEUEL, FHIIR R ST, JUAARR, A RIT PPP PSS #5%k GNSS #21k
BLATE N <R EE RIS, S5 e R EERG 28, Mt e, 5w GNSS PR
EEPI B OREE, Sl X S M I 264 F S L EREZE 8, XS E s, sty
BRI,

6.1 Kepler

o R 23 K 0 (DLR) HHIHILUR B2 5 SR PR AR &, 32 HH T Kepler S JEHAR™ . Ke-
pler /£ i tf MEO #11 LEO PR 41, MEO B P ERL & IEfa e iotds, HT mibhakitift s
WifE 5, it XUn] ISL 4 A — P [ 0 R AR A & 5 LEO DA HEES i, Sk
LR 2 TR R TR AR S AN [F] 22 . LEO B 6 MMl 4 e Bh At 2 2 i AR A B, Kepler R4t H
5 AN ML T 5 T (RO ME SR AN () ROBE QR — B, thi bl & — A2 Nk 2 5
YERF RG], N RGN TR PE SR A AR AR E P o BN B e 0 e D' e Rt T ol i b 4 e
(b ZE R S BT B] (R A7, A 2 aE 5 ISL A& 4, 7E5ER MEO HAE R UE 5, R TE
SRR R (A ROBE S DA IR % 2%« B4 R 30 MR g UL (MEO 24 >, LEO 6 M), 6 1™
MLEsh (LEO) At 1 MHbTi s & Bt 4 . A Kalman €% 503242 O [a] URE, 76 Bir g KA ]
B& AR AR VELF T 107 &2
6.2 RERTE 4+

I 5 R 22 SR R S T S R R IR B TR 15, R PR D A SR R R R T (i) R v
LR T AR A ISE . BT FTIR Kepler 2 JH2h 2 — Fh R S if () Sk o it By R S of i) S of
GNSS 1] LG SAUE 5 [FP 2R T 480K, nTLRZE RO 2R Gk DR 2R E, A
DA S -4 53 1 22 (R A TR) B AN e 1, SR e @ BURG FE s 38 W ASEEAR N 18 0, 8 AL #
0T PR R B SRR I, R P RN AR IE RN TS LA B RS S 6 R
W, i S R REE. KL RN AT GNSS S i & B B AE A0 . A R FE I [a) 3 vk
tt, LEO AJ LLHIERESh RIS, SE3 MEO )4 BRERERE 55, T EEART R et 25
Forro PR, B B Ao e M T AR e 2 T () e A EE I ] LU 2R OC B B JR I I G 1) I ]
REESE, Ahvh FrA e 4 i Bhise B i SBMEAE v # R GRS TE], IF5 UTC 8 GNSST 45{&
R CIP

T, RS R SR TR AL TR A B RIVR S B, 2 A AR e R S R R
ARE TR LB RGONG], R ALGOS Hik, @i il 12 Wit} 2 # &% Hadamard
T ERFAVERE W B, RO T RE, BEER R EAE (2~8) X107 &4, m%
Az BB )R R AR FEATIA 1x10715 R4, BEE 2 mtEae B8R Fe o, KRS E
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REEABEIEF] 107 B, ARBHBS T ERK BDT £ RGARENE. R IKEREI5ETT
T REIL BP0 T 24 BDT PERE. Rl I (A [F) 0 O ik AR 36 78 B AW A 5 587, BDS-3 B
ARG ZS RN ERRES), AR R, @PR R AT g B A, W — KA
IR L, T ESIE TG REN T ES, Sh e PuE AR EE S 7 2N
PR G IRZENINESN, BRI, KRR R AR R v R R A B e T, DA R — D4R
THIF IR P RE, 7 AR m A R AR IR N7

7 M4

AL 254 PNT AR R BT R, AR HEES H ok, A SR S, PpEse i,
i A (R AR S RS TR SR G STk, JRE A Z AR, R T R AR S5 1R R M
EAEIE . FEARATEEME. ) SR A E R E RS T R R, R TR
— R DR R B AR AR, NP ELES PNT RARRERME THBRSHE SHEAR .

R T I, ASSCIIR T ARG BESHELS R (I () TSk R 5 SE vk, oA TERS
WA T T SUHXTIRHESE T 10718 KGR B4 5% . 41T GNSS B SRR E IE R %
FE T BT 5] 1A, RSN 1071 B, BEAE R TR e R TR AT R AL R FE P T
JE S LB FETE S I AR IRAEIE, SRR SCHXTISHEZE BT RIS R . 4iFE 5408
S F 9T o

XFFHOTH P RS0, A28 7 SEAERRI SR B B SRR R BE R AR, 4h HE T H RTHLTR SF B &R
Gui (Al 4 RE RIS B0l H BT AT SR J v o BOR PR A A SR B g Sy, S SRR
SRl A B A SR T A ) 4, It GNSS TR STILFERE . AR LA K R ji I I 4% vk
A7 3l ()} () AT AL 38 . H AT UTC SIZHERT 2008 110710, FRE 290N 110718, B [ 4L 3 AN
T8 B LI Ab 2

WTFTRESNARS, N T 4R KSM ARG W E TR S5 4Er, ST H
RiT S R GeB TRV 35 7 AR S5 A5 00 o ST 2R 0 0 P M T K 300 o i 5 122 2 30 < i A 5 5 1)
J7 AR AR S5, IR F BRI B 5 I IR e G, TERRR AR, S s
B, SR TR B e VR . R ) UTC W1UE 77 N8 GNSST.  H AT GNSST FasE 24
N 1071 B2, GNSS I ZEARHE FE LI NINFS B o W& B — A Al 2 38R T 0 28 B A
GG mhG FE AN ARG AT B MU BB ST I SR, SRR ST R GU i AR 0K ST Y KR TR
JE 518, GNSST Fa e A kB HERY 1071 B4, Efett b, B B HEeE sy iyl
M RERKARES: EREEEN, 25800 ES KB 28 mtt. X
—FARBEHAMCEIRTH I T2 SHURSTERE, B NARKRLEE PNT & R 8 33558 RS 45
At

TEDUE U SFIS RS0, S0 TR R R 7B i 58 S i a) B BR Rt b, T ) N —AR
S ERERGX SRS SRR R, AR T AR KRR — AR (A vk g 7 5 4
AR TT ] R 500 R G A /b T kG ) b R AP B2 T B (R ) A8 L ke 72 BA %



2 Wiy e, S5 ok PR K R ST R SR ) RO R S e Ry T 0t R 197

R R LR IR TIN5, A B ER —AUR E SRR R R dERF AR B R R R . %1k
REENE S S TR R IR S A K B EB T2 N, N RSN ARG &
BRIt H B R

BUS A SR 20 BIPM ZH 235240 1 % 8800
EE P E

1 RFRIF. RSCHHERE, 2002, 20(2): 107
1| EAEE, S, £, 5 THEAER, 2022, 43(10): 1348
1 ERRUAR. TR, 2022, 43(1): 1
1 Sy, 5, A2, AF ORSCEEERE, 2010, 28(4): 383
1 HKIRD, EEZE, AL, 5 5B AR, 2004, 21(2): 79
1 KRR, AR5, XA, 55, ROCEHERE, 2012, 30(4): 411
1 R, IR T, 2L, SF AT AR, 2016, 35(3): 212
] Guinot B. A&A, 1988, 192(1-2): 370
] Petit G, Arias F, Harmegnies A, et al. Metrologia, 2014, 51(1): 33
| SRR Mg Jbat: P EBRARER A, 2022
] Lewandowski W, Arias E F. Metrologia, 2011, 48(4): S219
] Essen L, Parry J V L. Nature, 1955, 176(4476): 280
1 EIER. AR S KR, 2006, 28(3): 63
1 FRHESR. T8 ST N A R TR, 2006
1 BNLSC, AR, T, & B, 2024, 49(1): 20
| ESGHE. BT AbRR B Jbnt BE L, 1986
1 BU%. A8 % PERREGAT AR (FEER L) | 2012
1 Milton J, Panfilo G. IEEE Trans. Instrum. Meas., 2023, 70(4): 336
] Levi F, Calonico D, Calosso C E, et al. Metrologia, 2014, 51(3): 270
] Jallageas A, Devenoges L, Petersen M, et al. Metrologia, 2018, 55(3): 366
21] Fang F,Li M S, Lin P W, et al. Metrologia, 2015, 52(4): 454
] LiR X, Gibble K, Szymaniec K. Metrologia, 2011, 48(5): 283
] Beattie S, Jian B, Alcock J, et al. Metrologia, 2020, 57(3): 035010
1 Weyers S, Hiibner U, Schroder R, et al. Metrologia, 2001, 38(4): 343
1 Weyers S, Gerginov V, Kazda M, et al. Metrologia, 2018, 55(6): 789
] Blinov I Y, Boiko A I, Domnin Y S, et al. Measurement Techniques, 2017, 60(1): 30
] Gibble K, Lea S N, Szymaniec K. Proceedings of the IEEE International Frequency Control Symposium. New York: IEEE, 2012: 700
] Nemitz N, Hachisu H, Gotoh T, et al. Proceedings of the Institute of Navigation. Manassas: Institute of Navigation, 2021: 220
] Akamatsu D, Inaba H, Hosaka K, et al. Appl. Phys. Express, 2014, 7(1): 012401
] Guéna J, Abgrall M, Clairon A, et al. Metrologia, 2014, 51(1): 108
] DuY B, Wei R, Dong R C, et al. Chin. Phys. B, 2015, 24(7): 070601
] LiuD D, Ruan J, Fan S C, et al. Proceedings of the IEEE International Frequency Control Symposium. New York: IEEE, 2020: 1
1 Heavner T P, Donley E A, Levi F, et al. Metrologia, 2014, 51(3): 174
1 BE R, SR, 5, % B0 506 T AR, 2023, 60(11): 44
] Huntemann N, Sanner C, Lipphardt B, et al. Phys. Rev. Lett., 2016, 116(6): 063001
] Sanner C, Huntemann N, Lange R, et al. Nature, 2019, 567(7747): 204
] Huang Y, Zhang B L, Zeng M Y, et al. https://doi.org/10.1103/PhysRevApplied.17.034041, 2021
1 Dubé P, Madej A A, Shiner A, et al. Phys. Rev. A, 2015, 92(4): 042119
] Barwood G P, Huang G, Klein H A, et al. Phys. Rev. A, 2014, 89(5): 050501
] Nicholson T L, Campbell S L, Hutson R B, et al. Nat. Commun., 2015, 6(1): 6896



198 K X ¥k RE 44 %

Oelker E, Hutson R B, Kennedy C J, et al. Nat. Photonics, 2019, 13(10): 714

Beloy K, Bodine M I, Bothwell T, et al. Nature, 2021, 591(7851): 564

Schioppo M, Brown R C, McGrew W F, et al. Nat. Photonics, 2017, 11(1): 48

Origlia S, Pramod M S, Schiller S, et al. Phys. Rev. A, 2018, 98(5): 053443

Tyumenev R, Favier M, Bilicki S, et al. New J. Phys., 2016, 18(11): 113002

LuB K, SunZ, Yang T, et al. Chin. Phys. Lett., 2022, 39(8): 080601

Lu X T, Guo F, Wang Y B, et al. Metrologia, 2023, 60(1): 015008

BT, ok, R, S I AR, 2022, 45(1): 1

T, N, 2T, 55, SUE AR, 2020, 8(5): 10

Pl XU, i 5, 55 BILEGR, 2021, 42(7): 93

Vanier J, Tomescu C. The Quantum Physics of Atomic Frequency Standards: Recent Developments. Montréal: Université de Montréal,
2025

Belyaev A A, Demidov N A, Medvedev S Y, et al. Proceedings of the IEEE International Frequency Control Symposium. New York:
IEEE, 2019: 1

Waller P, Gonzalez F, Binda S, et al. Proceedings of the IEEE International Frequency Control Symposium. New York: IEEE, 2009:
388

LiFN, Liang Y F, Xu J N, et al. Meas. Sci. Technol., 2024, 35(1): 015027

Beard R, Senior K. Clocks. Cham: Springer International Publishing, 2017: 121

Laurent P, Massonnet D, Cacciapuoti L, et al. Comptes Rendus Physique, 2015, 16(5): 540

Simon E, Laurent P, Santarelli G, et al. Acta Astronaut., 1997, 40(12): 837

Laurent P, Esnault F X, Gibble K, et al. Metrologia, 2020, 57(5): 055005

Ely T. Proceedings of the American Institute of Aeronautics and Astronautics. Reston: ATAA, 2014

Burt E A, Prestage J D, Tjoelker R L, et al. Nature, 2021, 595(7865): 43

Liu L, Lii D S, Chen W B, et al. Nat. Commun., 2018, 9(1): 2760

WRi-F, M, dsOR, . UK 4R (FRRIERRD |, 2023, 48(7): 1082

Guo F, Tan W, Zhou C H, et al. AIP Adv., 2021, 11(12): 125116

Petit G. Proceedings of the IEEE International Frequency Control Symposium. New York: IEEE, 2007: 391

Predehl K, Grosche G, Raupach S M F, et al. Science, 2012, 336(6080): 441

Allan D W, Weiss M A. Proceedings of the IEEE International Frequency Control Symposium. New York: IEEE, 1980

Petit G, Jiang Z. Metrologia, 2008, 45(1): 35

Larson K M, Levine J, Nelson L M, et al. IEEE Trans. Ultrason. Ferroelectr. Freq. Control, 2000, 47(2): 484

Kirchner D. Two-Way Satellite Time and Frequency Transfer (TWSTFT): Principle, Implementation, and Current Performance. New
York: IEEE, 2009

Petit G, Jiang Z. Proceedings of the IEEE International Frequency Control Symposium. New York: IEEE, 2007

Kouba J, Héroux P. GPS Solut., 2001, 5(2): 12

Jiang Z, Petit G. Metrologia, 2009, 46(3): 305

Petit G, Meynadier F, Harmegnies A, et al. Metrologia, 2007, 51(4): 045007

Skinner J, Koppang P, Johns D. Proceedings of the IEEE International Frequency Control Symposium. New York: IEEE, 2012: 639
Gornaeva L, Koshelyaevsky N, et al. Proceedings of the Frequency and Time Forum, 2012

Blinov I'Y, Boyko A I, Kosheliaevskii N B, et al. Proceedings of the Institute of Navigation. Manassas: Institute of Navigation, 2019:
62

Zhao S H, Dong S W, Qu L L, et al. Proceedings of the IEEE International Frequency Control Symposium. New York: IEEE, 2016
Morante Q, Cretoni D, Putorti G, et al. Proceedings of the IEEE International Frequency Control Symposium. New York: IEEE, 2016:
484

Kuranov V. GLONASS Interface Control Document, ICAO GNSSP/2 WP/66, 1995

SE L) PR SRR SRZR R 2. A6 PR SHUR G WG 55 OREE 3 37 AJFRS1E 5 BIL: 20190770-T-801. b
5 2 E I TR SRR ZE R 4, 2019

Han CH, Liu L, Cai Z W, et al. Satell. Navig., 2021, 2(1): 18

Fr, e, e, S5 BUDUR AR (R ERARRD | 2023, 48(8): 1340



2 Wiy e, S5 ok PR K R ST R SR ) RO R S e Ry T 0t R 199

(83] JHk. {Hib3C Wiz hERI B Y OF ERFEBEE SR L) |, 2022
[84] Defraigne P, Pinat E, Petit G, et al. Metrologia, 2023, 60(6): 065010

[85] & T W83, M {5 B LR, 2021
[86]
[87]
(88]

Reid T G, Neish A M, Walter T F, et al. Proceedings of the Institute of Navigation. Manassas: Institute of Navigation, 2016
Giorgi G, Schmidt T, Guenther C, et al. Adv. Space Res., 2019, 64(6): 1256
Chen G Y, Xing N, Tang C P, et al. Remote Sens., 2023, 15(5): 1227

Advances in High-precision Atomic Clocks and Timescale
Establishment and Maintenance for Satellite Navigation
Systems

CHEN Guangyao'?, LI Xiaojie*, ZHOU Shanshi', QU Weijing'

(1. Shanghai Astronomical Observatory, Chinese Academy of Science, Shanghai 200030, China; 2. School of Astronomy and Space Science,
University of Chinese Academy of Sciences, Beijing 100049, China; 3. Beijing Satellite Navigation Center, Beijing 100094, China)

Abstract: Time is the cornerstone of modern space geodetic techniques and space-time informa-
tion services. Its determination, maintenance, and dissemination are of paramount importance in the
construction of a space-time information service system. Currently, the time and space information
service and application systems for navigation constellations and giant Low Earth Orbit (LEO) com-
munication and navigation integrated constellations are undergoing large-scale construction. Concur-
rently, the national comprehensive positioning, navigation, and timing (PNT) system, centered around
satellite navigation constellations, is also being continuously developed. The establishment of a high-
precision, resilient, integrated terrestrial and space time system is based on fundamental geophysical
principles and serves the practical needs of Earth and near-Earth users. This paper provides a review
of the definition of the second and maintenance and propagation methods within the framework of
general relativity from both in theoretical and practical perspectives. The types of atomic clocks and
time-frequency comparison methods are introduced to meet different time scale maintenance require-
ments. Under different timekeeping needs, a comparative analysis is conducted on the similarities and
differences in the requirements for atomic clocks and timekeeping methods. Finally, in conjunction
with the future needs for the construction of a resilient time service system, the paper gives a prospect
of the technological development trends for atomic clocks and comparison methods. This work pro-
vides important theoretical and technical supports for the construction of China's comprehensive PNT

system.

Key words: high-precision atomic clocks; time and frequency transfer; timekeeping laboratory; satel-

lite navigation system; general relativity
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