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Fig. 1. Allan deviation curves of the measurement fre-
quency deviation of the hydrogen atom clock HM5085 relat-

ive to cesium atomic fountain clock.
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Fig. 3. Frequency drift estimation of Cs3059.
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Fig. 5. Phase deviation curve of the time scale with weights

calculated based on the prediction error.
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weight of prediction error and Allan deviation curves of

atomic clocks.
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Fig. 7. Phase deviation curve of the time scale with weights

based on the noise characteristics.
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Table 2. Comparison of time scale stability of different weighting methods.
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Fig. 9. Phase deviation of the time scale based on different

reference forecast frequency drifts.
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Fig. 10. Allan deviation curves based on the time scale of
different reference forecast frequency drifts.
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Fig. 11. Phase deviation curve of the time scale (optically
pumped small cesium clocks) relative to UTCr.
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Table 3. The Allan deviation of atomic clocks and time
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Fig. 13. Phase deviation curve of the time scale (magnetic-
ally selected small cesium clocks) relative to UTCr.

10-13
G-
_ =N
10— 14 F <~
> k=
g s o
<t
1015 F G|
16 . .
10 104 10° 106 107
T/8

& 14 IR RS (REES/DMESEN) FHXTT UTCr MfasE BEth e
Fig. 14. Stability curve of the time scale (magnetically

selected small cesium clocks) relative to UTCr.

5 & @

ARSI A BRI R 2%, T 6
B =iz 7 NP ST T ] RUBE . e
B ELA v P ER M A AR o, T ATz
SERS NV RIS . BT OIS SR MV B Y
WS EENE ) AT R AL RIRS R, MRS Kalman
D SEIEAG TR Bh IR S LT SR Bl i A 3tk
AR IR A G I R0 PR R, 3 3 A
TR R RE. 5T T A RIS A X e ]
R 52 SRS T 5 2 OB i O 1 st
() RUBE (A TREBf B, ]l A A L s R A 5 = A 1)
o 2. I ZE G T S SN B Y
AR B, 15 S T 158 2 1 OB B3 T g
PRUIR R B) JRUBE (1% m] .

R 4t B E R 03 22 Al TRz SP st
INEEBT AT RIS, TR R R E—4E NS UTCr
KW ZE N 12.25 ns, F-HIWFE] 30 d B H6 FFa 58
BEFERR A 2.87x 1015, 150 B FL 4 FL v B 1 Ry AR
7% | RefSRUE i ™ R A i sl 1] RUBE () o
PR A 1, AR 2 117 [ S b v s [

190201-10


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 19 (2025)

190201

HER K.

AR PR TARRTEL, B — P RO

is /N BRI A IR AS AR, 38 1 R PRIE RS TR R
FEIIREE RE R AR T, SR TR a] )OS A RIS E JE

S7% 30k

(1]
(2]
B3l
(4]

[5]

(6]

[7]

(8]
(9]

(10]

(1]

[12]

Greenhall C A 2003 Metrologia 40 S335

Panfilo G, Harmegnies A, Tisserand L 2012 Metrologia 49 49
Panfilo G, Harmegnies A, Tisserand L 2014 Metrologia 51 285
Song H J, Dong S W, Zhang Y, Wang X, Guo D, An W, Qi
Y, Zhang S G 2025 Phys. Scr. 100 015217

Song H J, Dong S W, Wang X, Jiang M, Zhang Y, Guo D,
Zhang J H 2024 Acta Phys. Sin. 73 060201 (in Chinese) [K&
A, AW, B, 28], BT, 5, sRAKE 2024 YRR T3
060201]

Song H J, Dong S W, Qu L L, Wang X, Guo D 2021 J.
Instrum. 16 P06032

Song H J, Dong S W, Wang X, Zhang Y, Wang Y P 2020
Acta Phys. Sin. 69 170201 (in Chinese) [R&A, B, TH,
T, FHEF 2020 PHISAR 69 170201]

Song H J, Dong S W, Wu W J, Jiang M, Wang W X 2018
Metrologia 55 350

Liu Y, Wang W H, He D J, Zhou Y Z, Shen Y, Zou H X 2023
Acta Phys. Sin. T2 184202 (in Chinese) [z, 301, 24550,
R, Yk, 4RZ50r 2023 BIBIZEAR 72 184202)

Liang Y, Xie Y H, Chen P F, Shuai T, Pei Y X, Xu H T,
Zhao Y, Xia T, Pan X Y, Zhang P J, Lin C F 2023 Acta
Phys. Sin. 72 013702 (in Chinese) [0, 5 1, BRIS &, b
T, AEMIBE, IRIRK, BBH, R, MR, skIIAE, MRAEE 2023
YyBEAAl 72 013702]

Shao X D, Han H N, Wei Z Y 2021 Acta Phys. Sin. 70
134204 (in Chinese) [HRIEAR, #RIGAR, Bk 3L 2021 PR 4R
70 134204)

He X, Yuan Z C, Chen J Y, Fang S W, Chen X Z, Wang Q,

(13]

(14]

(15]

(16]
(17]

(18]

(19]
20]
21]

[22]

(23]

(24]

(25]

(26]

27]

(28]

190201-11

Qi X H 2022 Front. Phys. 10 970030

Shi HB, Qin X M, Chen HJ, Yan Y F, Lu Z Q, Wang Z Y,
Liu Z J, Guan X L, Wei Q, Shi T T, Chen J B 2025 Phys.
Rev. Appl. 23 034018

Guo G K, Li C, Hou D, Liu K, Sun F Y, Zhang S G 2023
Appl. Seci. 13 9155

Domnin Y S, Baryshev V N, Boyko A I, Elkin G A,
Novoselov A V, Kopylov L N, Kupalov D S 2013 Meas. Tech.
55 1155

Levi F, Calonico D, Calosso C E, Godone A, Micalizio S,
Costanzo G A 2014 Metrologia 51 270

Shi J R, Wang X L, Yang F, Bai Y, Guan Y, Fan S C, Liu D
D, Ruan J, Zhang S G 2023 Chin. Phys. B 32 040602

Wang X L, Ruan J, Liu D D, Guan Y, Shi J R, Yang F, Bai
Y, Zhang H, Fan S C, Wu W J, Zhao S H, Zhang S G 2023
Metrologia 60 065012

Rovera G D, Bize S, Chupin B, Guéna J, Laurent P H,
Rosenbusch P, Uhrich P, Abgrall M 2016 Metrologia 53 S81
Bauch A, Weyers S, Piester D, Staliuniene E, Yang W 2012
Metrologia 49 180
Galleani L, Signorile
Metrologia 57 065015
Song H J, Dong S W, Wang X, Wang Y P, Zhang J H, Qu L
L, Zhao S H, Zhang S G 2022 J. Time Freq. 45 270 (in
Chinese) (R, AR, TH, THOF, KA, T FIF), &+
2L, SR NI 2022 B[R 45 270]

Zucca C, Tavella P 2005 IEEE Trans. Ultrason. Ferroelectr.
Freq. Control 52 289

Stein S R 1992 2/th Annual Precise Time and Time Interval
(PTTI) Applications and Planning Meeting McLean, VA,
December 1-3, 1992 p289

Coleman M J, Beard R L 2020 Navigation 67 333

Wang X B, Shi F F, Gong D L, Xu SY,Li Z N, Fu G T, Li
Q 2020 Metrologia 57 065009

Greenhall C A 2001 33rd Annual Precise Time and Time
Interval Systems and Applications Meeting, Long Beach, CA,
November 27-29, 2001 p445

WuY W, Liu S R 2023 Metrologia 60 065009

G, Formichella V, Sesia I 2020


https://doi.org/10.1088/0026-1394/40/3/313
https://doi.org/10.1088/0026-1394/40/3/313
https://doi.org/10.1088/0026-1394/40/3/313
https://doi.org/10.1088/0026-1394/40/3/313
https://doi.org/10.1088/0026-1394/40/3/313
https://doi.org/10.1088/0026-1394/40/3/313
https://doi.org/10.1088/0026-1394/40/3/313
https://doi.org/10.1088/0026-1394/49/1/008
https://doi.org/10.1088/0026-1394/49/1/008
https://doi.org/10.1088/0026-1394/49/1/008
https://doi.org/10.1088/0026-1394/49/1/008
https://doi.org/10.1088/0026-1394/49/1/008
https://doi.org/10.1088/0026-1394/49/1/008
https://doi.org/10.1088/0026-1394/49/1/008
https://doi.org/10.1088/0026-1394/51/3/285
https://doi.org/10.1088/0026-1394/51/3/285
https://doi.org/10.1088/0026-1394/51/3/285
https://doi.org/10.1088/0026-1394/51/3/285
https://doi.org/10.1088/0026-1394/51/3/285
https://doi.org/10.1088/0026-1394/51/3/285
https://doi.org/10.1088/0026-1394/51/3/285
https://doi.org/10.1088/1402-4896/ad952a
https://doi.org/10.1088/1402-4896/ad952a
https://doi.org/10.1088/1402-4896/ad952a
https://doi.org/10.1088/1402-4896/ad952a
https://doi.org/10.1088/1402-4896/ad952a
https://doi.org/10.1088/1402-4896/ad952a
https://doi.org/10.1088/1402-4896/ad952a
https://doi.org/10.7498/aps.73.20231866
https://doi.org/10.7498/aps.73.20231866
https://doi.org/10.7498/aps.73.20231866
https://doi.org/10.7498/aps.73.20231866
https://doi.org/10.7498/aps.73.20231866
https://doi.org/10.7498/aps.73.20231866
https://doi.org/10.7498/aps.73.20231866
https://doi.org/10.7498/aps.73.20231866
https://doi.org/10.7498/aps.73.20231866
https://doi.org/10.7498/aps.73.20231866
https://doi.org/10.7498/aps.73.20231866
https://doi.org/10.7498/aps.73.20231866
https://doi.org/10.7498/aps.73.20231866
https://doi.org/10.7498/aps.73.20231866
https://doi.org/10.1088/1748-0221/16/06/P06032
https://doi.org/10.1088/1748-0221/16/06/P06032
https://doi.org/10.1088/1748-0221/16/06/P06032
https://doi.org/10.1088/1748-0221/16/06/P06032
https://doi.org/10.1088/1748-0221/16/06/P06032
https://doi.org/10.1088/1748-0221/16/06/P06032
https://doi.org/10.1088/1748-0221/16/06/P06032
https://doi.org/10.1088/1748-0221/16/06/P06032
https://doi.org/10.7498/aps.69.20191920
https://doi.org/10.7498/aps.69.20191920
https://doi.org/10.7498/aps.69.20191920
https://doi.org/10.7498/aps.69.20191920
https://doi.org/10.7498/aps.69.20191920
https://doi.org/10.7498/aps.69.20191920
https://doi.org/10.7498/aps.69.20191920
https://doi.org/10.7498/aps.69.20191920
https://doi.org/10.7498/aps.69.20191920
https://doi.org/10.7498/aps.69.20191920
https://doi.org/10.7498/aps.69.20191920
https://doi.org/10.7498/aps.69.20191920
https://doi.org/10.7498/aps.69.20191920
https://doi.org/10.7498/aps.69.20191920
https://doi.org/10.1088/1681-7575/aab66d
https://doi.org/10.1088/1681-7575/aab66d
https://doi.org/10.1088/1681-7575/aab66d
https://doi.org/10.1088/1681-7575/aab66d
https://doi.org/10.1088/1681-7575/aab66d
https://doi.org/10.1088/1681-7575/aab66d
https://doi.org/10.7498/aps.72.20230412
https://doi.org/10.7498/aps.72.20230412
https://doi.org/10.7498/aps.72.20230412
https://doi.org/10.7498/aps.72.20230412
https://doi.org/10.7498/aps.72.20230412
https://doi.org/10.7498/aps.72.20230412
https://doi.org/10.7498/aps.72.20230412
https://doi.org/10.7498/aps.72.20230412
https://doi.org/10.7498/aps.72.20230412
https://doi.org/10.7498/aps.72.20230412
https://doi.org/10.7498/aps.72.20230412
https://doi.org/10.7498/aps.72.20230412
https://doi.org/10.7498/aps.72.20230412
https://doi.org/10.7498/aps.72.20230412
https://doi.org/10.7498/aps.72.20221363
https://doi.org/10.7498/aps.72.20221363
https://doi.org/10.7498/aps.72.20221363
https://doi.org/10.7498/aps.72.20221363
https://doi.org/10.7498/aps.72.20221363
https://doi.org/10.7498/aps.72.20221363
https://doi.org/10.7498/aps.72.20221363
https://doi.org/10.7498/aps.72.20221363
https://doi.org/10.7498/aps.72.20221363
https://doi.org/10.7498/aps.72.20221363
https://doi.org/10.7498/aps.72.20221363
https://doi.org/10.7498/aps.72.20221363
https://doi.org/10.7498/aps.72.20221363
https://doi.org/10.7498/aps.72.20221363
https://doi.org/10.7498/aps.72.20221363
https://doi.org/10.7498/aps.70.20201925
https://doi.org/10.7498/aps.70.20201925
https://doi.org/10.7498/aps.70.20201925
https://doi.org/10.7498/aps.70.20201925
https://doi.org/10.7498/aps.70.20201925
https://doi.org/10.7498/aps.70.20201925
https://doi.org/10.7498/aps.70.20201925
https://doi.org/10.7498/aps.70.20201925
https://doi.org/10.7498/aps.70.20201925
https://doi.org/10.7498/aps.70.20201925
https://doi.org/10.7498/aps.70.20201925
https://doi.org/10.7498/aps.70.20201925
https://doi.org/10.7498/aps.70.20201925
https://doi.org/10.3389/fphy.2022.970030
https://doi.org/10.3389/fphy.2022.970030
https://doi.org/10.3389/fphy.2022.970030
https://doi.org/10.3389/fphy.2022.970030
https://doi.org/10.3389/fphy.2022.970030
https://doi.org/10.3389/fphy.2022.970030
https://doi.org/10.3389/fphy.2022.970030
https://doi.org/10.1103/PhysRevApplied.23.034018
https://doi.org/10.1103/PhysRevApplied.23.034018
https://doi.org/10.1103/PhysRevApplied.23.034018
https://doi.org/10.1103/PhysRevApplied.23.034018
https://doi.org/10.1103/PhysRevApplied.23.034018
https://doi.org/10.1103/PhysRevApplied.23.034018
https://doi.org/10.1103/PhysRevApplied.23.034018
https://doi.org/10.1103/PhysRevApplied.23.034018
https://doi.org/10.3390/app13169155
https://doi.org/10.3390/app13169155
https://doi.org/10.3390/app13169155
https://doi.org/10.3390/app13169155
https://doi.org/10.3390/app13169155
https://doi.org/10.3390/app13169155
https://doi.org/10.1007/s11018-012-0102-0
https://doi.org/10.1007/s11018-012-0102-0
https://doi.org/10.1007/s11018-012-0102-0
https://doi.org/10.1007/s11018-012-0102-0
https://doi.org/10.1007/s11018-012-0102-0
https://doi.org/10.1007/s11018-012-0102-0
https://doi.org/10.1088/0026-1394/51/3/270
https://doi.org/10.1088/0026-1394/51/3/270
https://doi.org/10.1088/0026-1394/51/3/270
https://doi.org/10.1088/0026-1394/51/3/270
https://doi.org/10.1088/0026-1394/51/3/270
https://doi.org/10.1088/0026-1394/51/3/270
https://doi.org/10.1088/0026-1394/51/3/270
https://doi.org/10.1088/1674-1056/ac8344
https://doi.org/10.1088/1674-1056/ac8344
https://doi.org/10.1088/1674-1056/ac8344
https://doi.org/10.1088/1674-1056/ac8344
https://doi.org/10.1088/1674-1056/ac8344
https://doi.org/10.1088/1674-1056/ac8344
https://doi.org/10.1088/1674-1056/ac8344
https://doi.org/10.1088/1681-7575/ad023e
https://doi.org/10.1088/1681-7575/ad023e
https://doi.org/10.1088/1681-7575/ad023e
https://doi.org/10.1088/1681-7575/ad023e
https://doi.org/10.1088/1681-7575/ad023e
https://doi.org/10.1088/1681-7575/ad023e
https://doi.org/10.1088/0026-1394/53/3/S81
https://doi.org/10.1088/0026-1394/53/3/S81
https://doi.org/10.1088/0026-1394/53/3/S81
https://doi.org/10.1088/0026-1394/53/3/S81
https://doi.org/10.1088/0026-1394/53/3/S81
https://doi.org/10.1088/0026-1394/53/3/S81
https://doi.org/10.1088/0026-1394/53/3/S81
https://doi.org/10.1088/0026-1394/49/3/180
https://doi.org/10.1088/0026-1394/49/3/180
https://doi.org/10.1088/0026-1394/49/3/180
https://doi.org/10.1088/0026-1394/49/3/180
https://doi.org/10.1088/0026-1394/49/3/180
https://doi.org/10.1088/0026-1394/49/3/180
https://doi.org/10.1088/1681-7575/ab8d7d
https://doi.org/10.1088/1681-7575/ab8d7d
https://doi.org/10.1088/1681-7575/ab8d7d
https://doi.org/10.1088/1681-7575/ab8d7d
https://doi.org/10.1088/1681-7575/ab8d7d
https://doi.org/10.1088/1681-7575/ab8d7d
https://doi.org/10.13875/j.issn.1674-0637.2022-04-0270-09
https://doi.org/10.13875/j.issn.1674-0637.2022-04-0270-09
https://doi.org/10.13875/j.issn.1674-0637.2022-04-0270-09
https://doi.org/10.13875/j.issn.1674-0637.2022-04-0270-09
https://doi.org/10.13875/j.issn.1674-0637.2022-04-0270-09
https://doi.org/10.13875/j.issn.1674-0637.2022-04-0270-09
https://doi.org/10.13875/j.issn.1674-0637.2022-04-0270-09
https://doi.org/10.13875/j.issn.1674-0637.2022-04-0270-09
https://doi.org/10.13875/j.issn.1674-0637.2022-04-0270-09
https://doi.org/10.13875/j.issn.1674-0637.2022-04-0270-09
https://doi.org/10.13875/j.issn.1674-0637.2022-04-0270-09
https://doi.org/10.13875/j.issn.1674-0637.2022-04-0270-09
https://doi.org/10.13875/j.issn.1674-0637.2022-04-0270-09
https://doi.org/10.13875/j.issn.1674-0637.2022-04-0270-09
https://doi.org/10.13875/j.issn.1674-0637.2022-04-0270-09
https://doi.org/10.1109/TUFFC.2005.1406554
https://doi.org/10.1109/TUFFC.2005.1406554
https://doi.org/10.1109/TUFFC.2005.1406554
https://doi.org/10.1109/TUFFC.2005.1406554
https://doi.org/10.1109/TUFFC.2005.1406554
https://doi.org/10.1109/TUFFC.2005.1406554
https://doi.org/10.1109/TUFFC.2005.1406554
https://doi.org/10.1109/TUFFC.2005.1406554
https://www.ion.org/publications/abstract.cfm?articleID=14396
https://www.ion.org/publications/abstract.cfm?articleID=14396
https://www.ion.org/publications/abstract.cfm?articleID=14396
https://www.ion.org/publications/abstract.cfm?articleID=14396
https://www.ion.org/publications/abstract.cfm?articleID=14396
https://www.ion.org/publications/abstract.cfm?articleID=14396
https://www.ion.org/publications/abstract.cfm?articleID=14396
https://www.ion.org/publications/abstract.cfm?articleID=14396
https://www.ion.org/publications/abstract.cfm?articleID=14396
https://www.ion.org/publications/abstract.cfm?articleID=14396
https://www.ion.org/publications/abstract.cfm?articleID=14396
https://www.ion.org/publications/abstract.cfm?articleID=14396
https://doi.org/10.1002/navi.366
https://doi.org/10.1002/navi.366
https://doi.org/10.1002/navi.366
https://doi.org/10.1002/navi.366
https://doi.org/10.1002/navi.366
https://doi.org/10.1002/navi.366
https://doi.org/10.1002/navi.366
https://doi.org/10.1088/1681-7575/aba3b9
https://doi.org/10.1088/1681-7575/aba3b9
https://doi.org/10.1088/1681-7575/aba3b9
https://doi.org/10.1088/1681-7575/aba3b9
https://doi.org/10.1088/1681-7575/aba3b9
https://doi.org/10.1088/1681-7575/aba3b9
https://doi.org/10.1088/1681-7575/aba3b9
https://www.ion.org/publications/abstract.cfm?articleID=14010
https://www.ion.org/publications/abstract.cfm?articleID=14010
https://www.ion.org/publications/abstract.cfm?articleID=14010
https://www.ion.org/publications/abstract.cfm?articleID=14010
https://www.ion.org/publications/abstract.cfm?articleID=14010
https://www.ion.org/publications/abstract.cfm?articleID=14010
https://www.ion.org/publications/abstract.cfm?articleID=14010
https://www.ion.org/publications/abstract.cfm?articleID=14010
https://www.ion.org/publications/abstract.cfm?articleID=14010
https://www.ion.org/publications/abstract.cfm?articleID=14010
https://www.ion.org/publications/abstract.cfm?articleID=14010
https://doi.org/10.1088/1681-7575/ad02a0
https://doi.org/10.1088/1681-7575/ad02a0
https://doi.org/10.1088/1681-7575/ad02a0
https://doi.org/10.1088/1681-7575/ad02a0
https://doi.org/10.1088/1681-7575/ad02a0
https://doi.org/10.1088/1681-7575/ad02a0
https://doi.org/10.1088/1681-7575/ad02a0
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 19 (2025) 190201

Time scale algorithm based on cesium atomic fountain clock
and optically pumped small cesium clocks
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Abstract

Realizing the independent control of the national standard time has important practical significance under
the current international situation. In this work, an independent time scale that does not rely on external
references is developed by studying the self-developed cesium fountain primary frequency standard and
domestically-produced optically-pumped small cesium clocks. The specific approach is to use the cesium
fountain primary frequency standard as a frequency reference to predict the frequency drift of the optically
pumped small cesium clocks. By analyzing the noise characteristics of the optically pumped small cesium clocks,
the state equation of the atomic clock is established, and the state of the optically pumped small cesium clock is
estimated based on the Kalman filtering algorithm. The calculation of the time scale is based on the frequency
state estimation and frequency drift state estimation of atomic clocks, which serve as the forecast values, and is
achieved through the weight algorithm. The weight algorithm based on prediction error and the weight
algorithm based on noise characteristics are studied. The results show that in the case of using Kalman filtering
state estimation, the weight algorithm based on prediction error significantly improves the accuracy of the
independent time scale. The cesium fountain primary frequency standard is chosen as the frequency reference to
predict the frequency drift of the optically pumped small cesium clock. The accuracy and long-term stability of
the independent time scale calculated are much better than those when the time scale itself is used as the
frequency reference. Taking the international standard time (UTCr) as the reference, theraccuracy of the
independent time scale is maintained within 15 ns. The frequency stability is 1.57x10!* for'a sampling interval
of 1 day, 4.29x10 " for a sampling interval of 15 days, and 2.87x10 % for a-sampling interval of 30 days is

showing that its stability can meet the current national time demand.
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