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Fig. 1 Optically-pumped cesium atomic clock TA1000

SPI B RGN T8 S S0 o i i (] [a)
R 1 %5 28 3k 47 A0 B B xR ] 45 3 4 22 B8, e a2
24 ) B (AR I A R Bh B oK A B L
R A RS X T AL1000%8h 2 48 1 28 1k #2540 Hr
AR, PP B — BRI R . B A, G
WE A W, ST o 22 1 0k 50 2 el 2 RS [ 1 e
7 2 1 B I R, X e By g e 2 TR AR SR A T RS
A7 1. 38 3k 0 e 22 B AT B @ AR A A, TTLASR
o SR A e 22 TR ) HE A FE

— LM E YRR
2 b [ A O AR 45 e — SR, 6 T S
S B =R, XA B RECE R A, R
S FH 25 B R RS F00 5 i B . — oo 2k el U A
RO =N AR RNE Ry, ANE5ET %
JE—kmi. RiEAX N
y=kx+b. (1)
— TG 2R M [ A A 1 H AR A2 € 8] R 2L
Fo A0 BT O, A 75455 28 Pt B S AT e 422 0 B S
MME. — e M EE B R R v ME 5 B SLE 2
[ AEfE R ZE. SRS RefE HEZ BT, ] R
EEL N7, AR ERE 2, KRN RE
FIME N0, BB ZE IR M IHE O] — AN IEA 7 A1

3.1



66 %

RV R G [ 7= e o s S5 e b 2 T 000 5509 40 M7

5 31

WL B CARVE R S Bk b, — o ]
VAR Ak H Ao e MER T iR 22, RIBAN

J(k7b):§:(yi_gi)v

et J(F, b) 4 8 0L INAEL -5 X5t 2 FD [ )9 TR
BT AN,y NI, g % B [l )94 v
{8, mAREASCR. 757 0R % B 8073 3R kATD 3K
TH, AHETE, FRUHAE.

3.2 ENEESBmFHAEMEFRE

ENN BB T G BB O G i
(statistic model) 5 %5 WL ) — Foft FH SR 24T IS 1)
FITRI AR A] LAy 3 sy B RN, #55)F
PR RN 22 4330 ARIMABL RN 3424, Al RoR
NARIMA(p, d, q), HHp B EAEL, ¢ N E)
L, dIE 2 B9~ Ra e 5 BT AR 22 93 KL

H [8 57 )~ A R B B E A 5 5 5
WS E, A& T pAS A BA N g 31

I, ik 3N

(2)

» q
Ye = [+ Z VilYe—i + Q + Z O (3)
i=1 =1

Horbry RoR St ZIME, o 55O, .2 B [l
FAREL, o 7SI 2 F S AR ZE T, 6, 2 % 3

B [ 7 37 2 R R ok — AN BE LI 18] 7 51
R LAHR B B 0 B SEAE BL K BE LT Bl 3K 4 K
W% H TR, BIE #3525 Bl 4 I (A
IHERS T A2 40, A2 W] LU I % 5 41 D s i 2
{ELR T R KIS 2.

Z oy B a W ah T A B AR H B 352 5)
PSR AN 22 O IR A, LR B s R
ZE o e AL T Ra Bl R 22 00 Je 1T R HdE X
X E ) B SR LR BE AL R 22 30 ) B AN (e
AT 18] V3 B g S AR A TR I8 A T 5 VI
TG 2 AR T A 7 245 B Al A A . A
MR BR T ORI AU R AR E B, BB il &
TR RREE I, T3 ANz R R e 2k oG
&, NREMTEARLIE R &,

57-3

3.3 FREER

£ /K 2 JE I (Kalman Filtering, KF)!" " —
FioR| P 2 M RGOS R, N —LELSE ARG M TS
FIF-H 02 74 (g 00 B o ot 2R IR A HEAT B A T
() 3. IR I AR % ) 7 AR [ B %
TR, T B 2R TR A 4 A T o SR e ]
FHATAE, P2 b DL — 0 A SR
il 7 S

o IR B R I b — B R 2 A
DL K 24 FR A 00 00 00 A T 2 IR A 10 A 1.
LA, T R T 4y, T AR AR S
B AS V. 7E T B, A8 bR A A T A
2 RDRAS A4 T, o B R e A . 7
BT B, S X 2 DR A i 04 T A B
A5 0 T AR 04T BB 3004k, G o O 0 A5
AR 25 U LR 7 T e R R L
AR, AT 35— A S B 1 T A 1

TR BUEM SRR A B R RN, X, E
I 2R A . Xl R B %
£ — DANEF ZUCPIRAS, 55 £ AN BRF 20 (00K 245 {1 11 T
W, Py, FoR Dt — LI %038 2 7 22
LR, 5K £ A BT 220 0 35 2 7 25 W b £ T
Py 3755 A I 2 10 5 36 A T 2 B 22 S I
FH DL 7% A TR 0 0 A

TE TR B B, AR - — BF 20 Fr0 IR A R0 4 )
T 24 R B 220 DR A5 3 A T AE o T 9% % R
4B IO, PRI — A . TR F
R 2 P 2 R B e b — B a0 3 2y
R 1 % 26 Mk 5 7 2 R R T A B M. RO B
HOE ST W

{Xttl =F, - X—t71|t71 + B.u, (4)
Pt|t71 =F,- Ptfl\tfl : ET + Qt 7

Ho FOVIRES R ERE, F 9IRS 7 10 1 1 e
B, B, ERIERE, u, o iz A, QNI e
(o5 ZHE R

FE S BT B, MR 8 4 I 20 (0 0000 AE AN T
{8, THEH AT 20 FPR S A THE. XAl E 2
— > S IR At TR, BRL D = R R 2 B E
Z 5 T 5. RS v R UR 22 07 22 P R i
RL I D B SAG B ARE BT E R R



66 & N

3

s
=2

b4 5 #

W P Bl 5 Z2 AR R AR R 20 2 U SAS B SR
b Bt ik A r

{Kt = R\tle;T(Hth\tletT + Rt)_l

Xt\t = Xt|t71 + Kt(Zt - HtX-t\tfl) )

R|t — (I - Kth)Rhtfl
Horb, Z WA, R, 9 W INAE M 75 1) B 77 22 56
B, H, OB RE, HI WU RER R E, KN
KRR S, TRRALEEFE.

4 SKWSHERSH

K [ SR A f o B 1 S G 3 4 B el
B 55 3 [ B ] £ HEUTC(NTSC) 9 AH A7 bE St o 22
B AT B 22 TR R, b 2 T AR A A —
B 281 R AR Y | 22 4 35 82 3T 38 5 [a] )3 AR Y
DA R IR 2 8 R R R iR e e 222 540 SRR TR B o 1
h, R ER 22 Z0HE BT TR ) B o1 b R FUE A
6 41 3 e B 1 ) e 2 T A Y | R — A TR
B HF L d 10 dFI30 AR K 1 B 2 s ik AT

(5)

A AR TUREE R ORM12 hy 1d. 2 dFI5 d 44
K P B 22 2508 (R 6 B 1 A B 40 = 2 oo
12, 24, 48H1120), JFR Fidi 5 R 5 SEE BEA4T HE
B, MR AR Y 1) TR AR 5 B RS B

K F ¥ 77 #R 1% Z£ (Root Mean Squared Error,
RMSE)f1#% 2 (Range, R)Fi ™14 RE 48 b5 20 5 WAl
TR 45 5 (00K P 5 A vEM. B AR 2 A 22 1
HARE SUA:

€, = test, — pred,

R = |Emax — Emin]
iR FIE e, N i 2T 5 H test, 5
TR A pred, I FR 2, € A €0 20 AR R 7R 2518
J7 5 H ) e KB S A /IME.
F1E IR 7415 TAL0004/H % T 2 % {5 5 UTC
(NTSC)7E1 h. 1 dFiI5 RS fE, fa e g%
AT ALL.

% 1 4B TAL000RISAERBEE
Table 1 The frequency stability of four TA1000

Clock 1 Clock 2 Clock 3 Clock 4
1h 1.03 x 1071® 8.70 x 10~ 9.79 x 10~ 8.31 x 10~
1d 247 x 107 2.98 x 10~ 2.54 x 10~ 2.49 x 10~
5d 1.44 x 10~ 1.84 x 10~ 1.67 x 107 1.37 x 1074

FoME 30 H IR T46 TAL000K 1 dif K
B A T AR Y PR AN [R] BK  3  R R 2E
IR 22 )~V 2 Ge v E. SRR 1) 1 7 AR 5% 22 AT Al
72 Wi o5 TR IR A FR 3 v 3 K e — i 2 1 [
VAR TR B ARAR T ARIMARE Y | 1] = /R 2R (1) 1R
ZREFERT &t BRI ARIMA R 1X 3R
A — By 2V [E] ) A 7R A ARTM AR B W 5 T/ ()
R B AT LA 2 3T B Bh 22 8 B 1 Kalman
PR D] Ry S BRSO B /D 5 B0 RS A T AN HE A

FARN 25y 5 B 78 7 446 TA1000% 10 d%k
P AR TR AS [F) I K 350 7 M A 22 A 22 . MR 4R
P15 PR R 22 AR 22 IR I K (R 38 A AR 2 5 3K
TR iR ZE 38K, BE— 2D XF b R 23R 3, Bl B A AL

57-4

PR R R, R/R S BIR H T fe 5 AE A TR B 2=
RS S, 1877 MR AR 22 R 2 S8 AR LR b . — By
8 1 1] A RSS2 0 pl - e S R S B R
K, ARTM AR B 5 o 00l 4 b AT 22 43 Ab B
HERAEPARR DU T, RIE & H.

TR K 7 B R T 46 TA1000% 1 30 d%%
P AR TR AN ] B R 28 7 HR AR 22 RN R 2 51 1)
GLit M. BT — o gt B U AR A K s ) AR
2 3 e AR P S TR 255 ) 3 R TR A 0B AL B AN
EE S, HEMRMSEH SR KmZE, FitH
FH30 dEUdE I, —Jogk vk [ AR R 5 & 22 43 vk AT
L. BEE B B — PR, — B R (R
AR T 45 A 7 2 VR AT A, 2O R AR 2

sy |



66 %

FEVESRAE : [R50 il i o J5E 7 b e 22 TU 5005 23

5 H

Xt EEAI I 10 dBSde S R i I 5 k), X R W] — P 2k
P 1] = A5 TR A I [R) S AR I 5 B2 45 & 22 0 ik T
Kalman/ R 1) 25 77 MR 45 72 AR 72 M 3t — 20 AR,
X 5 Kalman 5 78 0f W2 75 (1) )40 BE JT 4 5%, )
I A5 2% W R R RS TR S e B e )
K. ARTMARE A (¥ 2475 MR 1R 22 ARl 22 2 DR i i 4
o B AR T 2 DL/ L K8 50, 3R W) ARIMARS
TR 0o o 22 50 M P L % R R 1

& 2 4ATA1000:R A1 dEHERE, MIRTEEFHCH]
FHRMSESiHE (B AL ns)
Table 2 Comparing the average RMSE
statistical values for predicting different time
periods under the condition that four TA1000

are modeled with 1 d of data (unit: ns)

LR ARIMA Kalman
Predict 12 h 1.25 1.63 2.89
Predict 1d 1.80 2.04 4.57
Predict 2 d 2.17 2.60 7.93
predict 5 d 3.29 3.80 174
Average 2.13 2.52 8.2
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Table 3 Comparing the average Range

statistical values for predicting different time
periods under the condition that four TA1000

are modeled with 1 d of data (unit: ns)

LR ARIMA Kalman
Predict 12 h 2.26 2.33 4.52
Predict 1 d 3.10 3.03 7.66
Predict 2 d 3.89 3.99 14.1
predict 5 d 6.50 7.52 30.2
Average 3.93 4.22 14.1
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Table 4 Comparing the average RMSE

statistical values for predicting different time
periods under the condition that four TA1000
are modeled with 10 d of data (unit: ns)

LR ARIMA Kalman
Predict 12 h 3.28 1.03 1.67
Predict 1 d 4.14 1.65 3.77
Predict 2 d 5.44 2.91 7.92
predict 5 d 9.53 8.48 22.3
Average 5.60 3.52 8.91

3= 5 4BTA1000RFA10 dBIEERE, MRAEAKA

FEHRangeStit{E(EAL: ns)
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statistical values for predicting different time
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are modeled with 10 d of data (unit: ns)

LR ARIMA Kalman
Predict 12 h 2.12 2.00 2.76
Predict 1 d 4.01 3.79 6.69
Predict 2 d 5.91 5.94 13.9
predict 5 d 16.4 16.8 40.6
Average 7.11 7.13 16.0
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Table 6 Comparing the average RMSE

statistical values for predicting different time
periods under the condition that four TA1000
are modeled with 30 d of data (unit: ns)

LR ARIMA Kalman
Predict 12 h 1.27 1.63 1.16
Predict 1 d 1.43 1.97 1.80
Predict 2 d 2.61 3.32 4.17
predict 5 d 8.00 4.49 7.7
Average 3.32 2.85 3.73
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Table 7 Comparing the average Range

statistical values for predicting different time
periods under the condition that four TA1000
are modeled with 30 d of data (unit: ns)

LR ARIMA Kalman
Predict 12 h 2.31 2.85 2.35
Predict 1 d 3.64 4.19 4.56
Predict 2 d 5.9 6.12 8.13
predict 5 d 17.7 8.24 14.5
Average 7.40 5.35 7.39
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Fig. 2 The model fitting residuals of four atomic clocks trained with 30 d of data
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Table 8 Comparing the average RMSE statistical values for predicting four different

durations under three different modeling data (unit: ns)

LR ARIMA Kalman
1d 2.13 2.52 8.20
10d 5.60 3.52 8.92
30d 3.32 2.85 3.73
Average 3.68 2.96 6.95
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Table 9 Comparing the average Range statistical values for predicting four different

durations under three different modeling data (unit: ns)

LR ARIMA Kalman
1d 3.93 4.22 14.1
10d 7.11 7.13 16.0
30d 7.40 5.35 7.39
Average 6.14 5.57 12.5
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Analysis of Clock Difference Prediction Algorithm for Domestic
Optically-pumped Cesium Atomic Clock

DU Hong-giang' GONG Jian-jun! WU Dan! QU Li-lit WU Wen-jun!
DONG Shao-wu'? ZHANG Shou-gang'?

(1 Key Laboratory of Time Reference and Applications, Chinese Academy of Sciences, Xi’an 710600)
(2 School of Astronomy and Space Science, University of Chinese Academy of Sciences, Beijing 100049)

Asstract The cesium atomic clock is a crucial component of modern atomic precision timekeeping.
In recent years, the domestic optically-pumped cesium atomic clock, TA1000, has been widely utilized
in time-sensitive applications. The clock difference prediction algorithm for atomic clocks significantly
influences the performance of timekeeping systems. Different types of atomic clocks exhibit varying
noise characteristics, which can impact the stability and accuracy of clock difference predictions. To
identify a suitable clock difference prediction algorithm for the TA1000, a comparative analysis of three
classical algorithms for clock prediction used in caesium clock was conducted: the first-order linear
regression model, the autoregressive integrated moving average (ARIMA) model, and the Kalman filter
model. By utilizing varying amounts of data for modeling, the study predicts clock differences over the
next 12 h, 1 d, 2 d, and 5 d. The effectiveness of the clock difference predictions from the three models
is analyzed and compared, highlighting the advantages and disadvantages of each model when applied
to the TA1000. Experimental results suggest that the ARIMA model is favored for clock differences
prediction of TA1000.

Key words time, methods: statistical, methods: data analysis
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