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ABSTRACT

Prediction of clock behaviors is necessary to generate very high stable system time which is essential for a satellite navigation

system. For the purpose, we applied the Auto-Regressive Integrated Moving Average (ARIMA) model to the prediction of two

hydrogen masers' behaviors with respect to the rapid Coordinated Universal Time (UTCr). Using the packaged programming

language R, we made an analysis and prediction of time series data of [UTCr - clocks]. The maximum variation width of the

residuals which were obtained by the difference between the predicted and measured values, was 6.2 ns for 106 days. This
variation width was just one-sixth of [UTCr-UTC (KRIS)] published by the BIPM for the same period. Since the two hydrogen
masers were found to be strongly correlated, we applied the Vector Auto-Regressive Moving Average (VARMA) model for more

accurate prediction. The result showed that the prediction accuarcy was improved by two times for one hydrogen maser.
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1. INTRODUCTION
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Global Navigation Satellite System (GNSS)E o]|-&s}o] Hstsl

A FA 7 FHol 7Hs T AR et 7|EAIte] S 7] o
7

wolth. =R o2 de] ARH AL Sl 7|EAte B2 HIAY

A" & Coordinated Universal Time (UTC)7} ¢Jt}. o] UTC:=
AA olgffae] 800978 AlZHEFE A7 (Be AP ESAT
ADollA] TefshaL Qe FAAAIE S GNSSdolu EAI9E &
olgste] AR v S4T HlolE g 7|vte &8 AAET) o] i
T8 Foske AAVTE TA g Faof HAgE SA =g

&= (BIPM)o]t} (Panfilo & Arias 2019).
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Fukeke] Z1EA1AI7E UTCE dubd 2po) 7t A
Fubeke] ARSI FAISHE 718 AAl (E
B AlADY] A7 UTC(K)RFAL 2=, o] A o] g X
L IZ7hollA] FAsHE UTC Al7bko]n] Az A7HS &
. UTC(KollA] k= U} o] Ex g d7]13S LEH
=403 olsle] e, Lyt ol TR aaetd
T-AKRISS)S olu|sl= KRIS'O|t}h. LR, Al &
+ GNSS9] A|AR] EFQI2- 7} 29 FA|=-2] =7} 257
Ho] 5o g AYE 7} 7|HolA] Igsta it g
ol GPSQ] AJAE] B}l 0|2 S| EiHE 4 Q1 USNOZ}, Galileo
A AE] ERQLE R 9] ofe] ZE7]TEe] dAIske] A3Adskar 9l
t}. o] 52 A AE EFY-E UTCeof| 24t QHY & (stability) 2} E2+
% (uncertainty) 2 ztil £7] Al7]&= A& 222 it} (Hahn &
Powers 2005) (Lewandowski & Arias 2011).
UTC(kK)E A4d5H7] Slalials nEAE AA| R AFESH= (XA
Al (GeHE o2 AEAAAA e samo]lZ)e)l 594 Al
ZH) ol AlAE 9 AR Yo AIAIES vl S5 AAH 5
Zrofof St} (Lee 2018). o] HAE o] g3l A|AIES 5
7HA o2 Hlg A5k} A3 o 2 9k Modified Julian
Date (MID)E 42} 92 Eif= 29| 0A] UTC BIHIEFAIE &
A 9] BZhell AJAlES HlL S4s5taL, 1 Hlolg (5 AL
o] glole)E ghed 53¢t HobA] QIEIUlE F3l BIPMo|| Al &3kt
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BIPMO A= AlA Zh29] A|7FE AT ol BUle o] Hlo]E]
= ALGOSEH= due]& o 2 251 3 o Circular TS £3
[UTC-UTC(K)] A5 Laxdich. TaiA] slig L] A Hlo]
Bl2E] o 459 $o] UTC()7} UTCE. e bt sofghzz]
& 4 Ut ZHe] AR A A= o] ARkl 7 U
F 250 ns) ool A §-A|H =& ukAE] A|AE Micro-phase
stepper 5-& o] §3}o] 2 3tck.

948 [UTC-UTC(K)I7} & 7 f-olle 2 3lok sk ATkt
O AX L2 o|F ukE RS £7HH 02 ARPAE} 2
Uehdth AlAIE TAR of] Wol 2451 AlAIS] P =7} Ll
Rk, A i) AZhEE A ofl A= vEAE AJAIZE W
sle A o] uhere 2 njef of A4, oS 5, 459 o]
= o9A MFE ARJDA AlSslaL, of Bhao] v (E= U4
%712) 234 AZE B S48 24k 123 BIPM 23}
Zh sy o S3E a3t A kel 2lelg BAgslE, 1=
2 jol7h 2 el vl 234 Lo} WA o] Ao
2 o} Al7be] BEolM 1A WalE mE 4 glolA Ft
4 QPP ET} otk T8 QbgA Q) ARKE N&HoR §
21517] YA AES & she Aol F251t} o $IsH ATI
o1 2) =3} ZHt e (Kalman filter) &g So ] Fg2 A}ELE] 3
Qlt} (Levine 2012, Parisi & Panfilo 2016). o] & 252 7|8
Aoz A 2 Hie g 3, AN e o A
A L] F7] 94}, Faba xfo] 9 Fuba 7 (drift) Zhat o] ZF
Ztoll PEFE mlAl= a2 S & siE AJAIZ} vl of| 4]
oAl | AIZhE LR AR ¢S5k Aotk

ol YaE|E o ARt oAl ES 517 YsiAle AlA A

_L._|3:

rH rul

o B4e & skl Ro] Fasith 71EAA] Bt AlA
o §rleaht Faks Hol, Lo Fubg BF 2L FL AL
Aol ZH5T BAH L 4 G Fo B, ol RS S BPEH
(deterministic) oFo]z}a gic}. olof HIs] Z2-& EAA (BE F

)02 Hsjok skt AAe] 7% (&g @A sk &
Atk IEA o] ERAAE e 5L Polof sh AlA BY
Alel @ASFEQl W, & AHT AR Y AAe
9’ (phase) EﬁlolEi‘?}% o] &sto] AlA| 9] A5 dlSste WY

= 2R

TheF BIPMo] [UTC-UTC(K)] 45 &6f Ab5 hagiehd 2H v
gl UTCKE 6 25 24ste] B AelstA (UTCO o
TRIAD 542 4 9l Aol ofuetellA o] @77t A
7ol BIPMej|Af<= wikE(rapid) UTC'Eh= oju]Ql UTCr ARkew
£ 2013 7YEE &95}7] Ak} (Petit, et al 2014). UTCr

< i SAT A7 HlolB & HiEge g ThEoix| L, ulE
[UTCr-UTC(k)] 237} I gch FAder dohd, w5 o
QYUKRE deUA7bA] 04] UTCO Bl &A% Hlo|HE 54 Y
(D) B Lo]% D+2¢ 124] UTCo]Aof BIPMe] FTPo]| &2
5} (BIPM FTP 2020), BIPMoj| A= X817 go]g] 24 109 &
A 8 29 (UTC 7)ol I Ao TR (o]of TsliA
+ Fig.3ollA] #pAfls] A %‘) 2018 Az UTCr AY/dell rodst
© A4 S Fig loflA B AR 6271, A2 A 8] = oF
300thelet. UTCr UTCE iﬂ w2 GekshA FRishr] 9
sff vhEold e g, [UTC-UTCr]¢] Aol & &ole Aes HEE

i
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Fig. 1. Time scales generated by BIPM: EAL and TAl are French whose
meanings are 'free atomic scale' and 'international atomic time/,
respectively. TT; Terrestrial Time. PFS/SFS; Primary Frequency Standards/
Secondary Frequency Standards (from Panfilo & Arias 2019).

S} 42l 1 A]7F ¥E1E=-2 Root Mean Square® 2F +2 nso|t}
(Panfilo & Arias 2019).

318, BIPMo|| 4] A}88H= ALGOS ¢+
‘liEP

HEEE dagels =
ol daelEe F /Y gae|Eo g FdEed, shube
darE|Eola, o st VA gatElE ol oS &
2012'd0]] 1ol & H A=, LRFAIA o] Fat4
*8]—0:] of|&sk 4~ 9JA it (Panfilo et al. 2012). 71 4
A AR G QP = A 945X 9t St
"/\UﬂolZH Ase ZASE 5 A =k 1
12 E-2 20140 I olE He, oS
% AAZE E2 AAT e D3] slofl famo] A
oo & 7]--5x] £ BoislA =it} (Panfilo et al. 2014). 1 ZAx},
BIPM 1%} Baiaje] o5t UTC A/dollA] Alg LA AAl= §
e o 7HEAE W] Z3AL, pamolx 7 A 7SR E
Fofgkoret. oo wt UTC(K)E /g AlAl o8] AlZkEs
AA M E mrAE] AA R AlgAZIAIA t4le] fauo] A&
o] &5k H|go] a1 @it} 2018W dxl, UTC AYAjo]| 7]ofsh=
Fao]z] o] &2 ok 40%R1H, $FO R T Fol'd Ao & o4t
=t} (BIPM 2018).

2 =ollAe favolA Y AsE dlSstr] s 9A
AA 0 2 245 dlo|e, o] 21} A|A|H (time series) H|o]
B 24 #Hol Auto-Regressive Integrated Moving Average
(ARIMA) 222 o] 230t} H ¢ Lof|x]= KRISSOA] &4 =
%l 2ol A o]Z7F10Y Sof| o' ZhE YERd A1 o
5131, BIPMoJlA] o =22 @ Fof [UTCr-UTC(K)] A= vt
S 33t A Aol BRIgo A ol el Pots
she1gict, o] A 53} 221 €F 1009 F MR H O R 4
of o] mae] P} TEL wekick. 1231 2t S
4 £ Fat4r AR 73 A3 (correlation) & 71

AL QAT = o] AFAl S WSl 4= 9l Vector Auto-
Regressive Moving Average (VARMA) E 42 #]-85}0]

o]z 9] A5e FH A A5 F BEE o] 8t &
KeX
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(The R Project 2020).
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ebel At TS 8 QlFolch BIPM E3o]A] (BIPM
FTP 2020)¢]l= UTC 9 UTCre] Ao 7]ofali= MlA Zh=2] A
7hasdgtA o] ArlEe] ok F71A7IE Wl thaliAle 3
41 (Whibberley, Davis & Shermar 2011) of] Z}Al|5] Lkl 91
. 31A9F ARIMA BE-& o] 851 AlZ}57]7F 7Vesithe =
2 1ot (Levine 2012), A AR} ob= H ol A], 14012 Q1 By
dheil] 2 AL obd] 27 E3c

2 =29 Al 2FollMe AAYE 25e] £4 9 5S¢
374 LSS ARIMA 25 2 VARMA 2Elo]
o} A 3ol A= AAIES] Akt 4 E HlolE] &~
lof| chal] ATy gt Al 4golale Bdlo] whe o & Axts
o]z ¢} UTCro] AA] A|7kx}o] Hlo]E| & o]-gsle] H| L &
3,7 Sgelld AR B

212 RN+ .

£ Ao &

oo

o B[ of 2=
ol ok

2. STATISTICAL MODELS

2.1 ARIMA Model

Auto-Regressive Integrated Moving Average (ARIMA) 2@
£ 1970 o]l Box & Jenkins (1976)7} A|A|YE EAHES &3t
Sl &5t Ao 2 AR Bdl, MA Bdl U Differencing(XH&) 2}
22 37 2e B (EE 7)%)0] Ak Zolct.

AR B2 77 8 Beolek oju|2, el gro] T4
9] Zhofl olEsto] A H= 7ol Adsict. wher A ghol p
AR U 3HA 9] Zholl A RE S e B o4& ARPp)
Sdojgt 23 A ()2 Fd3H} (Shumway & Stoffer 2017).

Xe = P1 X1 + Poxpp +ot Ppxep +we (1)

=

714 9y, 9, 6, (6,0 AR Ze] Algoleh w, = ¥
A2 HFE 003 BALe UYsiel PHERE 2He
©)31 8] HF 0oleka Ak

MA BEle o5 B Blolet ojuj2, Aol glo] 2
79 3o SlEslte] AR ol ATsheh. Wk B
o] q AR} LR TAY FEOIARE S e A oA
MA(Q) BRlole} 2231 4] (2)2 Zagih
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Xe = We + Oweg + Opwey +oot Bgweg (2)

03714 wis WARESol 1L, 6, 6, 0, (6,%0)E MA KE9o] A

Xe = PiXemq +ot Ppxep + W + Oy weog + 4 g weg (3)

2hH, ARIMA & &2 H]%4H(nonstationary) A|A| o= A&
JA

& 4 oltk o] mRIE X Fle] £7bE A1, )7l AL

Ho Seong Lee et al, Prediction of H-masers' Behaviors 91

AAGE B AAE R M7= dE& Tk oAl T, of
H AALE d 2} 2H23E ol ARMA(P,Q= BAT 4 U,
o] A|A¥EL ARIMA(p,d,q) o] sigsh=dl, 4 (hE LEbd

4 glet.

$(B) (1—B)*x. = 6(B) w, (4)

o] A1 Al (3)el] d 3} & W3 Alolch. AL 7hers] LY
911 Tha T e AAMRFE S A2 A ofsle] A4 Zolck,

S (backshift) G4k B | AAY AEE & AR IR

MBI S S HOR Bx=x, 2 BUHT, 0|2 2

A L5 B'x,=x,.,7F Bt 283 2R 4F vE V=X,
A5 o] 2Tk A|AY Ato] €] Zfo], & Ix} ARt FLeke A4kt
o} whebA] S5F 4Rt} XM 1A= Vi, =(1-B)x, 2] TAE
7HIt o] A& F ¥ Agot AgolH, & 22k 22 4] (5)oF
o] T3 =t} (Shumway & Stoffer 2017).

V2x, = (1—-B)?x, = (1—2B+BY)x;, = x — 2Xe_1 + X¢e_p (5)

Al (@] A (1-B)'x, T & AAL AR x5 dah X
sto] A AlAIE 0] HES TEE A UERdH o714 A4t

Al ¢(B)2} 0(B)+= 212 vk o] 74 oj %t
¢(B) =1—¢1B — ¢,B> — - — ¢,B?
6(B) =1+ 6,B + 6,B* + -+ 6,B9
2.2 VARMA Model

Vector ARMA (VARMA) 212 SHEH 7] o 7ie] tf
F(multivariate) A|AGL] £4 U o Sof] AFE-Hct VARMAE
ARMAS} H|S:51A] VARE ST VMA BE-S A3 Zlolct 1
2}4] ARMAS} BRI} 2 A A; Al A Dol ThaiA T A 4= 9L
o} 2 Aol Alike I8l ARERE R §1o]2] MTS sfj7]x]ell&
HIZ A AlAI el 83 4~ 9l VARIMA 47} §l7] wigof] o]
o} 5Y3t 75 SI=5 "M EE DifferencingS 35to] AA¢
AAQE WS, T Fofl VARMA 245 -850tk

VAR E&-2 VARMA(p,q) E&A] g=08]1 7o slidsh,
THAEF AlAY Aol A 71 o] ARSETh o 7| A= 20FF
(bivariate)o]] =35t5}o] VAR Ry} VMA 2l Argsict

2RAEFo] A1 p=1%1 7%, & VAR() EEL O340 =

t} (Tsay 2014).

e

G

zi = ¢Po + P12, 4 + W,
o] 412 uleje} WY wask A (6)7} e,
Zat ¢a0] [d)aa ¢ab] Zat-1 Wat
= + + 6
[th] [¢bo bva Pop [Zb.t—l] Wbt] ©)
oA7IA] g Sk w, = Z7E B HEHAR(, 2,)9] Aok B TS
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& vehdith 2,8} 2, =RollA 2 A1 oA T huo]
Z1(Ha, Hb)?t UTCr} AJ7F2}o], & [UTCr-Ha] 9 [UTCr-Hb)
£ ofulgith 4] (6)¢] HolA] BthZH(off-diagonal) 8481 ¢,
o} ¢, 71 71 52Tk golh Wk 2,9} z, Abolof] AFEEAI7} ¢l
oh o] = 72 00] Ha1, 9] VAR Bl £3179] 27119 AR &
A2 T 4 Utk TAAQ] oAl E EH, T o] F o] BE
OolgtH T $Amo]x] Atolof waFAFH cross-correlation)©]
Atk & F saHlolA s SHAolgh Feolok a7 ¢,71 0
o] opgtH a2 Hadl 415+ Auo]2] Hbe| 3kA A1
3 (z,)°0 o245 7HIth nRRZHAI R, 00] otd ¢, Hb<]
B} Ha®l A 415 (z,, )0l &&che AS Hehdc

] WoF 9,209 ¢, 20012k, TRl W, 2, 7,
Ol &S] YA z,4= 2,0l QESh= A, FRFo] T TS
20 A fe} amo|AE o2 59, Haw HbS 4150
QS DA AT Hb= Haoll 93 nIXA] gheths Lol

VMA Edl& VARMA(p,q) EdloflA p=031 790 sigsl=

Beolch, 28] T q-12) A%, & VMAD) B ok Aoz

H

g

Zat _ Ha Wat _ eaa eab] Wa,t—l

[ ] - |:,ub:| + [Wbt] Hba gbb [Wb,t—l] (7)
A7 p= A4 FOR 20 FFS eI, was BARES
Uperiet, o] RYOAE 4] (7)9] Wizt 24 6,8} 6,7} 4] (6)
olxisk Bl 2 Zh2t Al SELle] ABAteS et
Wict.

3. DATA ACQUISITION AND PROCESSING

2 =EollAle 52 (free running)shi= F the] $4m]
o|A e} UTCrike] Al7kao]7t 8 dloglo|tt, o] fAn|o]Z]
£& BIPMO| 555 9] 9l&d| BIPMoj|A] Hojgt I == Zhzt
4056263} 4056280]T}, o1 7]A] 40L& LAmo]AE ojnlsky, Lt
2] £2HE &S0t o] =R o] TERIS e W FH
At JEsle] 247k Hexh H8Z H-2rh H6L 2007 10| &
Alotoll A =913 A 0 2 HEln2 Kvarze] CHI-75A0]t}, o] A&
2008 7¥RE] KRISSO| upAE] AJAZ F2s) gt $hH, H8
2 2016\ 4o AQA0A] =St Ao Z HEH .S T4Science
o] iMaser 30000]t}. H6ol|A] o]Ato] HhgslwH 4] 2019 8o
H8Z mhAE] AIAIS HERQITh & i=Fof AR5 d|o]Ef = Heol
nrAE] A AR FRSHE 7178t S Aol

Fig. 2i= UTC(KRIS) & AHA5he AlARe] ZeFzo|t} o] 1
H-2 UTC(KRIS) & $143& o]85}e] 2 7| ef v w5k F
£33}, KRISS AA] Abol9] A|7kzlo]E &4t & glo|g & A%
Sha BAsHs R0 &2 Lt 948 o] 85 AlZh] i GPS
o 72 T YA S ol gAY BAAZFH AN S o83t
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wn =%
= ol nication
GNSS ﬁ Satéllite
Master Clock ) 4
(H-maser)
5 MHz k_é
"->| Microphase stepper | TWSTFT
GNSS
=Mblz UTC(KRIS) T 1 PPS Time Transfer|
| RF Distri. Amp. | | Pulse Distri. Amp.| Receiver
5 MHz . :
— Multi-channel
Other Clocks — Measurement
—> System
J L
(UTCr-clock) data H
analysis and e R
prediction

Fig. 2. Schematic diagram of the system for time comparison, data
acquisition, and generation of UTC (KRIS).

| 16
Buolc} dlo]e]E AAstch(Defraigne & Petit 2015). EA1944S
olgsh= Zelle /ol |ARIAZE GiE o] QA o B
A Aol &= 7|EA|AS Two-way Satellite Time and Frequency
Transfer (TWSTFT) ¥H o 2 8|2 3H}HITU 2015). o= A H] %L
2t HlolelE BIPMof| i E+= wie Huf¥d BIPME UTC A4
<= A ALl g

HEAE] AlA] H6-2 wiE W3 s = [UTC-UTC(KRIS)] 2] %k
of whz} }A| &1E]E o 2 Microphase stepper24] 1 A|7Fx}
o]2 zA (steering)sh=t], 7 ZA1}E0] UTC(KRIS)o|t}. H6
9 H8S T o] AJAIZolA L2 b4~ Multi-channel
Measurement System (MMS)e]] Q12 =] 31, A A1 S Ao]e] A7k}
o7} 2Y o & e} FFE]C] 7t MMSefli= UTC(KRIS)
o] 5 MHz 57147} Qeds]o] 7+ A7 ST}e] Al7katol g 24e
o 2415 2hggict

UTCroll tigt $4mo]#] Hno] Al7kA}o], & [UTCr-Hn]_
predg odl&3sh= ol Z Q3o & & elshd ohaat At

N

 UTC(KRIS)-Hn: UTC(KRIS)E 7]%© 2 Hn (n=6 T 8)
9] A|7kx}o]

@ UTCr-UTC(KRIS): BIPMoJ A w3 2hg sl UTCrat
UTC(KRIS)2}e] A]7x}o]

® [UTCr-Hn]_pred: £ Lo A B4 TR 2K o S35 A|7H
2to]

O o Hojct E=o] 11 glo|er} e A= 1
FoAM 2 =EoAe mid UTC 0A]of] S4 3k ARE-ghc,

@2} @l et A2 Fig. 3& Farsle] Aysgich @+ ol¥
FWH) 4 ghof|, Ad 5, & (W-DF e die dadrt
2] 79 7¢e] dlolg7} wradHth O @ tshH, BIPMY] &
27} e WaRe] a4 ol (W-1)F ¥ ~Yge] 7d7ke] digk
[UTCr-Hn]_real (A S Al7Exto)S &
Z19] [UTCr-Hn]_real Hlo[E| & HIF O R oS T2 TS =

=

+
32,
&
v
2
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(W-1) week (W+1) week
M T W TtTh F S su M T W th  F S su M T W th F S su
BIPM publishes | | We forecast
[UTCr-UTC(K)] [ " useless | (UTCr-clock)

W week: this week

useless Wed.

A

On Wednesday night, the residuals up to the previous
Sunday can be obtained. '_'

Fig. 3. Recursive procedure to forecast the (UTCr-clock) data for 7 days
from this Thursday to next Wednesday with the [UTCr-UTC(k)] data
published by BIPM on this Wednesday night .

14000
1

[UTCr-H6)

Time difference / ns

9000 11000

T T T T T
100 200 300 400

(=}

[UTCr-H8)

Time difference / ns
31000 33000 35000
|

T T T T
100 200 300 400

o

From MJD 58260 to 58720

Fig. 4. Time series data of [UTCr-H6] and [UTCr-H8] for 460 days.

real®] x}o]E Zx}(residuals)@} F 2= =9
o} $Jo] I & ui g vhESIE, e vkt A £ A~ Yol
ofet ol ©A1E BRI 4 9T, Eik ke % B2

=
D5 QA "k oS o), S A SR B4 & Aol
[e]

TheF Fig. 20fl4] LJeRH Microphase stepperg ©]-835}07 o
%%k At(=[UTCr-Hn|_pred)E 022 THECHH 1 582
UTCr=Hno] ¥t} thA] T, At W 23 ¥ Hno| UTCrat
Hrhe olnk o] £8E UTC(R)E ARSI UTCroll 2543
UTC(k)E & & Slth ©, eWha9 ol & eap} 23=mg 4
A&+ UTC(k) = UTCr + eo] & Ze|th. A= UTC(k)E UTCr
ol 7MESE THEEH e5 Folof 5k, 1217] Yl dgS
%z sfjof gt

Fig. 4= MID 58260(2018.5.22)5-E] MID 58724(2019.8.29)7}
A] 465% “5<te] [UTCr-H6]} [UTCr-H8]2] ¥iglg HojEct o]
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Fig. 6. Second difference of [UTCr-H8] of Fig.4 and its auto-correlation
function (ACF) and the partial ACF.
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