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ABSTRACT

A Kalman filter algorithm is used for the generation of an ensemble timescale with three hydrogen masers maintained
in KRISS. Allan deviation curves of three pairs of clocks were obtained by a three-cornered hat method and were used as
reference curves for determination of parameters of the Kalman filter-based timescale. The ensemble timescale equation of a

3-clock system was established, and the clocks' phases estimated by the Kalman filter were used as the prediction time of each
clock in the equation. The weight of each clock was determined inversely proportional to the Allan variance calculated with
the clocks' phases. The Allan deviation of the weighted mean was 1.2x1016 at the averaging time of 57,600 s. However when we

made fine adjustments of the clocks' weight, the minimum Allan deviation of 2x10'” was obtained. To find out the reason of

the great improvement in the frequency stability, additional researches are in progress theoretically and experimentally.
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1. INTRODUCTION

Global Navigation Satellite System (GNSS)E o|-8slo] A
F A 43k FRio) 7T A2 Aol S0l FERt Al
Adstar FEshe Aol 7HesiA 7] diZelcth. HEket Alzk A
g Sl AlY WA Bagh A2 Aeslal P E HARAA 0]
t}. 1950 cho]l o] AJZHE AMlEHAAAE HIEse], GNSS
/ol wol Gl = FHFAZAA, T7] P ol gt
e M 55% sauolA] 5, ¥ T7Y dAXAE
o] Zd=lo] A =Tt (Lee 2018). SHAIRE o] 2{gh AZFAIA|
S ol g et o] AL o] ot 4 Qi 1R
2 IFRAI AR = o] the] (AIAES Eoba] AT
E(ensemble)& F/35kaL, shLE T L o]4ko] AJAIZE A Q]
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e (timescale)& e+ Zo] Q- h o GAHE ATk
<& st AAIE AtolollA S E Al7ERLo] Hlo]E] e} o]
ARl AARE S v O B AAI S A2 At AL gae]
=0] B Qs5lch Global Positioning System (GPS)2] 739 Brown
(1991)-& “GPS composite clock”o|g}l= 0]22] oFAME A7+
A o] 25 Sl o, Pl GPSL] AJAR] A|7FAJAo] A 25
2 9Jek o] ol &2 el HAIE AIAR ST GPS S
o] FA1 Az 21430 Ol AAIR ST 241 AJZE Abo 9] A
2lo] 27 Hlo]E & o] g3ttt o] A HlolHE A4 2l
stol 70 f)Adel B AlAILE composite clock, & 4
|ZHegke] AlZkRbo| & 45k o] ZH(Kalman) ZE] 7|
18] o] AFRE ) (Galleani & Tavella 2010).
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£ 1987 9] Jonese} Tryono|$) 17, Greenhall (2013)&
Jones-Tryon H&-& WAAIA H7}2] WP E ZTHZE 75k
AbEa A GarElES AT 2/dH) o] 52 f/do] ofY
AollA = Qe AIAIEERE AeaEE A0

232 3t} (Greenhall 2006). o] £]of = KAS
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A7W=] QI T} (Parisi & Panfilo 2016, Panfilo & Arias 2019).

HMBIEE &5l A= YE Albea2 i AlAIE0]
ah4obd EuTh o QPgEl ARKE RS 9 4 QTHe B
o] Bt o 2351 A2 o shute] 451 AlAo]| ]
Y asluiehE ofd o) YRS AHate.
o] A%4a A S $AT 4 eleke Aolck
FE A SE TR T £ 5] e}
71 AR YRISHE S 27 (steering) = ofok
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oA & 5, GPSE] AJAR] AJZH(e]S) GPS AIRH2 ml= 4
& D.Cof| /Xt TS A (USNOYOA] A5 AlZHEa<]
UTC(USNO)&} A|7Fo] L Ajete& XA ok (Kaplan & Hegarty
2006). &, 227t A&HA] o= GPS AlZHt 3271 A L5 &
UTCeEo] A7 2ol ol Bhshe FRAlS A Bel =3
o] AFE L, o] & 441%F GPS4 7oA B Rhet. USNOo|
A1 UTC(USNO)E A3/d5171ell $FA] USNOOfA| Befshal §le
olg] AZAAIEE o] g3sle] PE AlHEae] TA(USNO)E
2] /g3t o] & sl BIPMell 5-E= 0] 3= USNOL| AlA|
T 20204 5 AR F oot 1 5 53t 7} Al AkATA 0]
3L, 34th7} Savo]Holn], 4the] FHIEAEAAAE L3
z]o] ¢Jt} (BIPM Database 2020).

9O XI(ESA) 2O F 20161 12YHE] AJHA Zo] 9]
+ Galileo AJAR] O] 79 T AJAR] AIZHGST) §4 o2 Uzt
o] IFAG7ITHEY PTB, ofefj2] IT, A OP F)ollA {4
1 75l UTC Al7to] A 2)steE A=) (Lewandowski
& Arias 2011). Ho]% 37 o]Ake] EReIGL7|3o] ujd Galileo
Time Service Provider (GTSP)Z2A] Asksl A|7HS A Z5t2 2
ol WY H&she A4k Y- SAAE ofl = Precise Time
Facility (PTF)ZA] 241 t¢] 5535 Ao e} 3+1t]e] 1A
5 MELZAAIE 2HE A ATt (Bedrick et al. 2004).

2251 F=ollA 29 5<% BeiDou A|ARD A]ZHBDT)S] 7
Q= =3 National Timing Service Center (NTSC)ol|A] 2|5}
= UTC(NTSC)o]| Y X|5t=5 XA =T} (Han et al. 2011). GNSS
O] AAE] AZHL A= o] Gl olF EEAT7]H(ab)olA] AY
/d8h= UTC(lab)2] A|7HS A 7] 7191 BIPM(=A| =553 =)ol A1
AJ/dsh= UTCoF 4 Y% (ns) oJWoflA] A|stESE A=Al
olck. A% PHALHS SFoh A b F7he] UTCUab)
atela Qg E|7) AAdske Aol GNSS Alzke] HotE g ol
ZdPg o]t} (Lewandowski & Arias 2011).

2 =8l SRS A(KRISS)of| A f-2] - T
Z3laL gl 3] Ao E o] &sle] LTI E Yo
2 HE A EE sk Wil dial =3ttt 53]
e AR RSP B ARl 23 AE AlAlY &
Tt E BT A55HA stk As El:
t}. vz Korea Positioning System (KPS)<2] A
UTC(KRIS)7} FF A Q1 7|2AI7 S Al 4 QL

A=l
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& =22 280l Alttel
Tk AlA] 2dlof thsf ofshst
of sl doket. T2jal ¥
2 3-AIA AlAEe 85
ol 3th Atolofl A ZA7E
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sl gt 4ol s At
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2. MATHEMATICAL TOOLS

2.1 Clock Model
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Vo 2mvg dt

y(®) Q) (1)

SZ2), g SRS 2EIh S Lrehic 9] 4] gkl
(027, = x(OZ BOIBIAL, x(DF 215 5) 9IS 2 “GA
oletar BEch webA Al ()L 4] (2o} o] 2 4 9ict.

AZIM v BEFIR, vie A ollA o] Al k(9
:‘ [e]

y() = £x(®) 2)

ol" AlAZ} mlefof] o' AJZHE UERE ZR1A] oS35y
Al s AlAIY ARl E Uetde x(0< y(oofl T3t 4
Zasith o, o714 Dok Al7kolgt AzAA el Zho] AF
Rt AAZE e = AR Woke 08 BE 1 oy ¢]
AlZh, FAH 0 2 wWoh shEel 1usE Blofub] b= Al o
Aro 2 st

A (ol Al &2 AL 7 B8 & AlAQ] g U
el Al (3)& &3] ‘AlA E’olgfal 2T (Tavella 2008,
Levine 2012).

=B
1

A

x()=x(t-1)+yt—1) 7+05-d(t—1) 7> + &
yt)=y(t—-1)+d(t—-1)'T+ 1
dt)=d(t—-1)+¢ (3)

A7IA (1), y@©), dOE Z¥2E A1 oA AlAI] 914, b,
Tt EF(frequency drift) & YERATE 12|31 € 4, (= A
(random) -2-& veh=d, ZHzhe] W& 0ol 4% 4k
7 AFEEE 5h, A2 ATA7E goka gt o]
FEE9) @l 7 ko] 2pH FUTHs], [shs], [s/s7]e]ct.
AAZF YAeE 87 27l 25, [ 5ol LA -4

s



ok A 3)9] ¢, Tk A Tk 257 A s W
5H7] wioll 71EAlAILE Bl S5t ol F & g es] dold
= Stk 1Al o] A ES A% ¥ (deterministic) A Fol2tal B&
ot (&, FIb4 £7L] Zfolle 1 3h& dotliz7hA] 71 A7k

*‘J&oPl EHTOﬂ OP-T— FgH 7]% 1A B Zﬂr"% 1 3l

&

& 719] S oleh AehE oS o) % ok
420l olsl) AR HCH (7] Bl oSl Foks 28
AR 87k Basich SP E =Roiel 2ol 3

=3
—c:,j_
AT 10°% (OF 129) 5] 9ol b4 BRi= YAs)
t}

o 1 =
density) 2. BATSEAALY AIZ QJeloll A Fuldebd 2 Bajgicy,

B oM AlRE GollMe] Y, & BHAIHEE AR
Al7hef| w2 oFghH}(Allan deviation: ADEV)®] 71 &-7| 24] &
A5k & ARE-Sict (Allan 1987).

[e) —%
A&LH o2 ST A RITER o)) HlolE 2R Lt
Aibehs A2 2 A Ut 2 dole geEte] 4l
] 4 diolel g HAHA Ailste Wy
overlapping ADEVE o] AR&gH} (Riely 2008). & =Fo|A]
o] (

ohs G B o] o g AR Aeltt Al ()& &
HEAHAVAR) S Allshe A2 o] 9] AlFTo] dakHat
(ADEV)o]t},

oy (1) = W M (Oirzm = 2Xiem + %)% (4)
o1 245 5 50 o 24U Al olci
UEr R, N& 7H 3RS AR () o8 348 dlolE ) &
otk m

4%L/Klﬂ(r)e AYshs =AM, v = mro] A
= 7?“ o} 2 =ZollAe GPSollA Y] S A

=900 sS A=t} (Suess et al. 2010).

%ZV\] A o] FHoll wat s AlAl A AR S9] S/
o2} dlg 59, Alg XAl 7 f-olli= White Frequency
Modulation (WFM) &1} Flicker FM (FFM) ZF-&-0] 2A|5}c}.

ool H]a} 4=Amo]#] o] 74 Qoj= WFMi} Random Walk FM
RWFM) Fh-go] S-Alslct. Al amo] o] thgl o] 24 =
QS UHE ©] WEMT} RWEM 2-89F 71235k} (Tavella 2008). o]
e gl olgt Fupty & TJEfa, & Yk AZHDol o
F AL (0, (1) 2L log-log AALE 28 W) 1 7]
1= WEML (-1/2), FEM< 0, 18] 31 RWEML (+1/2)0]t}, 424
o]z o] YAl §448 @] F4RPY E= ofF 42514
TH A7) QFY = RWFME] ko & £2] ot} Amo]z]o]
A] WEM3l} RWEMO] FHEE = HAIZR 7 AlAlof what ok
2R 2 5}15(86,400%) 01T}, o]ofl HIs| Al&-AAFAA A
WEM3}F FEMo] Lol X = AR A1A19] A5t &7 27100
whe} k22 9h th2F A ~ ot

FAamo]A o] FuRH B (Y EADE Fa7] $siA= L
Ho}p 431 7|5 Fabpdo] Hasitt shA|YE 7 Sk
o] §17] wiioll 450l A& v]&gh 3the] famo|A7]E] AR

o ru

¢

N

Ho Seong Lee et al, Kalman Filter-Based Timescale 263

i SAslel A ddelel el s 2 7
o ZHE Sano]y Zhzhe] Ao YdehHEHAIE ALl Us W
& A}g3ic) o] MBS “3-cornered hat” o]ghal ET} (Gray &

Allan 1974, Riley 2008). 3t o] s~AH[ o] & 217} g, b, 2}l S}
3,048 bE 71EOR T ao] Ak AoleR S1H 3tie] 4
anfo]d] Abele] AT QRkEARS A] (5)9} Zo] Ay LAk
0= XY 4 gk 1714 Frf dehakolet 7)E Fupedl
o 5ol WA 94510l TR0 Fhgol 2 thael e
HX\7] 9hE o 5k QHEARE SfmIRD. T, Shmo] A So] A
2 5gHolold 7t 155 Afolel A} Qlcka 71 S o
o] TALE A4 4 ik

(*]

2 _ 2 2, 2 _ 2 2, 2 _ 2 2
Oap = Oq + Ops Oac = Oq + 0¢5 Opc = Op +0_c (5)

1
0 == (ogp + 05 — ch)
1
o7 = (o2, + o, — o)
1
Ucz = 2 (O-(%C + agc - Oﬁb) (6)

UTHEARS () ghol E 4 AR 4] (0)ollM B RAAY
Sof wiEtA = FE &o] (-)7F E 4 Qltk o] mloy A FAR
‘5ol U o AlAIEol theliA] 3-cornered hatg % 0’8}74
L, AAIE Atolof] 5 AAlE 7R gle o &
(long-term) RPg EoflA] WA} 123 54 dlo]E] *7} %
o] WA S e A 4 Qlok B =RollAE 9 AlE ol8s
o] Adfj YhEARS 1 of [EEEo||A] B H5H= Stable322}t= 3L
23S A3t} (EEE Stable32 2020).

Fl

ON

N

2.2 Clock Ensemble Algorithm

e 58 29 mulo] xR} steleks A4S o) EAIZ
(clock reading) Atolofl= H]AMIgE 2Fo] 7} Gt AJA] Ate]e] A7k
2ol S0 @] AMEE AL Qe AI7HEE Al47](time interval
counter)tt Dual Mixer Time Difference (DMTD) & 1 A|7F
B0l 2% 4 miZ 2 ps=10 7 s)ollA 4 mI x0T 05
ol o] Bt o AUt AlZtato] & Yot Aol FasiA|

Atk

olg] ool AlA| Atele] A7ERbO|E S5l 11 gHES A
St k] b o 2 HHsHH A AAEL AZEEC o QHY
Al A7 AT 4= et o]d JE o2 ThE Ake] A
£ AZtolth N2 AIAIER e AAIE A5k, 1 F o
© AJA o] BAIREE hEbal sk -] AA BAG hs &
A 4 e ol obch AlA| Atole] AlZkxbo| 7} £ 7 5%
(observable) @folct. o] & QEYste] AFE Al7F TAE oW A
A jol mAIZEIRS] Xfo| = YERH 4] (7)3} o] & 4= Qlch

(Tavella 2008).
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N pilhi(©)-h (¢
Zl,lpzil:iiz)n j(®)] )

TA—hi(t) =
A7IA paz AlA 9] Z7HaR|(weight)o] 3L, TAE 75 EdAIZE
(weighted mean time)& o|7|3Ht}. b= OFAFES JLASH= AlA
£ Zo)|4] 7]&(reference) 0.2 AEiFE AJA|Q] BAIZES UERA
th 8 AAIES] 7FeA] p, & A @) o) AT AlAle] dhE
Ao, (D)l WHaElshHe ghe ARgich 287 ho 2 JArs
A7k QPYEE Y 4 3t

(8

A7 T 4] @)e] BT, ER 4] (9] ATIRE
g3}
A @] AHFAE BE AAG] el clsh, P A7) o
TEAH ()L TN AlAle] ekAbRct dobich okl
ob7] QP T} L (Qhghite] 2 =

-
=2 a2
A A (90dA Be AxE AAl Sk E0157] diiol

_r;

=

1 _ N 1
2@ | “EIZm ©)

e AAE F/dsks oE AlAZE L
QA AL AER AAZE FAdEol 29t % é-"r‘)ﬂ‘i e
Abo] AAL/E FAstHH ST whgo] Fasith YAES
TAdshs AlAIY A7t v o BAEsks GAE AAIY Al
EE T 2U56tep)e Fsh] sl AAIES] A5
2] all&sto] A (Dol ZFAIAA AlLtRIch A (3)9] AlA] Ede]|
A AA S webrlE ghsol A& s] Fsizic ol *lx*oﬂ*i Al
A7F o' AlZhe UEbd ARJA o= A& A5 4 QL 1 3t
= A (el ﬁﬂ/\]ﬂ% ofeh. A AlAIZE === 78‘—°r°ﬂ‘: a
AlA S wEhY ke S26] Aehe] mefshar, oS53 Sl &

A
Al

l

Er:i il

el ARG A oA AlA 9] oS BAIRES hi(O2haL
roh A (10)3} o] Akttt

L pilhi(®)+h{(©)=R;(®)]

TA—h; = oo (10)

2] (10)0] GAFE AIZF TAQ] AR Hololt), A, AAME
A7EE 71EA A 9ke] Al7Exbol = H olFiLt, o] Aol HiE A
A PAES FAISHE A AAIES] 7HA pot dIEFE K

ol AT A 7 AIAS] LeHre] ool Hlelshe
Siet. 3 ZuhEE GTeEe wlE of gk 235
S ARGEITE A ARRFE AT Fo ol ARkl

o gn o o be py 10
_?E
o

S 0N e oo
i3l
v
o
i1es
Ul
X
o+
>,
g
>,

TA—hy = 2L wilhi(8) + hi(®) — h(D)] (11)
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o714 wi 2t AA) el 7150 S LeRp, 5w, = 101
A (1A TAh =52 Fls), 5 A EAG] Hol&
= h-h 2 A, o33k WS TN g ZeEe) 22
(1% 9% Ukl 7155 2 ZASK 4 102 4 (29
ol & 4 glck.

x(t) = TA—h; = L, wi[%;(8) — x;5(0)] (12)

A Q0)0ltt 4] (2% A AIZHE 73 ) ¥heEA] Ees]
wj-Zof] Basic Time Scale Equation (BTSE)OIE]- %D]- (Tavella
2008).

2.3 Application of a Kalman Filter Algorithm to a
3-Clock System

ATHZEIS AE AlbEToll S4317] HsliAe shollA A
HE AA BY U A7bea A gae|ES AvEE 9 elE
Qa0 HFs] QA= Zo] Basict ZTHEE & 46l
3l 18- o2 Hast ARH = o 471 otk

© 2219 A28 77 B2 = 2e] Al meo] s

QO AAR BEo| F7hE= ol R HH: 50 Fa4k
DEEELE

@ 2713& T3 o] FA kel et HE: Ae 2 At
slad o] =x 7}

EH A 2B (S 3-A1A] Al2E)Q] of'l AFe(ef]: A2
HH7E 4 A Tofl ofEA M-S A AEE R 23
e ok 3 vhESkck: 9] A o] 93] o &5)
I FE I @] A S ko] HHdH ZHAAH o2,
Innovation)ol] Zqto| 5-& 285} 2 2GS AT PE} o] 4
T FH3ke] oA o] F3gho] Hof e Iy
=, kel 8330l F71= a1, g3kl
A1 % (uncertainty)o]] g5 F&A ‘5‘0%401 A7t whet 215}
slHA wetchdct, o] vk IpgollA o] 2 7kat A 4
ol 7P a3t @ 4ol shA|TH %‘”J%:_‘EH Ao AlaHE
s Ueh s S24t g o] 9 A7 A AlARY] S o
ot gsks] Yep o QLo o5 AAHot o] 245L
Zabde] g 5277 e ulg] A s|of gt

2 =AM Argste ZAThEE HeEe] r|sel ofurt
Table 1] 4 2] = o] Qlct. WEf e} o] 3715 HYERH = n(=3N)
It m(=N-1)2, 3-A1A ALRR] Loll=n =9, m= 20|t} &

2 AJA|Q] fro]nd, B =l A= N=30]|r}.

ol YRt 7155 o] g5lo] Znbde] o] yiE 31d-& A5}
W ohgat Zok ZYbgE= 0 (2 BAIRE & ol4K(discrete)
AT T2 Abo] AR T (T, =)ol A HHER o 2 FAksi)
S A ol & ()3 o] AEiel TAE Al 4 (z), 1|2 o] F

g



Table 1. The list of variables used in the Kalman filter of this paper.
n=3N and m=N-1, where N is the number of clocks.

Symbol Meaning Size
X the state of the system at #, (nx1) vector
X the estimate of x;, (nx1) vector
X5 the prediction of x; (nx1) vector
z; the measurement values at #, (mx1) vector
W the system noise at #; (nx1) vector
Ui the measurement noise at ;. (mx1) vector
[} the transition matrix (nxn) matrix
H the measurement matrix (mxn) matrix
I, the covariance matrix of X, (nxn) matrix
I the prediction of I, (nxn) matrix
Q the covariance matrix of w;. (nxn) matrix

the covariance matrix of v, (mxm) matrix

BYL
ArgHicE. 2% 250 4o} ol
27gte] Mol 2% 243he 2

o
Ei

ZgE 9] 74]*& A Fig. 1of] v} Qi of 714 AJ2HY ¢,
ol 1] el At % D FwAr 28U e thE WHoE 1
2] FLafjA] Fojofk gkt gl et Gl FA AR A
Abo] s =, 3:A A S o] faiElo] Y=L, 5
F APl E0] HF 2] EH o LT

WEE AAE AL o H A AA Y 4= N=3olot &
ol e Al the] Aol E AFSRe], 221, 2, 3o R
TESIL 1 AAIE 7| EAAR ARSI 708 AlA| 2] A=
Al (3)9] x, y, d2 UEPATHA o] 52 FAJE A|ARLS] Ae] =]
S+ Al (13)3} o] 9x12] Ul E](column vector) 2 FHT 4=
o} (el HEE AF7HA 2 FAIPAT AA 9] 91
Wi xet 255 Tst7] 5l 91714l S= ZAR.

E

_Y{l;S_VEmlm b e

S = [x1, 1, d1, X3, Y2, d3, X3, Y3, d3 ]T (13)

AAHZ (1 2, 3ol w2 AA ARy, y, DE AR U
Fic}. o] eafo]] BhFo] Fof L= of2] PHolA 2459 &
H = z%—aﬂx 1:}

]/\Eﬂ_,] Zo] ouaﬂ o= ,L];H t loﬂk] /\]X'] LE AlA ‘31_4 /})P
B Wl (XshE Uetdl= Ao g A= A 3] A4 BREE I
Y2 BHSE Aotk A7 Skt B 37)e) WgAle] Bestiug o
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0t step: initial values at ¢,
Xgand T
1]

1st step : prediction of the estimate and its covariance matrix

R = PRy
=00 1 0T+Q
i
2" step : calculation of the Kalman gain
Ky, =T HT(HT;HT + R)™!
i

Z 34 step : measure z;, and calculation of the final estimate i
o o o —
in R = X + Ky (2 — HX) out

1

4th step : calculation of the covariance matrix of the estimate

Ty = Ty — K HT}
|

Fig. 1. Four steps and equations of the recursive Kalman filter algorithm.
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Table 2. Typical values of components of the system noise covariance
matrix (Suess et al. 2010).

Clock 4,7 (unit: s) q,,, (unit: 1/s) 4., (unit: 1/5°)
Cs atomic clock 2.5x10* 44x10% 5.0x10%
Active H-maser 2.8x10™° 1.1x10™® 4.4x10™'
Fountain clock 2.5x10™° 1.1x10™% 1.1x10™
Rb atomic clock 1.0x10™* 1.1x10™® 2.8x10™"
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3. DATA ACQUSITION AND PROCESSING

https://doi.org/10.11003/JPNT.2020.9.3.261

s Co nication
oNss SR Gadliite

Master Clock /

(H-maser)
5 MHz g
| Microphase stepper | TWSTFT

GNSS
Time Transfer| _
Receiver

5 MHz i UTC(KRIS)&1 PPS

RF Distri. Amp. || Pulse Distri. Amp.
T

[ oo B o] BIPM |
5 MHz i — _

T— Multi-channel :
H-masers & [ —3 Measurement e
Cs clocks —3 System

JL

Clock Comparison &
Data Acquisition

Fig. 2. Schemetic diagram of the system for time comparison, data
acquisition, and generation of UTC(KRIS).
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Fig. 3. Time differences of 3 pairs of hydrogen masers for 145 days from
MJD 58779 (Oct. 23, 2019) to MJD 58923 (Mar. 15, 2020).

KRISSl| 4] UTC(KRIS)E A/dsh= 21t -Awmfo] o] of
3l 2705k B} Qlt} (Lee et al. 2020). & &=Fol|lA] A5 3th<]
Favo] 2= 217} H8, He, H4E WrE3ct. o] F 2019\ 8¢ 29
o (MJD 58724)%-E] KRISS®] UpAE] XA 2 ARES}HLL QliE= H8
S 2 =24 ZIEAIAR AFHSRITE UTCKRIS)E AAJ5HaL,
AAES vla 545171 $15 A4/ e = Fig. 29 T}, vt
AE] AlAOA U= 5 MHz S35 7|E 0.2 o AlAIEC
4] U9 = 5 MHz $14~& Multi-channel Measurement System
(MMS)elIA] 18 Tk} ] Z5]0] 2 AIZEbe] glo]&{7} PCol]
A7) I FollA B a3t vlolEl & the-R Esto] Alite] AHg-
sk,

AlA v A glo]El&= MID 58779(2019.10.23) €] 58923
(2020.3.15)7}7] 145 7Fo] dlo]E & A}&alE 158(900% )0}
o 258 AL 2EY Al AA Alols] AlRHe], 5 (Ho-HS),
(H4-HS), (H4-H6)2] to]ElSo0] AJZH4 (MID 58779.000)0]4] 0
o] FES e 2(ns) THle] ZhollA] 217 B4 H2-2 Wizt o
k. o]FA] gk AlZEx}e] HlolE] 139207 x 3 M EE 19 A



Allan deviation of the measured time difference

10*14

10-15 |

Overlapping ADEV

10-16 Lo . . L
103 10* 10° 106
Averaging Time [s]

Fig. 4. Allan deviation curves of 3 pairs of clocks, calculated from the
measured time difference shown in Fig. 3.
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Allan deviation by the 3-cornered hat method

10714
>
w
a
<
£ semig
5 10 L
Qo
]
=
[}
=
o
—
—&—Hs6
—&—H4
10-16 L. . . .
10° 10* 10° 10°

Averaging Time [s]

Fig. 5. Allan deviation curves obtained by a 3-cornered hat method from
the Allan deviations of Fig. 4.
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Table 3. Values of the system noise covariance matrix components (gs) and
initial values of the clock states (x, y, and d) used in this Kalman filter.

Clock No. Qur Gy q, x y d
Clock1(H8) 1.0x10* 5.5x10% 3.0x10°" 1.0x10™ -1.5x10™" 0.5x10™*
Clock2 (H6) 5.0x10%° 8.0x10™ 5.0x10°" 1.0x10™ -4.5x10™ 1.0x10™
Clock3 (H4) 3.0x10% 9.5x10% 2.0x10°" 1.0x10™ 9.0x10™ 1.0x10*
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Allan deviation of clock-phase estimated by the Kalman filter
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Fig. 6. Allan deviation curves of the 3 clocks, obtained from the phases
estimated by the Kalman filter.
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1 x 107¢ Phases of the ensemble clock and its member clocks
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Fig. 9. Phase of the three member clocks and their weighted-mean
ensemble clock with the reference clock of H8. For the WMHS curve, the
weights are w,;=0.6055, w,,=0.1876, and w,,,=0.2069, respectively.
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Fig. 10. Allan deviation of the weighted-mean ensemble clock calculated
with the phase of Fig. 9. The minimum ADEV of the WHM8 curve is 1.2x10™
at the averaging time of 57,600 s.
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Allan deviation of the ensemble clock with the reference of H8
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Fig. 11. Allan deviation of the weighted-mean ensemble clock when
the weights of three member clocks are w,,;=0.7206, w,;=0.1452, and
w,,,=0.1342, respectively. The minimum ADEV is 2x10™.
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