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Generation of a precise time scale assisted by a near-continuously operating
optical lattice clock

Takumi Kobayashi®,"-"¥ Daisuke Akamatsu®,?§ Kazumoto Hosaka,' Yusuke Hisai® >
Akiko Nishiyama,' Akio Kawasaki®,! Masato Wada®,! Hajime Inaba®,! Takehiko Tanabe®,!

Tomonari Suzuyama,'-" Feng-Lei Hong®,

2 1

and Masami Yasuda

' National Metrology Institute of Japan (NM1J), National Institute of Advanced Industrial Science and Technology
(AIST), 1-1-1 Umezono, Tsukuba, Ibaraki 305-8563, Japan

2Departmem‘ of Physics, Graduate School of Engineering Science, Yokohama National University,
79-5 Tokiwadai, Hodogaya-ku, Yokohama 240-8501, Japan

® (Received 2 January 2024; accepted 16 April 2024; published 7 June 2024)

We report on the achievement of a reduced time difference in a time scale with respect to Coordinated
Universal Time (UTC) by steering a hydrogen-maser-based time scale with a near-continuously operating
optical lattice clock. The time scale is generated in a postprocessing analysis for 230 days using a hydrogen
maser with its fractional frequency stability limited by a flicker floor of 2 x 10~!° and an Yb optical lattice
clock operated with an uptime of 81.6%. During the 230-day period, the root-mean-square time difference
of our time scale with respect to UTC is 0.52 ns, which is a better performance than those of time scales
steered by microwave fountain clocks, which exhibit root-mean-square differences from 0.99 to 1.6 ns.
With the high uptime achieved by the Yb optical lattice clock, our simulation results indicate the potential
for generating a state-of-the-art time scale with a time difference of <0.1 ns over a month using a better
hydrogen maser reaching the mid-107'6 stability level. This work demonstrates that the use of an optical
clock with a high uptime enhances the stability of a time scale.
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I. INTRODUCTION

The generation of a time scale is an essential mission
of national metrology institutes for time keeping and fre-
quency calibration services for various industries; it is also
crucial for navigation, telecommunication, and new poten-
tial applications, including geodesy [1,2] and studies in
fundamental physics [3—11]. A time scale is generated by a
continuously running flywheel oscillator with its frequency
steered by an atomic frequency standard. As a global
time scale, the Bureau International des Poids et Mesures
(BIPM) computes International Atomic Time (TAI) and
Coordinated Universal Time (UTC), which are generated
by several hundreds of microwave flywheel clocks around
the world and steered by Cs and Rb microwave clocks and
Yb and Sr optical lattice clocks that are officially approved
as primary and secondary frequency standards [12,13]. A
national institute k£ generates its official local time scale
UTC(k) by synchronizing a local flywheel to UTC using
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time-comparison data obtained via a satellite link. For
example, the National Metrology Institute of Japan (NMLJ)
maintains UTC(NMIJ) within several tens of nanoseconds
from UTC in this way.

The time difference of UTC(k) with respect to UTC
is expected to be reduced by locally realizing a time
scale based on a primary or secondary frequency stan-
dard instead of referencing only UTC, since the time-
comparison data between UTC and UTC(k) are provided
by BIPM with a latency of about 1 month. Improvements
of UTC(k) in this way have so far been demonstrated
by steering flywheel hydrogen masers with Cs or Rb
microwave fountain clocks [14—17].

With a view to the redefinition of the SI second [18—20],
some institutes have started to incorporate optical clocks in
local time scales. The best optical clocks reach fractional
frequency stabilities and uncertainties at the 10~'8—10~1°
level [21-28], and they thus have the potential to signif-
icantly improve the stabilities of time scales compared
with microwave clocks. Since the availabilities of opti-
cal clocks are commonly limited to short periods with low
uptimes, previous works have mostly relied on microwave
[29-35] and optical [36] flywheels with good frequency
stability to bridge the gaps in the operation of optical
clocks. Among these previous works, long-term generation

© 2024 American Physical Society
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of optical-clock-based time scales for several months has
been reported with microwave flywheels, reaching the low-
10716 stability level. One example is a time scale based
on a hydrogen maser steered by a Sr optical lattice clock
operated for 10* s per week, which exhibits a time differ-
ence of 0.79 ns after 5 months from another stable global
time scale TT(BIPM) [30]. Another example is a time scale
based on an ensemble of a few hydrogen masers and a
few commercial Cs clocks steered by an Yb optical lattice
clock with an uptime of 6%, which follows UTC with a
root-mean-square time difference of 0.40 ns over 160 days
[31]. In the methods described previously, however, the
stabilities of time scales are ultimately limited by stochas-
tic fluctuations of the flywheels during the dead time of
the optical clocks. Therefore, the continuous operation of
an optical clock is desirable to take full advantage of its
stability.

For potential applications of optical clocks, including
TAI calibration and geodesy, several groups have devel-
oped robust optical clocks and reported their operation
with high uptimes [37—41] (e.g., 84% for 25 days [37]).
So far, the high-uptime operation periods of these clocks
have typically lasted for <1 month, which is not long
enough for the practical generation of a time scale. How-
ever, NMIJ has achieved the operation of an Yb optical
lattice clock with an uptime of >80% for many months
[42]. Thus, it is worth discussing a method for generating
a time scale based on the nearly continuous operation of an
optical clock.

In this paper, we report on postprocessing generation
of a local time scale UTC(NMIJ) for 230 days by steer-
ing the frequency of a single hydrogen maser to that of an
Yb optical lattice clock operated with an uptime of 81.6%
using a Kalman filter algorithm. The root-mean-square
time difference of UTC(NMIJ) with respect to UTC is
0.52 ns. Although the fractional frequency stability of our
hydrogen maser is limited by a flicker floor of 2 x 10713,
UTC(NMIJ)Y exhibits better performance than time scales
based on Cs or Rb fountain clocks. We also simulate the
projected performance of UTC(NMIJ) with a better fly-
wheel hydrogen maser that reaches a stability of 5 x 10716,
which implies a time difference of <0.1 ns over a month.

II. METHOD

A. Experimental setup

Figure 1 shows the experimental setup for generating
UTC(NMIJY. Our current official time scale UTC(NMIJ)
is generated by a hydrogen maser HM1 (KVARZ, CH1-
75A) and an auxiliary output generator AOG (Symmetri-
com, AOG-110) for frequency steering. The frequency of
UTC(NMIJ) is typically steered once every few months
by manually adding the fractional correction frequency
AyA0G ~ 1071 to the frequency of AOG to reduce the

UTC(NMIJ)’

HMI1' [+ AOG’ —— Output for applications
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AyAOG’ IKalman filter “
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{ GNSS link H
: 171y D
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FIG. 1. Experimental setup for generating a local time scale

UTC(NMIJ) based on the Yb optical lattice clock NMIJ-
Ybl. HM: hydrogen maser, AOG: auxiliary output generator,
AOM: acousto-optic modulator, FC: frequency counter, TIC:
time-interval counter, GNSS: global navigation satellite system,
vy fractional frequency difference between HM1" and NMIJ-
Ybl, ApA9S: fractional frequency correction applied to AOG,
AyA9S'’: fractional frequency correction applied to AOG .

time difference between UTC(NMIJ) and UTC. For post-
processing generation of UTC(NMIJ), we compute a vir-
tual hydrogen maser HM1’ by subtracting AyA%S from
UTC(NMIJ) so that HM1’ does not have frequency steps
resulting from the manual steering and thus has frequency
stability mostly equivalent to that of HM1. UTC(NMIJ) is
generated by HM 1’ and another virtual AOG for steering
UTC(NMIJY, denoted by AOG . The contribution of AOG
to the fractional instability of UTC(NMIJ) is confirmed to
be ~1 x 107! over an averaging time T ~ 2 x 10° s, lim-
ited by measurement noise of 2 x 1071%/(z/s) of a time-
interval counter. We expect a lower contribution of AOG
according to its catalog specification [3 x 10713 /(z/s)].

The frequency of HM1’ is compared with that of the Yb
optical lattice clock NMIJ-Yb1 [9,42,43] using an optical
frequency comb [44]. The beat frequency between a laser
stabilized to an ultrastable optical cavity and the comb
phase locked to UTC(NMIJ) is measured by a frequency
counter. The frequency of the laser is shifted by an acousto-
optic modulator (AOM) and stabilized to the ! So—Py clock
transition of !7'Yb. The beat and AOM frequencies are
used to calculate the fractional frequency difference y*
between HM1” and NMIJ-Ybl at a time epoch i by the
approximation

m Nf[?TC(NMIJ)/f\?b 1 AyAOG (1)
I flleC(NMlJ)/f\?b l
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where /2™ denotes the actual (nominal) frequency of X
and Ay9S is the correction frequency applied to AOG at
epoch i. The nominal frequency is chosen as fiyrc vy =
10 MHz, and f{}, = 518295836 590863.6 Hz, which is
the CIPM (Comité International des Poids et Mesures)
recommended frequency during the period of the gener-
ation of UTC(NMIJY [18]. The systematic frequency shift
of NMIJ-Ybl1 is evaluated with a fractional uncertainty
of 4.0 x 107'® [42], and it is corrected in the calculation
of y/. The frequency stability of NMIJ-Ybl was eval-
uated as 7.1 x 10713/,/(t/s) by comparing it with a Sr
optical lattice clock [45—47]. The uncertainty of the comb-
based frequency measurement was estimated to be 2.2 x
1076 from the flicker noise observed when comparing two
independent combs at T ~ (1-5) x 10* s [42].

B. Frequency-steering scheme

In this section, we describe a scheme for the frequency
steering of UTC(NMIJ) performed in a postprocessing
analysis, but note that this scheme is also applicable to real-
time generation of UTC(NMIJY. The frequency steering of
UTC(NMIJY is carried out using a Kalman filter algorithm
[48] so that the frequency difference between UTC(NMIJY
and NMIJ-Yb1 is close to zero. The details of the Kalman
filter are described in Appendix A. The Kalman filter esti-
mates the fractional frequency offset y; and the frequency
drift df of HM1’ against NMIJ-Yb1 at an epoch i. For steer-
ing UTC(NMIJ) at a subsequent epoch i + 1, a correction
frequency Ay}iallman, which is added to the frequency of
AOG, is determined by

AyKaman — _ (e 4 e Ap), ()

where At denotes the time interval between epochs. Before
the estimation of y; and df, the Kalman filter first pre-
dicts the frequency offset y} and the drift @ based on y? ,
and di_, estimated at a previous epoch i — 1. When the
measured value y;" in Eq. (1) is available, yip and df are
updated to yield better estimates y; and d; using a weighted
average of the predicted and measured values, with their
weights determined based on the noise characteristics of
HM1’. During the dead time of NMIJ-Ybl, this update of
the predicted values is not performed.

To determine At and the weights to update y and d", the
frequency instability of HM1’ is evaluated by comparing
it with NMIJ-Yb1 before the generation of UTC(NMIJY,
as shown in Fig. 2. To make use of the observed insta-
bility in the Kalman filter, we assume a noise model of
HMU’ that approximately characterizes the Allan devia-
tion of HM1” with four noise parameters: 1 x 10712/(z/s)
for the white phase modulation (PM), 7 x 10~14//(z/s)
for the white frequency modulation (FM), 2 x 10" for
the flicker FM, and 4 x 10724,/(z /s) for the random-walk
FM. Taking account of the fact that the white PM and
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FIG. 2. Overlapping Allan deviations of HM1’ (red circles)
and HM2 (blue triangles) referenced to NMIJ-Ybl. The red
circles were calculated using data taken from MJD 58754 to
MID 58778 [42], and the blue triangles were obtained from
MID 60039 to MJD 60069. The error bars indicate 95% confi-
dence intervals. The magenta and green lines indicate the noise
models of HM1” and HM2, respectively. For the generation
of UTC(NMIJY from MJD 58799 to MJD 59029, HM1’ was
employed. The noise model of HM2 shown here was used to sim-
ulate the projected performance of UTC(NMIJY (see Sec. IV).

FM dominate at T < 1 x 10° s, we choose At =1 x 10°
s and calculate the average value of y/" over At. The deter-
mination of the weights to update y; and d' requires the
estimation of the process noise and the measurement noise
(see Appendix A). Here, a variance Q'! characterizing the
process noise of the frequency offset is estimated from
the flicker FM as Q'' = (2 x 107'°)2, while a variance
R; describing the measurement noise of the frequency off-
set is estimated by the white PM and FM, i.e., R, = (1 x
10712 /(1;/8))? + (7 x 10714/ /(7;/s))?, with 7; equal to
the uptime of NMIJ-Ybl1 for A¢ at epoch i. The process
noise of the frequency drift characterized by a variance
0?? is estimated as 0% = (3 x 1072* s71)? based on the
standard deviation of the monthly drift values of HM1 ref-
erenced to TAI for a previous year before the generation
of UTC(NMIJY, which is provided by BIPM [13], and an
assumption of a random-walk behavior 0?* o T.

Since the frequency of UTC is not always close to that
of the SI second, frequency steering based on a primary
or secondary frequency standard can increase the time dif-
ference between a steered local time scale and UTC over
a long term [30]. For example, during the period of the
generation of UTC(NMIJ), the fractional frequency off-
set of UTC against an ensemble of primary and secondary
frequency standards, which is provided by BIPM [13], is
about 5 x 107!°, causing a time difference of —9 ns after
200 days. To address this issue, a correction frequency
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yPTC=Y2 Wwhich approximately corresponds to the frac-

tional frequency difference between UTC and NMIJ-Yb1,
is added to AyKalman

1 2

AyAOG’

_ Kalman UTC-Yb
i =4y +Vi ;

i ©))
where Ayl.AOG, denotes the updated correction frequency
applied to AOG’. Based on discussions in Ref. [14], we
determine y’T“"Y" in the following method. The fre-
quency difference between UTC and NMIJ-YDb1 averaged
over a previous month is calculated based on the fre-
quency difference between UTC and UTC(NMIJ) provided
by BIPM on around the tenth day of each month [13]. This
frequency-difference value between UTC and NMIJ-Ybl
is assigned to yiUchYb in a current epoch i. Then, yiUTC*Yb
is updated once a month when a new frequency difference
between UTC and UTC(NMIJ) for a previous month is

provided by BIPM.

II1. RESULTS

UTC(NMIJ)Y was generated during a campaign period
of 230 days from Modified Julian Date (MJD) 58799 (12
November 2019) to MID 59029 (29 June 2020). Dur-
ing this period, NMI1J-Yb1 was operated with an uptime
of 81.6%. Technical details regarding the robustness of
NMIJ-Ybl are described elsewhere [42,49,50]. Before the
campaign, we operated NMIJ-Ybl with an uptime of
93.9% for 24 days from MJD 58754 to MJID 58778 (i) to
evaluate the noise characteristics of HM1’ and (ii) to obtain

the frequency difference between UTC and NMIJ-YD1 (see
Sec. IIB). The start date of MJD 58799 is set after the
first correction frequency y,UTC*Yb is determined based
on the information provided by BIPM. Figure 3(a) shows
the measured y/" averaged over Af, together with the
Kalman filter estimate y;. At MJD 58896, a large excursion
of the phase of UTC(NMIJ) occurred during its main-
tenance, which was observed by comparing UTC(NMIJ)
with another hydrogen maser HM2 (VREMYA-CH, VCH-
1003M) and a commercial Cs clock. This phase excursion
was measured with a time-interval counter as —78.6 ns
referenced to HM2 (see Fig. 1), and it was corrected in
the computation of HM1’. The frequency of HM1’ also
fluctuated notably at this time, but this fluctuation was
well tracked by the Kalman filter thanks to the nearly
continuous operation of NMIJ-Ybl, as shown in Fig. 3(b).

To evaluate the performance of UTC(NMIJY, it was
compared with UTC via a link based on global navigation
satellite systems (GNSSs). The time difference between
UTC(NMIJ) and UTC is obtained by the relationship (see
Fig. 1)

x(UTC(NMIJ)’ — UTC) = x(UTC(NMIJ)’ — HM1")
+ x(HM1’ — UTC(NMIJ)))
+ x(UTC(NMIJ) — UTC),
4)

where x(4 — B) denotes the time difference between A
and B. Since BIPM provides x(UTC(NMIJ) — UTC) at 5-
day intervals [13], we calculate x(UTC(NMIJ)’ — HM1')

= x10-13
a
; ( ) 4: ¢ Measurement value
s - e Kalman filter estimate }
Z = i
E o #‘L R Y. " ‘ R Ve DR B 1(1
o 0;{ = e e A 5 "P““’"I’*}f TR
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FIG. 3.

Fractional frequency difference between HM1’ and NMIJ-Yb1 during (a) an entire campaign period of 230 days from

MID 58799 to MJD 59029 and (b) a specific period from MJD 58870 to MJD 58920, which shows an enlarged view of a large
frequency fluctuation caused by maintenance at MJD 58896. The black points show the measured value averaged over an interval of
At =1 x 10%s, and the red points show the values estimated by the Kalman filter. The error bars of the measured values indicate the
measurement noise /R; used in the Kalman filter estimate, which is calculated from the white noise components of HM1’.
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and x(HM1’ — UTC(NMIJ))) at the same intervals by
numerically integrating the correction frequencies,

if
X(UTC(NMID) — HM1)) = Y " AyfAr, (5)

=i

if
x(HM1’ — UTC(NMI))) = — Z AyAOSAL  (6)

i=ig

where the times at the initial and final epochs iy and ir
coincide with the times at which x(UTC(NMIJ) — UTC)
is provided by BIPM.

Figures 4(a) and 4(b) show the results of
x(UTC(NMIJ)’ — UTC) during the 230-day campaign
period. The behavior of our official time scale
x(UTC(NMLJ) — UTC) during the same period is also
shown in Fig. 4(a). It is worth noting here that NMIJ-
Yb1 partially contributed to reducing the time deviation of
UTC(NM1J) from UTC at around MJD 58896 when the
large frequency excursion occurred. The time difference
of UTC(NMIJY is significantly reduced compared with
that of UTC(NMLJ). The root-mean-square difference of
UTC(NMIJY with respect to UTC is 0.52 ns, with a peak-
to-peak difference of 2.0 ns. The maximum time deviation
of UTC(NMIJ)Y from UTC is 1.1 ns.

We also analyzed the frequency stability of the obtained
data of x(UTC(NMIJ)’ — UTC). Figure 5 shows the over-
lapping Allan deviation of UTC(NMIJ) referenced to

(@15 = —e— UTC(NMLIJ)’ - UTC
10 - —e— UTC(NMIJ) - UTC
5 - r\ //.4
2 Oy ymoetr \(:’J/ 4&”\’:’\‘;‘ umnﬂ""“‘i
= C \‘Y/ "J\./
s st
2(b) oo , -
é —|—®— UTC(NMLJ)" - UTC 1o CI due to the noise of HM2
E 4 ; 10 CI due to the noise of HM1’  ====+ 1o CI due to the noise of UTC
g o [ e st
&2 e e S B
Oin B g et it I "/}m\
[EOREES \f/ N B A
] S S R
58800 58850 58900 58950 59000
Modified Julian Date
FIG. 4. (a) Time differences between UTC(NMIJ) (red points)

and UTC(NMIJ) (blue points) from UTC. The time offset of
UTC(NMLJY with respect to UTC is initially set to 0 ns at
MJD 58799. (b) Enlarged view of the time difference between
UTC(NMIJ) and UTC, together with expected 1o confidence
intervals (Cls) of the time difference due to the noise of HM1’
(magenta dashed lines) and HM2 (green dashed lines) during the
dead time of NMIJ-Yb1, and due to the noise of UTC with the
effect of the monthly frequency adjustment (black dashed lines).

—o—
—e—
e
e

10—15 R

—

S >
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10716 & UTC(NMI) - UTC
8 [ GNSS link instability s
| === Noise model of UTC
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FIG. 5. Overlapping Allan deviation of UTC(NMIJ) refer-
enced to UTC (red points). A typical frequency stability of
UTC(NMIJ) against UTC calculated with the time-comparison
data from MJD 58004 to MJD 59039 is also shown (blue points).
The error bars indicate the 95% confidence intervals. The black
dashed and solid lines indicate the GNSS link instability and the
noise model of UTC, respectively, estimated by BIPM [51,52].

UTC. For comparison, the GNSS link instability [51] and
the noise model of UTC [52] estimated by BIPM are also
shown in Fig. 5. At 7 <10 d, the Allan deviation of
x(UTC(NMIJ)" — UTC) is mostly dominated by the GNSS
link noise. The link noise becomes negligible at T = 10 d
due to its 1/7%° dependence [53]. During = ~ 1040 d,
the Allan deviation reaches a flicker floor of ~4 x 10716,
We attribute this floor to the instability of UTC, since the
Allan deviation approximately follows the noise model
of UTC. Other possibilities are discussed in Sec. IV. At
7 2 40 d, the Allan deviation further decreases due to the
monthly frequency adjustment of UTC(NMIJY by y" Te-Yb
(see Sec. I B); i.e., the frequency of UTC(NMIJY is locked
to that of UTC in the long term.

IV. DISCUSSION AND CONCLUSIONS

The performance of UTC(NMIJ) was compared with
those of UTC(k)s in four institutes based on Cs or Rb
microwave fountain clocks [14—17] operated during our
230-day campaign period; these are examples of state-of-
the-art UTC(k)s generated in real time for many years.
Figure 6 shows the time differences of these fountain-based
UTC(k)s from UTC [13]. The root-mean-square time dif-
ferences of these UTC(k)s with respect to UTC range
between 0.99 and 1.6 ns, and the peak-to-peak differences
are ~3 ns. Compared with these UTC(k)s, UTC(NMILJY
exhibits better performance.

To estimate the effect of the dead time of NMIJ-Ybl
on the performance of UTC(NMIJ), we carried out a
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FIG. 6. Time differences of UTC(k)s from UTC during the

campaign period of the generation of UTC(NMIJ)'. The error
bars in the right-hand panel indicate the root-mean-square time
differences of the UTC(k)s with respect to UTC. USNO: United
States Naval Observatory, PTB: Physikalisch-Technische Bun-
desanstalt, OP: Observatoire de Paris, SU: Soviet Union.

Monte Carlo simulation of UTC(NMIJ) with the noise
model of HM1’ (see Sec. IT A) and derived the time differ-
ence of UTC(NMIJ) from an ideal (noiseless) reference
time scale. The details of the simulation are described in
Appendix B. Note that this simulation does not include the
instabilities arising from NMIJ-YDb1, the comb, the GNSS
link, or UTC. A lo confidence interval of the time dif-
ference obtained by the simulation is shown in Fig. 4(b).
During the first 30 days from MJD 58799 to MJD 58829,
with a high uptime of 88.3%, the absolute value of the
time difference is only <0.2 ns. Over the entire cam-
paign period, however, the 1o confidence interval rapidly
increases to a range between £1.2 ns at MJD 58834 and
+1.6 ns at MJD 58879, and it finally reaches 1.8 ns at
MJD 59029. The rapid changes are caused by the flicker
noise of HM1’ and the prediction error of the Kalman filter
during two large dead times of ~3 days from MJD 58830
and ~2 days from MJD 58873.

The real data x(UTC(NMIJ) — UTC) shown in
Fig. 4(b) mostly stay within the 1o confidence interval, but
they deviate outside this interval during the first 30 days,
implying that the dead time of NMIJ-YDbI is not a domi-
nant source that limits the stability of UTC(NMIJ) during
this 30-day period. Since the frequency stability of the
real data is expected to be limited by that of UTC during
T ~ 1040 d (see Sec. IIl), it is likely that this deviation is
mainly due to the instability of UTC. This is also confirmed
by comparing the real data with a 1o confidence interval
calculated from the noise model of UTC [see Fig. 4(b)].
Other possibilities include the noise contributions from
NMIJ-Yb1 and the comb-based measurement. The noise
of NMIJ-Ybl is assumed to be negligibly small, since
the observed frequency stability of NMIJ-Ybl reaches
~1 x 107"%att ~ 5 x 10% s with a 1/,/7 slope [42]. The
noise of the comb-based measurement may make a small
contribution if the observed flicker noise of 2.2 x 10~!°
at T ~ (1-5) x 10* s (see Sec. I A) is still dominant at
T ~30d.

With a better flywheel oscillator, unprecedented per-
formance of UTC(NMIJ) is expected thanks to the
high uptime of NMIJ-Yb1. To demonstrate this, we car-
ried out another Monte Carlo simulation using a noise
model of HM2 exhibiting better frequency stability: 3 x
10713 /(t/s) for the white PM, 6 x 1074/, /(t/s) for
the white FM, 5 x 107! for the flicker FM, and 2 x
10727 /(t/s) for the random-walk FM (see Fig. 2). The
frequency stability of HM2 was evaluated against NMIJ-
Ybl after the campaign by establishing a direct link
between NMIJ-Ybl and HM2. We note that HM2 was not
employed as a flywheel oscillator during the campaign,
since the frequency stability of the comparison between
HM2 and NMIJ-Yb1 was heavily degraded by measure-
ment noise from a time-interval counter (see Fig. 1). With
the same uptime of NMIJ-Yb1 (81.6% over 230 days),
the absolute value of the time difference obtained with the
model of HM2 is only <0.06 ns during the first 30 days
and <0.54 ns over the entire 230-day period, as shown in
Fig. 4(b). The performance during the first 30 days is com-
parable to a reported time error of 48 4= 94 ps against an
ideal reference for 34 days achieved by an all-optical time
scale based on a cryogenic silicon cavity [36].

When the instability arising from the noise of HM2 dur-
ing the dead time of NM1J-YDb1 reaches this level, the other
noise sources will limit the performance of UTC(NMIJ)'.
The dominant sources are expected to be the GNSS link
and UTC, as long as UTC(NMIJ) is compared with UTC
in the current infrastructure. Considering the stability of
UTC(NMIJY itself, it may be limited by the noise of NMIJ-
Yb1 and of the comb-based measurement. We have already
reduced some of the noise in more recent investigations
[9,54] and plan to achieve the stability level estimated by
the simulation in the future.

In conclusion, we have generated UTC(NMIJ) for 230
days by steering the frequency of a single hydrogen
maser to that of NMIJ-Yb1 running nearly continuously.
UTC(NMIJY exhibits a lower time difference with respect
to UTC compared with those of other UTC(k)s based on
Cs or Rb fountain clocks. We have demonstrated that the
use of an optical clock with a high uptime enhances the
stability of a time scale. This work constitutes an essential
step toward a redefinition of the SI second.

Note added—Recently, we became aware of another
report on the generation of a time scale based on a hydro-
gen maser steered by an Yb optical lattice clock, which
shows subnanosecond accuracy over month-long periods
and nanosecond accuracy over a 1-year period with respect
to UTC [55].
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APPENDIX A: KALMAN FILTER ALGORITHM

We employ a Kalman filter algorithm similar to that
described in Ref. [48]. The Kalman filter estimates the fre-
quency offset y7 and the frequency drift d; of the hydrogen
maser against NMIJ-Yb1 at a time epoch i with a time
interval At to yield the correction frequency applied to
AOG’ at a subsequent epoch i + 1 [see Eq. (2)]. Before
y{ and d are determined, the Kalman filter predicts the
frequency offset y; and the drift @° based on y¢ | and d¢ |
estimated at a previous epoch i — 1 by

P 1 An\ [y,

&)\ 1)\a& )
During the dead time of NMIJ-Ybl, the predicted values
are simply used for y; and d}, i.e.,

v\ (v
d; &)’
When the frequency offset y" measured using NMIJ-Ybl

is available, the predicted values are updated by a weighted
average of the predicted and measured values as follows:

AN m
<d¢> = (d?) + K" =y,

where K; is the Kalman gain matrix, which determines
the weights of the predicted and measured values. In the
present model, with the frequency offset and the drift as
described in Eq. (A1), the Kalman gain matrix is given by

K
Ki= | ga

pit + A +p” + Aip?) + O
pill +At(pi21 +P,~12+Afp,~22)+Q” +R;
pi'+ Ap?
pit+ M@ +p + ApP) + O R,

(A1)

(A2)

(A3)

(A4)

where O'! and R; are variances characterizing the process
noise and the measurement noise of the frequency offset,
respectively. Further, p!!, p2, p2!, and p?? are elements of

a covariance matrix P; of the estimate, defined as

o Pi“ Pilz
I ’
' p?

and these are obtained from P;_; and K;_; at the previous
epochi — 1 by

(AS)

pi'=01-K")[pt + At +p2 + Ap72) + 0],
p? = (1=K (p% + A2,
pit=p + A2

— KLy [piy + At (p +p2 + A2 + 0],
P =pZ =KLy (02 + Apy) + 0%, (A6)

where Q% is a variance characterizing the process noise
of the drift. The execution of the Kalman filter algorithm
requires the determination of Q'!, 0%, and R; by the user.
We estimate these variances based on the measured noise
characteristics of the hydrogen maser (see Sec. II B).

APPENDIX B: MONTE CARLO SIMULATION

In the Monte Carlo simulation, we generate time-series
data of the frequency with a power spectral density that
is converted from the Allan deviation characterized by the
noise model of HM1” or HM2 [56]. The frequency data
are then gapped according to the dead time of NMIJ-YDbI.
With the same Kalman filter algorithm, the frequency of
HM1’ or HM2 is estimated from the gapped data. By inte-
grating the frequency difference between the frequency
estimated by the Kalman filter and the true frequency
obtained from the data without the gap, the time differ-
ence between the simulated UTC(NMIJ) and an ideal time
scale is obtained. We repeat this procedure 200 times and
calculate the root-mean-square values of the time differ-
ences, which are the 1o confidence intervals of the time
differences shown in Fig. 4(b).

For calculation of the 1o confidence interval due to the
noise of UTC, we generate another Monte Carlo simula-
tion dataset of the frequency based on the noise model of
UTC [52]. To include the effect of the monthly frequency
adjustment of UTC(NMIJ) by yl-UTC_Yb (see Sec. IIB), a
correction frequency is similarly calculated approximately
once a month by averaging simulated frequencies over a
previous month, and this is added to a simulated frequency
at a current time epoch. The resulting frequencies are inte-
grated to obtain the time difference between UTC and an
ideal time scale.
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