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The composite time scale (CTS) provides an accurate and stable time-frequency reference for modern science and
technology. Conventional CTS always features a centralized network topology, which means that the CTS is accompanied
by a local master clock. This largely restricts the stability and reliability of the CTS. We simulate the restriction and analyze
the influence of the master clock on the CTS. It proves that the CTS’s long-term stability is also positively related to that
of the master clock, until the region dominated by the frequency drift of the H-maser (averaging time longer than ~ 103 s).
Aiming at this restriction, a real-time clock network is utilized. Based on the network, a real-time CTS referenced by a
stable remote master clock is achieved. The experiment comparing two real-time CTSs referenced by a local and a remote
master clock respectively reveals that under open-loop steering, the stability of the CTS is improved by referencing to a
remote and more stable master clock instead of a local and less stable master clock. In this way, with the help of the
proposed scheme, the CTS can be referenced to the most stable master clock within the network in real time, no matter
whether it is local or remote, making democratic polycentric timekeeping possible.

Keywords: frequency synchronization network, composite time scale, frequency stability, democratic time-

keeping
PACS: 06.30.Ft, 06.20.—f

1. Introduction

Time serves as the foundation of modern science and
technology, including navigation and positioning,!! telecom-
munication systems,!”) geodesy,’! smart electricity grids,!
gravitational wave detection,®! and hunting for dark matter. 6!
To maintain an accurate, stable and uniform time in a certain
district, the atomic time scale is widely adopted in timekeeping
institutes worldwide. It can be generated based on either a sin-
gle atomic clock or an ensemble of atomic clocks (also named
as composite time scale, CTS, whose basic idea is shown in
Fig. 1).l”] Compared with the former, the CTS has obvious ad-

[78] Various atomic clocks,

vantages in stability and reliability.
together with an efficient ensemble algorithm, can effectively
reduce the output noise of the CTS. Consequently, many stand-
alone atomic time scales employ the CTS method.[°~13
According to two features (the clock ensemble is dis-
tributed or co-located, and the CTS is generated in real time
or in deferred time), the CTS can be classified into four
types: distributed real-time CTS, distributed deferred CTS, co-
located real-time CTS, and co-located deferred CTS. Among
them, co-located CTS is most extensively applied by time-
keeping institutes. Nevertheless, the main station where the
clock ensemble located may be destroyed by earthquakes,

fCorresponding author. E-mail: bo.wang @tsinghua.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/acfa88

fires, or other uncontrollable factors, leading to the outage of
the co-located CTS. On the other hand, the performance of
CTS is also adversely affected by environment-induced corre-
lation among co-located clocks. To overcome these problems,
distributed CTS has been studied and applied. For example,
we have realized a real-time CTS based on the distributed
clocks scattered around the Beijing region.!'®! More typical
CTS is generated with a clock ensemble containing both co-
located and remote atomic clocks that always form a clock
network, such as TA (PL).[”’IS] However, all these CTSs still
share a common shortcoming, i.e., centralized timekeeping
topology, which is manifested in two aspects. From the per-
spective of a timekeeping institution within the clock network,
the most stable clock within the local ensemble is always cho-
sen as the master clock to generate the CTS. This will lead to
the following problems. First, the local master clock may have
failed or deteriorated in some cases, which will result in dete-
rioration of the physical realization of CTS (denoted as phys-
ical CTS) or even interruption of its output. Second, the local
master clock is not always the most stable atomic clock in the
whole network, preventing further improvements in the stabil-
ity and reliability of the physical CTS. From the perspective
of the entire clock network, the best physical CTS can only
be achieved at a timekeeping institution with the best clock on
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account of the tight dependency of the physical CTS on the
master clock.
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Fig. 1. Schematic diagram of CTS.

In this paper, we first simulate the stability limitation of
the physical CTS caused by the selection of the master clock.
Further analysis of the mechanism inherent in this limitation is
presented. To break this limitation, a real-time clock network
is utilized. Using four distributed clocks in the network, a real-
time physical CTS referenced by a stable remote master clock
is demonstrated. In comparison, based on the same clocks, an-
other real-time physical CTS is generated by referencing to a
less stable local master clock. They have been running con-
tinuously for more than 90 days, and their stability results are
given. It shows that by employing a more stable remote mas-
ter clock supported by the network, the performance evalua-
tion index of the physical CTS, i.e., the averaging time when
the CTS outperforms the member clocks, can be enhanced by
a factor of two. In this way, the physical CTS can be real-
ized with the most stable clock as the master clock in real time
no matter whether it is local or remote. At the same time,
the best physical CTS can be realized no matter whether the
timekeeping institution has the most stable clock, thus mak-
ing polycentric democratic timekeeping possible. This means
that the scheme can break the limitation of centralized network
topology on the physical CTS’s stability.

The rest of this paper is organized as follows. The influ-
ence of the master clock on the physical CTS is simulated and
the mechanism inherent in this influence is analyzed in Sec-
tion 2. In Section 3, a real-time physical CTS referenced by
a stable remote master clock is demonstrated based on a real-
time clock network, indicating that the physical CTS can be
realized in real time with the most stable clock as the master
clock enabled by the network. We also take a comparison ex-
periment to verify the strength experimentally in this section.
Finally, Section 4 concludes this paper.

2. Simulating the influence of the master clock
on the physical CTS

The physical CTS is usually achieved by periodically ad-
justing the output frequency of an auxiliary output generator

(AOG) referenced by the master clock. The adjustment is car-
ried out according to the paper CTS, which refers to the paper
form of the CTS and is calculated from the phase time dif-
ferences of the clock ensemble with the ensemble algorithm.
It is widely accepted that the properties of physical CTS are
determined by both the paper CTS and the master clock. Nev-
ertheless, what extent does the master clock affect the stabil-
ity of the physical CTS? What is the intrinsic mechanism of
this judgment under open-loop steering? We have conducted a
simulation to demonstrate this process and performed the cor-
responding theoretical analysis.

2.1. Simulation of an atomic clock ensemble and AOG
noise floor

To analyze the influence of the master clock on the phys-
ical CTS, we simulate an atomic clock ensemble contain-
ing four H-masers at different levels of stability. In gen-
eral, the typical phase time of an H-maser can be modeled as
a quadratic polynomial combined with random noise.!”-1%-20]
Hence, the noise types and parameters of H-masers need to be
determined first. By piecewise fitting the individual stability
curve of the H-maser, the main noise types and the intensity of
noise can be obtained for each H-maser./?!-??! For the four H-
masers used in our experimental setup, the dominant noise is
identified as white frequency modulation (WFM), white phase
modulation (WPM), and flicker frequency modulation (FFM).

Then, the H-maser model used here can be defined as

1
%i(r) = %(0) +yi(0) + S dit® + 07 (1) + 0'€] (1) + 6 €' (1),
i=A,B,C,D, (1)

where x; and y; represent the phase time and fractional fre-
quency of the clock i with respect to an ideal clock, respec-
tively; d; is the frequency drift of the clock i with respect to
an ideal clock; €/(r), €(¢) and €"(r) represent FFM, WFM
and WPM, respectively; o}, 6" and 6" denote diffusion coef-
ficients for the magnitude of these three types of noise.

We also simulate the noise floor of AOG with a similar
method. The simulation parameters of the H-masers and AOG
noise floor are listed in Table 1. Using these parameters, we
generate the data of the H-maser ensemble and AOG noise
floor spanning 20 days with a time interval of 1 s. Their sta-
bility curves are shown in Fig. 2(a), where clock C is the most

stable clock, while clock D is the least stable clock.

2.2. Simulation of physical CTSs with different master
clocks
Two physical CTSs referenced by clocks C and D are gen-
erated in the simulative method based on the simulated data.
The first step
is to calculate the paper CTS, which is a sequence of phase

The generation process consists of two steps.

time differences between the CTS and the master clock. The
ensemble algorithm used in the step is AT1, and the weight
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of each clock is determined by its performance with reference
to the paper CTS.[?3) It generates the paper CTS periodically
and iteratively. The calculation interval is set to 1200 s. The
second step is to simulate the physical CTS based on the se-
lected master clock according to the corresponding paper CTS.
Specifically, it is necessary to first convert the paper CTS into
the frequency adjustment quantity. Then, the frequency ad-
justment quantity is added to the frequency of the AOG’s ref-

erence signal, which is exactly the frequency of the master
clock, during each adjustment interval. This operation is ac-
tually implemented by adding a linear accumulation of fre-
quency adjustment quantity over time to the phase time of the
master clock during each adjustment interval. The adjustment
interval here is set to be equal to the calculation interval of pa-
per CTS. After that, the AOG noise floor is superimposed on
the phase time of the master clock.

Table 1. Simulative parameters of the clock ensemble and AOG noise floor.

Parameters A B C D AOG noise floor
FFM diffusion coefficient o} 1.5x 10713 1.5x 1071 I1x1071 2x 10715
WEM diffusion coefficient 6}' §x 10714 7x 1071 5x 1071 1x1071 1.5x 1071
WPM diffusion coefficient o' 9x 1071 8x 10714 6x 10714 1x10713 4x 10714
Frequency offset y;(0) 1x 10712 1x10713 1x1071 7x 10713
Frequency drift d; 5x 10722 4x10722 3x 10722 1x 10722
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Fig. 2. Simulation results of physical CTSs with different master clocks. (a) Stability curves of simulated H-maser ensemble and AOG
noise floor, where clock C is the most stable, while clock D is the least stable; A, B, C, and D: simulated H-masers; AOG: auxiliary
output generator. (b) Individual stability curves of simulated physical CTSs referenced by clock C (the most stable clock) and clock
D (the least stable clock), respectively, as well as that of member clocks. Physical CTSc represents physical CTS referenced by clock
C, other legends have similar meanings. (c) Individual stability curves of simulated physical CTSs referenced by clocks C and D,
respectively, as well as that of the corresponding paper CTSs. Paper CTSc represents paper CTS referenced by clock C, other legends
have similar meanings. (d) Relative stability curves of paper CTSs with respect to clock C and clock D, respectively. Paper CTSc-C
represents paper CTS referenced by clock C with respect to clock C, other legends have the similar meanings.

To evaluate the effect of master clock selection on the sta-
bility of physical CTS, the individual stabilities of physical
CTSs referenced by different master clocks are obtained. The
individual stabilities of paper CTSs are also calculated to as-

sistin the analysis. The stability results are shown in Figs. 2(b)

and 2(c).

It can be seen from Fig. 2(b) that the individual stabilities
of physical CTSs referenced by different master clocks diverge
obviously from each other. The physical CTS’s “short-term

stability when averaging time is shorter than the adjustment in-
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terval” (SSSAI) almost follows that of the corresponding mas-
ter clock. In regard to the “long-term stability when the av-
eraging time is longer than the adjustment interval” (LSLAI),
the physical CTS referenced by clock C (the most stable clock)
outperforms all clocks when the averaging time is longer than
~ 5000 s, while the physical CTS referenced by clock D (the
least stable clock) outperforms all clocks when the averaging
time is longer than ~ 10000 s. It demonstrates that by em-
ploying a more stable master clock, the performance evalua-
tion index of the physical CTS, i.e., the averaging time when
the CTS outperforms the member clocks, can be enhanced by
a factor of 2.

To investigate the mechanism inherent in this phe-
nomenon, the individual stabilities of paper CTSs and phys-
ical CTSs are compared. It can be seen from Fig. 2(c) that the
individual stabilities of the paper CTSs remain identical when
clocks at different stability levels are used as references. When
the averaging time is equal to the adjustment interval, 1200 s,
the bias between the individual stability of paper CTS and that
of physical CTS referenced by clock C is ~ 1 x 1071, while
the bias between the individual stability of paper CTS and that
of physical CTS referenced by clock D is ~ 3 x 10713, These
quantities also reflect the magnitude of the frequency error in-
troduced by frequency steering. Moreover, the stability of the
physical CTS referenced by clock C is closer to that of paper
CTS compared with that of physical CTS referenced by clock
D.

The results will be discussed in more detail in the follow-
ing. Since the physical CTS’s frequency is obtained from the
master clock with periodic frequency steering, the frequency
adjustment quantity is constant during an adjustment interval.
When the averaging time is shorter than the adjustment inter-
val, the fluctuation of the fractional frequency difference in-
troduced by frequency steering is smaller compared with that
caused by the noise of the master clock. This explains why
physical CTS’s SSSAI almost follows that of the master clock.

Generally, the stability of physical CTS is always inferior
to that of paper CTS when the averaging time is around the
adjustment interval.[?*! It is reasonable because the periodic
frequency steering is a periodic perturbation in frequency that
will result in deterioration in stability when the averaging time
is around the adjustment interval.

When the averaging time is longer than the adjustment
interval, the effect of frequency steering appears. The adjust-
ment is an open-loop control process based on the signal-based
open-loop control approach.!?>! At time epoch ¢, once x;(t),
i.e., the paper CTS, the phase time difference between the CTS
and the master clock, is derived, the phase time difference of
the CTS with respect to an ideal clock, marked as x.(¢), can be
expressed as

X (1) = xer (2) +x:(2). 2)

Here, x.() is the phase time difference of the master clock
with respect to an ideal clock. The phase time difference of
the CTS with respect to an ideal clock at time epoch t + T,
Xc(t+T) can be calculated in a similar way. T is the calcu-
lation interval of the CTS. Then, the theoretical fractional fre-
quency difference of the physical CTS against an ideal clock
during the period from 7 to ¢ + T, yM°(¢) can be calculated
using the following equation:

X (t+T)—x(1)

yer(r) = =
xcr(t +T) —x () N X(t+T) —x:(2)
T T
= e (1) + (1), 3)
where yfeo"(¢) represents the theoretical fractional frequency

difference of the CTS against the master clock, namely, the
theoretical frequency adjustment quantity; y; () represents the
fractional frequency difference of the master clock against an
ideal clock. Since x¢(f 4+ T') is not produced at time epoch 7,
yiheor (1) cannot be acquired at this epoch. However, frequency
steering must be performed at time epoch 7. Hence, it is of
common practice to use a predicted adjustment quantity based
on the theoretical frequency adjustment quantity of the last cal-
culation interval as a substitute for frequency steering during
this adjustment interval. The predicted frequency adjustment

quantity, y&r* (¢), can be calculated by
() = Y (e —

—T) is the theoretical frequency adjustment

T)+de-T, “

where ytheor (

quantity of the last calculation interval, and d,; is the frequency
drift of the CTS against the master clock. In the above equa-
tion, the change in fractional frequency difference caused by
frequency drift can be estimated by

Aya(t) =der- T ~ 10721103

= 107" <yt —=T) ~ 1077, )

It is three orders of magnitude smaller than yheor(r —T),
which is generally on the order of 107! and can be ne-
glected. Therefore, we take the fractional frequency differ-

ence ytheor (¢ —

T) to adjust the frequency of the AOG during
the period from ¢ to ¢ + T'. In this way, the practical fractional
frequency difference of the physical CTS with respect to an

ideal clock, y2™*(¢), can be formulated as

prac ( ) theor(

Ye Yer T)+yr(t)' (6)

The frequency error between the theoretical fractional fre-
quency difference and the practical fractional frequency dif-
ference of the physical CTS, Ay (), can be estimated by

Aye(t) =y (1) = 2™ (1)

=V (1) =y (¢ = T) ~ 0u(T) = (), (D)
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where o (T') represents the relative stability of the paper CTS
against the master clock, and o,(T') represents the individual
stability of the master clock.

The magnitude of the frequency error is positively related
to the relative stability of the paper CTS against the reference
clock when the averaging time is equal to the adjustment in-
terval. Furthermore, it is primarily dominated by the stability
of the master clock. This also indicates that when the master
clock is less stable, the frequency error will be larger. This
frequency error will appear as the bias between the individ-
ual stability of paper CTS and that of physical CTS when the
averaging time is longer than the adjustment interval until the
region dominated by the frequency drift of the H-maser (av-
eraging time longer than ~ 107 s). As shown in Fig. 2(d),
when the averaging time is equal to the adjustment interval of
1200 s, the relative stability of the paper CTS against clock C
is ~ 1 x 1071, while the relative stability of the paper CTS
against clock D is ~ 3 x 1071, The relative stabilities of the
paper CTSs with different reference clocks conform to the bias
between the individual stabilities of paper CTSs and those of
physical CTSs, as shown in Fig. 2(c).

The Allan variance of the practical physical CTS, 62(7),
can be further derived as

02(5) = 3 (OF™(1) Bt~ ©))) = 3 (™ (1))
= 2~ T) + Ayele))
= 2 (A= 7)) + (Ave()?
+2- Ay (e = T) - Ayie(1))
=04 (T) + 67(T) +2C0Ver(s—1).11)(T), ®)

where CoVr(;—1) () (7) is the Allan covariance calculated with
the fractional frequency difference of the master clock y;(t)

and the theoretical frequency adjustment quantity of the last

theor

calculation interval y2°°"(r — 7); 7 is the averaging time. For

theor

Yr (t ) and y, cr
fore, their Allan covariance (theoretical Allan covariance) is

(1), they are strictly negatively correlated; there-

negative. It is exactly by virtue of this relationship that the
CTS achieves better stability. However, due to the frequency
error between y1°°r () and yheor (t — T), y,(¢) and y!heor (¢ — T)
are no longer strictly negatively correlated with all averaging
time. Furthermore, the less stable the master clock is, the
larger the frequency error is, which in turn leads to a larger
bias between their covariance and the theoretical covariance.
In conclusion, as a result of the frequency error intro-
duced by open-loop steering with a deferred frequency adjust-
ment quantity, the stability of the physical CTS is dependent
strongly on that of the master clock, even with a large averag-
ing time longer than the adjustment interval. This also proves
the necessity of improving the performance of the physical

CTS through the proposed scheme.

3. A real-time physical CTS referenced by the
most stable clock based on a real-time clock
network

As the stability of the physical CTS depends on that of the
master clock, its stability will be further improved if the physi-
cal CTS can be realized based on an arbitrary clock with supe-
rior performance in the clock network. Meanwhile, generating
excellent physical CTS is an essential ability for timekeeping
institutions. If institutions are equipped with a superior master
clock, there is no doubt that they will have an equal base to
conduct timekeeping. For the entire clock network, it is possi-
ble to realize polycentric democratic timekeeping.

Inspired by this idea, a real-time clock network is de-
picted in Fig. 3(a). The network is supported by the fiber-based
frequency synchronization technique introduced in Refs. [16,
26]. The frequency synchronization system used in the net-
work can realize a frequency transfer stability of better than
1 x 10~ /s and 1 x 10~17/10° s, which is at least one order
of magnitude better than that of the H-maser. This stability is
sufficient to ensure the real-time transmission and recovery of
the atomic clock signal at remote sites with no deterioration.
Employing a few of frequency synchronization systems, H-
masers located at different institutions are all connected. Local
atomic clock and recovered remote atomic clock signals can be
compared and measured simultaneously by a phase compara-
tor at any institution.

Before the generation of physical CTS, the stability per-
formance of each atomic clock needs to be calculated and an-
alyzed based on collected phase time difference data. Uti-
lizing individual stability estimation methods, such as the
three-cornered-hat and N-cornered-hat methods described in
Refs. [27,28], we can efficiently obtain the individual stability
of each clock and determine the most stable clock. This clock
is chosen to be the master clock of the clock ensemble.

At any institution, the CTS generation system consists of
a phase comparator, an AOG and a computer. The phase time
difference data are sent to a computer to calculate the paper
CTS periodically and iteratively. Then, the computer controls
an AOG referenced by the master clock to generate a real-time
physical CTS with the best stability in the network. In this
way, each institution will have the ability to build up the best
physical CTS no matter whether it has the most stable clock.

Actually, the above network is redundant in devices. A
compact real-time clock network is shown in Fig. 3(b). Under
the premise of ensuring the stability and reliability of the CTS,
institutions in the network can share phase difference data. In
other words, a phase comparator placed at any institution in
the network or even outside the network is enough to support
the signal comparison task of the entire network, except that
it needs to broadcast measured phase time difference data in a
public way in real time, e.g., via the internet. The other institu-
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tions in the network can download the data, and then the real-
time CTS can be generated. Another option is to select one of
the institutions as the paper CTS’s generation center, where the
paper CTS data with the master clock set as the reference are
generated and broadcast. The other institution in the network
can generate the best physical CTS by simply adjusting the
frequency of the AOG referenced by the master clock signal at
hand according to the broadcast paper CTS data. At the same
time, it is unnecessary to transfer all the signals from remote
atomic clocks to the local site for recovery. Once the master
clock is determined, only the master clock signal needs to be
distributed to each institution. In this way, apart from those
institutions where the phase comparator and master clock are
located, most institutions require only one transmitter and one
receiver of the frequency synchronization system to transfer
the local clock signal and receive the master clock signal.
Considering the practical distribution of the clock en-
semble, the real-time clock network used in our experiment

is shown in Fig. 3(c). Two sets of CTS generation systems
are built at Tsinghua University. They share a common clock
ensemble consisting of four H-masers from four institutions
which are connected by fiber network. The length of fiber links
is 39 km between H3 and H;, 21 km between H; and H,, and
26 km between H3 and Hy, respectively. The atomic clocks
of different institutions are all placed in separate temperature-
controlled chambers. The clock signals are compared at Ts-
inghua University, and phase time difference data are collected
once a second. The calculation and adjustment interval of the
CTS generation systems are both set to 1200 s. Through com-
parison, it is found that remote clock H; has the highest sta-
bility, while local clock H3 has the lowest stability. To test
the strength of the real-time network in practice, one of the
physical CTSs is referenced by remote clock H;. In contrast,
the other physical CTS is referenced by local clock H3. The
algorithm used to calculate CTSs is AT1.
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Fig. 3. (a) Schematic diagram of the real-time clock network with redundant devices; I, I, I, IV, and V: different institutions in the
network; Hy, Hy, H3, Hy, and Hs: H-masers from different institutions, and Hs is the most stable clock in the clock ensemble; PCO:
phase comparator; AOG: auxiliary output generator; CTS: composite time scale. (b) Schematic diagram of the compact real-time clock
network. (c) Schematic diagram of the validation experiment for the real-time clock network, where two physical CTSs referenced by
a less stable local clock and a stable remote clock respectively are built; I, I, I, and IV: different institutions in Beijing, of which Il is
Tsinghua University; Hy, Hp, H3 and Hs: H-masers from different institutions, of which H; is the most stable clock in ensemble, and

Hj is the least stable clock in ensemble.
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Fig. 4. Individual frequency stabilities calculated with the N-Cornered-Hat method. (a) Individual stability curves of physical CTSs
referenced by H; (stable remote clock) and that of member clocks during the period (previous 15 days) when all four H-masers are
present. Hy, Hp, H3 and Hy4: H-masers from different institutions. Physical CTS_H; represents physical CTS referenced by clock
Hj, other legends have similar meanings. (b) Individual stability curves of physical CTSs referenced by H3 (less stable local clock)
and that of member clocks during the period (previous 15 days) when all four H-masers are present. (c) Individual stability curves of
physical CTSs referenced by H; and that of member clocks (Hy4 is not included because it is lost since the 16th day) throughout the
experiment period (90 days). (d) Individual stability curves of physical CTSs referenced by Hz and that of member clocks throughout
the experiment period (90 days). (e) Individual stability curves of paper CTSs referenced by H; and that of member clocks throughout
the experiment period (90 days). Paper CTS_H; represents paper CTS referenced by clock Hj, other legends have similar meanings.
(d) Individual stability curves of paper CTSs referenced by H3 and that of member clocks throughout the experiment period (90 days).

A continuous test of physical CTSs lasting 90 days is car-
ried out. The results based on real measured data are shown
in Fig. 4. Figures 4(a) and 4(b) reveal the individual stabili-
ties of the two physical CTSs and those of the member clocks
during the period (previous 15 days) when all four H-masers
are present. The SSSAIs of the two physical CTSs almost fol-
low that of their master clock. The physical CTS referenced

by the most stable remote clock H; outperforms all member

clocks when the averaging time is longer than ~ 4000 s. For
the physical CTS referenced by the least stable local clock Hs,
this time increases to ~ 10000 s. It is obvious that the stability
of the physical CTS is improved when the stable remote clock
is chosen to be the master clock with the help of the real-time
clock network. Figures 4(c) and 4(d) show the individual sta-
bilities of two physical CTSs and those of member clocks (Hg

is not included because it is lost since the 16th day) throughout
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the experiment period (90 days). Compared with the results
shown in Figs. 4(a) and 4(b) during the previous 15 days, the
results containing data when Hy is lost are not significantly de-
teriorated. Figures 4(e) and 4(f) show the individual stabilities
of two paper CTSs and those of member clocks throughout
the experiment period (90 days). The two paper CTSs out-
perform all clocks when the averaging time is longer than the
calculation interval of CTSs. Their stabilities remain similar.
The experimental results are perfectly in agreement with the
simulation results in Section 2.

As another method to assess CTS’s performance, we also
compare two physical CTSs with UTCr respectively. The re-
sults are listed in Tables 2 and 3. The stabilities of H;, Hp,

Hj and two physical CTSs are calculated with experimental
data throughout the experiment period (90 days). As Hy is lost
since the 16th day, the stability of Hy is obtained from experi-
mental data collected during the previous 15 days.

The results reveal that the stabilities of two physical CTSs
are close to each other when the averaging time is longer than
one day, which is also shown in Figs. 4(c) and 4(d). This
phenomenon is due to the predominant influence of frequency
drift on frequency stabilities within this range and the effect of
the frequency error related with the master clock is obscured.
The results prove that the physical CTS referenced by remote

master clock performs within the expected range.

Table 2. Frequency stabilities of each clock (used to generate physical CTS_H; ) with respect to UTCr.

Clock H; H, H;j Hy Physical CTS_H;
ADEV@I1d 3.66x 10715 3.84x 10715 4.19x 1071 4.00 x 1071 3.75% 10715
ADEV@2d 221x 10715 227x 10715 3.07x 1071 1.67x 1071 231 %1071
ADEV @4d 1.60 x 1013 1.73 x 10713 1.88x 1071 1.63 x 1071
ADEV@8d 9.05 x 10716 1.36 x 10713 1.74 x 10715 1.06 x 10715

Table 3. Frequency stabilities of each clock (used to generate physical CTS_H3) with respect to UTCr.

Clock H; H, H;j Hy Physical CTS_Hj3
ADEV@1d 3.66x 10715 3.88x 10715 4.00x 10713 3.97x 10715 3.72x 10715
ADEV@2d 221x 10715 23010715 2.02x 1071 1.60 x 10715 227 %1071
ADEV @4d 1.60 x 1013 1.90 x 1013 1.52x 1071 1.71 x 1071
ADEV@8d 9.05 x 10716 1.39x 10713 1.37x 1071 1.29x 1071

4. Conclusion and discussion

In this paper, aiming at the adverse effects of the central-
ized timekeeping topology on conventional CTS, the stability
limitation of the physical CTS caused by the selection of the
master clock is simulated. The results prove that the LSLAI
of the physical CTS is positively related to that of the master
clock until the region dominated by the frequency drift of the
H-maser (averaging time longer than ~ 10° s). Furthermore,
the mechanism inherent in this limitation is given in detail,
and we employ a real-time clock network to break the limita-
tion. On this basis, a real-time physical CTS referenced by a
stable remote master is achieved experimentally. The compar-
ison experiment, where another physical CTS referenced by
a less stable local master clock is generated simultaneously,
shows that the stability of the physical CTS is obviously im-
proved when the stable remote clock is chosen as the master
clock. Compared with conventional physical CTSs, the pro-
posed scheme enables real-time physical CTSs to be realized
based on the most stable clock in the network, and the best
physical CTS to be realized no matter whether the timekeep-
ing institution has the most stable clock. The work is a key
step to achieve the decentralized real-time timekeeping net-
work on which the master clock can be switched among some
stable clocks to further enhance the stability and reliability of
the physical CTS.

On the other hand, it is worth noting that the proposed
scheme still faces some challenges in its long-term operation,
such as fiber link outages and uncompensated disturbances
introduced by high-frequency vibrations during atomic clock
signal transmission. We have designed a disturbance-resistant
algorithm, described in Ref. [16], to cope with the above-
mentioned disturbance and to ensure that the physical CTS
operates smoothly, regardless of fiber link disturbances or en-
semble member changes.
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