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The composite time scale (CTS) provides a stable, accurate, and reliable time scale for modern society. The im-
provement of CTS’s real-time performance will improve its stability, which strengths related applications’ performance.
Aiming at this goal, a method achieved by determining the optimal calculation interval and accelerating adjustment stage
is proposed in this paper. The determinants of the CTS’s calculation interval (characteristics of the clock ensemble, the
measurement noise, the time and frequency synchronization system’s noise and the auxiliary output generator noise floor)
are studied and the optimal calculation interval is obtained. We also investigate the effect of ensemble algorithm’s initial
parameters on the CTS’s adjustment stage. A strategy to get the reasonable initial parameters of ensemble algorithm is
designed. The results show that the adjustment stage can be finished rapidly or even can be shorten to zero with reasonable
initial parameters. On this basis, we experimentally generate a distributed CTS with a calculation interval of 500 s and its
stability outperforms those of the member clocks when the averaging time is longer than ~ 1700 s. The experimental result
proves that the CTS’s real-time performance is significantly improved.

Keywords: composite time scale, real-time performance, calculation interval, adjustment stage
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1. Introduction

Precise time have extensive applications in diverse fields,

(121" geodesy,>¥ power grid

such as satellite navigation,
management,!>%! telecommunication,!”! gravitational wave
detection,®! and tests of fundamental physics.!”~'!l To gener-
ate and maintain a stable and reliable time scale, the composite
time scale (CTS) is widely adopted by worldwide timekeep-
ing institutions due to its obvious advantages in stability and
reliability.[1%13]

The CTS has two realizations, paper CTS, and physical
CTS. The paper CTS, also named as paper clock, is calculated
with a clock ensemble using an ensemble algorithm. It can be
employed to steer an auxiliary output generator (AOG) whose
input signal is from the master clock to generate the physical
CTS. Meanwhile, in terms of real-time performance, the CTSs
can be classified into real-time ones and deferred ones. The
distinction between them mainly lies in whether their paper
realizations can be calculated based on the measured compar-
ison data of clock ensemble in real-time. In order to further
introduce the state of the art in CTS and describe the concern
in this paper, we would like to clarify some key concepts of
CTS. The calculation interval refers to the generation inter-
val of the paper CTS. The adjustment interval refers to the
frequency steering period to realize the physical CTS, which
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is generally equal to the calculation interval. The effective
time, an evaluation index of the physical CTS, refers to the
averaging time when the CTS’s stability outperforms those of
member clocks. Since the physical CTS is always realized by
deferred frequency adjustment, the effective time is definitely
longer than the calculation interval.!'4]

The CTS uses weights to adjust the relationship between
member clocks, i.e., the relationship of noise within the clock
ensemble and reduces the noise by reasonably weighting on
them.!">] When the averaging time is longer than the calcu-
lation interval, CTS’s stability is improved and outperforms

12.13] Different calculation intervals

those of member clocks. !
represent noise at different scales being averaged within the
clock ensemble, determining when the stability bonus for the
weighted average of the clock ensemble works. Meanwhile,
the calculation interval is a direct indicator of CTS’s real-time
performance. It can be seen that CTS’s stability and real-time
performance are closely linked through the calculation inter-
val. Hence, choosing the optimal calculation interval to im-
prove the CTS’s real-time performance will also make the sta-
bility bonus for the weighted average of the clock ensemble
work at a shorter averaging time, which means that CTS’s sta-
bility is improved at a shorter averaging time. This will further

enhance the performance of related applications.
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However, owing to the link noise introduced in time and
frequency transfer process, the distributed CTSs based on
widely employed satellite synchronization links usually re-
quire a calculation interval of more than one day.!'¢-'°) Thanks
to the high-precision fiber based time and frequency synchro-
nization technique, a distributed real-time CTS with a cal-
culation interval of 1200 s has been demonstrated in 2019.
Its stability outperforms those of member clocks when the
averaging time is longer than ~ 5000 s.l'”! Even based on
a co-located clock ensemble, that means no link noise, to
our knowledge, the CTS with shortest calculation interval is
achieved by NIST’s AT1 and UTC(NIST), whose calculation
intervals are 720 s. The calculation interval here is chosen
mostly for computational convenience, since it is an exact dec-

imal fraction of an hour, 202!

1'So the question arises, is it pos-
sible to further improve the real-time performance of the CTS?
What is the boundary for the choice of the calculation interval?

On the other hand, the ensemble algorithm often requires
an adjustment stage at startup, which generally takes several
days. During the period, parameters of the ensemble algo-
rithm needs to be iterated to reasonable levels. The generated
CTS in this stage does not enter the steady state. This will
lead to a great waste of experimental time, as the data during
this stage would not be usable for evaluating the CTS’s per-
formance. Likewise, the ensemble algorithm goes through a
similar adjustment stage again when new member clocks are
introduced to the clock ensemble. In fact, the adjustment stage
can be considered as another indicator of the CTS’s real-time
performance. Further accelerating the adjustment stage so that
the CTS can be stabilized as rapidly as possible is important
for the improvement of the real-time performance. Actually,
the real-time performance of the CTS is also related to the sta-
bility of the master clock, which has been proved in our pre-
vious work.["*] We mainly focus on effects of the calculation
interval and the adjustment stage on the real-time performance
of CTS.

In this paper, we propose a real-time performance im-
provement method for the CTS. It is achieved by determining
the optimal calculation interval and accelerating CTS’s adjust-
ment stage. First, we analyze the determinants of paper CTS’s
calculation interval, which mainly include the characteristics
of the clock ensemble, the measurement noise and the time
and frequency synchronization system’s noise. On the basis,
the restrictions of the AOG noise floor on CTS’s effective time
is clarified. This restriction in turn gives an optimal calculation
interval. Then, a strategy to accelerate the adjustment stage by
reasonably configuring the initial parameters of the ensemble
algorithm is developed. The CTS’s adjustment stages are com-
pared when the strategy is used and not used. The results show
that the adjustment stage can be finished rapidly or even can

be shorten to zero with reasonable initial parameters. Finally,
a distributed CTS with a calculation interval of 500 s (the op-
timal calculation interval identified by the analysis) is built to
experimentally demonstrate the method. It has been running
continuously over 7 days. The CTS’s effective time is obtained
as ~ 1700 s, which indicates a significant improvement in real-
time performance compared to the existing CTS and validates
the effectiveness of the proposed method.

The rest of this paper is organized as follows. Section 2
analyzes the determinants of CTS’s calculation interval and
gives a way to determine an optimal calculation interval. In
Section 3, we develop a strategy to get the reasonable initial
parameters of the ensemble algorithm and carry out a simula-
tion demonstration. Section 4 summaries the implementation
procedure of the proposed method and takes an experiment to
verify the method. Finally, Section 5 concludes this paper.

2. Improve CTS’s real-time performance by de-
termining the optimal calculation interval

In this section, we will clarify the principle of deriving an
optimal calculation interval and demonstrate it through a sim-
ulation. Since the physical CTS is realized through frequency
steering according to the paper CTS, the analysis will focus on
the generation progress of both paper CTS and physical real-
ization.

2.1. Determinants of paper CTS’s calculation interval

The property of the paper CTS is mainly determined by
both the clock ensemble and ensemble algorithm. Among
the ensemble algorithms, the weighted average ensemble al-
gorithm is the most common method.?>?3! Here, we take
AT1, a widely used real-time weighted average ensemble algo-
rithm, to analyze the determinants of paper CTS’s calculation
interval.[?42>]

Generally, the phase time difference of atomic clock is
modeled as a quadratic polynomial combined with stochastic
noise, which can be defined as[?°!

x(t+T):x(t)—&-y(t)T—i—%de—i—&, )

where x(¢) and y(¢) represent the phase time difference and
fractional frequency difference of atomic clock at time epoch
t, respectively; d is the frequency drift of the clock; T repre-
sents the time interval of the measured phase time difference
used to calculate the paper CTS, which is also the calculation
interval of the paper CTS; & is the stochastic noise in the phase
time difference originated from the measurement noise of the
phase comparator (PCO), H-maser’s noises, as well as the time
and frequency synchronization system. In the AT1 algorithm,
the average fractional frequency difference of the clock over
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the interval, y (t + T'), would be estimated by [26]

x(t—l—T)—x(t).

y+T)= 7

2

To correctly estimate the frequency difference of the clock,
a proper calculation interval needs to be chosen. There are
two criteria to be fulfilled in determining the calculation inter-
val. The first criterion requires that the calculation interval is
long enough so that the contribution of the clock’s fractional
frequency difference to the measured phase time difference is
larger than . It can be expressed as

y-T>8. 3)

In our system, the measurement noise of the PCO is smaller
than 1 x 10713 s.
maser is also smaller than 1 x 1013 s at the averaging time of

The phase fluctuation originated from H-

the calculation interval smaller than 1 d. The phase fluctuation
originated from time and frequency synchronization system is
smaller than 1 x 10~!# s. Hence, it is obtained as E< 1078,
yis 1 x 10713 (typical fractional frequency difference of an
H-maser is generally on the order of 107!3). On this basis,
the minimum calculation interval is given by 7" > 1 s. Mean-
while, the other criterion requires that the calculation inter-
val should be short enough so that the contribution of the fre-
quency drift to the measured phase time differences is smaller
than &, and smaller than the contribution of the clock’s frac-
tional frequency difference. It can be expressed as

%d-Tz < €. 4)

Here, d is 1 x 10~2! s~ in our system, which is also the typical
frequency drift for an H-maser. The criterion gives a range of
calculation interval as T < 10* s. Therefore, after considering
the measurement noise, the time and frequency synchroniza-
tion system’s noise and the characteristics of the clock ensem-
ble, a loose range of the calculation interval is derived, which
isls<T<10%s.

2.2. Influence of the calculation interval on paper CTS’s

stability

The stability and real-time performance of the CTS are
closely linked through calculation interval. Inherently, the
weighted average ensemble algorithm reduces the noise of the
CTS by reasonably weighting on noises of the member clocks.
The average level of clock noises, which directly affects the
paper CTS’s stability, is related with the calculation intervals.
Hence, we carry out simulations to explore the influence of the
calculation interval on the paper CTS’s stability after obtaining
the range of the calculation interval. In the simulation, a 40-
day phase time data of 4 simulated H-masers and AOG noise
floor with a time interval of 1 s are used. The dominant noise

of the data is white frequency modulation (WFM), white phase
modulation (WPM), and flicker frequency modulation (FFM).
Their simulative parameters are obtained by piecewise fitting
the individual stability curves of the H-masers and AOG noise
floor in our CTS system and given in our previous work.!#!
The stabilities of simulated clock ensemble and the AOG noise
floor are shown in Fig. 1(a), where clock C is the most stable
clock.

Using the AT1 algorithm, the paper CTSs with different
calculation intervals are calculated and their stabilities are pre-
sented in Fig. 1(b). The results are individual stabilities of
CTSs respect to an ideal clock, which is calculated based on
the phase time sequence of the CTS with respect to an ideal
clock, marked as x.. At time epoch #, x. (¢) can be obtained
by directly adding the CTS, x (¢), to the master clock, x; (¢),
which can be expressed as

X (t) = xer (8) + 22 (1) . )

Here, x.; (¢) is the phase time differences between the CTS and
the master clock; x; (¢) is the simulated phase time difference
of the master clock with respect to an ideal clock. Besides,
the stability results of paper CTSs and physical CTSs obtained
in simulations of Sections 2 and 3 are all individual stabilities
calculated in a similar way. Meanwhile, we also estimate ap-
proximately the CTS’s stability limit (also shown in Fig. 1(b))
by directly weighted averaging the individual stabilities of the

member clocks at different averaging time. It can be expressed
[27]
as

ors (T) = ; of (1)o7 (1), ©)

where octs (T) and o; (T) represent the Allan deviation of the
CTS and clock i at the averaging time of 7, respectively; ®; ()
is the weight of the clock i at the averaging time of T, which is
calculated based on the inverse of the Allan variance Giz (t) of
each member clock and can be formulated as

or(r) - LT

(N

The weight has been proved to be the optimal weight of the
member clock for the CTS.[?]

By comparing the stabilities of the member clocks in
Fig. 1(a) and those of the paper CTSs with different calcula-
tion intervals in Fig. 1(b), we can see that when the averaging
time is longer than paper CTS’s respective calculation interval,
all paper CTSs outperform the member clocks. Furthermore,
it can be seen from Fig. 1(b) that the paper CTSs’ stabilities
with different calculation intervals are almost identical when
the averaging time is longer than corresponding calculation
interval. This proves the feasibility to improve the CTS’s real-
time performance with a short calculation interval. Compared
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with the CTS’s stability limit, the paper CTSs’ stabilities with
different calculation intervals remain similar to it, also quali-
fying the correctness of the paper CTS calculation. Based on
the results, in subsequent sections, we will use the stability
of the paper CTS with a 10-s calculation interval to represent
the stability level of the paper CTS under the clock ensemble

configuration.
10-13h (=)
=} 10714 L
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e
g8
g
3 10-15}
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< —16 B
10 3 C
D
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Fig. 1. Individual stabilities of the simulated clocks, the CTS’s stability
limit and paper CTSs with different calculation intervals. (a) Stabil-
ity curves of simulated H-maser ensemble and AOG noise floor, where
clock C is the most stable; A, B, C, and D: simulated H-masers. (b) Sta-
bility curves of paper CTSs with different calculation intervals and the
CTS’s stability limit; Paper CTS_10 s represents paper CTS with a cal-
culation interval of 10 s, other legends have similar meanings.

2.3. Limitations of AOG noise floor on CTS’s calculation
interval

In the physical realization process of the CTS, the AOG
is a key instrument, whose output is the physical CTS. The in-
put frequency of the AOG is from the master clock, and the
output frequency of AOG is steered by the paper CTS. How-
ever, the noise floor of AOG will affect the accuracy of the
frequency adjustment and deteriorate the stability of physical
CTS. Therefore, an adequate adjustment interval is needed to
smooth the AOG noise to ensure that the frequency fluctua-
tion arising from the noise is small enough to be ignored. We
analyze the limitations of AOG noise floor on CTS’s calcu-
lation interval (equal to the adjustment interval) based on the

simulated data in Subsection 2.2.

It can be seen in Fig. 1(a) that AOG noise floor is more
stable than the H-masers in the clock ensemble at all averag-
ing times, which is the case where the AOG is placed in an
ideal environment. In Fig. 2, by subtracting the stability of pa-
per CTS (the pink line) from that of the most stable clock-C
(the black line), the stability improvement expectation is ob-
tained (the brown line). Actually, it is more reasonable to ob-
tain the stability improvement expectation by calculating the
square root of difference between paper CTS stability square
and clock-C stability square. The stability improvement ex-
pectation here represents the stability bonus for the weighted
average of the clock ensemble. It refers to the stability im-
provement level of the paper CTS, as well as the desired level
of the physical CTS’s stability improvement. Subsequently,
comparing the stability improvement expectation and the sta-
bility of the AOG noise floor (the blue line), we can obtain the
lower boundary of physical CTS’s effective time as ~ 50 s (ex-
actly the intersection of the two curves). When the averaging
time is longer than 50 s, the effect of the weighted average of
the clock ensemble appears, otherwise the stability bonus for
the weighted average of the clock ensemble is obscured by the
AOG noise floor. It means that for the CTS system configu-
ration, no matter how short the calculation interval is chosen,
the stability of the physical CTS can only outperform those of
member clocks when the averaging time is longer than ~ 50 s.

10-14 ¢

10-15|

(@]
Paper CTS

Stability enhancement
expectation

— AOG noise floor

10-10]

Allan deviation

1017 ' ' s s
10! 102 103 104 10°
Averaging time (s)

Fig. 2. Simulation results of the limitation of the AOG noise floor on
the CTS’s effective time. The paper CTS represents the stability of pa-
per CTS with a calculation interval of 10 s in Fig. 1(b). The stability
improvement expectation is obtained by subtracting the individual sta-
bility of paper CTS’s stability and that of the most stable clock within
the clock ensemble-clock C.

In the actual experimental situation, the noise floor of
AOG will be affected by temperature fluctuation of the envi-
ronment. Especially, the periodic temperature fluctuation (ex-
actly the situation where our CTS is generated) will seriously
deteriorate the stability of the AOG noise floor. This will in
turn affect the lower boundary of the physical CTS’s effective
time. We will simulate this effect according to following pa-

rameters.
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Fig. 3. Simulation results of the limitation of the AOG noise floor with
periodic fluctuation on the CTS’s effective time. (a) Stability curves
of the AOG noise floor with periodic fluctuation and that of stability
improvement expectation. (b) The effective time of the CTSs with dif-
ferent calculation intervals.

The AOG noise floor with periodic fluctuation is simu-
lated with a magnitude of 6x 10~!> and period of 678 s. These
parameters are derived from the real-measured AOG noise
floor of our CTS system with the method in Ref. [29]. The
other parameters of stochastic noise in the AOG noise floor
are the same as in Ref. [14]. Its stability curve is shown in
Fig. 3(a).

It can be seen from Fig. 3(a) that the AOG noise floor’s
stability here is larger than the stability improvement expecta-
tion until the averaging time of ~ 1600 s. Consequently, the
lower boundary of the effective time significantly increases to
~ 1600 s. To derive the optimal calculation interval for the
effective time of 1600 s, we need to first estimate the possible
values of the calculation interval. As a result of the deferred
frequency steering in the CTS’s physical realization, the calcu-
lation interval must be shorter than the effective time. Hence,
the corresponding calculation interval should be on the order
of hundreds of seconds. Base on the analysis, the physical
CTSs with a calculation interval of 300 s, 400 s, 500 s, 600 s,
700 s, 800 s, 900 s are simulated respectively. Their corre-
sponding effective time are shown in Fig. 3(b). The results
show that the CTS with a calculation interval of 500 s corre-

sponds to an effective time of 1600 s. When the calculation
intervals are shorter than 500 s, their effective time remains
identical, which is close to 1600 s. When the calculation in-
terval is longer than 500 s, the corresponding effective time
increases with the calculation interval. The optimal calcula-
tion interval is finally chosen as ~ 500 s.

3. Improve CTS’s real-time performance by ac-
celerating adjustment stage

Normally, the initial parameters of the ensemble algo-
rithm are arbitrarily set to the empirical values. This will re-
sult in a long adjustment stage before CTS entering the steady
state. To accelerate the adjustment stage, it is necessary to
reasonably configure the initial parameters of the ensemble al-
gorithm. As the reasonable parameters need to be obtained by
calculating the paper CTS, a piece of clock ensemble historical
comparison data is required. Here, we still use the simulated
data in Subsection 2.2 for analysis and demonstration. First,
through setting the empirical values as the initial parameters,
we calculate a paper CTS and record the iterative values of the
corresponding parameters. The paper CTS data is then trun-
cated into successive segments and their individual stabilities
are calculated separately to identify when the adjustment stage
ends. So far, when the CTS entering the steady state, any set
of iterative values of the parameters can be used as the reason-
able initial parameters. The parameters whose initial values
need to be reasonably configured in AT1 algorithm include
the weight of the member i clock—a®;, the predicted phase
time difference between the CTS and the i clock—X;_,, and
the fractional frequency difference between the CTS and the
i clock—y;_,. Table 1 gives a specific example of applying
the proposed strategy to obtain reasonable initial parameters
based on empirical initial parameters. The simulative results
of CTSs using two sets of initial parameters are compared in
Fig. 4.

It can be seen from Fig. 4(a) that it takes ~ 5 d for the
parameter @; with the empirical initial value to be iterated to a
reasonable level. For the parameter with the reasonable initial
value in Fig. 4(b), the iterative adjustment stage is accelerated
to ~ 1 d. Figures 4(c) and 4(d) show that for the parameter
Yi—a, the iterative adjustment stage is ~ 4 d with the empirical
initial value, while iterative adjustment stage’s duration can
be reduced to zero with the reasonable initial value. The sta-
bility results in Fig. 4(e) reveal that with the empirical initial
parameters, the CTS undergoes an adjustment stage of ~ 5 d
at the startup of the ensemble algorithm. However, with rea-
sonable initial parameters, the adjustment stage almost disap-
pears. This means that the CTS would skip the adjustment
stage and be stabilized from the beginning. In this way, CTS’s
adjustment stage can be greatly accelerated.
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Table 1. Initial parameters of the AT1 ensemble algorithm used in the simulation.

Parameters ;

Xi—a Yi—a

Empirical initial parameters [0.25, 0.25, 0.25, 0.25]

Reasonable initial parameters [0.19, 0.20, 0.22, 0.39]

[0, 0, 0, 0]
[1.22x1077, —=1.25x 1077,
—1.25%x1077,4.03x107%]

[0, 0,0, 0]
[4.43x10713, —4.54 x 10713,
—4.53%x 10713, 1.46x10713]
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Fig. 4. Simulative results of CTSs with the empirical and reasonable initial parameters. Panels (a) and (b) are the iterative values of the @; with the
empirical initial value and the reasonable initial value, respectively; panels (c) and (d) are the iterative values of the y;_, with the empirical initial value
and the reasonable initial value, respectively; panel (e) is the stability results of paper CTSs with the empirical and reasonable initial parameters.

4. Method and experimental demonstration

Based on the analyses in Sections 2 and 3, we summa-
rize the implementation procedures of the method to improve
the CTS’s real-time performance in this section. It consists of
three parts and its flow diagram is shown in Fig. 5.

In the first part, a piece of clock ensemble comparison
data is needed as an important prior basis. In addition, the
PCO’s measurement noise, the time and frequency synchro-
nization system’s noise and AOG noise floor also need to be
obtained in advance. The second part aims at optimizing the
calculation interval based on the data gained in the first part.
It has four steps: (i) determine the fractional frequency differ-
ence and the frequency drift of the clock ensemble; (ii) obtain
a loose range of the calculation interval using the two crite-
ria from the ensemble algorithm; (iii) calculate the individual
stability of the paper CTS, and derive the CTS’s stability im-
provement expectation by subtracting the individual stability
of paper CTS from that of the best member clock; Then, eval-
uate the lower boundary of the physical CTS’s effective time
by comparing the stability improvement expectation with the
AOG noise floor. (iv) Estimate the optimal calculate interval
for the lower boundary of the effective time and test them with
physical realization. On this basis, the optimal calculation in-

terval (500 s in our simulation and experimental demonstra-
tion) is got for the CTS system configuration. It is necessary
to noticed that in the simulations of Section 2, the individ-
ual stabilities of CTS and member clocks can be calculated
directly based on the phase difference of the simulated clock
ensemble data respected to an ideal clock. Nevertheless, with
the real-measured comparison data of atomic clocks, individ-
ual stability estimation methods, such as the three-cornered-
hat and N-cornered-hat methods described in Refs. [30,31] are
required to calculate the individual stabilities of the paper CTS
and physical CTS as well as those of member clocks in steps
(iii) and (iv). After that, the obtained optimal calculation in-
terval will be transferred to the third part as a parameter to
accelerate the adjustment stage. There are three steps in this
part: (i) calculate the paper CTS with the optimal calculation
interval and empirical initial parameters based on the clock
ensemble comparison data; (ii) find a set of iterative values of
the parameters when the paper CTS entering the steady state;
(iii) choose the obtained values as the reasonable initial pa-
rameters of ensemble algorithm and use the optimal calcula-
tion interval to generate a physical CTS. In this way, a CTS

with improved real-time performance can be achieved.
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Part 1: Pre-collect the clock ensemble comparison data and
gain PCO’s measurement noise, the time and frequency
synchronization system’s noise £ and AOG noise floor

Part 2: Improve CTS’s real-time performance
by shortening calculation interval

s N
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Part 3: Improve CTS’s real-time performance
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Fig. 5. Flow diagram of the method to improve the CTS’s real-time performance.
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Fig. 6. Experimental results of the experimental physical CTS with 500-s calculation interval. (a) Individual stability of the experimental physical
CTS measured by the N-Cornered-Hat method. H;, H,, H3, and Hy: H-masers from different institutions. (b) The relative fractional frequency
difference of member clocks and physical CTS with respect to the paper CTS; H;-Paper CTS represents the fractional frequency difference of clock

H; with respect to the paper CTS, other legends have similar meanings.

Based on the Beijing regional time and frequency syn-
chronization network, a 70 days continuous test is carried
out.!'417321 Four H-masers (denoted as H;, Hp, H3, and Hy)
from four different institutions in the network are incorpo-
rated to generate the CTS. Among them, H;, H3, and Hy are
the remote H-masers from Beijing Satellite Navigation Cen-
ter, Beijing Institute of Radio Metrology and Measurement,
National Institute of Metrology, China, respectively, while Hy
is the local H-maser from Tsinghua University. They are con-
nected through the commercial fiber links with the fiber-based
frequency synchronization technique introduced in Ref. [33].
The length of fiber links is 26 km between H; and H», 21 km
between H3 and Hj, and 39 km between Hy and Hj, respec-
tively. Thanks to the high frequency transmission stability of
the technique, three remote H-maser signals are recovered at

Tsinghua University stably and in real time. The recovered re-
mote signals are then compared with the local H-maser with
a PCO. The phase time difference data derived from PCO are
used for the paper CTS calculation in a computer. An AOG
referenced by a remote master clock (H4) which is the most
stable clock in the ensemble is finally controlled by the com-
puter to generate the physical CTS. The calculation interval of
the CTS is 500 s. The results are shown in Fig. 6.

Figure 6(a) gives the individual stability of the ex-
perimental physical CTS measured by the N-Cornered-Hat
method. It can be seen that the stability of the physical CTS
outperforms those of the member clocks when the averaging
time is longer than ~ 1700 s. It conforms to the simulative
results in Fig. 3(b). In the meanwhile, figure 6(b) shows the
relative fractional frequency difference of member clocks and
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physical CTS with respect to the paper CTS. We can see that
the frequency noise and frequency drift of the physical CTS
are decreased compared with those of the member clocks. The
real-time performance of the CTS is obviously improved com-
pared with that of distributed CTS reported in Refs. [14,17].

5. Conclusion

In this paper, we propose a method to improve CTS’s real-
time performance through determining the optimal calculation
interval and accelerating CTS’s adjustment stage. We give the
determinants of the CTS’s calculation interval, including the
characteristics of the clock ensemble, the measurement noise,
the time and frequency synchronization system’s noise, and
the AOG noise floor. We further provide a way to determine
an optimal calculation interval. Based on this, the effect of the
ensemble algorithm’s initial parameters is studied. It shows
that with reasonable initial parameters, the CTS’s adjustment
stage can be finished rapidly or even can be reduced to zero.
To get the reasonable initial parameters, we develop a strategy
and demonstrate it with a simulation. Finally, a distributed
CTS with a calculation interval of 500 s is generated. The
results reveal that the stability of the CTS outperforms those
of the member clocks when the averaging time is longer than
~ 1700 s and the real-time performance of the CTS is signifi-
cantly improved.
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