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Abstract. The national metrology institutes dways establish their time scale UTC(k) (UTC of k
laboratory) based on the atomic clocks. Atomic clocks and a time scale agorithm provides an
ensemble time which is better than any component clock in the system. This paper introduces
establishing of Vietnam time scale UTC(VMI) (UTC of Vietnam Metrology Institute) using the
comparison data of commercial ceasium atomic clocks. We applied the time scale a gorithm
named AT1 and an own our method and present instrument at the time and frequency laboratory —
VMI. UTC(VMI) data has appeared on the BIPM website since 2008.

1. Introduction

Time is one of seven of basic quantities so creating and mai ntaining the nationa time scaleis one
of the task which are beong to the national metrology institutes. In order to creating and maintaining a
national time scale the time and frequency laboratory in a national metrol ogy ingtitute always operates
a time system which ind udes many atomic clocks (which are commercia or created by themselves)
and a lot of measurement, comparison instruments. Furthermore a time scale agorithm must be
studied based on the data which are from the comparison of separated atomic docks. The time scde
algorithm processes clock comparison data resulting in a ensembl e time which is more stabl e than any
component atomic clock. At present time community in the world has been using dgorithm named
ALGOS and AT1 [2]. ALGOS has been using by Bureau International des Poids e Mesures (BIPM)
for establishing International Atomic Time (TAI) which has good long stability. AT1 has been using
by National Institute of Standards and Technology (NIST) for creating AT1 which isarea time scale.
As recommended by BIPM the national metrology institutes should keep the time difference between
their own the time scale UTC(k) and Coordinated Universal Time (UTC) to be smaller than 100 ns,
the nationa metrology institutes always apply AT1 algorithm for its own time scale However, the
time and frequency laboratories have different clock total and the different kind of atomic clock so
they employ different measurement instruments and clock comparison methods so that a time and
frequency laboratory must study its own method for establishing its own the national time scal e based
on its present instruments.

This paper describes briefly the general time scal e algorithm and describes our method based on a
time system which has three commercial atomic clocks at Vietham Metrology Institute
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As usualy, in order to establish areal time scae, we must have the comparison data from at |east
three atomic clocks and TA (Average Time) is derived from a reference clock. However, VMI has
only three atomic clocks so we have to compare clocks and TA is derived from one of them but insure
the independence of clock comparison data which is the most important factor in data processing.

The successfulness of creating Vietham average time scale not only to combines three of atomic
clocks in order to have time scale which is more stable but also to create the foundation of creating a
time scal e with more clocks and more stable in the near future.

The paper is organized as following : section Il describes briefly the general algorithm for creating
atime scal e then section 111 describes operating and maintaining atomic clocks and compari son system
a VMI. In section IV the method and operation of establishing the average time scale of VMI with
three clocks is described and the condlusion is section V.

2. Time scale algorithm general

Hereinafter, time is discussed in reference to "idea time" referring to a perfectly steady time
sca g and to the simple term "time," which refers to actual time, which is offset from ideal time. Ideal
timeis purely conceptua and cannot be obtained in actua calculations or measurement. Below, h; is
the time of clock i, and TA is the average time. The average time scale is theoretically defined as
follows:

N N
TAOD) =@ w(Dh (1), A w(t)=1 (1)
i=1 i=1

Here, i istheindex that identifies each dock,

w istheweighting of dock i.
N is the total number of clocks

When each clock is independent, the weighted average (with optimum weighting) gives a more
stable time scale than any of the component clocks done. In Equation (1), if clock 1 is removed at
point t,, time h(t) fdls out of the calculation entirdy, causing significant time offset in the
summation result. What is to be done in this case? The purpose of Equation (1) is initially to reduce
fluctuation. Therefore, it must be sufficient to extract the fluctuations and average them alone. Based
on this premise, the average time scal e may be cal culated with the foll owing expression:

AW =4 WO(hO- HO).& wo =1 &)

In other words, subtract the predictable variation h(t) of dock i from the actual time h (t) of the
same clock, treat the difference as the fluctuation, and average al fluctuations, with weighting. This
procedure yields the average time scale TA. The weight w (t) and the predictable variation h (t) are

determined according to various models.
We cannot know the absolute value of h (t) because the ideal reference time is unknowable. In

other words, we cannot cal culate an absol ute value for TA(t) from Equation (2). What we can calculate
isthetimedifference x between dock i and the average time scel &

() =TA®) - h (D) 3
X can be calculated from the time difference X between docksi andj. X; istheonly valuethat can
be measured and is used as data in the TA cal cul ation:
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X, () =x%()- x(t) i=1L.N,i? | (4)

Equations (2), (3), and (4) yidd the following simultaneous equati ons, which uniqudy determine
X ():

‘I N N ,

@ w®x®=a woOho
| i=1 i=1
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Equation (4) gives N-1 independent rdations containing N clocks; thus, with Equation (5), we

have N equations. The unknown quantities are x (t) for i = 1 to N, with N is the total number of

clocks. Therefore, x(t) can be determined uniqudy from Equations (4) and (5). The explicit

expression is as follows:

Q)

X1 =a wn{h®- %o} (6)
Generally, h(t) ispredicted with alinear expression:
R =Xt + ¥ (- t) (7)

Here, to is the last period at which x; is cdculated, x(to) is the time difference between the time
given by dock i and TA at to, and y; (t) isthe predicted drift rate (predicted frequency) of clock i.

To summarize, calculating TA involves calculating the time difference x (t) between each clock
and the average time scale. The value x (t) can be calculated from the time difference X; (t) between

the docks, the egpoch t, a which the calculation was conducted, the value x (t,) calculated at to, the

weight wi(t) for each dock, and the predicted frequency Y, (t) for each clock. As the time h (t)is

unknowable, the numerical value of TA(t) cannot be obtained, but it is possible to calculate the
variaion in TA(t). In addition, time comparison with the TA of another station can define local TA
using their time difference.

3. Contralling the atomic clock performance

As with the national time scales the Vietnam time scale is based on some atomic clocks which are
combined into a system clock providing a single time scale. At present VMI has been keeping atomic
clocks to work continuously for 24 hours a day in every day and atomic clocks have been comparing
every second to provide data for creating UTC(VMI). One of the important problem during
maintai ning atime system s to control the clocks performance. Ofcouse when it cal culates the average
time scale the calculating procedure of weight will values automatically the clock performances by
assigning the weights for them. These clock weights will be applied to predict the time of clocks at
the next measurement. During a period of prediction/estimation if the stability of a clock is reduced
(compared to the other clocks) then its weight is also reduced then its contribution to the ensemble
average time to be reduced also. It means that the agorithm lightens automatically the role of clocks
which have bad performance or even removes their data from data processing although thereis not any
removing of the physical link between the clocks and general system. However, it means that the
clock performances are not compared to a threshold that through it we can know if the clock
performance is meet its technical characteristic pronounced by its manufacturer. It is clearly that if
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thereis atrouble with a clock or its performanceis reduced for working for along time then it must be
removed from the general system and to be replaced by a new one. Several methods can be applied to
control the clock performance. One of them is to measure the spectrum of clock output by a spectrum
analyzer but this method does not give us the information of its long stability. Another way to control
the clock performance is to compare the clock output to a primary frequency standard as a hydro
maser but this way also does not value dock’ s long stability and it is also not realizable because we do
not have any hydro maser. Fortunatdy, there is one way to do it. We can control the clock
performance by the three-corner hat method [1] based on processing of comparison data which are
from measurement system. This method alows us to estimate continuously the clock performance
then to compared to noise characteristics pronounced by the manufacturer. With this way, firstly the
comparison data between docks with tau of 1 s, 10 s, .v.v. , 100,000 s are stored continuously for at
least 4 months. After that it applies the three-corner hat method to process data which provides the
stability of each which are corresponding totau of 1 s, 10 s,..., 100,000 s. Finaly, those stabilities are
compared to clock noise characteristics to value the clock performance. One of the results of three-
corner hat processing is presented on figures 1, 2, 3.
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Fig. 1. The noise characteristic of the high performance clock.
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Fig. 2. The noise characteristic of the newest clock which has normal performance
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Fig. 3. The noise characteristic of the oldest clock.

The figures above shows the curves of the noise characteristics (or Allan deviation) of docks for
the time to February of 2009. We see that al the noise characterigtic curves are below reference noise
characteristics of manufacturer. It means that the clocks have good stability although clock HP5071A
(the oldest one) has been operating since 1998.

4. Creating Vietnam time scale UTC(VMI)

In the choice of the algorithm to calculated TA(VMI) we have consider that the optimum
algorithm with a small group of clocks is not obvious and very difficult to find. In general atimescde
algorithm takes the time difference measurements between clocks and combines them mathematicaly
to produce an average time scale [4, 5]. The agorithm that generates TA(VMI) foll ows the same steps
of the main ensembl e a gorithm used successfully in the NIST [2] and is outlined here shortly.

Here we must set forth two essential premises in any discussion of an agorithm of ensemble
atomic time:

1. The measurement errors of the time difference X;; between the docks must be negligibly small

compared to the noise of the clocks.
2. Each clock must be independent, with no corrdation between measured time differences
between the clocks.

If these conditions are not satisfied, the method described in Section |l to calculate the average
time scale will not be valid.

Theidea agorithm changes according to the type of time scal e (standard frequency) required. For
instance, is a real-time time scale needed or is an ex post facto report sufficent? What time interval of
stability is thought as important? These factors influence the selection of the calculation interval and
prediction method for the given frequency.

The inputs to the algorithm are the time difference measurements X; between al of the clock

pairs, with the time intervals between measurements of 3 hours. This interva is long enough to
eliminate the influence of the measurement noise.
A first prediction of thetime offset for each clock agai nst the ensembleis given by

% (t+) = x (1) + ¥, (O ®
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The best estimate of the time offset of each dock j a time (t+t) given the measurements
X (t+t)is

N
Xj(t+t )= w(t )[X(t+t )- Xj(t+t)] 9)
i=1
Once the X (t+t ) are known the average frequency of each clock over the last interval can be
estimate by
~ . + - X
Yi(t +t ) = M (10)
An exponentidly filtered estimate of the current average frequency of clock i that will be used in
the next prediction interval is given by

Yi(t+t )zm%l[?i(tﬂ )+ m¥ (1) (12)

where mi is an exponential time constant determined from the relative levels of white noise and
random walk FM, that is

1} & a2 i
URETR 20y (12)
1 U b

=i, 1Sthe period in which each clock is the most stable.
The dock weights W, appear in (2) are calculated from the variances of thetime residuals ei2 by
1 1

W = 13
aj.,
i=1 <ei (t )>
The prediction error of clock i over theinterval t +t is estimated by
&’ = [Xi (t+t)- X (t+t )]2 Ki (14)

Because ensemble time is a weighted average of each clock times, the prediction error estimate
(14) is biased, because each clock is a member of the ensemble, so it is necessary to correct this
biasing [6] by

K = !
(- w)
Since the noise characteristics of a cesium clock may not be stationary, the current prediction error

of each clock is exponentialy filter where the past prediction error are deweighted in the process, that
is

(15)

1
N, +1

t
the time constant for the filter is typically chosen to be N; =20 days and the initial value of ei2 is

. 2. 2
estimatedast °s ()

e?(t+t)=—~—[e(t+t)+ Ne(t)] (16)
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Fig. 4. System block diagram of UTC(VMI).

Vietham time scale has been based on a system which is described in figure 4. The clock
measurements is continuous every second for 24 hours a day. From that the data which are
corresponding to tau of 1 s, 10 s, 100 s, 1000 s, 10,000 s, 100,000 s to be used for calculating Allan
deviation then clock performanceto be value as described above.

Here measurement interval of 1 day (86400 s) is used for calculating the average time so the
values at 00:0:00 UTC have greet significance because they are used for creating UTC(VMI).

From Equation (3), atomic time TA(t) is obtained as an actual signal by correcting the output of

clock h(t) by the calculated value x (t) . However, we cannot artificially adjust the frequency of the
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cesium atomic clocks, as these clocks serve as the basis for the ensembl e cal culation. Thus, we modify
the output of the frequency adjuster corresponding to a cesium clock and regard this adjusted output as
the signal TA(t) . Maintaining this signal to trace UTC, we regard this signa as the actual signa of

UTC(VMI). Denocting the output of the frequency adjuster as h,(t) ([as noted, this value represents
UTC(VMI)] and the time difference rd aive to the reference clock sas X, (t), TA(t) is expressed as:

TA(t) =h, (1) +{x(t) - X (0} an
Because TA is calculated and the frequency is adjusted daily, a correction value is given to
maintain the present value for h, until the following day. The frequency adjuster drifts in accordance

with the rate of its referred oscillator, cesium clock a; thus, taking the adjustment value Ve (t) into
consideration as well, the output of the frequency adjuster for the next day is expressed as follows:
ha(t+T) =h(6) + YA(OT + Yo (OT (18)
Here, y,(t) istherate of clock & and is from BIPM website. The value for y,, is determined
such thet the value of h,(t +T) in Equation (18) equals the value of TA(t) in Equation (17):

Y =220y (19

In actual operation, we adjust the frequency whenever necessary using the UTC-UTC(VMI) time-
difference value included in the Circular-T report published monthly by the BIPM, in order to
mi nimize time discrepancies rdative to the UTC.

Every month time and frequency laboratory send clock comparison data to BIPM which
contributes to creating the International Time Scale (TAI) so we can not have a clock reserved as
reference for establishing TA(VMI) and UTC(VMI). We have been using best clock for this purpose.
It is not only for creating TA(VMI) but aso for redization of TA(VMI) and UTC(VMI) using a high
performance phase/frequency adjuster.

The redlization of TA(VMI) every day using a phase/frequency adjuster is implemented by
software on steps as follows:

1. Toset dock and measurement parameters as MJD, date, clock index.

2. To connect to SQL data base on which clock comparison is stored.

3. To get comparison data between clocks and between UTC(VMI) and reference frequency

source.

4. Tocaculate TA(VMI).

5. Tocaculate UTC(VMI)-TA(VMI).

6. To caculate theoretically frequency offset for the phase/frequency adjuster at 00:00 UTC

which is needed to track the theoretical ideal time.

7. To caculatethe rea frequency offset quantity for phase/frequency adjuster a 00:00 UTC. By

applying this one the adjuster output will track TA(VMI).

The frequency offset quantity in clause 7 above can be explained as follows. adjusting
phase/frequency adjuster output to follow the ideal time scale is not heeded because it does not know
the ideal time scade Here adjusting is only to make UTC(VMI) to follow TA(VMI) it means that
UTC(VMI) has the stability which is nearly the same TA(VMI)'s stability. But absolute time
difference between UTC(VMI) and UTC is added when needed (for example, when we want to keep
JUTC-UTC(VMI)/ < 100 ns). However, in this case we must pay specia atention to its stability.

Adjusting on the phase/frequency adjuster is implemented carefully by hand using adjuster
keyboard first (after getting data from the measurement system and following steps from 1% to 7" as
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reminded above). Then the semi-automatic adjust is implemented. The steps from 1% to 7" and
adjusting are implemented by software which is active by the operator when need. Findly, all those
activations are implemented automati cally by software at a fixed time every day.

A problem arisen during TA(VMI) calculaing progressis the clock weight value. VMI have been
operating three of ceasium atomic docks. The first one is norma performance and begin to be
operated on 1998. The second is a high performance cl ock and begins to work from 2006 and the | ast
one is norma performance and begins to work from 2007. It is known from Equation (1) that the
contribution of a clock depends on its wei ght. But the weight of a dock depends on its performance or
its stability. Although at first clock weights set randomly but then TA creating procedure cal culates
them using fact data. We see that the oldest clock’s weight is about 0.01, the high performance
clock’s weight approximates to 0.9 and the last one's weight is about 0.1. It is clearly that the high
performance clock contribution dominates on cregting TA(VMI). The problem we need to look at is
that we should set the limit v ue for clock weights or not. This problem will be studied later in the
next time.

After adjusting the phase/frequency adjuster output follows TA(VMI) and UTC then we have
UTC(VMI). Through the GPS intermediate comparison the UTC(VMI) data are send to BIPM to be
valued then to be published on the Circular-T of BIPM website. At the same time the clock data are
send to BIPM to contribute to the international atomic time TAI. The data of UTC(V MI) published on
Cirt.256, cirt.257 are shown on figure 5. The error bar value is smaller than 33 ns.
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Fig. 5. UTC(VMI) published on BIPM website.

5. Conclusion

A national metrology institute must createitself its own time scale. In order to establish areal time
scde the AT1 dgorithm is always chosen as a basic agorithm for data processing. Time and
frequency laboratory — Vietham Metrology Institute created a procedure in detail to make atime scale
based on a atomic clock set. That is also the base for the devel opment of a ensembl e time with more
clocks and other frequency primary standard. UTC(V MI) data has been being valued and published on
the website of the Bureau International des Poids et Mesures (BIPM) monthly. Our work in the near
futureisto improve UTC(VMI) stability with more atomic clocks and consider carefully the weight of
atomic clocks in the procedure.
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