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1896

1915
1935
1940
1942

1948

1952
1964

1988

1989

1994

1996
1997
1998
2000

2001

2001

Radio Telegraph Research Division was established as a part of
Electrotechnical Laboratory, Ministry of Communications

Hiraiso Branch was opened

Type Approval System for Radio Equipment was started
Frequency Standard Radio Service (JJY) was started
Radio Physics Laboratory was opened

Radio Physics Laboratory was placed under the auspices of the
Ministry of Education

Radio Research Laboratory was established
Kashima Antenna Facility was opened

Reorganization from Radio Research Laboratory to Communications
Research Laboratory

Kansai Advanced Research Center(KARC) was opened
Kanto Branch was formed by combining Kashima Space Research
Center with Hiraiso Solar Terrestorial Research Center

Designated a Center of Excellence by the Science and Technology
Agency of Japan

Introduction of the external review.

Yokosuka Radio Communications Research Center established.
"CRL Vision 21" was established for the 21 century.

Keihanna Info-Communication Research Center established.

Ministry of Posts and Telecommunications became Ministry of
Public Management, Home Affairs, Posts and Telecommunications.

Communications Research Laboratory, Independent Administrative
Institution established.
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% > Paper Clock Model of CRL Cesium Clock Ensemble

Introduction

A paper clock using an ensemble of 6 cesium clocks was developed. The aim of
this work was using a small ensemble of clocks to generate a time scale keeping the
best long-term accuracy. The ensemble contains 6 clocks continually operated for
more than 2 years. The weight of each clock was set to be proportional to inversely
exponential with the index of each clock’s standard deviation. The result paper clock
can keep in +20 ns accuracy during 840 days. A phase lock algorithm was also
developed, added or reduced the frequency offset with a fixed amount if the phase of
reference cesium clock was advanced or retardative with this paper clock. This
algorithm can generate more than 2 physical time scales and keep their phase

difference under several nano-seconds.

Clock data analyzing

We analyzed more than 8 clocks and found that the clock drift rates were not a
constant. That means we cannot use a fixed long-term drift rate to describe the
behavior of one clock (figure 4-1). We also found the phase difference between any
5071a clock and UTC is keep in +15 ns during 30~60 days if drift removed (figure
4-2).
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Figure 4-2. UTC-clocks for CS-16, 18, 23 and UTC — 6 clocks ensemble with equal weight

Algorithm and Weighting Process

Base on above analysis, we can assume the 30~60 days drift rate will no change
too much during the first and the second 30~60 days, that is, we can use the drift rate
30~60 days ago to predict the drift rate of next 30~60 days. It’s reasonable because of
the minus value of the Allan deviation of 5071a is 3~5x 10™° when 7 = 30~60 days.
Another assumption is that: after drift rate removed, the residual fluctuations can be
reduced when we summate and average each phase difference of clocks. It’s
reasonable because of each clock is operated independently.

Our first test is to average the phase difference of UTC-Clocks, ensemble time

scale would be
6
ens(t) = crl(f) +ézx,-(t) ........... )
i=1

Here we denote xit)=UTC(CRL)-clock; the phase difference between UTC(CRL)
and each clock, ens(t) is the UTC — paper clock at time t, and c7l(z) =

11



UTC(1)-UTC(CRL)(?), is the phase difference between UTC and UTC(CRL) at time t.

. & - 2 years drift removed
s o A% B — everyt 30 days drift removed
B  — cCalibrate by Circular T

51700 1800 51900 52000 52100 2200 52300 52400 52500 52600 82700
MJD

Figure 4-3. Phase difference after removed the ensemble drifi rate

The yellow line of figure 4-3 showed that if we just average the phase difference
of each clock, the best paper clock could only keep £50 ns accuracy in 2 years. If we
remove each clock’s drift rate every 30~60 days then average, modified equation is:

1 & ,
ens(t) = crl(z) +—]\72[x,-(t) —(t=1)-d,(t, — (=1, 1)) ....2)
i=1
Here the di(t-(t-tg, tg) is the drift rate of clock(i) from time #o-(z-1g) to Z,
The green line of Figure 4-3 is the result of equation (2), it’s much better than the
result of equation (1) but still have the long-term drift rate about 50ns/840 days. We

modified the equation again into:

ens(t) = crl(t) + [UTC(t —t,) —ens(t — t,)]

SO~ (-1) )] )

and the result of equation (3) can keep the accuracy in +20 ns / 840 days.

All time scale algorithm should have weighting process, weighted each clock
may filter out the unreasonable data and be helpful for short-term stability. Since this
paper clock is designed to optimize the best accuracy, the weight of each clock was set
to be proportional to inversely exponential with the index of each clock’s standard
deviation. That is the more accurate clock would weight more. We didn’t set any
upper limit of weight because of the inversely exponential has an upper limit itself..

ens(t) = crl(t) +[UTC(t —t,) — ens(t — t,)]
+%Zwi(f) (@)= —1,)-d(t, =t —1,),0)] ... )

—bo 2 (21—t )ty

where W;(t)=a-e ) , O(to-(t-tg), ty) is the standard deviation of phase

12



during the period #y-(2-1g) to ty

For the result, we found the phase difference between paper and UTC would
keep in about £20 ns, we also test the period t-t;, for CRL ensemble, t-to = 60 day may
get the best fit of Circular T (figure 4-4).

4.00E-08 guu

3.00€-08
2.00E-08
1.00E-08
0.00E+0D
-1.00E-08
-2.00E-08

-3.00E-08
51800 51900 52000 52100 52200 52300 52400 52500 52600 52700

Figure 4-4. The phase difference between UTC and result of paper clock

Phase lock mechanism

A phase lock mechanism also used to sync this paper clock and a single cesium
clock via a simulated micro phase stepper. Since the 5071a will not change it drift rate
very rapidly in one day, we can lock the phase between 5071a and paper clock by
changing the frequency offset of a virtual micro-phase stepper. We compared the
phase difference between the paper clock and a cesium, add or reduce the frequency
offset with a fixed amount if the phase of 5051a is advanced or retardative with paper
clock, the rule is listed below:

if (phase difference > 3 ns) {$drift = $drift + .005 ns/day}

if (phase difference < -3 ns) {$drift = $drift - .005 ns/day}

Figure 4-5 showed the phase lock result. Please notice there are only a few phase
differences when we use different clock as the reference source (here we use CS24
and CS16).
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Figure 4-5. Phase lock mechanism result using different clocks

Conclusion and discussion

There are some advantages of this paper clock algorithm; the first one is: this
paper clock uses the traditional measurement system (switcher and time interval
counter) and simple data processing to generate an accurate time scale. The second
advantage is the phase lock mechanism can lock the phase of the result paper clock
without any prediction algorithm. The third one is that different clocks can be
synchronized in nanosecond by single time scale, which means we can generate more
than one backup time scale system and don’t need to take care of the phase difference
between primary and backup system.

I am sorry that I did not discuss the stability of this paper clock because of there
is no long-term clock data of hydrogen maser. Because of I can only stay at CRL less
than 2 months, I didn’t analyze the influence of the clocks adopt and withdrew,
coefficients of equation (4), and the advantage of the exponential weighting process. I
hope I can finish them after I go back Taiwan.
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