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Abstract

The international clock ensemble, which contributes io the generation of International Atomic
Time (TAI and UTC), has improved dramatically over the last few years. The main change has
been the introduction of a significant number of HP 5071A clocks. Of the 313 clocks contributing
to TANUTC during 1994, 94 of these were HP 5071As. The environmental insensitivity of the HP
50714 clocks is more than an order of magnitude better than that of previous contributing clocks.
This environmental insensitivity translates to oufstanding long-term stability — with a typical flicker
floor of a few x10~1%, In addition, there are now several hydrogen masers with cavity tuning
contributing to TAIJUTC. These not only have outstanding short-term stability, but comparatively
low frequency drifts and excellent infermediate-term frequency stability.

By analyzing the data available from the international ensemble, we have obtained two important
results. First, the frequency stability obtainable with an optimum algorithm is about 10-15 for
both the intermediate and long-term regions. It could be as good in the short-term if time transfer
measurement instabilities were reduced sufficienily. Second, with cooperation, this performance
can be made available on an international basis in near real time. The recent enhancements in
the contributing clocks are already providing a significant improvement in the accuracy with which
UTC is made available to the world from several of the national timing centers, such as NIST and
USNO.

Introduction

The accuracy improvement rate in atomic frequency standards has been about one order of
magnitude every seven years since the first one was built in 1948. Notable events along the
way have contributed to that improvement, and more are anticipated that should significantly
enhance frequency accuracy. The most recent events have been the operational establishment of
NIST-7 optically-pumped primary cesium-beam frequency standard with an accuracy of 1x 1074,
Recently, a cesium fountain primary frequency standard was reported to have an accuracy of
3% 1075, The development of the new HP 5071A cesium-beam commercial frequency standard
1s, as will be shown, a major contributor after its introduction a few years ago.
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New frequency standards are imminently expected that could provide accuracies in the vicinity
of 1 x 10715, One of the purposes of this paper is to suggest techniques for evaluation and
comparison of these standardsI!l! The standards will often be remote from each other and
there will be a local reference adequate to check their performance. The results reported
herein should assist substantially toward improving international time and frequency metrology.

The HP 5071A clocks have demonstrated an improvement of more than an order of magnitude
in both accuracy and in environmental insensitivity over previous commercial clocks. The
excellent long-term stability of these clocks along with the excellent intermediate- and short-term
stability of the several contributing hydrogen masers with cavity tuning provides the opportunity
of having a combined reference clock with a stability of about 1 x 10715 for averaging times, =,
ranging from about 1,000 seconds out to the order of a yeari2l,

Though the above stability is only available in theory, by analyzing the data publicly available
from the BIPM ensemble, we have obtained two important results. First, the potential
frequency stability obtainable in practice with an appropriate algorithm is about 1 x 1015 for
both the intermediate and long-term regions. It could be as good in the short-term if time
transfer measurement instabilities were reduced sufficiently. Second, with cooperation, this
performance can be made available on an international basis in near real time. The paper
will also demonstrate how 1 x 10715 is available by using post processing. Some guidelines and
suggestions are made in the paper on how a 1 x 1071 stable real-time frequency reference
could be constructed.

The rate of TAI/UTC is syntonized with the primary cesium-beam frequency standards in the
world in accordance with the SI (System International) definition. The data analyzed for this
paper cover 1991 through 1994, and, during this period, there were three primary standards in
continuous operation as clocks. All the contributing clocks act as “flywheels” in preserving the
-rate or length of the SI second as given by the primary standards. As the rate of TAI/UTC has
instabilities, algorithmic procedures are chosen to maintain syntonization within some reasonable
limit.

The length of the second is the same for TAI and UTC. In other words, they are perfectly
syntonized in the way they are constructed. Their times differ by an exact number of seconds,
which changes about annually as leap-seconds are used to steer UTC to stay within 0.9 seconds
of UT1 (earth time). As of 1 January 1996, TAL - UTC = 30 s.

Performance of Individual Clocks Contributing to UTC

In this section, the frequency accuracy of the contributing clocks is analyzed. This is important
for TAI/UTC, because frequency accuracy almost always translates to long-term frequency
stability resulting in the preservation and perpetuation of a best estimate of the SI second.

Factors Contributing to Frequency Accuracy

The goal in making a primary cesium-beam frequency standard is to determine all effects that
cause the physical output frequency of the standard to depart from the definition. These effects
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are’ evaluated and removed either ‘on paper’ or by frequency synthesis in order to provide an
estimate of the SI second. The uncertainties introduced by these effects combine to determine
the accuracy of the standard.

The factors contributing to cesium-beam frequency standard inaccuracy are: magnetic field,
electric field, phase shifts in and between the microwave interrogation regions, velocity of the
cesium beam, detuning of the cavity, interference from adjacent quantum tramsitions to the
wanted ground-state transition, stray microwave radiation seen by the atoms, and imperfectiors
in the associated electronics. The current reported accoracy of the second for TAI/UTC is
1 x 104, which is the number reported for NIST-713L. The value for the new cesium fountain
frequency standard should be included soon.

To obtain accuracy, both the size of the frequency offset caused by each of the above contributors
to inaccuracy must be determined as well as the uncertainty associated with this estimate. In
addition, for an operating clock to be long-term stable these frequency offsets cannot change
with time. That is a difficult challenge in the design of a clock, and has occupied large amounts
of effort. Hence, having better operational accuracy almost always guarantees better long-term
stability, Having such operational accuracy is one of the main advantages of the HP 5071A.

The accuracies of the commercial clocks contributing to TAI/UTC can be further improved.
Two fundamental systematic frequency offsets in well designed and constructed cesium-beam
frequency standards (besides that due to the magnetic field (C-field)) are:

1) the relativistic offset due to beam velocity, also known as the second order Doppler shift,
and,

2) the offset due to end-to-end microwave cavity phase shift.

The second-order Doppler shift depends on cesium-beam velocities and is typically 1 to 3x 107"

It can be estimated within 20 to 30% using the velocity calculated from the measured atomic-
resonance line-width. If the velocity distribution of the detected beam were known in detail,
then the second-order Doppler shift could be calculated accurately. The offset due to end-to-
end cavity phase shift can be measured in principle by sending the beam through the cavity
in the opposite direction, but this is impractical in commercial standards. Both second order
Doppler and the end-to-end cavity phase shift offsets, however, lead to small asymmetries in
the atomic-resonance line shape. These are independent and additive in lowest order terms.
If the velocity distribution of the beam is known, the asymmetry due to second-order Doppler
can be calculated and subtracted out. The residual asymmetry can then be attributed to end-
to-end phase shift and the resulting frequency offset can be calculated. This is only possible if
asymmetries due to neighboring quantum mechanical transitions are negligible.

One of the authors (Cutler) has developed an accurate technique for determining the velocity
distribution of the detected beam in the HP 5071A from a measurement of the beam current
versus applied microwave frequency while the standard is off-line. An iterative technique is
used to solve the integral equation for the velocity distribution assuming rectangular microwave
distribution in the cavity ends. The detailed shape of the excitation, however, is not critical
in this technique for determining the velocity distribution. Results .ppear to be accurate to
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better than one percent. In the HP 5071A, the microwave interrogation technique permits one
aspect of the total line asymmetry to be measured while the standard is in operation. This
allows a long averaging time to reduce the measurement noise to an acceptably low value. The
only equipment required is a personal computer with appropriate software tied to the standard
through its RS232 port. This overall technique should allow both offsets to be calculated
accurately enough so that the absolute frequency of the cesium standard will be known to within
1% 1071, This is an improvement of an order of magnitude to the current specification, and
could effectively turn all of the HP 5071As contributing to TAI/UTC into primary standards.

Histogram Study of Frequency Accuracies

In this sub-section, only the most recent data available (for the year 1994) from the BIPM for
the clocks contributing to TAI/UTC were used. The frequency reference used was the length of
the second for TAI/UTC. The data are reported in histogram form to simplify the presentation.
For convenience of comparison, all values in this subsection are given in units of 1 x 10~1°.
For histogram Figures 1 through 3a the units for the bins are 500 x 107!% and 100 x 10~15 for
Figures 3b and 4.

The EAL - clock(k} data were provided by Mr. Jacques Azoubib of the BIPM for the years
1991 through 1994, inclusive. The data listed each clock contributing to TAI/UTC against EAL,
which is the BIPM free time scale. As needed these data were related to TAI/UTC as well
as to the SI second as given by the primary frequency standards. During 1994 the frequency
difference y(EAL) - y(TAI) was 740 x 10~'%.

The average frequency of TAI/UTC for the year 1994 was —3 x 1071, However, the frequency
calibration data supplied by the PTB did not reflect the black-body radiation correction. There
were no steering corrections applied to TAI/UTC during this year. In the BIPM annual report
for 1994 the listed uncertainty for the SI scale unit for TAI/UTC is 20 % 10~'5. The deviations of
the scale unit with respect to the weighted average of the primary standards stayed well within
this uncertainty. One may note that the mean frequency of the primary frequency standards is
not equal to the weighted mean used as the BIPM best estimate of the SI second.

Figure 1 shows the frequency distribution of all the contributing clocks during 1994. In
partial agreement with the skewness, the mean was —174 x 1071, The standard deviation
was 1050 x 107'°, and the standard deviation of the mean (estimated error of mean) was
60 x 10715, The standard deviation of the mean, under the assumptior of independence among
the standards, is computed in the usual way by dividing the standaid dJeviation by the square
root of the number of clocks. This assumption may not be valid for commercial clocks as
there may be frequency biases that are not adequately dealt with in the production process. In
Figure 1, for example, the mean is nearly three times the standard deviation of the mean.

Figure 2 is a similar plot for the contributing hydrogen masers. The abscissa scales have been
kept the same for Figures 1 through 3a for convenience of comparison. The mean, the standard
deviation and the standard deviation of the mean were, respectively, —130, 319, and 52 x 10~°,
It must be noted that the hydrogen masers are generally calibrated and are not independent
frequency sources better than their intrinsic accuracies of about 1000 x 10-1°.
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Figure 3a is the histogram for the 94 Hewlett Packard model 5071A standards — including both
the high-performance option as well as the standard performance units. These two options
were studied separately, but the distribution curves did not seem to be significantly different.
The mean, the standard deviation and the standard deviation of the mean were, respectively,
48, 131, and 14 x 1015, For the third time, the assumption of independence may not be valid
as the mean differs by more than 3.5 times the standard deviation of the mean. However, in
this case the standard deviation of the mean is of the same order as that given by the best
pnmary frequency standards in the world. The published accuracy specification for HP 5071A
is 1000 x 10~1%, and the mean is 20 times better than the specification.

Figure 3b is the same data as in Figure 3a, but plotted with a different abscissa to compare with
the distribution of frequencies as given by the laboratory primary frequency standards shown
in Figure 4. In the case of the primary standards, the mean, the standard deviation, and the
standard deviation of the mean are, respectively, 32, 57, and 33 x 1071°. Though the sample
size is only three, the standard deviation of the mean is consistent with the mean. This result,
however, is somewhat artificial since the second for TAI is steered to be in agreement with the
primary standards.

If future experiments confirm the theory that allows the HP 5071A to be considered a primary
frequency standard, this will considerably increase the data base for Figure 4. In addition,
the mean, the standard deviation, and the standard deviation of the mean could be decreased
dramatically for the data shown in Figure 3. It should not be anticipated that the accuracy of
N standards will improve the combined accuracy by 1/v/N because the frequency inaccuracies
among the standards may be correlated.

Independent Estimates of Frequency Instabilities

The same data from the international clock ensemble was used to calculate the stability, o,(r),
for each of the Hewlett Packard 5071A high performance cesium beam frequency standards over
the year 1994, Since each standard contributes at most only a few percent to the computation
of TAIVUTC, the resulting stabilities will be optimistically biased at most by a few percent.
The results for 78 of the HP 5071As are shown as oy{7) scatter diagram in Figure 5. Four
of the 82 clocks were not used because there was either insufficient data or the data were
pathological. The BIPM reports data every 10 days, so calculations were made for o,(7) for
each clock for frequency averaging times, r, of 10, 20, 40, 80, and 160 days. The confidence
of the estimate for o,(r) (r = 160 days) of each clock is poor due to the small number of
data samples available at this averaging time. The maximum overlapping technique was used
in analyzing the data to obtain a good confidence of the estimatel4).

Figure 5 aiso demonstrates the great improvement in the stability of TAI/UTC with the inclusion
of the HP 5071As, since each clock is relatively independent of the international set of clocks,
Over the four year period, while the HP 5071As were being added into the computation of
TAI/UTC, the stability performance of international timing has improved well over an order of
magnitude.

Figure 6 shows the RMS/v/No,(r) values for the 78 clocks. These values give an estimate of
ensemble performance under the assumption that the clocks are about the same in their stability
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performance. Figure 5 shows a fairly wide distribution of stabilities. Hence, the RMS/vN
values will be a pessimistic estimate. As can be seen, the flicker floor is about 8 x 10~1%, which
is an order of magnitude better than the stability of TAI/UTC prior to 1991.

Figure 6a also shows an optimum weighted estimate for the ensemble for each r value. In
other words, an optimum weighted combination of the clocks could not be better than these
values. The degree to which these values can be approached will be both a function of the
algorithm employed as well as of the consistency of the stability behavior of each contributing
clock. There is nothing with which to measure this performance. The best laboratory clocks in
the world have not demonstrated this level of long-term stability. The problem of measuring
the performance will be dealt with in the next section.

Some additional very important messages from this data are: the stability performance of EAL
is very impressive — at about 1 x 107*° in the long-term. Several of the HP 5071As perform
at similar levels. The diversity of the long-term frequency stability of these standards varies
by more than an order of magnitude. Hence, an optimum weighting approach for combinin:
their readings is essential to take advantage of and to properly utilize such diversity. This s
illustrated in the next section.

A long-term frequency drift exists on several of the clocks contributing to EAL. If not properly
dealt with, these drifts could cause significant long-term instabilities in EAL. Fortunately, the
ALGOS algorithm used in generating EAL de-weights drifting clocks.

Ensemble Performance of Contributing Clocks

[t is well known that combining algorithmically the contributing-clock readings in an optimum
way has several distinct advantages. The computed time can have better stability than any of
the contributing clocks both in the short-term and in the long-term. Detection of and immunity
against errors of individual contributing clocks is part of the process. The ideal algorithm
should have adaptive characteristics so as to respond to improvements or degradations in the
individual contributors — gradual or otherwise. The better a clock performs, the better it
must perform or it will get de-weighted in the algorithm’s computation. In other words, each
clock’s errovs are tested each measurement cycle; if the errors are consistent with its weight,
that error value is used to perpetuate its weighting factor. If the error is too large, the clock
is rejected. If the error degrades with time, the weighting factor is degraded. If the error
improves with time, the weighting factor increases. It can further be shown that even the worst
clock enhances the algorithm’s output and adds robustness to the ensemble time calculation.
The algorithm generates a real-time estimate of the figure of merit of each clock, which is not
only used in the optimum weighting procedures, but also as a diagnostic measure. Knowing the
weighting factors for all the contributing clocks provides the necessary information to calculate
an estimate of the ensemble’s performance against a perfect clock. The algorithm needs to
handle the addition and removal of clocks optimally.

An often overlooked point is that if an optimum weighting procedure is not used, then the worst
clocks in the ensemble contribute adversely. This effect has been observed very dramatically
over the last few years with TAI/UTC. The ALGOS algorithm generating these time scales has
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an uppper-limit of weight, which is arbitrarily set. In the past, because it was set too low, the
worst clocks contributing to TA/UTC caused a significant annual term to be introduced. As
the upper-limit of weight is increased, the annual term in TAI/UTC decreases. This is because
ALGOS weightings approach the theoretical ones for the HP 5071As, which are environmentally
insensitive and have almost no detectable annual terms.

Since each clock, in principle, contributes to the algorithm’s output, if that clock is compared
with the output, it is being compared, in part, with itself. This biases the measured stability
toward zero. Carefully designed algorithms can remove these biases — prohibiting the best
clock from getting too much weight or from taking over the time scale’s output. Not accounting
for such biases would make the time scale less robust.

Such algorithms have been tested and utilized for many years with significant success. Taking
advantage of the marked improvements in the contributing ciocks to TAI/UTC and of appropriate
algorithms allows the significant reference frequency improvements reported in this paper.

The results documented in this paper lead to another significant potential improvement in
international time and frequency metrology. Heretofore, UTC has only been available about
a month or two after the fact. The procedures outlined herein provide a real-time estimate
of UTC at an accuracy level of better than 10 ns along with also providing a real-time stable
frequency reference good to the order of 1 x 10715,

Because the character of clocks contributing to TAI/UTC has changed so dramatically over the
last few years, using adaptive algorithms is very important. The basic algorithm used for this
paper is based on the AT1 algorithm, initially written in 1968 for the NBS time scale system.
Updates and revisions of this algorithm have been made over the years and a significant level of
experience and improvements have now been obtained with these approaches to time keeping.
A PC version of this algorithm with further adaptive characteristics has been written and is now
employed in the generation of the Isracli time scale, UTC(INPL), The results shown below are
the output of this PC version of the algorithm!5. 61, '

Independent Estimate of Stability of Algorithm Outputs

Because of the different character of the clocks, they were divided into four different groups:

e 1) the primary standards contributing to the definition of the SI second;
s 2) the hydrogen masers;
¢ 3) the HP 5071A standards, which just became available in 1991; and
o 4) all of the rest of the clocks which contributed over this four year period.
The aumber of clocks that participated in each of the four sets for the following analysis were:

3 primarys, 40 masers, 80 HP 5071As and 100 other clocks. Each group of clocks was used to
produce an ensemble using the algorithm described above.

Because the number of HP 5071A standards available during the beginning of the data period
was small, the best stability results were obtained by excluding the first part of the data.
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There are three contributions to the variations in the data:

i. the noise of the individual clocks being measured,
ii. the measurement noise or transmission or processing errors, and

iti. the noise of the reference time scale, in this case, EAL (which is TAI without steering).

Since the measurements made at each site to provide the data are made at the same time, the
reference {(EAL) was subtracted out and comparisons made between the individual clocks —
leaving only the first two kinds of contributions. The measurement noise is non-negligible and
contributes noticeably at the shorter times as evidenced by the 1/7-like slope at o,(t = 10days).
The performance at longer times is affected by apparent phase jurmnps, some of which were
removed in the original data and some in the data processing. Probably, not all were caught.
In addition, some of the clocks showed frequency drifts which were not removed and this shows
up as a 7+! dependence at the longest sample times in a o,(r) or Mod.o,(7) stability diagram.

In order to obtain an independent estimate of stability, the three-cornered hat technique was
used: a%(i) = (02(i,5) + 0%(i, k) ~ 0%(j, k))/2, where i, j and k represent three independent
clocks. This technique has the disadvantage that the worst of the three can be observed with
the best confidence, and the best of the three has the worst confidence of the estimates, The
longer the data length the better the estimates of stability; the last 710 days of data was used.
Because of the above mentioned disadvantage the “other” clocks were not used. Figure 6b is
the Mod.o,(7) plot of the results of this analysis. Mod.o,{7) was used because the measurement
noise is significant. These independent estimates are consistent with the estimates in Figure 6a
for the reasons outlined above and documenting that the long-term stability of the HP 5071A
ensemble is best, followed by that of the hydrogen masers and then the primary cesium clocks.
The primary clocks undergo some disturbances in order to maintain their accuracy. This may
contribute to the long-term instabilities, but eventually such disturbances should average out
and there is indication in the Mod.o,(7} slope as T increases that this is the case.

Real-Time Estimate of Time and Frequency

Given that the optimally combined frequency stability of the clocks contributing to TAI/UTC is
about 1 x 1071% for averaging times longer than about two hours, there are two basic problems
in making this available in real-time at any location desired on the earth. First, the current
time and frequency transfer techniques are inadequate to sustain this level of performance for
either the short-term (seconds) or the intermediate-term (days) stability regions. Only.in the
long-term (months and years) are the comparison methods adequate. This inadequacy problem
will be addressed in the next section. Second, TAI/UTC is calculated more than one month
after the fact; hence, to have a real-time traceable reference to UTC requires prediction to the
current time over an interval of about a month and a half.

The optimum predictor in the presence of white-noise FM (the classical noise for cesium-beam
clocks) is to use the last time available from the clock, and the mean frequency over the life
of the clock as the rate with which to predict forward. Because of the excellent environmental
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