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Abstract-The recent addition of new commercial high 
stability frequency standards to the National Institute of 
Standards and Technology (NIST) real time AT1 time scale 
has resulted in significant improvements in the performance 
of the scale. The frequency stability of the scale at one day 
has increased by a factor of 2 to 4 X and the stability 
at 100 days has improved to approximately 1 x As 
a result UTC (NIST) has been kept within 50 ns of UTC 
(Coordinated Universal Time) for the last year. Further 
improvements are anticipated as more high performance 
clocks are added to the AT1 ensemble. 

I. INTRODUCTION 

HE AT1 TIME SCALE at  the National Institute of T Standards and Technology (NIST) operates in real 
time and consists of three main components: an ensemble 
of 8 to 10 commercially available frequency standards, the 
associated time interval measurement hardware, and the 
AT1 algorithm [l], [a]. An ensemble of clocks is used be- 
cause it increases the reliability of the time scale and, in 
principle, has better frequency stability than any individ- 
ual clock. The algorithm is used to optimally combine the 
measured clock difference data and to calculate the scale 
time. The AT1 time scale is used as a reference for the 
generation of the UTC (NIST) and also can be used as 
a reference for research on primary frequency standards. 
Currently, there are two hydrogen masers and seven ce- 
sium frequency standards in AT1, and all are kept in envi- 
ronmental chambers that control temperature and relative 
humidity. 

In the last few years a new generation of commercial 
high performance frequency standards which offers signif- 
icantly improved frequency stability over earlier devices 
has become available [3], [4]. As these new standards are 
incorporated into the clock ensemble, it is fully expected 
that the time scale performance will improve [5]. However, 
because AT1 is a real-time time scale, we have been very 
conservative about making major changes in AT1. We re- 
port here the increased frequency stability of the AT1 time 
scale resulting from the addition of these new clock tech- 
nologies [6]. 

AT1 is currently in a transition phase and is presently 
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dominated by two cavity-tuned hydrogen masers' and 
three new high performance cesium frequency standards 
(Hewlett-Packard model HP5061B with high performance 
tube). The masers have excellent short-term frequency sta- 
bility (cy(. = 1 day) M 1 x while the cesium 
frequency standards offer outstanding long-term stability. 
oy(7 = 1 day) for the cesium standards is N 2.5 x 
and cy(. = 100 days) M 3.5 x The short-term 
weight of a clock in the scale is inversely proportional to 
C;(T = 1 day), but the maximum short-term weight of any 
individual clock in AT1 is administratively limited to 30%. 
Therefore, the two masers have only 60% of the short-term 
weight in the scale. As a result the time scale is in an un- 
usual state. Except for frequency drift, the two masers ex- 
hibit better frequency stability than the scale. This state 
will continue to exist until four masers are present in the 
scale. 

11. NEW HIGH PERFORMANCE FREQUENCY STANDARDS 

Before examining the performance of AT1, it is use- 
ful to illustrate, in a qualitative sense, the improved fre- 
quency stability of the new commercial high performance 
frequency standards that are now operating at  NIST. As a 
reference we will use one of our hydrogen masers', which 
will be referred to as M1. Fig. 1 shows the normalized fre- 
quency difference between M1 and the primary frequency 
standard NIST-7 [7] for a recent 500-day period. Days are 
given in Modified Julian Dates (MJD). The maser has a 
fractional frequency stability at  one day of about 1 x 
and, as shown in Fig. 1, a very constant average frequency 
drift rate of -1.1 x 10-16/day. This constant and relatively 
low drift rate makes M l  a very useful reference. The er- 
ror bars in Fig. 1 indicate the la uncertainty of NIST-7. 
Data comparing the frequency of MI to the International 
Atomic Time (TAI) as generated by the Bureau Interna- 
tional des Poids et Mesures (BIPM) shows that the drift 
rate of -1.1 x 10-16/day also extends fairly accurately 
back to MJD 49400. 

Fig. 2 shows the normalized frequency difference as a 
function of time between one of our older generation high 

lSigma Tau Standards series 2000 cavity tuned hydrogen masers. 
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Institute of Standards and Technology. 
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Fig. 1. Normalized frequency difference between maser M1 and NIST- 
7. 
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Fig. 2. Normalized frequency difference between an older generation 
high performance cesium standard and maser M1. 

performance cesium beam frequency standards (Hewlett- 
Packard model HP5061B with high performance tube) 
and maser M1 for a 700-day period. The mean frequency 
difference and the average frequency drift of the maser 
(-1.1 x 10-16/day) have been removed and the data are 
plotted as 24-hour averages. This frequency data was ob- 
tained from the first difference of the clock data. Virtually 
all of the frequency variations present in the data (some as 
large as 1 x are from the cesium standard. o,(T), 
at 7 equals 1, 10, and 100 days, is 3.0 x 
and 3.8 x respectively, for the data in Fig. 2. Until 
early 1994 this type of cesium standard provided the high- 
est performance clocks in the AT1 ensemble. For conve- 
nient comparison, each minor tick on the y axis represents 
1 x in all of the frequency versus time plots in this 
paper. 

Fig. 3 is a similar plot for a new generation high perfor- 
mance cesium standard (Hewlett-Packard model HP5071A 
with high performance tube). There is a small reduction in 
the level of the day-to-day frequency fluctuations as com- 

1.8 x 

TRICS, AND FREQUENCY CONTROL, VOL. 44, NO.  6,  NOVEMBER 1997 

20 I l l  I I I I I I I  

L 4 

-10 

-20 
49450 49650 49850 50050 50250 

MJD (days) 

Fig. 3.  Normalized frequency difference between a new generation 
high performance cesium standard and maser M1. 
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Fig. 4. Normalized frequency difference between masers M2 and M1. 

pared to the older standard in Fig. 2, but the long-term 
frequency stability is dramatically improved. uY(7), at 7 

equals 1, 10, and 100 days, is 2.2 x 8.0 x and 
3.8 x respectively, for the data in Fig. 3. Three of 
these standards were added to the AT1 ensemble in 1994. 

Fig. 4 shows the normalized frequency difference be- 
tween M1 and another maser, M2, of the same type. The 
scale of Fig. 4 is the same as that of Figs. 2 and 3.  Fig. 4 
clearly illustrates the main frequency stability character- 
istics of these hydrogen masers. They have very low short- 
term frequency fluctuations and, in contrast, significant 
long-term frequency drift. The day-to-day fluctuations ob- 
servable in Fig. 4 are a combination of those from both 
masers since they have comparable noise levels. However, 
the frequency drift is predominantly that of M2. The fre- 
quency spike that occurs around MJD 49755 is from M1 
and was caused by the failure of its environmental cham- 
ber. C T ~ ( T ) ,  at 7 equals 1, 10, and 100 days, is 2.1 x 
1.2 x and 7.0 x respectively, for the data in 
Fig. 4. Maser M1 was added to AT1 in 1994 and M2 was 
added in 1995. 
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Fig. 5 .  Normalized frequency difference between the NIST AT1 and 
TAI. 

111. AT1 TIME SCALE PERFORMANCE 

The normalized frequency difference between the NIST 
AT1 time scale and TA1 for the last 3 1/2  years is shown 
in Fig. 5. Each data point represents a 10-day average fre- 
quency difference, except for data after January 1, 1996, 
where the interval has decreased to 5 days. The most strik- 
ing feature of the data in Fig. 5 is the decrease in frequency 
drift of AT1 from approximately +1.3 x 10-16/day to ap- 
proximately t 1 . 2  x 10V17/day that occurred near the end 
of 1994. There is also a decrease in random frequency fluc- 
tuations starting at  about the same time, but this is not 
so obvious from the data in Fig. 5. This aspect will be dis- 
cussed in more detail later. The improved frequency sta- 
bility of AT1 follows closely the introduction of new high 
performance frequency standards and also some changes 
in the parameters of the algorithm. The frequency of AT1 
is not steered (it is a free running time scale), so the large 
fractional frequency difference of 5 x between AT1 
and TA1 is not an issue. 

The data in Fig. 5 clearly show the long-term frequency 
characteristics of AT1, but the 10 or 5 day data interval 
of TA1 is not useful for investigating the performance of 
AT1 at  time intervals as small as 1 day. Therefore, we 
will again use maser MI as a frequency reference. With 
excellent short-term stability and a constant drift rate, 
M1 makes a very good reference for evaluating the per- 
formance of AT1. The use of M1 as a reference is possible 
only because the scale is in a transition phase in which one 
or two individual clocks are more stable than the scale. 
This does provide, however, an opportunity to document 
in great detail the improvements in the scale as changes 
are made. 

Fig. 6 shows the normalized frequency difference be- 
tween AT1 and M1 for the 800-day period from MJD 49400 
(February 17, 1994) to MJD 50200 (April 27, 1996). As 
with previous figures the mean frequency difference and 
average drift of the maser have been removed so that es- 
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Fig. 6. Normalized frequency difference between AT1 and MI 

sentially only the drift of AT1 remains. During this entire 
period the scale was significantly noisier than M1, so that 
virtually all of the detail shown comes from AT1. Only 
the frequency spikes near MJD's 49445 and 49755 are due 
to M1. This figure contains information similar to that of 
Fig. 5, but now more short-term detail is visible since each 
data point represents a 26-hour average rather than a 10- 
or 5-day period. The decrease in drift rate starting near 
MJD 49700 is clearly visible and a decrease in day-to-day 
fluctuations of approximately a factor of 2 is also evident 
between the first 200 days and the last 200 days. 

The notations along the bottom edge of Fig. 6 indicate 
when major milestones occurred in the evolution of AT1. 
C2 and C3 indicate when the second and third of the new 
high performance cesium frequency standards entered the 
ensemble. The first new high performance cesium standard 
entered the scale before the start time in Fig. 6. M1 and 
M2 indicate when masers M1 and M2 entered the scale. 
The frequency drift of the masers is not currently modeled 
in AT1. All new clocks are initially put into the scale at  
low weight, and it can take from 30 to 100 days for a clock 
to reach full weight in the ensemble. Even though M1 was 
in the scale for most of the period shown in Fig. 6, the 
level of correlation between the frequency of AT1 and M1 
is small because the short-term weight of M1 in the scale 
is limited to 30%. This limits the correlation to no more 
than 17% [8], and, in fact, it is smaller than that since the 
scale is at  least 3 times noisier than M1 (for 7 = 1 to 10 
days) at  all times during the period shown in Fig. 6. The 
analysis of [8] assumes the scale is always quieter than the 
clock. 

The "R" near MJD 49600 indicates where the reset cri- 
terion in AT1 was changed. Prior to MJD 49597, any time 
interval measurement on a clock that gave a time devia- 
tion from the ensemble that was more than 3 standard de- 
viations from the predicted value was declared erroneous. 
The clock was then given zero weight for that measure- 
ment cycle and the predicted value was used to reset the 
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Fig. 7. Allan deviations for the data in Fig. 6. Solid circles are from 
an early 200-day period, and the diamonds are for the last 200 days. 
The error bars are 30. 

clock. After 49597 the reset algorithm was changed so that 
a clock is gradually deweighted for errors in the range of 3 
to 4 standard deviations. The weight is set to zero only for 
errors larger than 4 standard deviations [9]. For the period 
49400 to 49600, the drift rate of AT1 with the old reset pa- 
rameters is about +1.5 x 10-16/day. For the same period 
using an experimental version of AT1 (see Section IV), in 
which the only change is the new reset criterion, the drift 
rate is reduced to about 1.1 x 10-16/day. However, a much 
smaller difference in drift rates is observed for the two reset 
algorithms when a later period is examined in which the 
scale is dominated by the new high performance clocks. 
This is not surprising because there are fewer resets with 
the new clocks. 

The notations W4 and W8 indicate where the averaging 
times for the prediction rate (frequency) [a] of the three 
new high performance cesium standards were increased 
from 2 days to  4 and 8 days, respectively. These changes 
serve to increase the long-term weights of these clocks. 
With these changes the five high performance clocks (three 
cesiums and two masers) have 99% of the long-term weight 
in the scale. The weights are divided approximately equally 
among these five clocks. 

Fig. 7 gives a more quantitative evaluation of the im- 
provement in the frequency stability of AT1. The Allan, 
or two-sample deviations shown in Fig. 7 are calculated 
from the data in Fig. 6 over two different time periods. 
The solid circles are for the 200-day period from 49450 to 
49650. Here the masers have had virtually no impact yet 
and the long-term stability of the scale was still heavily 
influenced by the older generation cesium standards. The 
diamonds are for the period 50000 to 50200 and represent 
a period where all of the new clocks are at full weight and 
all of the changes to the algorithm parameters are in effect. 
For both of these calculations the drift of the maser has 
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Fig. 8. Difference between UTC and UTC (NIST). 

been removed, but not the drift of the scale. The impact 
of the two masers for 7 less than about 5 days is clearly 
evident. The individual masers are about 10 times quieter 
than the cesium-based scale, so one would expect a little 
better than a factor of two reduction in scale noise with 
the introduction of two masers limited to 30% weight each. 
This is exactly what is seen in Fig. 7. At 7 greater than 10 
days, the improvement in the scale is even more dramatic. 
Here the new high performance clocks (both cesium and 
maser) have displaced the older cesiums entirely and the 
long-term stability has improved by more than a factor of 
10. 

With the improved frequency stability of AT1 as 
demonstrated in Figs. 6 and 7, one would also expect 
to realize better performance in generating UTC (NIST). 
UTC (NIST) is a steered version of AT1 in which frac- 
tional frequency steps are inserted that are no larger than 
2.3 x (2 ns/day) at a rate no more often than once 
per month. Fig. 8 shows the difference between UTC and 
UTC (NIST) for the last 3 1/2  years; it also exhibits a dra- 
matic improvement. UTC (NIST) has been within 50 ns 
of UTC for the last year, and within 100 ns for about the 
last 2 years. 

IV. EXPERIMENTAL VERSIONS OF AT1 

The data in Figs. 6 and 7 suggest that the new high 
performance clocks, as well as the associated adjustments 
to the parameters of AT1, are responsible for the improved 
performance of AT1. However, this hypothesis can be fur- 
ther tested by using an experimental version of AT1 that is 
not run in real-time. This allows the same clock data to be 
used in calculating alternative versions of AT1 using dif- 
ferent administrative decisions (when clocks enter or leave 
the scale, clock weights, number of clocks, etc.). Also differ- 
ent versions of the AT1 algorithm can be used (new reset 
criterion or old). Fig. 9 shows the normalized frequency 
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Fig. 9. Normalized frequency difference between the experimental 
AT1 and M1. 

difference for one such experimental time scale compared 
to M1. This data covers the same time period as Fig. 6, 
but several changes have been made. First, the experimen- 
tal version of AT1 uses the new reset algorithm from the 
beginning. Also, masers M1 and M2 have been put into the 
scale earlier and the new high performance cesiums go in 
initially with higher long-term weight (though at the same 
time). Eventually two additional masers, M3 and M4, are 
put into the scale. The maximum short-term weight of any 
clock remains at 30%. A drift parameter was used in this 
scale only for M3. Comparing Fig. 9 with Fig. 6, we see 
that the overall frequency drift is reduced by about a fac- 
tor of 2. However, there is still significant drift in Fig. 9 
for the period 49600 to 49700 even after both M1 and M2 
are in the scale and the averaging times of the three new 
high performance cesiums are increased to 8 days (W8). 
It is not clear why the drift rate decreased after 49700 be- 
cause no major changes were made at that time. The large 
frequency fluctuations in Fig. 6 near 49550 and 49700 are 
significantly reduced in Fig. 9, and a dramatic reduction 
in short-term noise occurs after MJD 50000 when M3 and 
M4 have entered the scale. Though not everything is fully 
understood, the earlier introduction of the new high per- 
formance clocks and the associated parameter changes in 
the experimental version of AT1 have clearly resulted in 
better scale performance. 

Fig. 10 is a plot of Allan deviations for a recent 200- 
day period of the real time AT1 (see Fig. 6) and also the 
same period for an experimental version of AT1 nearly 
identical to that shown in Fig. 9. This is a period with 
all four masers in the experimental scale and a dramatic 
reduction in short-term noise is clearly seen. However, the 
improvement at T greater than 10 days is not nearly as 
large. This is entirely as expected. The third and fourth 
masers result in a more normal scale operation in which 
each of the masers is below, or just at, the administrative 
limit of 30% weight. Thus the short-term stability of the 
scale is actually better than that of any of the individual 
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masers. This, however, means that the diamonds in Fig. 10 
are more representative of M1 than the scale. Also there 
is correlation between AT1 (Exp.) and M1 that reduces 
the o ~ ( T )  values by about 17% [8]. The less dramatic im- 
provement at T greater than 10 days occurs because the 
new high performance cesium standards and masers M1 
and M2 already dominate the long-term stability of the 
real time AT1 scale. Therefore] the presence of the third 
and fourth masers is less significant. 

The data in Fig. 10 show that, with a mixture of high 
performance cesium standards and cavity-tuned hydrogen 
masers, a scale with o ~ ( T )  less than 1 x for T greater 
than 1 day and less than 100 days is possible. However, 
considerable care will be required in adapting the AT1 al- 
gorithm to a mixture of clocks with such different noise 
characteristics [5]. Because the hydrogen masers have sig- 
nificantly lower noise levels in the short term, they will 
dominate the scale in the short term. However, it is de- 
sirable to have the cesium standards dominate in the long 
term because of their smaller frequency drift rates. Achiev- 
ing this balance may require further adjustments to AT1 
since AT1 was not designed for such a mixture of clocks. 
Adjustments are not only required for inserting and main- 
taining a mixture of cesiums and hydrogen masers, but 
the scale must also be able to handle the sudden loss of 
a maser from the scale. A fifth maser has recently been 
acquired and a time scale with five masers could exhibit a 
flicker floor close to 3 x at a few days. 

Another issue that needs to be addressed is the envi- 
ronmental sensitivities of the masers. Is it possible that 
the frequencies of all of the mmers have some common 
mode fluctuation that is not visible when comparing two 
masers? We do not know of any such problems, but not all 
environmental parameters have been characterized at the 
low 10-l~ level. 
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V. CONCLUSIONS 

The availability of new high performance cesium beam 
and hydrogen maser frequency standards has resulted in a 
substantial improvement in the frequency stability of the 
NIST AT1 time scale. This has resulted in UTC (NIST) 
being kept within 50 ns of UTC over the last year. Further 
improvements will occur as additional high performance 
clocks are added to the scale, but changes will have to be 
made in the AT1 algorithm to handle the very different 
frequency stability characteristics of the cesium frequency 
standards and the hydrogen masers. 
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