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INTRODUCTION

In response to a NASA Goddard Space Flight Center (GSFC) Work
Assignment, Bendix Field Engineering Corporation (BFEC) evaluated
the performance of the Oscilloquartz EFQS-2 hydrogen maser along
with that of NASA NX-3 and NP-2 hydrogen masers in early 1983,
This paper presents the results of that evaluation.

The hydrogen maser was brought to BFEC's Hydrogen Maser Facility
at Columbia, Maryland by Oscilloquartz personnel at the request
of the National Radio Astronomy Observatory (NRAQ) who purchased
the maser from Oscilloquartz. Figure 1 shows the EF0S-2 maser
soon after arriving at the BFEC Hydrogen Maser Facility., During
the evaluation period, the maser was maintained by Oscilloquartz
personnel, BFEC would like to thank the NRAO and Oscilloguartz
personnel who made this evaluation possible and who hel ped BFEC
perform the various tests involved,

During most of the tests, the EF0S-2 maser was intercompared with
the NASA NX-3 and NASA NP-2 hydrogen masers which were both
operating in hydrogen maser thermal chambers built by BFEC. For
the long-term stability and temperature coefficient tests, EF0S-2
was also placed in a BFEC thermal chamber, The measurement area
with the thermal chambers 1is shown in Figure 2. At NASA's
request, the evaluation was performed on a best effort basis
within the confines of existing funding. Some tests, therefore,
such as a pressure sensitivity test, were not performed because
of funding and time 1imitations even though they would have been
highly desirable,

The remainder of the report describes the specific tests that
were performed and the results obtained. For the reported
resul ts, all reported errors are standard errors. These are
indicated in parentheses and are to be interpreted as error
values on the last places of the number stated.
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MAGNETIC TESTS

For the magnetic tests, the EF0S-2 hydrogen maser was placed in a
large solenoid as shown in Figure 3. The solenoid was switched
bacg and forth between +0.2 gauss and -0.2 gauss while a 100
second average frequency measurement was performed for each
solenoid polarity after waiting about 20 seconds for the maser
frequency to settle down. The measurements were made after
Oscilloquartz personnel degaussed the EF0S-2 maser and set the
maser to its recommended Zeeman and cavity settings. The results
of the average of 10 measurements at each solenoid polarity are
shown in Table 1.

Table 1. Magnetic Sensitivity:

Af/f/0H = 5.2(36)x10_14/9auss
for AH = 0.4 gauss

TEMPERATURE COEFFICIENT

For the temperature coefficient test, the EF0S-2 maser was placed
in a BFEC thermal chamber. After the EF0S-2 maser was in the
thermal chamber more than 41 hours and after the maser was
operating 22 hours without any environmental disturbances, the
thermal chamber was stepped from 28C to 23C. Figure 4 shows the
frequency response of the EF0S-2 maser to this temperature step.
The results obtained from this data are shown in Table 2.

Table 2. Temperature Sensitivity in Thermal Chamber:

AF/E//AT = -7.00(47)x10” H4/¢
for AT = -5.4C and after 22 hours

Time Constant in Thermal Chamber = 4.02(33) hours

Caution must be used, however, in using this data because the
time constant of the hydrogen maser was severely shortened in the
thermal chamber because of the high-speed air flow around the
maser. (In a room with relatively still air, the maser was
observed to have a time constant of more than 12 hours.) The
measurement results given represent a good measurement of a
static temperature sensitivity (theoretically one with infinite
settling time), but do not give a true picture of the maser
behavior after 22 hours in a normal laboratory environment. In a
normal Tlaboratory environment, from the difference in the time
constants, one would expect the temperature sensitivity after 22
hours to be 16 percent lower or about -6x10-1%C.
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Figure 3. EF0S-2 in the Test Solenoid
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Figure 4. EF0S-2 Frequency Response to Temperature Step




The errors in  Table 2 are based totally on the short-
term noise of the data. The data in Figure 4 though, seems to
indicate that the data is not completely described by a single
time constant. With hindsight, it would have been better to have
taken data for another day but time constraints forced us to move
on to other tests.

SHORT TERM STABILITY

Short-term stability tests were run comparing EF05-2 to NP-Z2 and
NX~3, but an anomalous noise level of about 0.6ps, probably
caused by ground Tloops between the masers 1in the thermal
chambers, clouded the data. We therefore reran the tests with
both ports of our measurement system measuring EF0S-2 versus NX-3
in order to subtract out the noise of the measurement system.
The theory behind this technique is as follows.

The time average of the fractional frequency offsets out of the
two beat frequency ports is given by:

Yp T Y T Y, (la)
Vg <Yty (1b)

where y, and yp represent the total offsets, where y; and yp
represent the contributions of the 2 measurement systems, and
where y represents the contribution of EF0S versus  NX-3.
Differencing (la) and (1b), we obtain approximately:

Vg T Yy "~ Y (2)

Taking the Allan variance of this quantity yields an estimate of
the total system noise:

2_ 2, 2 (3)

assuming the noise processes are independent. Summing (la) and
(1b) yields:
=2y vy, by (4)

g
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The Allan variance of this becomes:
2 _ i 2 2
og = 4oy to, * o, (5)

again assuming that all noise processes are independent.
Combining (3) and (5) yields our desired estimate of the Allan
variance of the masers alone:

o = (og - og)/4 (6)

If all the noise sources are not independent, there would be
deviations from (6) due to correlations between y, a, and b.
These correlations could only occur through some environmental
parameter affecting the measurement system and the masers or 60
Hz interference. Temperature and other similar environmental
parameters usually affect the performance of masers and
measurement systems only for averaging times of 1000 seconds or
longer. Since we are only considering stabilities up to 100
seconds, these effects would not cause any problems.

The 60 Hz interference, however, is another matter. It would
cause short term correlations which could generate positive or
negative correlation terms. (Positive terms would cause our
estimate of the masers' stability to be high and negative terms
would cause our estimate of the masers’ stability to be low.) The
sign of 60 Hz correlations is a periodic function of the
averaging time with a period equal to the 60 Hz period, so 60 Hz
interference wusually causes Allan deviate data, as a function of
averaging time,to have scatter from a smooth power law behavior
larger than the statistical error bars associated with the data
(unless the averaging times under consideration just happen to be
exact multiples of the 60 Hz period). Therefore, smoothness of
the data is a good test for the presence of 60 Hz effects. In
the data presented later in the paper using this analysis, there
is no such evidence of 60 Hz correlation problems.

Equation (2) is only approximately true because, if the zero

crossings of the beats of the 2 ports are not exactly
synchronized, there will be an extra term equal to:

= y(t,t) - ylt+e,7) (7)

660




If the synchronization error between the beats, =, is much 1less
than, t. , the correlation time of the low-pass filters in the
phase comparators used to generate the beats, (7) makes a
negligible contribution to Allan deviate. Numerically for & <<
teo (7) yields an Allan deviaté of:

g. = (E/T)Z‘dy(t T)

e c’
or, because the dominant noise for short averaging times is white
noise:

gg = (a/tc)Z‘Qy\T,w + 1s) (8)

For the data taken, = < 0.4 ms and t. = 12 ms, oo is only 0.047
times Sy. Thus, for our case, 5, makes a negligible contribution
in estimating Uy.

The results obtained after the system noise is subtracted out are
shown in Table 3.

Table 3. Short-Term Stability of EF0S-2 Versus NX-3:

NOTE: A11 Allan deviates are divided by an extra square
root of 2 to normalize to one maser deviate. The
noise bandwidth is approximately 12 Hz. The statis-
tic used is oy(2,T, T+ 1s).

TAU STGMA NUMBER OF POINTS USED
s 2.05(46)x107 7 410

10s 3.29(47)x107 1} 380

100s 4.66(47)x10 480

LONG-TERM STABILITY

Long-term stability data was taken for 3.75 days comparing NX-3
with EF0S-2 and NP-2., The data was taken as nearly contiguous
1054 second averages of the two intercomparison beat periods of
the 5 MHz signals from the masers. For measurement puposes, NX-3
was offset approximately 0.95Hz lower than the other masers. The
period counters used to take the data were reset between readings
so the dead time between the data and the lack of synchronization
between the data channels is on the order of 1 second. In order
to obtain a direct comparison of EF0S-2 and NP-2, the EF0S-2
versus NX-3 and NP-2 versus NX-3 data was differenced to produce
a derived EF0S-2 versus NP-2 channel of data. The data is
plotted 1in Figure 5 with frequency drifts removed and with
arbitrary frequency offsets so the data can be compared on the
same plot.
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To analyze the data, a sliding Allan variance technique was used
(D. Allan and J. Barnes, "A Modified 'Allan Variance' with
Increased O0Oscillator Characterization Ability," 35th  Annual
Frequency Control Symposium, Philadelphia, 27-29 May, 1981). 1In
our version of this technique, 2 consecutive frequency averages
over N samples were generated by arithmetically averaging the
first N consecutive samples and the next N consecutive samples.
In general, arithmatic averages are not equivalent to the time
averages normally used to generate the Allan variance. However,
when the Allan fractional frequency deviate behaves as 172 where
~ > =0, a time average 1is equivalent tc an arithmetic average of
smaller time averages for computing variances. This is true for
the hydrogen masers under consideration for averaging times of
100 seconds or greater (which can be verified a posteriori).

The first estimate for the sliding Allan variance is then created
by squaring the difference between these two consecutive
arithmetic averages and dividing by 2. Succesive Allan variance
estimates are generated by sliding each of the 2 consecutive
averages by one 1054-second data point and by similarly
differencing, squaring, and dividing the data by 2. This process
is carried out until there are no longer 1054-second data pcints
to create successive averages. Then, all the estimates are
averaged to produce a single estimate. In summary, the formula
used is:

) 1 N' M+j-1  2M+j-1 9
M) =5z 2 (2 yi - Zys ) (9)
y 2NMT 521 55 =M+

where N' = N-2M+l and M is the averaging time in multiples of the
averaging time of the original data Y-

The advantage of using the sliding Allan variance technique is
that it produces a better estimate of the theoretical Allan
variance, especially for small data samp]es When the Allan
fractional frequency deviate behaves as % where ¢ <= -% , the
sliding technique produces a statistically better estimate for
the same number of samples. When the Allan fractional frequency
deviate behaves as - where ¢ >- % , the formal statistical
advantage of the sliding variance tends to disappear, but the
sliding variance still produces an estimate which s much more
representative of an ensemble average for relatively small
samples. For example, for quasi-periodic noise processes, the
sliding variance averages over all phases of the process with a
data sample only 3 times the quasi-period. Of course, one of the
reasons this 1is true is that the sliding estimate technigue is
closer to the infinite time averaging used in theoretical
definition of the Allan variance.
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The conventional method for estimating the Allan variance yields
a fractional error for the Allan deviate estimate given by:

1 1
A

O(Oy) / o, = 1/ (2% x F?) (10)

when the differences of the average fregquencies used to compute
the Allan variance are normally distributed. F is the number of
degrees of freedom and is given by:

F=n-1 (11)

where N is the number of average freguency samples used to
compute the Allan variance. For the sliding average technique,
(10) is used to define the number of degrees of freedom. For this
technique, F is usually greater than it is for the conventional
method. As a worst case it is:

F=T/t-1 (12)

where ¢ 1is the averaging time and T is the total elapsed time
for the set of data. This worst-case value of F is used to
estimate the errors of the sliding Allan variances computed 1in
this report.

The results of a sliding Allan variance computation on the EFQS-2
versus NX-2 data, the NP-2 versus NX-3 data, and the derived
EF0S-2 versus NP-2 data are shown in Table 4. Notice the
anomalously high value in the derived EF0S-2 versus NP-2 data for
1054 seconds. This is an artifact of using a derived channel as
opposed to a directly measured channel., Because the frequency
averages of the differenced channels are not completely
synchronized, the contribution of NX-3 to the data does not
completely cancel. A residual term is left of the difference of
the average fractional frequency offset of NX-3 of the same form
as Egquation 7. When the data points are averaged over N values,
this NX-3 term acts 1like a white noise term because only
fluctuations over 1054 seconds will contribute to the NX-3
difference. This means that the NX-3 contribution to Allan
variance of the derived channel is reduced by 1/N for the longer
averaging times. Because the EF0S and NP-2 contributions to the
Allan variance stay the same or get worse as the averaging time
is increased, the NX-3 contribution to the Allan variance very
quickly becomes negligible.

A three-corner hat estimate of the Allan variance of each of the
masers was run on the data. For averaging times greater than
52x1054 seconds, the estimated variance of NP-2 became negative.
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In this regime, the EF0S-2 versus NP-2 data is about half that of
the other data channels. It is obvious that both EF0S-2 and NP-2
are more stable than NX-3 unless EF0S-2 and NP-2 are moving up
and down in frequency together. Under these conditions, it is
apparent that the three-corner hat method amplifies the small
differences between the EF05-2 versus NX-3 data and the NP-2
versus NX-3 data beyond that which is statistically significant.
We have therefore decided that using the three-corner hat data
would be wmisleading. Instead we recommend that, as a best
estimate of EF0S-2's stability:

1. the EF0S-2 versus NX-3 data be used from 1x1054 to 3x1054
. seconds.

2. the EF0S-2 versus NP-2 data be used beyond 3x1054 seconds.

BEST ESTIMATE OF EF0S-2 STABILTY

Figure 6 shows our best estimate of EF0S-2's fractional frequency
stability from 1.054 seconds to 153x1054 seconds. For 1 to 100
seconds the short-term stability estimates of EF0S-2 versus NX-3
are used. For 1054 to 3x1054 seconds the long-term data of
EF0S-2 versus NX-3 are used . Beyond 3x1054 seconds, the
long-term data of EF0S-2 versus NP-2 are used.

FREQUENCY DRIFT OF THE MASERS

The relative drifts of the masers derived from the long-term data
are shown in Table 5.

Table 5. Relative Frequency Drift of the Masers over 3.75 Days:

i

EFOS-2 vs NX-3 -4.4(20)x10°14 7day

0.1(20)x10-14/day

NP-2 vs NX-3
_4.5(28)x10-14/day

EF0S-2 vs NP-2

During the period from January 14, 1983 to March 18, 1983 NP-2
was monitored relative to UTC(USNO) via LORAN-C, portable clock,
television line 10, and GPS receiver. A quadratic fit of the
data yields a frequency drift rate relative to UTC(USNO) of
-6.55(8)x10-15/day. Using this value and the previous data, the
frequency drifts of the 3 masers relative to UTC(USNO) over the
3.75 day measurement period were calculated. The results of this
calculation are shown in Table 6.
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Table 6. Frequency Drifts of the Masers Relative to UTC(USNO):

-5.1(29)x10"*/day

EFO0S-2 vs UTC(USNO)

NP-2  vs UTC(USNO) = -6.55(8)x10"1°/day

i

NX-3  vs UTC(USNO) = -0.7(22)x10"**/day

PREDICTED LONG-TERM GROUP DELAY RESIDUALS

Clock reading difference (¢/wy) data between EF0S=2 and NP-2 can
be generated by numerically integration the derived EF0S-2 versus
NP-2 fractional frequency offset data. The results of this
integration are shown plotted in Figure 7 with a quadratic
function of time removed (average clock reading, frequency
offset, and frequency drift removed). This figure also
represents a prediction of the expected group delay residuals
from a 3,75-day VLBI run using EFQ0S-2 and NP-2 when both are in
thermal chambers,

One day residual s were determined from the clock reading data by
fitting out a quadratic function of time from one day sections of
data randomly chosen out of the 3.75 days of data. The results
of 11 such random samples are:

Table 7. Predicted One Day Group Delay Residuals with
Quadratic Polynomial s Removed

RMS RESIDUAL = 83(50) ps
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MR.

MR.

MR.

MR.

MR.

MR.

QUESTIONS AND ANSWERS

WALLS:
Fred Walls, N.B.S. Victor, I don't understand how you get eleven data
points from three-and-a-half days worth of data. They are certainly not
independent and to do RMS on that gives a very misleading answer if you
are trying to say you have 83 picoseconds. I don't believe it.
REINHARDT :
No, they are not independent and the purpose of picking 11 points is to
make them not independent.
WALLS:
What do you mean, you only have three and one-half days worth of data,
how can you get 11 - you can take different sets.
REINHARDT:
What we attempted to do there in picking more than three samples, from
three—-and-a-half days of data is to randomize the starting point of the
data relative to the data, its equivalent to doing the modified Allan
variance. When you have data with very strong correlations, if you pick
a certain starting point, your data is very susceptible to the phase of any
fluctuation relative to your starting point; and to get a better measurement
of the average data over that period, what we did, we took random samples of
uncorrected data, perform the one day fit.
WALLS:
Yes, but I think that's only reasonable if you say its stationary and its
white, and you can't prove that either is true on such a short data set.
I don't think it is a reasonable analysis,
REINHARDT:
No. The error bars are just recorded there. We didn't take the fluctuations
for 11 points and divide them by the square root of n.
WARD:
Have you any idea about what the coupling mode was?
REINHARDT:

Coupling mode for what?
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MR. WARD:
Why was it correlated?

MR. REINHARDT:

What we are talking about is, if you take one day samples out of three~
and-a-half days' data, and take more than three-and-a-half samples, it will
overlap in the samples. The data is correlated, but the method T am using
here, is equivalent to using the modified Allan variance, you are getting
better use of your data by basically sliding your one day sample across your
measurement interval rather than taking successive samples. And what I
found in these long term data with very low frequency terms you have to be
extremely careful because, by chance, you may just pick a phase of the data
such that your errors cancel. I haven't been able to quantify this yet;

but . think Dave Allan has done some work on this. I have better confidence
in the sliding Allan variance for data that is non-staticnary than I do with
the conventional way of taking the Allan variance because of the sliding
method. It averages over all phases of these random patterns much better.

I haven't found a way to quantify that, but it produces a better result and
it's more typical of an average result,

MR. ALLAN:

Dr. Barnes has gone through and looked at that quite carefully, and in fact,
you do gain quite a bit by the overlapping estimate as it is sometimes called.
I think T understand what you are doing, Victor. And the only problem I

have with it is that what we are addressing is a non-white process for the
VLBI people. 1It's their need, they want coherance over the tracking time.

I think you just have to do what you have to do to satisfy their need.

It's a very reasonable approach.

MR. REINHARDT:

Basically they are using a statistic that is meant for stationary processes
to describe a non-stationary process. They want the result of the RMS
residual of a one-day run. That's what they want to know. So what we are
doing by picking random samples, we just didn't have an algorithm at that
point to slide things over. TIt's equivalent to the sliding Allan variance.
It's equivalent to taking a least squares fit at the start of the data,
getting an estimate for the residual after doing only a one-day fit on the
data, and then sliding the data, and just averaging this fit., It certainly
gives you no worse result than taking sequences, and I have confidence that
this gives a better result. Mathematically for flicker of frequency noise
or worse it gives you no better result. But I have better confidence that
it is more typical of an average error than if T had just taken three
samples out of the data.
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MR. KUHNLE:

JPL. Victor, what do you think the temperature coefficient might have
been on the maser if the air flow had been considerably lower, like in
a room?

MR. RETNHARDT:

All T can do is quote what I've been told. Oscilloquartz people told me
they got on the order of 5 in 1014 in Switzerland. They remeasured that
at NRAO and got on the order of 6 in 1014 per °c. Maybe the Oscilloquartz
people want to speak for themselves at this point.

MR. BUSCA:

Oscilloquartz, The temperature coefficient is something which should be
defined in a more accurate way, in the sense that the data you get depends
on how you measure the temperature coefficient itself. We make the test

simply by raising the room temperature by 10C, in a similar way is doing

Bob VEssot, and we measured before shipping the maser a value of 1OhlA/OC.

That was the last measured value. When we talk about a maser with an
aluminum cavity as we are, people immediately said ""This is not for a

maser, because there is a problem of frequency sensitivity with temperature."
We feel that if you put the maser in a big room and change the total room

0 . .
temperature by 1, the time constant is on the order of 12 hours of the
maser, and the final temperature coefficient under this condition is on

the order of 2x10—14/0C.
DR. WINKLER:

I think this is very true, and in other words. Temperature coefficients
of such systems are senseless and should not be specified in this way.
What you should give is the step response of the system. The step
response is a transient which may end without any displacement of the
frequency after 24 hours or 36 hours. The question of the step response,
one should measure it differently. By making a single step, you depend
on ailr temperature, air flow, heat conduction and all of these things.
What we should do. Expose the maser to a psuedo-random sequence of
temperature changes + and - one degree and after 3 to 5 weeks you cross-—
correlate., Then the random variations will be suppressed and systematic.
The effect of the temperature will be available and you get a very clean
step response to temperature. The simple temperature coefficienc as it
is, usually given is too simplistic a concept and leads into trouble.
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MR. REINHARDT:

What muddies the water even further, is that we are dealing with non~
stationary noise processes and these wall coefficients assume these
things are reproducible. The problem in the lab is that when you make
the measurements, they are not reproducible. When the device does not
return to the same frequency, what do you do? There are other cases
like the barometric pressure coefficient. You get two coefficients ,

an adiabatic and an isothermal, because depending on how fast the
pressure is changed, you get different results. We have definitely seen
these effects in masers. JPL saw this as a secondary temperature effect.
This problem of coefficients is much more suited to devices which are
stationary. TIt's a problem we have to live with,

DR. VESSOT:

I want to clear the record. We put our equipment in a box which we made
out of rather poor insulating material and we have a rather substantial
fan blowing the air within the box for the tests to make sure we do not
have temperature gradients from above and bhelow. This is a blower of
considerable size, not a casual motion to the air.

The question of coefficient: it is clear that there are many things that
will move. We have found that if we make a sudden step temperature
change which we use in an attempt to diagnose what is going on, that in
the early phases of the change, we see a change in frequency which moves
rather rapidly and has a plus sign. We associate that with a phase change
within the receiver system itself. And then there is a very long change
carried on for 6 to 8 hours, which we think is effecting the maser itself,
The comments by Dr. Winkler as a manner of getting through the noise, a
matter of coherency detection, is clearly the only way to get through it.
But, I must recommend that these step sizes be long enough to represent
the long-term stationary end point behavior of the maser. This is one
manner of describing it. TIf, on the other hand, we are in a room where
the temperature fluctuates rather rapidly, then this other term will
depend on it. So I think vou have to set up sort of a Green's function
approach, to say what is the response, and then you go and ask what is
the stimulus of the room and then follow through that. It is not easy

to do. The best thing to do is make them as immune as possible and stop
worrying.

MR. PETERS:

A comment, that has not been properly brought out vet. The thermal
control system, the thermal gain is highly dependent upon the insulation
quality-conductivity. This is highly dependent on air flow when you are
talking about atmospheric conduction and convection. Your time constant
is actually a measure of the change in thermal conductivity which you have
created and which changes your nominal thermal gain. So that it points
out that one probably wants to use a minimal of air flow or at least some-
thing typical of the situation where you are going to use the maser.




If you put a rapid flow in, you are throwing in rapid and untypical
changes. You are also changing the actual value because the thermal
gain depends on this very strongly. 1In this case it could be a factor
of 2 or something like that.

MR. REINHARDT:

A comment on what Bob Vessot said. You can see in this data, unfortunately
we had to truncate it because we were under a time limit. T would love to
let the maser sit here for 3 days. There were clearly 2 time constants
here and that further complicates the issues, especially in hydrogen masers,
You get short time constants, long time constants, the coefficients in

some masers cancel, they add in others and you clearly, if you do this
right, you have to do what Dr. Winkler does, but even more so than a

step change, probably a square wave function and sweep the changes.

You have to fully characterize the response.

DR. WINKLER:

Excuse me., I did not make myself clear. You expose the maser to a
psuedo-random sequence of steps and they contain, or should contain all
frequencies, even very low ones, so you are picking up the transient
response of the system, which includes the response to all frequencies,
That is the only way to describe a system response, properly.

MR. REINHARDT:

I see, you make randem steps in time.
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