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Introduction

Frequency calibrations share some similarities with the
many other types of calibrations routinely performed by
metrologists. According to International Organization for
Standardization (ISO) guidelines, a calibration is:

A set of operations that establish, under specified conditions,
the relationship between values of quantities indicated by a
measuring instrument or measuring system, and the corre-
sponding standard or known values derived from the standard.

In other words, a calibration measures the performance
of the device under test (DUT). In the field of frequency
calibrations, the DUT is a device that produces frequency.
In most cases, this device is based on a quartz, rubidium,
or cesium oscillator. In order to perform the calibration,
the DUT must be compared to a standard or reference. The
standard should outperform the DUT by a specified ratio
in order for the calibration to be valid. This ratio is called
the test uncertainty ratio (TUR). A TUR of 10:1 is preferred,
but not always possible. If a smaller TUR is used (5:1 for
example), then the calibration will take longer to perform.

Once the calibration is completed, the metrologist
should be able to state how close the DUT’s output is to
its nameplate frequency. The nameplate frequency is the fre-
quency labeled on the oscillator output. For example, a
DUT with an output labeled "5 MHz" is supposed to pro-
duce a 5 MHz frequency. The actual output frequency is
the measurand or the quantity to be measured. The DUT is
calibrated by determining how close the measurand is to
the nameplate frequency.

The difference between the nameplate frequency and
the actual frequency produced by the DUT is called the
frequency offset and is a measure of the frequency uncertainty

of the DUT. Calibration laboratories specify an uncertainty
requirement that the DUT must meet or exceed. In many
cases the lab bases this requirement on the specifications
published by the manufacturer. In other cases they may
relax the requirements a bit and use a less demanding
specification. Once the DUT meets specifications, it has
been successfully calibrated. If the DUT cannot meet speci-
fications, it fails calibration and is repaired or removed
from service.

The reference used for the calibration must be traceable.
The ISO definition for traceability is:

The property of the result of a measurement or the value of a
standard whereby it can be related to stated references, usually
national or international standards, through an unbroken chain
of comparisons all having stated uncertainties.

In the United States, the “unbroken chain of compari-
sons” should trace back to NIST. In some fields of calibra-
tion, traceability is established by sending the standard
to NIST or another site for calibration or by sending a set
of reference materials (like a set of weights used for mass
calibrations) to the user. Neither method is practical when
making frequency calibrations. Oscillators are sensitive
to being turned on and off. If an oscillator is calibrated
and then turned off, the calibration may be invalid when
the oscillator is turned back on. In addition, the vibra-
tions and temperature changes encountered during ship-
ment can also change the results. For these reasons, labo-
ratories should make the calibrations on-site.

Fortunately, there is an easy way to prove that a fre-
quency standard is traceable to NIST. You can receive a
frequency signal by radio that is referenced to NIST. This
radio link serves as the “unbroken chain” back to the na-
tional standard. Several different types of signals are avail-
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able, including NIST radio stations WWV and WWVB,
and radio navigation signals from LORAN-C and GPS.
Each signal delivers NIST traceability at a known level of
uncertainty. The signal used depends upon the level of
uncertainty required.

The ability to use radio signals is a tremendous advan-
tage. The radio signal serves as a transfer standard that
delivers a frequency reference from the national standard
to the calibration laboratory. A transfer standard allows
traceable calibrations to be made simultaneously at a num-
ber of sites as long as each site is equipped with a radio
receiver. It also eliminates the difficult and undesirable
practice of moving oscillators from one place to another.

 Once a traceable transfer standard is in place, the next
step is developing the technical procedure used to make
the calibration. This procedure is called the calibration
method. The method should be defined and documented
by the laboratory, and ideally a measurement system
which automates the procedure should be built. ISO/IEC
Guide 25, General Requirements for the Competence of Cali-
bration and Testing Laboratories, states:

The laboratory shall use appropriate methods and procedures
for all calibrations and tests and related activities within its
responsibility (including sampling, handling, transport and
storage, preparation of items, estimation of uncertainty of mea-
surement, and analysis of calibration and/or test data). They
shall be consistent with the accuracy required, and with any
standard specifications relevant to the calibrations or test con-
cerned.

In addition, Guide 25 states:

The laboratory shall, wherever possible, select methods that
have been published in international or national standards, those
published by reputable technical organizations or in relevant
scientific texts or journals.

Calibration laboratories, therefore, should automate the
calibration process using a well documented and estab-
lished method. One way to accomplish this is to subscribe
to a calibration service such as the NIST Frequency Mea-
surement and Analysis Service (FMAS), which will be
described in Part II. Using a proven calibration method
helps guarantee that each calibration will be of consis-
tently high quality. This is essential if the laboratory is
seeking ISO registration or laboratory accreditation.

The Specifications: Frequency
Uncertainty and Stability

Frequency and time interval can be measured with
greater precision than all other physical quantities. In

some fields of calibration, one part per million (1 x 10-6) is
considered quite an accomplishment. In the world of fre-
quency calibrations, measurements of one part per bil-
lion (1 x 10-9) are routine, and even one part per trillion (1
x 10-l2) is commonplace.

Frequency Uncertainty

As we noted earlier, a frequency calibration measures
whether a DUT meets or exceeds its uncertainty require-
ment. According to ISO, uncertainty is defined as:

A parameter, associated with the result of a measurement,
that characterizes the dispersion of values that could reason-
ably be attributed to the measurand.

When we make a frequency calibration, our measurand
is a DUT that is supposed to produce a specific frequency.
For example, a DUT with an output labeled "5 MHz" is
supposed to produce a 5 MHz frequency. Of course, the
DUT will produce a frequency that isn’t exactly 5 MHz.
After we calibrate the DUT, we can state its frequency un-
certainty, or the amount that the DUT is in error.

Measuring the frequency uncertainty of a DUT requires
comparing it to a standard. This is normally done by mak-
ing a phase comparison between the frequency produced
by the DUT and the frequency produced by the standard.
A phase comparison is used to measure the difference
between two frequencies. If the two frequencies were ex-
actly the same, their phase relationship would not change.
Since the two frequencies are not exactly the same, their
phase relationship will change, and by measuring the rate
of change, we can determine the frequency offset of the
DUT.

Under normal circumstances, the phase changes in an
orderly, predictable fashion. However, external factors like
power outages, component failures, or human errors can
cause a sudden phase change (called a phase step). The
purpose of a phase comparison is to measure the total
amount of phase shift (caused either by the frequency off-
set of the DUT or a phase step) over a given measurement
period.

Figure 1 shows a phase comparison between two fre-
quencies that are represented as sine waves. You can think
of the top sine wave as a signal from the DUT and the
bottom sine wave as a signal from the reference. Vertical
lines have been drawn through the point where each sine
wave begins and ends. The bottom of Figure 1 shows the
spacing between these two lines. The spacing represents
the phase difference between the two signals.

If the phase relationship between the signals is chang-
ing, the “spacing” will either increase or decrease to indi-
cate that the DUT has a frequency offset with respect to
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the reference. This means that the DUT is producing a
different frequency than the reference.

 Every frequency calibration system has to be able to
measure the amount of phase shift and to convert this
quantity to time units (microseconds, for example). One
common way of accomplishing this is called the time in-
terval method. This involves using a device called a time
interval counter to measure the time interval between two
signals. The time interval method will be explained in
more detail in Part II.

Once we know the amount of phase shift (in time units)
and the measurement period, we can estimate the fre-
quency uncertainty of the DUT. The measurement period
is the length of time over which phase comparisons were
made. Frequency uncertainty is estimated as follows:

Phase Shift
Frequency Uncertainty =       ————————–––

Measurement Period

To illustrate, let’s say that we measured 1 microsecond
of phase shift over a measurement period of 24 hours. The
length of the measurement period (hours) must first be
converted to the same unit used to measure phase shift
(microseconds). When we convert 24 hours to microsec-
onds the equation becomes:

1
Frequency Uncertainty = ————————

86,400,000,000

As the amount of phase shift gets smaller, the frequency
uncertainty gets smaller. The smaller the frequency un-
certainty, the closer the DUT is to producing the same fre-
quency as the reference. Since frequency uncertainty val-

ues are so small, they are normally converted to scientific
notation:  1.16 x 10-11

Thus, an oscillator that accumulates l microsecond of
phase shift per day has a frequency uncertainty of about
1 x 10-1l with respect to the reference. Table 1 lists the ap-
proximate uncertainty values for some standard units of
phase shift and some standard measurement periods.

The simple equation we gave for frequency uncertainty
is often too simple. When calibrating one oscillator using
another oscillator as a reference, it works fine. This is be-
cause both oscillators usually produce clean signals with
little noise and nearly all of the phase shift will be caused
by the frequency offset of the DUT.

Other quantities (such as measurement system noise)
also contribute to the phase shift, but these quantities are
so small that they do not significantly change the uncer-
tainty value. However, when we use a transfer standard
like LORAN-C or GPS (part II of this article), radio path
noise contributes to the amount of phase shift.

To get around this problem, a measurement period of
at least 24 hours is normally used when calibrating a high-
quality oscillator using a transfer standard. In addition,
algorithms that fit a curve to the data are often used and
frequency uncertainty is estimated from the slope of the
curve.

As you can see from Table 1, the values used to express
frequency uncertainty are dimensionless. However, they
can easily be converted to a frequency offset in Hertz (Hz),
if the nameplate frequency is known.

Phase Shift Measurement Period Frequency

Uncertainty

1 microsecond 1 second 1.0 x 10-6

1 nanosecond 1 second 1.0 x 10-9

1 millisecond 1 hour 2.4 x 10-7

1 microsecond 1 hour 2.4 x 10-10

1 nanosecond 1 hour 2.4 x 10-13

1 second 24 hours 1.2 x 10-5

1 millisecond 24 hours 1.2 x 10-8

1 microsecond 24 hours 1.2 x 10-11

1 nanosecond 24 hours 1.2 x 10-14

To illustrate, consider an oscillator with a nameplate
frequency of 5 MHz that is high in frequency by 1.16 x
10-11.  What is the frequency offset of the oscillator?  To
find out, first multiply the nameplate frequency by the

Figure 1. Two sine waves in a changing phase relationship.

Table 1. Approximate uncertainty values for given amounts
of phase shift.
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uncertainty to get the frequency off-
set in Hz:

(5 x 106) (+1.16 x 10-11) = 5.80 x 10-5

= +0.0000580 Hz

The nameplate frequency is 5 MHz,
or 5,000,000 Hz. Therefore, the actual
frequency is obtained by adding the
offset to this value:

5,000,000 Hz + 0.0000580 Hz
= 5,000,000.0000580 Hz

As this discussion has shown, fre-
quency uncertainty tells us how close
a DUT is to producing its nameplate
frequency. Therefore, frequency un-
certainty is the quantity of the great-
est interest to a calibration laboratory.

You have probably noticed that the
term accuracy (or frequency accuracy)
often appears on oscillator specifica-
tion sheets instead of the term fre-
quency uncertainty. However, by in-
ternational agreement, frequency un-
certainty is the correct term to use
when stating the performance of an
oscillator. Accuracy refers to the re-
sult of a measurement at a fixed point
in time, whereas uncertainty refers to
the dispersion of values over a given
measurement period. We should
point out that this section has pre-
sented a simplified explanation of
uncertainty. A true uncertainty analy-
sis requires using statistical tech-
niques to show the confidence level of
the measurement.

Stability

There is an important distinction
between frequency uncertainty and
stability. Frequency uncertainty is a
measure of how well an oscillator pro-
duces its nameplate frequency or how
well an oscillator is adjusted. It
doesn’t tell us much about the inher-
ent quality of an oscillator. For ex-
ample, a high-quality oscillator that
needs adjustment may produce a fre-
quency with a large offset. A low-

quality oscillator may be well ad-
justed and produce (temporarily at
least) a frequency very close to the
nameplate value.

Stability, on the other hand, indi-
cates how well an oscillator can repro-
duce the same frequency over a given
period of time. It doesn’t indicate
whether the frequency output of an
oscillator is “right” or “wrong”, only
if it stays the same. Also, the stability
doesn’t change when its frequency
offset changes. An oscillator with a
large frequency offset may still be
very stable. If we adjust the oscillator
and move it closer to the correct fre-
quency, the stability won’t change. We
can improve or degrade the frequency
uncertainty without affecting the sta-
bility at all.

Stability is defined as the statisti-
cal estimate of the frequency fluctua-
tions of a signal over a given time in-
terval. Short-term stability usually
refers to fluctuations over intervals
less than 100 seconds. Long-term sta-
bility can refer to measurement inter-
vals greater than 100 seconds, but
usually refers to periods longer than
1 day. A typical oscillator specification
sheet may quote stability specifica-
tions for 1, 10, 100, and 1000 second
intervals.

A common statistical test used to

estimate stability is the Allan Variance
(AVAR), also called the two-sample or
pair variance. You may find it interest-
ing that the first thing a stability esti-
mate does is to remove the frequency
uncertainty. This is because stability
is a measure of frequency fluctuations
and not frequency uncertainty. When
we estimate stability we are interested
in how much the frequency changes
and not how far the oscillator is from
the nameplate frequency. Once the
frequency uncertainty is removed, the
variance in the data tells us how stable
an oscillator is. This variance is
caused by noise that is present in the
oscillator or in the measurement sys-
tem.

To better illustrate how stability is
estimated, Table 2 lists a series of 10
phase measurements recorded during
a frequency calibration. Each of the
numbers in the left column represents
a l-second average. The unit is nano-
seconds. Since there are 10 data points
(n=10), the measurement period is 9
seconds. Each number in the series is
larger than the previous number. This
indicates that DUT is offset in fre-
quency from the reference and this
offset is causing a phase shift.

The middle column shows the
amount of phase shift per second.
Since this quantity is about 4 nano-

Table 2. Ten phase measurements recorded during a frequency calibration.
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seconds per second, we can estimate
that the DUT has a frequency uncer-
tainty of about 4 x 10-9. The values in
the middle column are obtained by
taking the difference between each
pair of measurements. For example,
nl – n2, n2 – n3, and so on. Since there
are 10 measurements, there are 9
pairs.

The right column is obtained by
taking the difference between each
pair of values in the middle column.
The numbers in the right column are
very small, since the frequency offset
has now been entirely removed.
These numbers represent the fre-
quency fluctuations of the DUT. The
variance in these numbers is used to
estimate the stability of the DUT.

A typical AVAR plot is shown in
Figure 2. It shows the stability im-
proving as the measurement period
gets longer. Part of this improvement
is because measurement system er-
rors become less of a factor as the
measurement period gets longer. At
some point, however, the oscillator
reaches its noise floor and the stabil-

ity estimates stop improving. Most
oscillators reach their noise floor at a
measurement period of 1000 seconds
or less. The values along the x-axis
represent the length of the measure-
ment period in seconds.

Each division represents a measure-
ment period 10 times longer than the
previous division. For example, a
value of 1 represents a measurement
period of 10 seconds (101). A value of
2 represents a measurement period of
100 seconds (102).

The values along the y-axis show
the results of the stability estimate. A
value of -10 means that the oscillator
has a stability of 1 x 10-10. Be sure not
to confuse the stability with the fre-
quency uncertainty when you read
the specifications of an oscillator. For
example, an oscillator with a fre-
quency uncertainty of 1 x 10-8 may still
reach a stability of 1 x 10-12 in 1000
seconds. This means that the oscilla-
tor is not particularly close to its
nameplate frequency, but it does pro-
duce a stable frequency that changes
very little over time.

Oscillators

As stated earlier, the DUT in a fre-
quency calibration is usually a quartz,
rubidium, or cesium oscillator.  A few
high level laboratories may even have
an advanced type of oscillator known
as a hydrogen maser.  In this section we'll
take a brief look at the various types of
oscillators available.

Quartz Oscillators

Quartz oscillators (also called crys-
tal oscillators) are easily the most
common type of oscillator. Simple
quartz oscillators are found in wrist-
watches and in many types of elec-
tronic circuits. However, calibration
laboratories usually only calibrate the
more expensive varieties of quartz
oscillators, those found inside elec-
tronic instruments (like frequency
counters) or those designed as stand-
alone units. The cost of a quality
quartz oscillator ranges from a few
hundred to a few thousand dollars.

The quartz crystal inside the oscil-
lator can be made of natural or syn-
thetic quartz. It serves as a mechani-
cal resonator due to the piezoelectric
effect. This effect causes the crystal to
expand or contract when a voltage is
applied. The frequency produced by
the crystal, called the resonance fre-
quency, is determined by the physical
dimensions of the crystal and the type
of crystal used. The output frequency
of a quartz oscillator is either the fun-
damental resonance frequency or a
multiple.

The two biggest factors that influ-
ence quartz oscillator performance
are temperature and aging. Both fac-
tors change the fundamental reso-
nance frequency. Temperature
changes can cause a slight change in
the elastic properties of the crystal. To
get the best performance, the crystal
is often enclosed in a temperature-
controlled chamber called an oven.
When a quartz oscillator is first
turned on, it goes through a warm-Figure 2. Stability graph (AVAR) of rubidium oscillator.
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up period while the temperature of the crystal resonator
and its oven stabilizes. The warm-up period may last sev-
eral days or more. During this time, the performance of
the oscillator continuously improves until it reaches its
normal operating temperature. An alternate solution to
the temperature problem is the temperature compensated
crystal oscillator (TCXO). A TCXO is normally less stable
than a crystal with good oven control. Therefore, TCXO’s
are normally used in small, usually portable units when
high performance over a wide temperature range is not
required.

Aging is a common trait of all quartz oscillators. It is a
nearly linear change in the resonance frequency over time.
Often, the resonance frequency decreases, which may in-
dicate that the crystal is getting larger. Aging has many
possible causes: crystal contamination due to deposits of
foreign material, reforming of loose surface material, or
changes in the internal crystal structure. The vibrating
motion of the crystal contributes to all of these causes.
High quality quartz oscillators age at a rate of 1 x 10-ll per
day or less.

In spite of temperature and aging problems, the best
quartz oscillators may still achieve uncertainties as small
as 1 x 10-ll when properly adjusted. These oscillators typi-
cally include an oven for temperature control. The more
expensive models may produce several output frequen-
cies which are obtained by dividing and multiplying the
resonance frequency.

Less expensive oscillators produce less impressive re-
sults. Small ovenized oscillators (like those used as
timebases in frequency counters) typically have uncertain-
ties ranging from about 1 x 10-7 to 1 x 10-9, but cost just a
few hundred dollars. At the other end of the spectrum,
the tiny quartz oscillators found in wristwatches and elec-
tronic circuits may cost less than $1 in single quantity.
These oscillators only achieve uncertainties of about 1 x
10-7 in the best case and may be off by as much as 1 x 10-4

in the worst case. Since they are not ovenized, they are
quite sensitive to temperature changes.

Since the frequency uncertainty of a quartz oscillator
changes substantially over time, adjustments should be
made regularly if they are required to perform at their
highest level. For example, a quartz oscillator may be ca-
pable of 1 x 10-1l performance, but may need regular ad-
justments to stay at that level. On the other hand, quartz
oscillators have excellent short-term stability. A high qual-
ity quartz oscillator may be stable to 1 x 10-13 for a mea-
surement period of 1 second. The limitations in stability
are mainly due to noise from electronic components in
the oscillator circuits.

Atomic Oscillators

Rubidium, cesium, and hydrogen maser oscillators all
belong to the category of atomic oscillators. These oscilla-

tors all work basically the same way. They all contain an
internal voltage-controlled crystal oscillator, known as a
VCXO. The VCXO is locked to a resonance frequency that
is generated by the atom of interest. Locking the VCXO
to the atomic frequency provides two advantages. First,
since the quartz oscillator is controlled by a superior fre-
quency reference, its long-term stability and uncertainty
improve. Second, most of the factors that degrade the
performance of a quartz oscillator disappear, since the
atomic resonance frequency is much less sensitive to en-
vironmental conditions than the quartz resonance fre-
quency.

Rubidium Oscillators

Rubidium oscillators are the lowest priced members of
the atomic oscillator group. They offer perhaps the best
price/performance ratio of any oscillator. They perform
much better than a quartz oscillator and cost much less
than a cesium oscillator.

A rubidium oscillator contains a quartz oscillator whose
frequency is locked to the resonance frequency of the ru-
bidium atom, which is 6,834,682,608 Hz. The result is a
very stable frequency source that changes frequency much
more slowly than a quartz oscillator without rubidium
control. Since rubidium oscillators are more stable, they
give better results with fewer adjustments than quartz
oscillators. They cost more, but their costs have fallen in
recent years. The typical price range for rubidium oscilla-
tors is from $3,000 to $8,000. Also, a rubidium oscillator
may be less expensive than a quartz oscillator in the long
run, because fewer labor costs are involved in keeping
the rubidium oscillator adjusted.

The frequency uncertainty of a rubidium oscillator
ranges from 5 x 10-10 to 5 x 10-12. Maintaining frequency to
within 1 x 10-11 can be done routinely with a rubidium
oscillator and is very difficult to do over long periods of
time with even the best quartz oscillators. A well main-
tained rubidium oscillator can even approach the perfor-
mance of a cesium oscillator, and a rubidium oscillator is
much smaller, more reliable, and less expensive. And al-
though the short term stability of a rubidium oscillator is
not as good as a quartz oscillator, its long term stability is
much better.

Cesium Oscillators

Cesium oscillators are an intrinsic frequency standard,
which makes them significant for several reasons. First,
the internationally agreed upon definition of the second
is based on the resonance frequency of the cesium atom,
which is 9,192,631,770 Hz. Second, the time scale followed
by all major countries, Coordinated Universal Time (UTC),
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is derived primarily from averaging
the performance of a large ensemble
of cesium oscillators. And finally,
since the second is defined based on
cesium, a cesium oscillator is as-
sumed to be correct. This means that
a cesium oscillator that is working
properly should be very close to its
correct frequency without any adjust-
ment. There is no change in frequency
due to aging.

Cesium oscillators are the work-
horses in most modern time and fre-
quency distribution systems. The pri-
mary frequency standard for the
United States is a cesium oscillator
named NIST7 with a frequency un-
certainty of about 1 x 10-14. Commer-
cially available cesium oscillators dif-
fer in quality, but their frequency un-
certainty should be at least 5 x 10-12.

The two major drawbacks of ce-
sium oscillators are reliability and
cost. Reliability is a major issue. The
major component of a cesium oscilla-
tor, called the beam tube, has a life ex-
pectancy of from about 3 to 10 years.

The beam tube is needed to produce
the resonance frequency of the cesium
atom, and this frequency is then used
to control a quartz oscillator. When
the beam tube fails, a cesium oscilla-
tor becomes an undisciplined quartz
oscillator. Even though a cesium os-
cillator may not need to be adjusted,
it needs to be constantly monitored
to make sure that it is still delivering
a cesium derived frequency.

Cost is also a major issue. The ini-
tial purchase price of a cesium oscil-
lator ranges from $30,000 to $80,000.
Maintenance costs are also high. In
many cases, replacing a beam tube
costs nearly as much as replacing the
entire oscillator. Laboratories that use
cesium oscillators need to budget not
only for their initial purchase, but for
the cost of maintaining them after-
wards.

Hydrogen Masers

The hydrogen maser is the most
elaborate and most expensive of all

commercially available frequency
standards. Few masers are built, and
most are owned by national standards
laboratories. Maser is an acronym that
stands for “Microwave Amplification
by Stimulated Emission of Radia-
tion.” Masers derive their frequency
from the resonance frequency of the
hydrogen atom, which is
1,420,405,752 Hz.

There are two types of hydrogen
masers. The first type, called an active
maser, phase locks the VCXO to the
resonance frequency. This means that
the frequency output of the maser is
directly derived from the resonance
frequency. The second type, called a
passive maser, frequency-locks the
VCXO to the atomic reference. This
is the same technique used by ru-
bidium and cesium oscillators. Active
masers have better short-term stabil-
ity than passive masers, but both
types of maser have better short-term
stability than a cesium oscillator.
However, masers are not intrinsic
standards, and their frequency uncer-
tainty is greater than that of a cesium
oscillator.

The passive maser lends itself bet-
ter to size reduction and mass produc-
tion than the active maser. For this
reason, most commercially-available
masers will probably be passive in
coming years. Although the perfor-
mance of a maser is excellent, its cost
is still very high, ranging from about
$70,000 for the least expensive passive
masers, to $250,000 or more for an
active maser.

For more information: Michael
Lombardi, National Institute of Stan-
dards and Technology, Time and Fre-
quency Division, 325 Broadway, Boulder,
CO 80303, voice: 303-497-3212, fax: 303-
497-3228, lombardi@bldrdoc.gov
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