Frequency Standards and Clocks:
A Tutorial Introduction

H. Hellwig

Time and Frequency Division
Institute for Basic Standards
National Bureau of Standards
Bouider, Colorado 80302

U.S. DEPARTMENT OF COMMERCE, Juanita M. Kreps, Secretary

Sidney Harman, Under Secretary
Jordan J. Baruch, Assistant Secretary for Science and Technology

NATIONAL BUREAU OF STANDARDS, Ernest Ambler, Acting Director

1ssued Juns 1877




CONTENTS

Page

1. TN RODUCTION . s v s cvvnvurvuvesrovsuvrossevsscsssnvvssnsnsrs 1
2. BABEC CONCEPI R s snrsvsrvannssvnnsssnnnssssnanannn srewunun 6.
2.1 Acouracy, Reproducibility, Stability.eccivmnnrcesnnes 6

2.2 Time ACOULACY s ssvercrssonesssssnssssssesssnsonssanes 9

2.3 Clock8..veeeerasnns evevewraveaveseresvasaannssarenas 12

3.  FREQUENCY STANDABDS, GENERAL ASPECTS...eesvenssnrasencnss 13
3.1 ResonatorS...csveersrsosssrsvnccssnsccscssssvrsnnesasr 13

3.2 Primary and Secondary StandardsS....cccsssscsssseesss 18

4. QUARTZ CRYSTAL DEVICES..e-cavovescasavsveransosnscsnsnansvs 19

4,1 Quartzs Crystal Resonator......eeesaness vevemnseveves 19
4.2 Effects on the Crystal Resonatox Freguency....-.<.-. 25
4.3 Quartz Crystal Oscillator Performance...ceerssasasrse 29
5. ATOMIC RESONANCE DEVICES..uvecvesecrransrsrsranssasassssa 3L
5.1 Atomic ReSOnDALOrS....ceersrucesarvanana G )

5.2 State SelechitNeicsrssciarascannsnssrasnmuvennnnnnes 34

5.3 Interrogation of the AtOMS....cvesvceresscercscacrnas 35
5.4 Bignal Detection...ccvevaaesns O 1
5.5 Atomic Prequency StandarXd....cennesncrscessnssnes veve 39
5.6 Effects on the Atomic Resonator Frequenty...ceeesaa. 4l
6. AVAILABLE ATOMIC FREQUENCY STANDARDS ....vevovuvevevvovsnseas 43
6.1 Cesium Beam Frequenoy Standard.......oevcceerves seves 46
6.2 FRubidium Gas Cell Frequency Standard....-sveemmeneren 49
6.3 Atomic Hydrogen MABEr ....veisssesccsnrncvensacnrnsen B2
7. SUMMARY AMD COMPARISON OF AVAILABLE FREQUENCY STANDARDS... 54

8‘ Tm.l’...'...ﬁ"..‘ﬂ“‘-h ............ W EE R AR Y S 58




gn Hmm..t'o-.oc-:-n-o.tatt.not.c--otl--nov&ltnot-tt.-o 60
mm-....-...,-.n.....-..-...--..-n--o---c-o.- 62
APPERsz I‘.CII...I..l.l.l..l..‘0..l......ll‘l.l’.cl‘..l. 63

mmzx II»..-.-nt..tyo-otgu-o»cunno-nuoo.uanor.tnoo.utuu 64

LIS® OF FIGURES

Page
fig. 1. Definition of time and frequency. 3
Fig. 2. Frequency standard and clock. 5
Fig. 3. Relationships between clock accurscy., £fregquency
stability, and frequency offset. 10
Fig. 4. Example ¢f a clock aystem. 1l
Fig. 5. Examples of resonators. 14

Fig. 6. Decay time, linewidth, and Q-value of a resonator. 15

Fig. 7. Hierarchy of frequency standards. 17
Flg. 8. The piszoelectric effact. _ 20
Flg, 9. Principal vibrational modes of guartz crystals. - 21
Fig. 10. Typical quartz crystal mount. 22
Fig. 11. Block diagram of a quartz crystal oscillator. 23
Fig. 12. Fundamental and overitone resonance frequencies. 24
Fig. 13. Frequency stability of the hetter quartz crystal
oscillators. 28
Fig. 14. Bpatial state selaction. 32
¥ig. 15. Optical state selsction. _ 33
Fig. 16. Atom detection. 36
Fig. 17. Optical detection. a7
Fig. 18. Microwave detaction. 38

iv




Fig.

Fig.

Fiq.

Fig.

Figq.

Fig.

Fig.

1.

2.

1%. Atomic fregquency standard. 40

2C0. Schematic of a cesium beam tube. Typically, a cavity
with separated interrogation regions is used. This
design offers certain advantages over a simple cavity
of & length equivalent to the separation of the two
regions. See Appendix IX. 44

21 Frequency stability of commercial cesium beam fre-
guency standards.
a} typical performance
b} typical performance of high beam intensity tubes

Individual units may perform slightly worse oxr better

than shown. Modern laboratory standards perform still
better. 45

22. BSchematic of a rubidium gas cell 47

23. Frequency stability of commercial rubidium gas cell
frequency standards. 48

24. Schematic of a hydrogen maser oscillator. 50

25. Frequency stability of a hydrogen maser oscillator. 51

LI&ST OF TABLES

Summary and Comparison of Available Freguency Standards 54-57

Additional Promising Ttems Under Invegtigation 59




FREQUENCY STANDARDS AND CLOCKS:
A TUTORIAL INTRODUCTION

The topic of frequency standards and clocks is treated in
a tutorial and non-mathematical way. The concepts of time,
frequency, frequency stability, and accuracy are introduced.
The general physical principles and design features of frequency
standards and clocks are described. The design, performance,
and limitations of guartz crystal oscillators and atomic devices
{(cesium, hydrogen, rubidium) are discussed in detail and critically
compared for laboratory devices as well as for devices intended
for field usage.

Key words: Cesium beam: clocks (atomie); crystal
oscillator; frequency accuracy; freguency stability;
frequency standards; hydrogen maser; quartz crystal;
rubidium gas cell; timekeeping.

1. INTRODUCTION

Frequency standards and clocks: what do they have in common? A more
complete answer will be given later. We note for the moment that most
clocks and in particular the very accurate and precise ones are based on
frequency standards. 'The reason for this is the intimate relationship
between frequency (symbol y, "nu") and time {symbol t}. If we look at
& series of events which are occurring in a somewhat regular fashion,
e.9., the rise of the sun every morning, we can state how many of these
events occur in a given time period: this number would be the frequency
of this series of events. In our example we could say that the frequency
of sunrises is v = 7 events per week or v = 3865 events per year. "Events
per week” or "events per year” would be called the unit which we used
for our frequency number; this freguency number is different for differ-
ent units. In our example we assumed that we know somehow what a week

or a year is, i.e., we relied on some external definition for our unit

of time.




We can now ask, what is the time between the events? The answer
for our example is simple, one sunrise succeeds the other affer
1 1
W ¥ i = cewhRemy
t = week or ¢ 365
possible choices for our unit of time. We can rely on the regularity

year where we used "week" and "year” as two

and precision of the occurxence of the events, in other woxrds, on
their precise periodicity. Hence, we could define: the unit of time
is one week; one weak is the time elapsed at the seventh sunrise
following an initial sunrise.

We learned two things: (a) For periodic events, the time between
the events t is related to the frequency V of their ocourrence in the
following simple way

V= & (0

and (b) that periodic events can be used to define time, i.e., the
generator of the periodic events « the frequency standard « can be used
as a clock. The freguency standard becomes a clock by the addition of
a counting mechanism for the events.

In our example above, the frequency standard is the rotating earth.
The time between recurxring events is one day. This frequency standard
served mankind for thousands of years and remained until very recently
the scurce for the definition of time. The counting mechanism which
made it a clock was the recording of years and days.

The needs to interpolate time from day to day, to get along for
many days without celestial observations, and to more precisely measure
time~intervals which are very mach shorter than a day brought about the
invention of clocks. Although there are other types of clocks like the
sand-glock or the decay in radiation intengity of a radicactive sub-
stance, we shall confine ourselves to the discussion of clocks based
on frequency standaxds {(i.e., systems based on periodic events).

The first clocks based on a frequency standard (a pendulim) were
invented about 400 years ago. This type of clock is most widely used
today. The pendulum may be a suspended weight {(gravitational pendulum)
like in "grandfather" clocks or the balance (torsion pendulum} or quarty
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crystal of modern wristwatches. The objects of our discussion in this
report are today's most advanced frequency standards and clocks; how-
ever, a close look at our traditional clocks will show all the essential
features which we will recognize again in our later discussion of
guartz crystal and atomic clocks.

The pendulum in our clock is the fredquency determining element. In
order to arrive at a frequency standard the pendulum has to be set in
motion and to bhe kept in motion: A source of energy is necessary
together with means te transfer this energy to the fregquency determining
element. In a wristwatch this source of energy is typically the winding
spring, and the energy is transferred by mechanical means which are
controlled by the pendulum itgelf in order to cause energy transfer in
the proper amcunt at the proper time in synchronism with the movement of
the pendulum. This iz called "feedback" in electronic systems. We now
have a frequency standard; the tick~frequency of its pendulum could be
picked up acoustically, for example, and used ag a standard frequency.
This ié actually being done commercially when adiugting the rate of a
clock: the tick-frequency is compared to some {(better} standard frequency.
In oxder to arrive at a ¢lock, a read-out mechanism is necessary which
counts and accumulates the ticks (more accurately: the time between the
ticks) and displays the resuit. In our example of a wristwatch, this is
accomplished by a suitably dimensioned set of gears and the moving hands
cn the clockface.

The unit of time today is the second {symbol s}. Very much in
analogy to our sunrise example, the second is defined in reference to
a frequency determining element. Since 1967 by international agreement
this "natural pendulum" is the cesium atom. One second is defined in
the official wording as "the duration of 8192 631 770 periods of the
radiation corresponding to the transition between the two hyperfine levels
of the ground state of the cCesium-133 atom”. Accoxrdingly, the frequency
of the cesium pendulum is 9192 631 770 events per second (the cesium atom
is a very rapidly oscillating pendulum). Following our eq {1) the unit
of frequency is then defined as hextz (symbol Hz). One hertz equals the
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repetitive occuxryence of one event per second. The use of “hertz" is
preferred to the older term "gycle per second™, ops,and was assigned
in recognition of the exceptional contributions of the 19th century
physicist BHeinrich Hertsz.

2. BASIC CONCEPTS
2.1 Accuracy, Reproducibility, Stability

The performance of frequency standards is usually described in
terms of acouracy, reproducibility, and stability. We will use these
terms in the sense of the following definitions:

Accuracy: the degree of conformity of a measured and/or calculated
value to some specified value or definition.

fReproducibiiity: the degree of agreement across a set of indepen-
dent.devicas of the same design after adjustment of appropriate specified
parameteXs in each device. Alternately, it is the ability to reproduce,
independently, a previous freguency value.
- Stability: the frequency and/or time domain behaviori of a process.
In the time domain {(i.e., the measurement time or duration is the varied
quantity} a freguently used measure of stability is the pair-variance
(or Allan variance) {to be explained later} or its square root (the
pair-stability}.

It is cbvious from these definitions that frequency accuracy will be
largely of interest in scientific measurements and in the evaluation and
intercomparison of ‘the most advanced devices, but of little or no inter-
est to the average ugser of frequency standards. A good reproducibility
is an asset in applications where it is of importance to rely on some
degree of conformity of the output frequency of several devices such as
a factory-guaranteed frequency value. The characterization of the
stability of a freguency standard is usually the most important informa-
tion to the user. The freguency stability (symbol ¢, "sigma") of a fre~

'In this paper, for tutorial purposes, only the time domain stability
is used. We note, however, that for many gscientific appiications the
frequency domain stability measure is more useful.




quency standard will depend on a variety of physical and electronic
influences poth internal and external to the device which cause fre~
guency fluctuations. The freguency stability depends also on the
exact measurement procedure which was used to measure the stability.

We shall explain this in the following: Preguency stability can
be measured by taking a reagonably large number of successive readings
of an elactronic counter which counts the frequency of the device to
be evaluated. Each counter reading (in hertz) is obtained by measur-
ing or sampling the counted frequency for some specified time, the
sampling time (symbol T, "tau"). This sampling time can usually be
chogen by simply adjusting a knob on the counter; for example, a
sampling time of 0.1s or is or 1l0s may be chosen. Everyone has had the
experience that fluctuations tend to average out if obhserved long encugh;
however, this is not always so. Sigma will therefore usually depend on
the sampling time of the measurement and tends to get smaller with
longer sampling times: again, there are many exceptions to this.

It may be that the fluctuations at some later time are partially
caused by, or depend to some dedgree on, the previous fluctuations. In
this case, the actual value of ¢ will also depend on the particular way
in which the many counter readings are averaged and evaluated. Also,
it will be of influence whether the counter starts counting again
immediately after completion of the preceeding count or if some time
elapses ("dead-time") before counting commences again.

Finally, electreonic circuits will have a finite response time, e.q.,
they cannot follow fluctuations faster than some given rate. For ex-
ample, our eye can not register light fluctunations which occur faster
than about every E%‘Of a second; using eq {1}, we say that the eye has
a frequency response of 10 Hz, or that its bandwidth is only 10 Hz, i.e.,

the eye can not follow frequencies higher than 10 Hz. In order to measure

frequency stabilities for sampling times larger than some value , we
have to provide for an electronic fregquency bandwidth which is laxger
than about %;




We summarize: a recommended way of properly measuring and describing
frequency stability is the fellowing: {a} make sure that the freguency

bandwidth of the total measuring set-up is larger than %- where T

min nin
is the smallest desired sampling time; (b} use a counter with a dead-
time as small as possiblez; {(c) take a sufficiently large number of read-

ings at a given sampling time which is held constant and campute3

g = aj2ddition of the sguares of the differences between successive readings
2 x total number of differenceas used

In the scientific literature this ¢ is called the square root of the
pair (or Alian) variance; (d) repeat (¢} at other sampling times T and
tabulate or plot ¢ as it depends on T. See pppendix I {fig. 26}.

Commonly, O will be given as a fractional or normalized value, i.e.,
the value obtained for the frequency stability is divided by the carrier
frequency. Por example, if a Erequency stability of Ty = 10 Hz were
measured at a carrier fregquency of v = 5 MHz (MHz = megahertz = million Hz)
then the fractional frequency stability would be

10
a

v 5x100° " 2 x 10 °.

We denote the kind of ¢ by a subscript, év{"delta nu") referring to fre-
guency fluctuations {measured in Hz} or é%-ﬁ y referring to fractional
or normalized frequency fluctuations (dimensionless). A stability of

one part in a million is thus

o =1 % 10"%,
Y

and one part in a trillion is written as

o = 1x 10712,
h'd

“rhe dead~time should be less than the reciprocal bandwidth; if not,
computation procedures exist to account for larger dead-times.

3The counter readings can bhe taken in Hz, ¢ will then have the
dimension of Hiz.




The common usage of the fractional frequency stability GY instead
of the frequency stability Gﬁv {(given in Hz} has its good reasons. In
many applications of frequency standards their nominal output £reguency
is used after multiplication or division,i.e., the standard frequency is
used to synthesize electronically other fregquencies. Also, frequency
standards themselves already synthesize several output frequencies, and
different freguency standards offer different output frequencies. In such
a usage of frequency standards as well as in the comparison of their per-
formances it would be extremely inconvenient to state OGv pecause this
number (in Hz} would change with any alteration in frequency due to
synthesis. This is not the case with Uy because 6V as well as v change
in the same way in synthesizing procedures. Of course, we assume here
that synthesis does not cause additional instabilities, an assumption

which is mostly wvalid with today's electronic capabilities.

2,2 Time Accuracy

In clocks, time accuracy is of importance. In accordance with the
definition for accuracy at the beginning of this section, the accuracy
of a clock is the conformity of its reading (the date shown) with the
reading of a standard time scale (a2 standard or reference date}. A
clock can be initially set (synchronized) with respect to a reference
clock with some accuracy To‘ Its reading then garadually deviates by an
amount ‘T{t} from the reading of the reference clock. T{t} indicates
that the deviation or errox T is a function of the time t which elapsed
after synchronization with the reference. ‘This deviation, i.e., the
accuracy of the clock, depends on the stability performance £{t}
{"epsilon of t") of the frequency standard in the clock, the fractional
frequency offset Rb of the clock® with respect to the reference clock,
and on the change D of the fractional frequency of the clock with time
{D = fractional frequency drift}. Other parameters may be important;
however, those mentioned are most commonly encountered. The time reading

of the clock then has a degraded accuracy T(t) which is given by

“The counter readings can be taken in Hz; ¢ will then have the
dimension of Hz,
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The presence of a freguency drift D can rapidly deteriorate clock accu-
racy because the corresponding time errxor “accelerates" following the
square of the elapsed time t. If To' Ro and D are not present (i.e.,
zero), only the random fluctuations can cause a time error T(t) = £{t).
e{t) of course can be calculated from the freguency stability Uy. This
can be a rather complex mathematical problem and is often called "clock
modeling” or “time prediction". For most practical uses, however, a very

simple, quite good approximation may be used:
() = £ x oy{z =t} {2a}

where UytT = t)} means the fractional frequency stability evaluated for
a sampling time T equal to the time t which elapsed after the last setting
of the clock. For example, a clock with a fractional freguency stability

of g, = 107! for sampling times of 10° seconds (about 1 day) would be
accurate to T = + 10° x 10~*! second = + 1 microsecond per day {again we assume

To' Rb and D to be zerv),

A clock with a fractional frequency affset of :R0 = Av/v = 10°° would
be accourate to T = 100 microseconds after 1 day (assuming To' D and
e{t) to be zero). And, finally, a clock with D = 10”7 per day would be
accurate to only T = 5 x 10 ® ‘day » 0.4 second .after 100 days.

2.3 Clocks

In the Introduction we discussed that the addition to a freguency
standard of a mechanism, which counts and accumalates and possibly dis-
plays the result, creates a clock.

Thig task can be pérformed by a frequency divider which, for example,
derives a frequency of 60 Hz directly from a 5 MHz crystal oscillator. The
60 Hz voltage can be ugsed to drive an electric clock similar to those
driven by the 60 Hz power line fregquency which we use at home or at work.
Ox, an additional electric pulse generator may be used which generates

one very sharp electrical pulse per second. The time interval of 1 second

12




betwsen the pulses {(corresponding to a frequency of 1 Hz} is dixectly
derived from the output of our frequency standard. The pulses can be

used in time comparisons with those of other, similar clocks;

or a counter/accumulator/display (clock-face) can be driven by them.

3. PREQUENCY STANDARDS, GENERAL ASPECTS

3.1 Resonators

The performance of a frequency standard is to a considerable degree,
but not exclusively, given by its frequency determining element. It
determines the frequency by its resonance behavior. Some examples
for rescnance phenomena are {(a} a rod, clamped cnly at one end, which
can vibrate, (b) a block of solid material which can contract and expand
and thus vibrate, {¢) a capacitor-coil combination (tank circuit} in
which the electro-magnetic energy can oscillate back and forth between
thege two elements, (d) an antenna (a dipole} where the distribution of
electric charges can oscillate back and forth, and (e) a coil in which
an electric current can c¢reate a magnetic field which can oscillate
between its two possible polaritiss {a magnetic dipole}. All these de-
vices have in common that they can vibrate or oscillate if they are
excited., ‘'The method of excitation may be a mechanical pulse for (aj
and (b) or an electrical pulse for {¢} or a sudden surge of an electric
field for (4} or of a magnetic field for {e)}. The devices exhibit a
resonance, i.e., they are resonators with a well-defined frequency which
is characteristic of the physical dimensions of the device: the length of
the rod, the thickness of the block, the size of the capacitor and coil,
the length of the antenrnas. Once excited, the oscillations will die out
gradually with a decay time which is determined by the losses of the
resonator. Some of these losses are internal friction as in our cases
{a) and (b), and electrical resistance for (¢) throngh (e); in any case,
the oscillation energy is ultimately transformed into heat. If there were
no lozges, the oscillations would never stop: we would have an ideal
resaonator. The more losses, the faster the oscillations decay and the
regonance is less pronounced. It is now obvious that we could use the
decay td of the oscillations to describe the guality of our resonator.

The larger td the better the resonator.

13
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An alternate way of measuring the resonance behavior is to use an
external oscillator, to couple it to the resonator, and to sweep slowly
the frequency of the external oscillator across the resonance. We will
find again a resonance frequency at which the resonator will oscillate
most pronounced, i.e., with the greatest intensity. On both sides of
the resonance frequency, the response of the resonator will lessen until
it ¢easeg to respond., We can define a frequency interval around resonance
in which the rescnater response is relatively strong; we call it the
resonance linewidth (symbol W). There is a simple relationship® between
W and the decay time t

4a

Wm;}. (3)
a

Again, as in the case of U, it is of advantage to state the Iinewidth

in a fractional way. The fractional linewidth would be g- where the
o
symbol Ve is used for the resonance frequency. More widely used is the

qualiity factor of the resonange {(symbol Q) which is defined as the
reciprocal fractional linewidth

Vo

QE*‘E. {4)

In frequency standards we obviously like to have large values for
the Q of the freguency determining element. As an example, if QO = 10%,
then a fractional accuracy of 10 !0 would imply that we can determine
the center of our resonance curve to a small fraction {10 " or one
hundredth of a percent) of its width. In the same example, a stability
of 10 ** for some sampling time would correspond to an ability to keep
the frequency to within 107° {one millionth) of the rescnance linewidth
around a given value. It is clear, therefore, that the frequency stability
and accuracy of a frequency standard may be expected to become the better
the higher the Q-value of the frequency determining element.

Many kinds of frequency determining elements have been and are being
used in frequency standards. They can be grouped into three classes:

Equation (3) is only an approximation. Depending on the particular
shape of the resonance curve we would have to ingert a factor into
this equation; however, this factor is neyer far from unity. t,is
defined as the decay to ;-of the original amplitude. & is a n er,
e 2.7.
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