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PREFACE !

The Engineering Design Handbooks of the US Army Materiel Command
have evolved over a number of years for the purpose of making readily
available basic information, technical data, and practical guides for the
development of military equipment. While aimed pimariy at US Army
materiel, the handbooks serve as authoritative referances for needs of other
branches of the Armed Services as well. The present nandbook covers timing
systems and components.

'This{handbook presents both-theoretical and practical data ¢ertaining to
design methods and procedures for timing systems and devices. The subjects
covered are precision reference timers, electronic timers, mechanica: timers,
pyrotechnic timers, flueric timers, and a few others.

Prepared as an aid to military designers, this handlbook should also be of
benefit to scientists and engineers engaged in other related research and
development programs or who have the responsibility for the planning and
inierpretation of experiments and tests concerning the performance of
materiel related to timers.

The handbook was prepared by The Franklin Institute Research
Laboratories, Philadelphia, Pennsylvania. It was written for tiie Engineering
Handbook Office of Duke University, prime contractor to the US Army
Materiel Command. Its preparation was under the technical guidance and
coordination of a special committee with representation from various
agencies of the US Army Materiel Command.

The Engineering Design Handbooks fall into two basic categories, those
approved for release and sale, and those classified for security reasons. The
US Army Materiel Command policy is to release these Engineering Design
Handbooks in accordance with current DOD Directive 7230.7, dated 18
September 1973. All unclassified Handbooks can be obtained from the
National Technical Information Service (NTIS). Procedures for acquiring
these Handbooks follow:

a. All Department of Army activities having need for the Handbooxs
must submit their request on an official requisition form (DA Form 17,
dated Jan 70) directly to:

D e kS S e
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Commander

Letterkenny Army Depot
ATTN: AMXLE-ATD
Chambersburg, PA 17201

(Requests for classified documents must be submitted. with appropriate
“Need to Know” justification, to Letterkenny Army Depot.) DA activities
will not requisition Handbooks for further free distribution.

b. All other requestors, DOD, Navy, Air Force, Marine Corps, nonmilitary
Government agencies, contractors, private industry, individuals, uaiversities,
and others must purchase these Handbooks from:

National Technical Information Service
Department of Commerce
Springfield, /A 2215}

Classified documents may be released on a “Need to Know’’ basis verified by
an official Department of Army representative and processed from Defense
Documentation Center (DDC), ATTN: DDC-TSR, Cameron Station,
Alexandria, VA 22314,

Commeants and suggestions on this Handbook are welcome and should be
addressed to:

Commander

UGS Army Materiel Command
ATTN: AMCRD-TV
Alexandria, VA 22333

(DA Forms 2028, Recommended Changes to Publications, which are
available through normal publications supply channels, may be used for
comments/suggestions.)
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A timer is a programming device; its pur-
rose is to control the time interval between
an input signal and an output event or
eventst. There are four essential components
in all timers: (1) a start system that initiates
the programming action, (2) a power supply
that sustains the timing action, (3) a time base
or regulator, and (4) an output system that
performs the required operation at the end of
the desired time interval.

1-1 PURPCSES AND FACTORS AFFECT-
ING USE

In selecting the components of timing
systems, the designer must first determine the
purpose for which the system is to be used
and the factors influencing the selection of
componeats. Some of the factors to be
considered in the choice of the basic mecha-
nism are:

(1) Time Range. What timing intervals,
time delays, sequencing, and programming are
to be provided?

(2) Time Variation. Is the system to be
designed to provide a fixed time interval, or is
it to be variable? Is the time period to he
adjustable locally or remotely; manually or
automatically? What is the range of adjust-
ment which will be required?

*Principal contributors to this handbook were Gunther
Cohn, Joseph F. Heffron, Paul ¥. Mohrbach, Danicl J.
Mullen, Raymond R. Raksnis, Mclvin R. Smith, Ramic H.
Thompson, and Robert F. Wood. ’
fDistinct terms for timing systems and components are
defined in the Glossary.
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TIMING SYSTEMS AND COMPONENTS
INTRODUCTION
CHAPTER 1

THE NATURE OF TIMING SYSTEMS*

(3) Reliability. What reliability level is
required?

(4) Accuracy. What timing accuracy or
what repeatability is required?

(5) Safety. Must the timer be fail safe?
Must it reset after interruption?

(6) Power Source. Will the timec be pow-
ered by a spring, g-weights, battery, AC
mains, barometric pressure chaage, or other
means?

(7) Input Signal. What is the input signal?

(8) Output Signal. What is the output
signal? It is a mechanical motion; electronic,
digital, or analog?

(9) Environment. What are the environ-
mental extremes to which the timer will be
exposed, and in which it must operate?

(10) Cost. Will the cost of the timer be
compatible with the cost of the total system?

(11) Maintenance. Is maintenance or repair
required? If so, how can it be facilitated?

1-2 TIMER TYPES

The types of timer discussed in this hand-
book are listed in Table 1-1. When discussing
the various designs, timers are classified into
one of tne types shown depending upon the
method used to generate the time base.

1-1
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TABLE 1-1

.+ TIMERS DISCUSSED IN HANDBOOK

Handbook Orgenization
Intro-
ductory
Timer Type Part Chapters  Chapter
Precision Reference

Timers One 2-5 2
Electronic Timers Two 6-11 6
Mechanical Timers Three 12-16 12
Pyrotechnic Timers Four 17-21 17
Fluaric Timers Five 22-25 22

Miscellaneous Timing  Six 26, 27
Devices {Electro-

mechanical Timers,

Nuclear Time Base

Generators)

Each part (One to Five) in this handbook
begins with an introductory chapter that
contains detailed definitions pertaining to the
particular timer type, lists of advantages and
disadvantages, and discussions of specific mili-
tary applications, requirements, and auxiliary

equipment used. This same information is
contained in the two chaptets comprising Part
Six. Therefore, this generai introductory ma-
terial is not 1acluded in this chapter. Succeed-
ing chapters in each Part discuss system design
considerations, production techniques, pack-
aging, storing, and shipping procedures, and
component design details to the extent that
those topics apply to the particular timer

type.

1-3 RELATION OF ACCURACY, OUTPUT,
POWER, AND COST

General timer characteristics are listed in
Table 1-2. As a general rule, there is-a direct
relationship between the-accuracy of a timing
device and its output power and cost. Those
{iming devices that are most accurate, such as
the quartz crystal controlled units and the
cesium beam standards, are likely to have the
least output power and to be the highest in
cost. Those timers that have a lower order of
accuracy, such as the pyrotechnic delays and
the untuned-escapement mechanical timers,
are likely to provide more output power and
to be lower in cost.

TABLE 1.2

GENERAL CHARACTERISTICS OF TIMERS

Precision Electro-

Features Reference Electronic Mechanical Pyrotechnic Flueric chemical

Input to Voltage pulse Voltage Voltage or Voltage, flame, Fluid Voltage,

start mechanical or firing pin pressure chemical
release

Time bz Crystal or Oscillator Escapement, Pyrotechnic Oscillator Rate of
atomic motor, burning chemical

tuning fork rate veaction

Timerange 10 secto 10 to Seconds to 107 to 110 10° Minutes
years 103 sec days 10% sec sec to

days

Accuracy  1partin10°  :0.1% +5% to 1 £10% 1% +4-10%
to 1 part part in 10°
in10'?

Qutput Voltage pulse Voltage Mechanical Flame Fluid Chemical
or tine pressure, reaction, *
interval voltage voltage,

chemical

O
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1-4 MILITARY APPLICATIONS

All of the timing systems and components
discussed in this handbook are of interest to
tlie military. Many of th9 timers are com-
ponents of ammunition, fuzing, or ccntrol
devices. Particularly in fuzes. where delays are
crucial to safe and effective performance,
timers are almost always present. Timers and
time delay devices for various fuze types are
covered in different chapters, depending on
the type of timer used. Timers for most safing
and arming devices, being mechanical, are
discussed in Chapter 13. If information is
squght about a particular fuze in this hand-
book, it is best lccated through the Index.

Since this is a timer handbook, fuzes and
fuze explesive components are discussed here-

AMCP 706-205

in only to the extent that knowledge of their
operation aids the design of timing systems
and components. For design details of fuzes
and their components, see the following
references:

(1) AMCP 706-179, Engineering Design
Handbook, Explosive Trains.

(2) AMCP 706-210, Engineering Design
Handbook, Fuzes.

(?) MIL-HDBK-137, Fuze Catalog, Depart-
ment of Defense, 20 February 1970.
Vol. 1, Current Fuzes (U) (Confidential
report).
Vol. 2, Obsolete and Terminated Fuzes.
Vol. 3, Fuze Explosive Components (U)
(Confidential report).

1-3/1-4
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PART ONE — PRECISION REFERENCE TIMERS

CHAPTER 2

INTRUDUCTION TC PRECISION REFERENCE TIMERS

2-1 TIME STANDARDS

Timekeeping has two distinct aspects: de-
termination ¢f date (or epoch) and determina-
tion of interval. Date is concerned with when
an event occurred whereas interval is some
fixed multiple or fraction of the unit of time
and is independent of a starting point* *. For
measurement purposes, an accurate time scale
is set up so that, from a chosen origin point, a
constant it is laid off until the resuiting
scale extends over the interval of interest.

A system of time measurement requires
regularly occurring, uniform, periodic phe-
nomena as a reference base. Since man’s
earliest concern with time was linked with the
passing of the days and nights, a system of
time measurement =vclved that was based on
rotation of the eart}. The rate of the rotation
is determined by ineasuring the motion of
some point on the earth’s surface with respect
to some celestial oh,ect or position. It was
established that all time measurements based
cn the rotation of the earth are subject to
nonuniformity due to periodic and irregular
variations in the speed of rotation. These
variations are detectable and compensatable,
but the corrections, of necessity, must be
made after the occurrence of the event. Time

systems of this type are now known as’

rotational or nonuniform time whereas sys-
tems of measurement that are independent of
the earthly day are called uniform time. A
number of the time systems or standards of

*Superscript numbers refer to References listed at tiie end of
each claoter.

D RN

time which have been developed are described
in the paragraphs that follow.

2-1.1 APPARENT SOLAR TIME

The apparent solar day is the interval of
time between two successive lower transits of
the sun’s center over the same meridian,
where a meridian is defined as a great circle
passing through a given point and the two
poles. Hence, a meridian is the intersection of
aplane, through the poles and the given point,
with the surface of the earth?. A system has
been established of 24 standard meridians
originating in Greenwich, England, and spaced
every 15 deg about the surface of the earth.
This sy<tem is used for navigational purposes
and for time standardization. A lower transit
occurs at apparent midnight. However, due in
part to the fact that the earth’s orbit is
elliptical rather than circular and the orbital
plane does not coincide with the plane of the
cquator, the apparent solar days vary in
length.

2-1.2 MEAN SOLAR TIME

The system of mean solar time was devised
to overcome the problem of variable day
length. It is, however, actually based on
sidereal time. Each day is of the same length,
this length being equal to the average length
of all the days in a solar year. The effect is the
same as if the earth’s orbit were circular and
in the same plane as the equator. There is no
means of observing mean solar time directly;
nor can the apparent solar time be determined

i
4
l
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directly with adequate accuracy. In practice
sidereal time is observed, and mean and
apparent solar times are cairulated. The dif-
ference between apparent solar time, and
mean solar time varies approximately % 16
min in the course of a year. This difference is
known as the equation of time. It should be
noted that, while mean solar days are of
uniform length, they are approximately 4 min
longer than the period of the earth’s rotation®
with respect to a fixed star.

2-1.3 SIDEREAL TIME

The system of sidereal time avoids some of
the problems caused by the earth revolving
around the sun, seasonal and other changes,
and provides a convenient method of locating
celestial bodies. A sidereal day is defined as
the interval between two successive upper
transits of the vernal equinox over the same
meridian®. The vernal equinox is formed by
the intersection of the plane of the ecliptic
with the plane of the earth’s equator. This
intersection is also called the “First Point of
Aries” and is a fundamental reference point
for locating celestial bodies® . However, due to
the complex motion of the earth’s poles, the
vernal equinox does not remain fixed and
consequently the sidereal day is not only
somewhat shorter than the period of the
earth’s rotation but is also of variable length.
These effects are small, and suitable correc-
tions are possible.

2-1.4 UNIVERSAL TIME

Universal Time (UT) closely approximates
mean solar time but in practice is derived
from sidereal time which, ia turn, is deter-
mined from the meridian transits of selected
stars. Universal time is, therefore, a form of
rotational time and is subject to the attendant
irregularities. Over the years there have been
improvements in detecting and predicting the
variations in the earth’s rotation, and uni-
versal time has been revised accordingly.
Consequently there are now several suvdivi-
sions of this system®:

2-2

e e  ——— ————————————— o r o

(1) UT, — Universal time calculated di-
Jectly from observed sidereal time. This mea-
sure of universal time contains irregularities
due to polar motions as well 25 rotational
variations.

(2) UT, — Universal time derived by cor-
rections of UT, for observed polar motion.
However, irregularities due to variations in
rotation remain.

(3) UT, — Universal time derived by cor-
recting UT, for both observed polar motions
and extrapolated s¢asonal variation in the rate
of the earth’s rotation. This measure of
universal time is virtually free of nonuni-
formity due to periodic changes in rotation
but irregularities caused by irregular variation
in rotation are not wholly corrected.

(4) UTC — Internationally Coordinated
Universal Time (UTC) approximates UT’; and
is used as the basis for all civil time keeping.
As instituted on 1 Jan 1972, coordinated
universal time proceeds at the same rate as
atomic time (see par. 2-1.6) and differs from
the latter by an exact multiple of one atomic
second. Step changes in UTC of precisely one
second (leap second) are introduced on ! Jan
andfor 1 July when required to keep the
difference between UTC and UT, to less than
+ 0.7 sec. The time signal emitted bty the HF
standard time and frequency transmitters
(such as WWV) are coded to permit the users
of these signals to determine the difference to
UTC-UT, to within 0.1 sec.

2-1.5 EPHEMERIS TIME

Ephemeris time is based on the revolution
of the earth around the sun. It is obtained in
practice from observations of the motion of
the moon about the earth. In October 1956,
the International Committee of Weights and
Measures defined the second of ephemeris
time as the fraction 1/31,556,925.9747 of the
tropical year for January 0, 1900 at 12 hours
ephemeris time (January 0, 1900 = December
31, 1899)!. Since the unit of ephemeris time
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is taus of censtant length by definition,
ephemeris time is a uniform time scale.

2-1.6 ATOMIC TIME

When an electron makes a transition from
one energy state to another in an atom, it
absorbs or emits energy. The amount of
energy absorbed or emitted is equal to the
difference in the energy of the two states. If
the absorption or emission is in the form of
electromagnetic energy (photons), its fre-
quency js proportional fo the change in
eiectron energy. This means that an electron
making a given transition in a given atom
emits or absorbs a definite amount of energy
at a specific frequency. It is this particular
characteristic of atoms that serves as the basis
for atomic clocks®. The most extensively
developed atomic oscillator currently used as
a time standard ic the cesium beam resonator.
This device utilizes a specific transition of the
cesium atom. The frequency of oscillation has
been established, in 1956, as 9,192,631,770
cycles per ephemeris secend. Atomic time is
the time based on this transition. The inter-
nationally coordinated atomic time scale is
designated IAT. One second in the inter-
national svstems of units has been defined, in
1967, as the duration of 9,192,621,770 cycles
of this specific transition of the cesium atom.
The IAT second is thus equal to the ephem-
eris second to within the errors in the
determination of the latter. In the course of
observations extending over many vears, no
difference in the rates of the atomic vs the
ephemeris time scales has yet been found.
Except for a (constant) difference in the
origins of these two time scales, atomic time
and ephemeris time are thus synonymous.
From a practical standpoint, however, atomic
time has all but replaced ephemeris time
because of its vastly superior accessibility.

2-1.7 US STANDARD TIME

U S Standard Time differs from the inter-
naticmially coordinated universal time by an

AMCP 706-205

integral number of hours. The Master clock of
the US Naval Observatory, Washington,
D.C., determines Standard Time for the
United States. The master clock consists of an
atomic resonator, a quartz crystal oscillator,
and a clock movement. The Naval Observato-
ry determines universal time and ephemeris
time from astronomical observations, and
publishes data that enable one to obtain the
different kinds of time used in geodesy,
navigation, and scientific work. The various
clocks and frequency standards used in gen-
eration of signals for precision timers are
discussed in par. 3-1.

2-2 FREQUENCY STANDARDS

Time standards and frequency standards-

are based upon dual aspects of the same
phenomenon®. The reciprocal of time interval
is frequency. As a practical matter, a standard
of frequency can serve as the basis for time
measurernent, To avoid errors, when a fre-
quency standard is used to maintain time
(either interval or date) care must be taken to
reference the frequency to the time scale of
interest. If frequency is quoted in the units
“hertz”, the corresponding time interval will
be in seconds, the unit of time in the
international system of measure. The present
international standard is based on the transi-
tion of the cesium (Cs) atom as discussed in
par. 2-1.6. This Cs transition is also the
fundamental reference for a frequency mea-
surement. A Cs frequency standard consists
basically of a quartz crystal oscillator, a
synthesizer that tranclates the crystal fre-
quency to the Cs frequency, a Cs beam tube,
and a servo feedback loop that adjusts the
crystal frequency so that the synthesizer
output is always at the resonance frequency
of the Cs atoms. If the standard is operating
on the atomic time scale, one million cycles
of the 1 MHz cignal describe one second.

It is not necessary to have physical access
to an atomic frequency standard to obtain a
reference for accurate frequency measure-

2-3
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ments. A local crystal oscillator can be con-
trolled or monitored by suitable standard
frequency and time signal emissions, provided
these emissions are controlled by atomic
clocks at the transmitter.

A local frequency standard can be main-
tained to within one part in 10! or better by
comparison of its relative phase or time
difference to that of a received very low

- frg "ency (VLF) or high frequency (HF)
carrier’. Any one of a number of monitoring
systems may be chosen to make this compari-
son possible, depending on the degree of
precision required for the relative phase mea-
surement. For the greatest precision, the local
standard must have a low drift that is predict-
abler to within a few parts in 101° over several
days'. Averaging the time from days to
months may be required to obtain very high
accuracies.

Exceptions are the transmissions from the
Loran-C system (see par. 2-4.1(2)) if received
within about 1500 miles from the transmitter.
It is possible to transfer the stability of the
master clock that controls the transmission to
the local oscillator to within 1 X 10! on a
continuous basis, and averaging times are in
the order of 100 sec. Anyone receiving these
signals, which are ccntrolled by the US
Naval Observatory frequency and time stan-
dards, has access to one of the most precise
frequency standards avaiable. (Previous fre-
quency offsets —3 parts in 10° from a
nominal value of 100 kHz — in all standard
transmissions were abolished on 1 Jan. 1972.)

2-3 DISCUSSION OF REQUIRED PARAM-
ETERS

Several parameters are used to compare the
performance qualities of precision referzance
timers. Any discussion of this subject requires
a basic understanding of the following
terms® :

(1) Accuracy. The degree to which the
frequency of an oscillator is the same as the

24

frequency of .n accepted primary standard or
the degree to which the frequency of an
oscillator corzesponds to the accepted defini-
tion of frequsncy. The particular reference
standard or the particular definition of fre-
quency must be included in the statement of
accuracy.

(2) Reproducibility. The degree to which
an oscillator o1” a given type will produce the
same frequency from unit to unit and from
one occasion of operation to another. In
general, the dezree to which the frequency of
an oscillator 'may be set by a calibration
procedure is included within this definition of
reproducibility.

(3) Intrinsic Reproducibility. The degree
to which an oscillator will reproduce a given
frequency without the need for calibrating
adjustments either during manufacture or
afterward. This quality is a characte.istic of
an apparatus design and not a characteristic of
a resonance.

(4) Stability. The degree to which an
oscillator will produce the same frequency
over a period of time once continuous opera-
tion has been established. The specification of
a stability value requires a statement of the
time interval involved in the measurement,
and the complete specification constitutes a
functional rz2lationship for which the measur-
ing interval is the independent variable.

A frequency standard must provide a
stable, spectrally pura signal if it is to vield a
narrow spectrum 2fter multiplication to the
microwave region. The high signal-to-noise
ratio requirerents for quality communication
systems have been mxt by the specification of
narrow band widtls, which in turn require
stable narrow-band signals.

The quality of a precision quartz oscillator
usually is expressed in terms of long-term and
short-term stability. Long-term stability is
sometimes called aging rate and usually is
expressed in fractional parts per unit time, as

R e AT o]
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“3 parts in 10° per day”. It refers to slow
changes with time in average frequency. asis-
ing usually from secular changes in the resona-
tor or other elements of the osciilator. Short-
term stability refers to changes in average
frequency over a time span sufficieutly short
that long-term effects may be neglected.

(5) Spectral Purity. The spectral purity
expresses the same information in the fre-
quency domain as that expressed by stability
in the time domain. A very crude oscillator
will have a reasonably good spectrum at the
frequency of oscillation; but, with frequency
multiplication, the spectrum rapidly degrades.
It is, therefore, necessary to have an ex-
tremely well-defin-J spectrum at the outset
so that further multiplication into the micro-
wave region will maintain acceptable quality.
A simple way to improve spectral purity is to
put the osciliator signal through a narrow
band-pass filter before multiplication, or to
pnase lock a low noise osciliator to the
multiplied signal.

2-4 MILITARY APPLICATIONS
2.1 NAVIGATION, POSITION FINDING

During peacetime the navigaiion of a mili-
tary aircraft on a routine flight differs little -
from that of a similar nonmilitary aircraft.
However, some military operations require
high selective accuracy. Exaraples are a tanker
seeking to rendezvous with an aircraft it is to
replenish, a reconnaissance aircraft returning
to its carrier, a fighter providing close support
at front lines, an emergency supply aircraft,
or one seeking survivors in a lifeboat. In
additicr. many military missions re~irz a
passive system: to avoid betrayin~ one’s josi-
tion, and vulnerability to manmade distur-
bances (jamming) must be considered. Similar
conditions exist for a ship at sea.

Position finding or fixing is the determina-
tion of the position of the craft (a fix)
without reference to any former position. To

accomplish this with sufficient accuracy, one
must depend on available precision reference
signals:

(1) Loran. Loran (LOng RAnge Navige-
tion) was developed during World War II, at
the MIT Radiation Laboratory, tc provide
ships and aircraft with a means of precise
navigation. Basically, a Loran chain consists
of a master and two or more slave stations. A
pulse transmitted from the master station is
received via ground wave by a slave station,
which, in turn, transmits its pulse at a fixed
time later. This fixed time, known as the
ceding delay, is kept constant by monitor
stations that steer the chain. The time differ-
ence between receptiun of a master-slave
pulse pair determines a hyperbolic line; the
intersection of two such lines gives position.

Standard Loran, also known as Loran-A,
operates in the 2-MHz band”. Each station
transmits pulses of 45-usec duration, which
occupy a banc width of 75 kHz.

(2) Loran-C. Loran-C was developed to
extend Loran coverage with fewer stations.
The Loran-C system, a pulsed radio navigation
system is operated on a 100-kHz carrier by
the US Coast Guard, and offers a means for
precision transfer of time. Clock synchroniza-
tion to * 1 usec is possible within range of the
east coast Loran-C chain. All Loran-C stations
are now controlled by atomic clock standards
ana the emissions are monitored by the U S
Naval Observatory!. Table 2-17 lists the
locations of 30 Loran-C stations presently in
operation. Loran-C signals are usable for
ground wave reception to about 1500 km
landward, 3000 km seaward, and about
10,000 km skyward at reduced accuracy’.

Changes in Loran-C station emissions are
published in “Time Service Announcements”
published by the US Naval Observatory. Ref.
8 is a discussion of the means of using
Loran-C ana includes the possible sources of
erTor.
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Figure 2-1. Components of Airborne Air Traffic Control Equipment®+1°

24.2 AIR TRAFFIC CONTROL

In air traffic control, military aircraft may
use TACAN (Zactical Aircraft Navigation
System) navigation equipment. TACAN is a
military omnibearing and distance measure-
ment system using the same pulses and
frequencies for the distance measurement
function as the Standard DME (Distance
Measuring Equipment) system®. It is of the
polar-coordiate type, i.c., there is a bearing
facility that provides on the aircraft a meter
indication of its direction in degrees of
bearing from the ground beacon chosen by
the pilot. There is also a distance facility that
provides on the aircraft a meter indication in
nautical miles of its distance from the ground
beacon. Fig. 2-1'° shows the components of
aivborne  TACAN equipment such as the
AN/ARN-21. A crystal-controlled 4044-Hz
oscillator is used as a yardstick or time
reference. In essence, the time interval be-
tween interrogation and reply is measured in
terms of the correspending number of cycles
and fractions of a cycle of the 4044-Hz
reference wave. The crystal controlled oscil-
lator generates range markers that serve to
measure microsecond intervals for the ac-
curate measurement of distance!°.

2-4.3 COMMUNICATIONS

Modern military communication systems in
which frequency stability of the transmitting
and receiving equipment are supplied by a
stable clock or precise interval control include
synchronous digital transmission, switching,
terminal, and security equipment!?.

Military applications require operation un-
der severe environmental conditions, and
usually impose restrictions on size and weight
as well, particularly in airborne equipment. In
mobile systems, Doppler shifts and time
variations due to changing transmission path
lengths must be compensated for by either
automatic correction circvits or by inanual
readjustment of local equipment® 2.

As an example, Table 2-2'% summarizes
the present and future frequency control
requirements for SSB equipment. To obtain
these requirements, a high dcgree of fre-
quency-temperature stability must be ob-
tained for the crystal oscillator 2long with low
aging for the crystals and improvements in the
frequency synthesizers.

The TRI-TAC communication system is
pl»uned to provide the Armed Forces with
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TABLE 2-2
REFERENCE OSCILLATOR REQU!REMENTS!?

AR S LA I s s s kA T O N N
Epsespe R T —————= e g ot p

Futurs
ssh
Prescnt Secive
$SB Voice Voice
Af (Total) + 40 Hz +5H2
Af/Equipment +20 Hz +25Hz
Of (HF,30MHz)  [g7% 107 83X 10°®
. !
%(VHF, 76 MHz) 2.6 X 107 33X 10"
Temperature Range —40° 10 +75°C  —40° to +75°C
Tima {for 26 wk 120 wk
frequency re-
calibration) .

the capability of a fully tactical, automatical-
ly switched, digital, secure communications
network. Three methods for system synchro-
nization other than the master-slave relation-
ship are frequency averaging, independent
atomic clocks, and bit stuffing!*.

A new multifunction avionic system based
on the use of accurately synchronized clocks
at each terminal of the system has been
proposed! 5. The system must be synchro-
nized to the order of 10 to 100 nsec if range
accuracy of £10 to 100 ft is required. These
accuracies arc currently achievable, both.by
atomic frequency standards and by less ac-
curate crystal standards in systems where it is
practical to resynchronize the remote station
clocks to a common system time.

2-4.4 IFF (IDENTIFICATION, FRIEND OR
FOE)

Secondary radar, originally used during
World War II to identify friendly aircraft and
ships, was known as IFF. Each vehicle was
equipped with a pulse transponder that, upon
receiving a radar pulse, replied with a specially
coded group of puises. These puises, displayed
on a radar screcen next to the radar reply,
indicated that the reply was from a friend.
The pulse codes frequently weze changed to
guard against enemy use of captured eguip-
ment.

Secondary surveillance radar, or radar
beacon, is an updated version of this system.
Secondary surveillance radar uses equipment
on the ground to transinit an interrogation
signal to the aircraft that transmits a response
back to the ground station. If the transponder
in the aircraft is set to respond, it transmits a
signal to the ground equipment that is pro-
cessed and displayed on a radar screen. The
interrogation pulse groups consist of several
modes (Fig. 2-2%), the selection of which is
either controlled by the ground operator or
automatically selected in a mixed sequence.
Before the transmitter of the sirbore trans-
ponder will reply, the proper pulse pairs must
be received and processed within the trans-
ponder. The transponder reply codes are
shown in Fig. 2-3°. Two framing pulses
spaced 20.3 usec apart with 12 information
pulses between them provide the basic reply
code. Thus, the code system is capable of
producing 4096 different coded identification
replies. In addition to the information pulses,
a special position identification (SPI) pulse
may be used with any of the 4096 codes upon
request?.
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tdoce Application Pulse spacing (microseconds)
-3
1 Miltary (IFF)
b5
2 Mirtary (IFF)
e—28—]
3/A Mitacy/crnl (ATC) l |n I l
} 17
8 Civil (ATC) 1n
f 21
c Cvil (althude)
J1n ]
b~ 25
¥

D Crvil (unassigned) _J%

Figure 2-2. Interrogation Pulse Modes Used on
Secondary Surveillance Radar®s19

64 reply codes ,D‘ ﬂ J:-] ﬂ l JI—] q ﬂﬁ :
I ‘ I I i i 1 { i
I T O O
4096 reply codes i . ] T ] i 1 I I | 1 1 ] :
: ! | } l | i | ! | | 1 ] | |
[ I S T B 'R A T I S ]
Pulse spacing S T I N ! SN N TN R I Iss
9 4 7 1 : 4, . 7. 2 4,
(rrroseconds) (l) l'tS 2'9 I35 5'8 7.25 8' 16 13I05 I.S 15-95 l| 4 18I85 2(: 2 :
' T [ T S ! I I ;
T T A TR T T N A O S
identilication | ! ! ! J 1 1 ! Special postron
anthmetic value | l.o I(X'D 2[0 2‘{” ",0 ‘0‘00 l?o } 2?0 ? 4?0 ? . 1dgntification
' N T EE T N i O |
| [ [ i | ! I r | I |
! | ! | 1 | I 1 | ' | 1 ! { I
Pulse Framing C, A, Ca Ay Co A, 8, 0, 8, D, B8, D, Framing Special pouhon

nomenclaturs pulse pulse identification

Figure 2.3. Transponder Reply Codes Used on
Secondary Surveillance Radar®
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3-1 INTRODUCTION

Recent advances in the accuracy of time
keeping have been due largely to the out-
standing developments in precision clocks.
The modern quartz crystals and atomic clocks
attain a standard of precision considerably in
advance of the best pendulum clocks, and
their development has led to the elimination
of the pendulum clock in major time-keeping
observatories and in time service throughout
the world. Two types of motion have been
used to produce these clocks, viz., the
mechanical vibrations of quartz and the oscil-
lations of individual atoms® .

The most stable frequency standards are
the atomic clocks, specifically cesium beam,
rubidium gas cell, or hydrogen maser. Their
frequency stability is compared in Table 3-1.
Since the comparison is at constant ambient
conditions, it does not indicate at least one
other important factor, namely that the
stability of rubidium cells is affected much
more by the temperature than is cesium. The
cesium frequency standard has the highest
intrinsic reproducibility and frequently serves
as a primary standarg.

The family of quartz crystal oscillators
forms the secondary standards. The ivequency
stability of these osciliators varies, depending
on temperature compensation or control fea-
tures (see Table 3-1 state of the art as of
1971).

In additicn to these frequency standards,
the tuning fork is discussed in par. 3-3.
Tuning forks can be made in a package of C.7
in.? with a frequency stability of +0.001%
when controiled in an oven.

D T o S O

‘
)

AMCGP 706-205

CHAPTER 3

SIGNAL GENERATION SYSTEMS

3-1.1 DEFINITIONS

3-1.1.1 Ciocks

The quartz-crystal clock and atomic clock
are described:

(1) Quartz-crystal Clock. A standard
quartz clock is a precision time piece that
provides a series of electrical timing pulses at
intervals of seconds or tenths of seconds;
some applications require minutes o be
marked, or to indicate the particular time of
day. Most quartz clocks cmpley a crystal
designed to operate at a nominal frequency of
5 MHz although frequencies of 1 MHz, 2.5
MHz, and 100 kHz are also much in use.
Frequency division may be entirely electron-
ic, or electronic in the first stages and then
electromechanical®.

(2) Atomic Clock: An atomic -clock is a
precision time piece controlled by an atomic.
or molecular spectral line*. These small elec-
trical and magnetic vibrations are almost
wholly indenendent of normal external condi-
tions; and, because their frequencies are a
property of the atoms themselves, they are
identical for all atoms of the same kind.

In one of the most commonly used types
of atomic clocks, the atoms used are those of
cesium. However, many atomic clocks of
several different kinds now have been made
and are available commercially®. They enable
time intervals to be measured with an ac-
curacy approach 1 part in 10!'? time units or

0.1 usec per day. Clocks throughout the
i world can thus be synchronized to 1 usec.

3-1
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TABLE 31
CHARACTERISTICS OF ATOMIC AND QUARTZ CRYSTAL FREGUENCY STANDARDS ‘ 3
Frequency Stability
(one day, constant
Atomic Clocks ambient conditions) Volume
Cesium beam zX 1g73 800-2000 in,?
Rubidium gas cell 1072 80- 1500 in.?
Hydrogen maser 2X 10714 27 ft®
Frequency Stability
Over Temperature Range Power Corsumption, Volume,
Ouartz Crystalsé +10°¢ mW . in?
Crystal Qscillator 4.25 10-50b 0.25-3
Temperature Rangz
—55° 10 + 105° C 25
—-40° to+ 90° C 15
0°to+ 50°C 4
Temperature Compensated 0.1-10 35-100b 1-2.5 ‘
Crystzl Oscillator (TCXO}
--55° to + 105°C " 05-10
—40° 1o+ 75°C 0.3-10
0°to+ 50°C 0.1—1
Temperature Controlled
Crystal Oscillator 0.665-0.1 110 We 7-35
(Single Oven)
-55° to + 75°C 0.01~0.1
-40° 10 + 75°C 0.01-0.1
0° to + 50°C 0.005
Temperature Controlled
Crystal Oscillator
(Double Oven)
0° to +50°C 0.001-0.0001 5-15 we 1000-2000
2trom Ref. 2
Output Power = 1 mW
At lovwst ambient temperature
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3-1.1.2 Frequency Standards

A frequency standard is an atomic clock
that is used in frequency control because of
its greater precision and accuracy. Basic to the
choice of these atomic standards is their
unprecedented frequency stability. For in-
stance, the cesium and hydrogen atomic
standards require no other reference for cali-
bration. Three other devices that could be
used as frequency standards are (1) thallinm
beam, (2} ammonia maser, and (3) rubidium
maser. Atomic frequency standards operate
by one of two means: (1) by determining the
frequency corresponding to dipole inversion
in a beam of atoms, or (2) by defermining the
frequency corresponding to a transition be-
tween the energy levels of atoms in a fixed
sample.

3-1.2 PRIMARY STANDARDS

A primary frequency standard is one that
provides a frequency that is well-defined
without reference to any externa!l standard. In
all atomic frequency standards thcre are
means for (1) selecting atoms in a certain
energy state, (2) enabling long life times in
that state, (3) exposing these atoms to micro-
wave eneigy, and (4) detecting the results?.
Two primary standards that have reached a
high state of development are the hydrogen
maser and the cesium beam. The cesium beam
device uses passive atomic resonators to steer
high quality quartz oscillators via feedback
circuits. The hydrogen maser, an active de-
vice, derives its signal from stimulated emis-
sion of microwave energy amplified by elec-
tronic means to a useful power level.

3-1.3 SECONDARY STANDARDS

Secondary frequency standards are those
that must be referenced to an accepted source
such as a primary standard. Quartz crystal
oscillators are used widely as high-quality
secondary standards. The cesium beam device
makes use of slaved quartz crystal oscillators.

AMCP 708-20%

Another secondary standard is the rubidium
vapor standard. It is a secondary standard
because it must be calibrated against a pri-
mary standard during construction; it is not
self-calibrating®.

3-1.4 BASIC OPERATING PRINCIPLES
3-1.4.1 Quartz Crystal Clock

The resonant element of a quartz clock,
usually called the crystal, is a bar, plate, or
ring of quartz. To have it vibrate at a desired
frequency in a particular mode, it is cut to
certain dimensions and in a selected orienta-
tion to the various axes of the natural quartz
crystal. The resonator assembly includes
supports for the crystal and electrodes
through which energy is supplied to the
crystal to maintain the vibration using the
piezoelectric property of crystalline quartz.
The crystal is kept in oscillation by a main-
taining amplifier connected to the electrodes
of the resonator. The stability of the fre-
quency of oscillation and the uniformity of
the rate of the clock are primarily related to
the quality of the quartz resonator and to
characteristics of the maintaining amplifier,
its power supply, and associated environ-
mental controi components. For more in-
formation con quartz crystal oscillators, see
par. 3-2.

3-1.4.2 Atomic Clock

The cesium atomic beam uses the hyperfine
transition of the cesium atom. The atoms pass
through a system of magnets and are de-
flected away from a detector unless transi-
tions are induced by an applied field derived
from a quartz clock and alternating at the
spectral line frequency. Any deviation from
the spectral line frequency produces an error
signal that is applied to the quartz oscillator
to bring it back to its correct value. The
nominal value of the quartz oscillator is
usually 5 MHz and a fairly complex frequency
converter is rerjuired between the clock and
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the spectral line frequency®. Atomic reso-
nance devices are discussed in more detail in
par 34.

32 QUARTZ CRYSTAL OSCILLATORS

Crystalline quartz has great mechanical and
chemical stability, and a high mechanical Q
(which means that a small amount of energy
is needed to sustain oscillation). The piczo-
electric properties of quartz make it conve-
nient for use in an oscillator circuit. Stressing
of quartz and certain other crystals produces
an electric potential at the electrodes.
Conversely, placing each crystal in an electric
field deforms them a small amount propor-
tional to fivld strength and polarity. This
property is known as the piezoelectric effect.

In practice, a quartz resonator is mounted
between two electrodes, presently thin
metallic coatings deposited directly on the
crystal by evaporation. Mechanical support is
provided at places on the crystal so chosen as
to avoid, to the greatest extent possible,
inhibition of the desired vibration while
suppressing any unwanted vibrations. A
correct alternating voltage applied across the
crystal causes it to vibrate at a frequency such
that mechanical resonance exists within the
crystai. Details on the various shapes and their
modes of vibration are discussed in par. 4-2.
The various types of quartz crystal controlled
oscillators are discussed in the paragraphs that
follow. Cscillators for military equipment are
covercd by a military specification®. For
frequency stabilities, see Table 3-1.

3-2.1 GENERAL PURPOSE OSCILLATOR

The simplest crystal oscillator uses neither
te:nperature control nor temperature compen-
sation techniques (sec Fig. 3-1%). An ampli-
fier, either vacuum tube or transistor type, is
used with some degree of selectivity dcpend-
ing upon the type of crystal unii used. Degree
of isolation from the load is dependernt upon
the output requirements and amount of

34
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Figure 3-1. General Purpose Crystal
Contro!led Oscillator®

stabiljty required. In this case, the main cause
of instability is temperature.

Crystal aging or drift is only a problem
with this form of oscillator because it is smail
compared with changes due to temperature
and can be absorbed by periodic adjustment
of the circuit phase. For stability data, see
Table 3-1. More information is contained in
Ref. 7 and in a design handbook, Ref. 8.

3-2.2 TEMPERATURE COMPENSATED
CRYSTAL OSCILLATOR (TCXO)

To obtain better stability than that possible
with the basic crystal oscillator, TCXO can be
used?. This principle is shown in Fig. 3-26.
The increased stability, however, is at the
cxpense of added circuit complexity more
voluine, and higher power consumption. Fig.
3-3% shows a simple compensation circuit.
Frequency deviation of 1 part in 10® over a
temperature range of —30° to 60°C has been
shown possible with a 30 MHz overtone

TEMP SENS
REACTANCE

Figure 3-2. Temperature Compensated
Crystal Oscillator (TCX0)®
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AT-type unit. With more sophisticated design
of the sensing network, | part in 107 in the
temperature range —30° to 50° at 3 MHz has
been reported®. Fig. 3-4° shows the fre-
quency-temperature curve for an uncompen-
sated and, for comparison, a compensated 25
MHz crystal unit. A bibliography on TCXO’s
follows the references at the end of this
chapter.

Added circuit complexity for temperature
compensation consists of a varactor, a
thermistor-resistor network, and a voltage
regulator. The latter is added because
regulation of 100 or 1000 to 1 is needed,
depending on how good the vcltage source is
and the degree of frequency sta.ility needed
(see Fig. 4-1(B)).

The resistance of the thermistor-resistor
network is temperature sensitive so that a
voltage which is a function of temperature is
supplied to the varactor. This voltage
variation changes the capacitance valuz of the
varactor and thus the load capacitance of the
crystal. This load capacitance change varies
the crystal oscillator frequency in a predeter-
mined manner to compensate for the crystal
frequency-temperature variation. Depending
on the stability desired, the reactance change
of the varactor also must compensate for
temperature-induced changes of the voltage
regulator, active device, circuit elements, and
buffer amplifiers. The choice of values in the
thermistor-resistor network is quite compli-
cated and usually requires computer cptimiza-
tion techniques to determine the network
parameters.

THEARISTOR CRYSTAL

o .
T 0

oc = HF OUT
- VARASLE
CAPACITANCE
DHO0E
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Figure 3-3. Temperature Compensation
Circuit$
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Figure 3-4. Effect of Compensation on the
Frequency of a 25-MHz Crystal Unit®

The best angle of cut for the crystal
depends on ihe stability needed and the
temperature range. A compromise must be
reached beiwcen the crystal with a more
linear frequency-temperature slope between
turning points with its greater frequency
change and the crystal with. a smaller
frequency change but a more nonlinear slope.
The more linear slope is easier to compensate
but it must be compensated more precisely
because of the larger frequency change.
Another consideration is the location of the
turnover points because synthesis of the
compensating reactance is simplified when
only one turn-over occurs in the temperature
range of interest.

To obtain good frequency stability as a
function of temperature, especialiy under
temperature transient conditions, it is neces-
sary that good thermal tracking exist among
the crystal, varactor, and thermistors. If
thermal gradients exist among these compo-
nents, a large frequency change —on the
order of a few parts in 106 — can take place
under transient conditions. Also, the crystal
unit exhibits transient behavior during tem-
perature change, due to thermal gradients

3-5
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within the quartz plate that can be as large as
a few parts in 10%® for rapid temperature
changes.

The TCXO exhibits good frequency accura-
cy from turn-on because all components are
at the same temperature whether power is
being supplied or not and the slight
temperature rise due to turn-on has only
minimal effect on frequency. In certain
applications this feature is of major impor-
tance.

The aging of a TCXO is dependent
primarily on the crystal and presently is
between 5 X 108 /wk to § X 10°/wk for
the fundamental mode units used. When
dealing with the TCXQO, as with the oven
crystal oscillator discussed in par. 3-2.3, the
overall frequency tolerance that can be
expected is arrived at by adding the aging,
over whatever time period is applicable, to the
frequency-temperature stabiiity. For instance,
the 5 X 1077 frequency-temperature stability
coupled with an aging of 1 X 1078 /wk gives an
overall frequency tolerance of 1 X 107 for 1
yr.

3-2.3 TEMPERATURE CONTROILLED OS-
CILLATOR

For applications calling for a stability
better than that obtainable with a TCXO, a
temperature controiled crystal oscillator
(oven oscillator) must be used?. The ovens
used are of two gencral types — thermostati-
cally controlled and propertionally con-
trolled. The thermostatically controlled oven
uses a bimetallic or mercury thermostat to
sense the temperature and supplies heat to the
oven on an ‘“‘on-off”” basis. This gives simple
control but normally is restricted to less
precise frequency control and therefore is not
covered here. The proportionally controlled
type uses a resistance temperatur2 sensor and
by bridge circuitry supplies hcat on a
continuous basis. This results in better
temperature control, thus higher precision
fraquency control.

3-6

The improved stability over the TCXO
requires more space and considerably higher
power consumption. In addition, there is
added circuit complexity over the basic
crystal oscillator (see Fig. 4-1(C)). The oven
circuitry is composed of a resistance bridge,
amplifier, transistor controller, and heater
winding. A voltage regulator and multistage
buffer amplifier are used and an automatic
gain control circuit is needed to keep the
crystal drive constant. One arm of the
resistance bridge is the sensor, a speci.lly
wound resistor or a thermistor whose
resistance value is a function of temperature.
Any temperature change in the oven is
detected by this sensor resulting in bridge
unbalance. The bridge voltage output is
amplified and operates on the transistor
controller, causing more cr less current to
flow through the heater winding, thus
regulating the temperature. There should be
good thermal coupling between the sensor
and the heater winding on the oven shell so
that high loop gain may be employed. The
oven structure should be well insulated, and
possess large heat capacity, to keep the rate of
change of temperature at a minimum.
Without good thermal coupling the tempera-
ture at the crystal oscillator will vary
considerably, due to heaiing of the control
circuit, resulting in poor frequency stability.
The operating temperature of the oven can be
ckanged by varying the value of one resistor
in the bridge circuit. This changes the balance
point and thus the operating temperature. A
well-designed single stage oven will give 0.1
deg to 1.0 deg C temperature stability over a
wide ambient range.

Insulation is used in the oven around the
components to keep heat loss low and to
minimize temperature gradients within the
chamber. Generally, the gradients are propor-
tional to the power used in the heater. The
best insulation is a vacuum and the normal
way to achieve this is through use of a double
wall dewar flask. A less expensive and more
rugged method is the use of foam material;
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however, heat loss is greater than in the
evacuated case.

The operating temperature of the oven
must be higher, usually by 10 deg to 15 deg
C, than the highest ambient temperature
expected. The actual cperating temperature
of the oven must be adjusted to correspond to
the turn-over temperature of the crystal being
used in that oven.

In order to realize the best frequency-
stabilitv performance possible with crystal-
controlled oscillators, double-oven ‘empera-
ture stabilizing techniques are employed
essentially to eliminate the effects of ambient
temperature changes on the frequency of
oscillation. A single, carefully-designed pro-
rortionally controlled oven can maintain an
ambient ratio of the order of 500:1 (i.e.,
internal temperature change of 0.1 deg C for
an ambient range of 50 deg C). Consequently,
placing cne such oven completely within
another of similar capability will result in an
overall ambient ratio of the order of 2.5 X
10%:1 (about 0.0002 deg C variation for a 50
deg C change in ambient). As a result,
frequency changes caused by ambient temper-
ature changes are reduced to be of the order
of 1 X 10712 /deg C, or even less.

Jf the best available overtone-mode crystal
units (i.e., fifth overtone, S MHz) ase used in
oscillators of this type, and corresponding
care is observed in the design of a buffer
amplifier, voltage regulator, etc., the effects
of other ambient influences such as supply
voltage and load impedance can be made to
be of the same order as the effects of
ternperature, with the result that crystal-con-
trolled oscillators are available whose output
frequency will remain stable within 1 X 1071}
due to all causes — except shock vibration and
static accelzration — for periods of a day or
longer.

In order to achieve stability of this order,
the temperature control and voltage regulator
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circuits usually are placed inside the first, or
outer, temperature-stabilized enclosure along
with the RF buffer amplifiers. The crystal
unit and oscillator circuit are placed within
the second, or inner, oven enclosure.

For proper operation of a two-stage oven
system, the outer enclosure must be main-
tained at a temperature somewhat above the
highest ambient temperature to be en-
countered, and then the inner enclosure must
be held several degrees above the temperature
of the outer oven. This necessarily requires
that the turn-over temperature of the crystal
unit used in such an oscillator be controlled
carefully in manufacture since the operating
point of the inner oven must be adjusted very
accurately (within about 0.1 deg C) to the
turn-over temperature of the crystal. For
example, if an ambient range of 0° to 50°Cis
specified, the operating temperature of the
outer oven would be chosen in the range of
60° to 65°C, and consequently the crystal
units should be specified to have turn-over
temperatures in the range of 70° to 75°C.

An oven stabilized osciliator is not on
freguency immediately after turn-on because
the over must warm up to its operating
temperature before the crystal can be
stabilized at the turnover point. To obtain a
fast warmup characteristic, a separate warmup
heater and associated on-off thermostat are
used. A large amount of powes is used for a
short time in the warmup heater, thus heating
thc chamber quickly. The thermoorat wiii cut
off a few degrees below the desired operating
temperature where the proportional control
takes over. Warmup times of 5 to 30 min,
from lowest ambient, are normal with a
power dissipation of 440 W during this
warmup time.

3-2.4 OSCILLATOR FCR SEVERE ENVi-
RONMENT

Phase coherence and spectral purity are
very important for stable frequency sources
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subject to high shock and vibration in missile
and space applications. Fig. 3-5¢ illustrates the
use of an oven to obtain the thermal stability
required. Particular attention is paid to the
mounting material which is often foam. Since
the environmenrt requires a rather rigid
support, the g forces are transmitted to the
crystal vibrator which results in a frequency
shift. The rigidity of the support relaxes with
time and contributes to a high aging rate. For
frequencies of 10 MHz and up, stability of the
order of 1 part in 10'? per g is possible if the
shock and vibration frequencies are less than
the resonant resonance of the crystal
mounting system. Static acceleration causes,
as a rule of thumb, a relative frequency
change of roughly 2 X 10™ per g when the
acceleration vector is in the worst case
direction. Less than 1 X 107'° per g is
possible if the crystal unit can be oriented
precisely in the acceleration field. It has been
shown that the triple-ribbon supported
vibrator in the TO-5 transistor enclosure has
been found suitable for this class of service®.

3-2.5 PRECISION OSCILLATCORS

For the greatest stability and lowest drift
rate, careful attention must be given to the
oscillator circuit and the highest precision
crystal unit must be used. Fig. 3-6° outlines
the necessary controls thct must be used and
is typical of most precision oscillators on the
market today. A double oven with propor-
tional control is used to hold the temperature
constant and to ensure that no gradients exist
in the quartz plate (see par. 3-2.3). One factor
governing the stability of a crystal unit is that

|T_HERMI\L STABILIZER

Figure 3-5. Oscillator for Severe
Environments$
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Figure 3-6. Precision Crystal Controlled
Oscillator®

of amplitude of oscillation; therefore, a large
amount of feedback is used in the amplifier
and in the automatic gain control to maintain
a constant level of the oscillator signal. An
oscillator using the 2.5 MHz fifth overtone
crystal unit design has an average daily drift
rate as low as a few parts in 10'°, and after
three weeks of operation, the aging is less
than 10™ Hz per wk®. Design criteria for the
various crystal oscillators are discussed in par.
4-2.

3-2 TUNING FORK OSCILLATORS
33.1 APPLICATION

The tuning fork can be said to be one of
the oldest vibrating devices used for fre-
quency control. Tuning forks are not used in
new military equipment because crystals are
more stable. The only application is ia
situations where cost is of prime importance.
Forks are much cheaper. They have been used
inn such devices as precision clocks, reference
clocks in computers, navigation systems,
satellite timers, and central timekeeping
systems. One of the preblems in its early
application was keeping the fork vibrating.
Ideally, the pickup and drive device for
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maintaining vibrations should be loosely
coupled to the fork. Present practice uses a
magnetic transducer for both pickup and
drive fu._ctions.

The transducer consists of a magnet inside
a coil located close to the tine of the fork.
Changes in flux, due to the vibration, produce
a signal in the pickup coil. Conversely, a signal
applied to another transducer, alsc located
near the tine, will maintain motion. An
adequate amplifier connected between the
two will cause the fork to vibrate at the
proper frequency. Typical gains required of
the amplifier are 10 to 50 dB depending on
fork design!?.

3-3.2 NONTEMPERATURE CONTROLLED
OSCiLiLATOR

As a standard oscillator, a fork vibrates at
its fundamental, or lowest, resonant fre-
quency. By the positioning of the drive and
pickup coils, and by control of the oscillator
amplifier phasing, a tuning fork can be made
to oscillate at its second partial resonant
frequency, about six times the fundamental
frequency. At the higher mode, the tuning
fork exhibits a Q and a frequency stability
similar to those at its fundamental frequency.
Present forks have Q’s of 15,000 to 23,000 in
vacuum, and a temperature coefficient of
frequency in the range of 1/5 to 1/3 ppm/deg
C from ~20° to 50°C.Fig. 3-7!! shows the
modes of the fork motion when oscillating
both in its fundamental and in its first partial
mode.

33.3 TEMPERATURE CONTROLLED/
COMPENSATED OSCILLATORS

To help alleviate the effect of temperature
on frequency, alloys such as Ni-Span,
Vibraloy, Nivarox are used to produce low
ternperature coefficients. These alloys are
heat-treated to adjust the coefficient. For
close coefficients over wide temperature
ranges, heat {reating is not consistent enough
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Figure 3-7. Tuning Fork Vibrations

to allow the use of alloy forks for general
apuolications.

The most vractical present method of
compensation is the use of a bimetallic fork
made of a laminate of a positive coefficient
Elinvas alloy and a negative coefficient steel
alloy. The coefficient then can be adjusted by
grinding one laminate or the other.

Another method to correct the tempera-
ture coefficient problem is to use an oven. In
this method, the fork is enclosed in a
proportional oven controlled by vacuum
tubes or transistors. At the present time,
temperature versus frequency tolerances of
£ 0.02% over the militarv temperature range
and % 0.001% in the room temperature range
are readily achieved!®.

3-3.4 EFFECTS OF OTHER ENVIRONMEN-
TAL FACTORS ON STABILITY

One of the environmental factors is fork
attitude. A fork with tines down runs faster
than one with tines up due to the effect of
gravity. Of all frequency instruments, forks
are the most susceptibie to shock and
vibration. Various metheds to compensate for
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this include driving both tines with the coils
between the tines, having an internal stud
mounting in place of an extermnal stud, and
using foamed materials or damped springs.

Forks are subject to aging just as crystals
are. Aged forks usually increase in frequency.
Prescaking fork assemblies at moderately high
temperatures provides a quick “‘aging” process
so that a unit can be made compatibie with its
end use. In instances wherz precise adjust-
ments are required, the frequency can be
adjusted with a phase control. Variations up
to 200 parts in 10® are practical and more
than enough to compensate for future aging.
For design details of tuning fork oscillators,
see par. 4-3.

34 ATOMIC RESONANCE DEVICES
. 34.1 ATOMIC ACTION

Atoms are capable of existing in several
different energy states that are the result of
different energy relaticnships between the
various cecmponents of the atom. The atom
can switch about among the different energy
states permitted to it, but to do so it must
absorb or emit energy. The relationship of
major interest, as far as aiomic resonators are
concerned, is that between the nucleus of the
atom and its outermost or valence electrons.
The magnetic moment of these electrons may
be aligned either with or against the magnetic
field of the nucleus depending upon the
direction of spin of the elections. It is these
two possible alignments that constitute the
hyperfine energy differences in the ground
state of the atom of concern here.

If a magnetic field of pioper frequency is
applied to the atom, the magnetic moment of
the electron can be induced to switch its
alignment relative to the nuclear magnetic
field. Electrons in the lower of the two energy
states absorb energy and switch to the higher
state; electrons in the higher states are

3-10

stimulated to switch to the lower state by the
applied field, but in doing so they emit rather
than absorb energy. The emitted energy is of
the same frequency as the stimulating field.
The frequency of the magnetic field required
to cause alignment transitions is related to the
magnetic moment of the electron, the spin of
the electron, and the magnetic field of the
nucleus.

It should be noted that any quantity of
atoms will have approximately equal numbers
in each of the possible hyperfine levels of the
ground state. If an RF magnetic field is
applied, transitions from the lower level to
the higher level will approximately equal
those in the opposite direction. The RF
energy absorbed will equal the energy emitted
and there will be no sensible indication that
the transitions have taken place. It is
necessary, therefore, to work with a group of
atoms that are preponderantly in only one of
the two possible states. There are various
means of achieving this condition; the means
being suited to the particular type of
resonator in question (see par. 34.2.1).

Transition frequencies are the same for all
unperturbed atoms of a given substance, and
the band width over which the transitions
occur is quite narrow. It is this reproducibility
of frequency from atom to atom, along with
the extremely sharp resonance (Q =100
million) that has led to the development of
atomic resonators as precision time keeping
devices.

There are basically two methods of using
atomic resonators for time or frequency
control: viz., as passive resonators or as active
resonators. The passive resc;.:ior is used to
determine and control the frequency of an
applied RF magnetic field. Active resonators,
on the other hand, actually generate an RF
signal from the energy emitted by the atoms
undergoing transition.
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3-4.2 PASSIVE RESONATORS
3-4.2.1 Atomic Beam Resonators

Atomic beam resonators, as the name
implies, make use of atoms or molecules of
various substances in the form of a beam. This
beam, under proper magnetic manipulation, is
employed as an extremely precise frequency
determining element. The most extensively
developed form of beam resonator is the
cesium beam, which is the international
primary time standard. Considerable work
also has been done on the thallium beam. The
operation of the various atomic beams is quite
similar and, therefore, only the cesium beam
is discussed.

The cesium beam resonator consists essen-
tially of a source of cesium!33 atoms,
focusing magnets, a transition chamber, and a
detector. These components are enclosed in a
magnetically-shielded vacuurn envelope and
are arranged as shown in Fig. 3-8' ®. There are
two fundamental functions to be performed
within the resonator: (1) isolation of the
particular atoms that undergo the desired
transiticn from one energy level to another,
and (2) effecting and detecting the transition
itself.

When the RF generator that supplies the
energy to the transition chamber is tuned for
maximum detector output, its frequency will
be precisely the transition frequency. For a
cesium beam the exact frequency is
$,192,631,77C Hz or. as the second is
defined in terms of the cesium beam, it may
be more correct o say that 9,192,631,770
cycles of the cesium beam oscillator equals
one second of ephemeris time!3. The band
width of such a device is approximately 250
Hz.

3-4.2.2 Gas Cell Resonators
The operation of gas cell resonators, like

that of atomic beam resonators, is based upon
a hyperfine transition of atoms of certain

AMCP 706-205

alkali metals. The most extensively developed
type of gas cell employs rubidium37.
However, gas cells have been constructed
vhich use atomic hydrogen, sodium?3 or
cesium! 33, Operation of these cells is similar
to that of the rubidium cell. The means used
for changing the energy states of the atoms in
gas cells is called optical pumping!*4.

A passive resonator generally employs a
relatively low-frequency crystal oscillator as
its primary source of RF energy. This
oscillator is variable over a limited range, and
the center frequency is usually a integral
number of kilohertz or megahertz. Frequency
multipliers and synthesizers are used to raise
the oscillator frequency to that required to
effect the decired transition. An alternate
method is to operate the crystal oscillator at a
submultiple of the transition frequency and
use the synthesizer to obtain the desired
standard frequency from the crystal oscilla-
tor. In either case, the signal applied to the
atomic resonator usually is phase modulated,
and a synchronous detection network is
inicorporated in the oulput circuit of the
resonator. In this manner an error signal is
generated which is applie.. as a correction to
the crystal oscillator. The entire system is, in
effect, a servo controlled oscillator with a
highly specialized frequency determining
element. Circuit parameters are such that for
very short times the frequency stability is that
of the crystal oscillator and for long times
that of the atomic resonator. Time, in this
case, is relative to the response time of the
servo 1oop.

3-4.3 ACTIVE RESONATORS
3-4.3.1 Masers

A maser is an atomic or molecular device
that is capable of coherent amplification or
generation of electromagnetic waves. The
masers employed in precision timing applica-
tions are generally of the gaseous type and are
operated as oscillators. These oscillators
depend for their operation upon the energy

3-11




Downloaded from http://www.everyspec.com

RS e A

S5 AW

vy T T —————
b rserom e NSRRI R

gy

§AE ST A A T

AMCP 706-205

RAMSLY EXCITATION SYSTEM

e EwTT———
T e o G BT Gy AL AL
vt {1t -

e e e v =

i ot SECONO CESM
‘{?iﬁ‘ (J.\:n' 4 n«;\ canry ng-s 100 maTE
) 7 v m
0 LAry
1 2 f — Y 11 Lo
5 [ : ] J_\,
- HOT wirt
——— “""‘:IL i _________ 1L et __NMLLE-GS
e d I T z (
] > 1 ~229 —10u3
N o }
/v \ f—
- 4 SMALL STEADY 1115 15 ARLALS ISASSH CLectaon
Yo it TO MANTAG ALIGAOFNT OF CLS A ATOWS TR
AN SELO)

LS otAN

%

2

SLCTION OF PO E PRCEIS OF
AT MRS 8T maCMLTS

COLLIMATING
st & NOTL CLGRM BEAM ATPARATUS OPCRATES
Wl AXS VERTICA, TOP PLATE U

Figure 3-8. Cesium Atomic-beam Frequency-standard Apparatus

emitted by atoms or molecules undergoing
transitions from a higher to a lower energy
state. They, therefore, require a continuous
supply of atoms or molecules in the desired
energy state which may be provided either as
a constant stream of selected atoms as in a
beam resonator or by optica! pumping asin a
vapor cell.

The most extensively developed maser
oscillator for timing or frequency control
application is the atomic hydrogen maser. It
consists essentially of a source of atomic
hydrogen, a sclecting magnet, a storage
chamber, a resorant cavity, a vacuum
envelope, and magnetic shields. The compo-
nents are arranged as shown in Fig. 3-915,

The hydrogen maser requires a continuous
stream of hydrogen atoms in the higher
energy level of the hyperfine state. These are
provided by passing molecular hydrogen
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Figure 3-9. Schematic Diagram of the
Hydrogen Maser* S
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through a dissociator that separates the
molecules into atoms. The atoms then are
passed through a focusing magnet that directs
atoms in the desired state into a storage bulb
while rejecting atoms in unwanted <:ates.

Atoms entering the storage bulb are
confined inside for a brief period before they
can escape through the entrance. During this
period some of them will emit energy
spontaneously and make the transition to the
lower energy stzate. The energy emitted will
stimulate still more atoms to undergo
transitions and these, in turn, will release
more energy. When the resonaut cavity is
tuned to the frequency of the emitied energy,
the occurrence of the transitions will be
pulled into phase with the electromagnetic
wave in the cavity. If enough transitions take
place to provide sufficient cnergy to over-
come the losses in the system, oscillation will
occur at the transition frequency. A coupling
loop in the cavity allows a small amount of
power to be drawn from this oscillation
without seriously disturbing the system. The
resonant frequency of the cavity is adjustable
over a small range so that it can be tuned
precisely to the transition frequency.

3-4.3.2 RF OQutput of Masers

Masers of the iype used for trequency
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control do not generate very large amounts of
power. Also, to avoid shifting the frequency
of the maser by variable loading, the output
coupling must be kept low and isolation of
the output circuitry must be provided. Useful
output signal is thus reduced to a very low
level. Higher level signals can be produced by

AMCP 708-205

phase locking the output of the maser to the
signal from a precision crystal oscillator.
Heterodyne circuits and frequency synthe-
sizers are used to convert the maser output to
the crystal frequency. In this manner an
integral frequency at a power of several
milliwatts is obtained.
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4-1 INTRORXUCTION

There is a continuous demand for increased
precision and accuracy in frequency control.
Today fa:t time pulses are used in radar,
precision navigation systems, velocity mea-
surement, guidance of fast-moving aircraft
and missiles, and rating of ship and shore
frequency standards. Microsecond synchroni-
zation of clocks for periods of 24 hr or more
at a number of range stations is necessary for
accurate determination of missile velociiy.
Standard oscillators that are used to control
clocks at remote points must not vary in
frequency more than 1 part in 10!® per day.
Similarly, accurate synchronization of preci-
sion frequency standards ashore and afloat is
essential to operation of single side band
cominunication systems. The general theory
of signal generation applicable to basic
reference timers is described in the paragraphs
that follow.

|
4-1.1 GENERAL THEORY l
Three oscillator types used for the;
generation of frequency signals in basic.
reference timers are (1) quartz crystal
oscillators, (2) tuning fork oscillators, and (3)
atomic frequency standards. Each one has a
special characteristic that is used for gener-
ating a constant frequency signal. In the
quart2 crystal oscillator, it is the mechanical
vibration of the crystal; in the tuning fork
oscillator, it is the mechanical vibration of the
fork. Atomic frequency standards use transi-
tions between states separated by energies
corresponding to microwave frequencies (see
pars. 3-2 to 3-4).

AMCP 706-205

CHAPTER 4
BASIC DESIGN CRITERIA FOR SIGNAL GENERATION

For a device 1o be used by a basic reference
timer, its frequency must possess great stabil-
ity and low drift rate. For a precision quartz
crystal oscillator to possess these character-
istics, detziled attention must be given to the
design of the oscillator circuit and to the
selection of a quartz resonater!. Tuning fork
oscillators that are hermetically sealed and
temperature compensated can be produced to
operate in the frequency range of 400 to
1000 Hz and also at 50-60 Hz. With respect to
atomic frequency standards, the controlled
rubidium gas cell oscillator is the most
compact, has a high degree of short-term
stability, and a long-term stability sufficiently
adequate for a wide range of applications. By
virtue of the fact that cesium beam oscillators
have a very high degree of long-term stability
and the important property of intrinsic
reproducibility, they qualify as primary
frequency siandards. Even though the size
and weight of the cesium beam oscillators are
greater than a rubidium gas cell, these
instruments are portable. The atomic hydro-
gen maser has the highest degrees of
short-term and long-term stability as well as
intrinsic reproducibility when compared with
available atomic oscillators. Its size, weight,
and cost, however, are also greater?.

Time standards and frequency standards
are related. A standard of frequency can serve
as the basis for time measurement, and vice
versa, with certain restrictions. To avoid
errors when a frequency standard is used to
maintain time, either interval or epoch, care
must be taken to identify the time scale of
interest; i.e., atomic, UTC sidereal, etc.?.

If a consistent local system of time and
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frequency standards is to be maintained, the
standards must be intercompared. Further, if
a local system is to be kept in correspondence
with national standards, a reference must be
established and maintained. Radio broadcasts
from frequency and time standard stations are
used most often as the link to keep this
reference. The various systems that may be
used for synchronization and the test
methods used in these systems are discussed
in par. 5-3.

4-1.2 COMPONENTS AND CIRCUITS

Most crystal-controlled frequency stand-

ards are composed of the following compo-
nents!:

(1) A control element, ie., the quartz
crystal unit

(2) A pzgative resistance element, i.e., the

oscillator circuit using vacuum tubes or
transistors

(3) A thermostat or temperature-control
device to keep the frequency control element
and other circuit elements at constant
temperature

(4) Suitable frequency dividers or other
means for producing lower output frequencies

(5) Integrating devices, such as clock
indicators

(6) A suitable power supply.

The circuits used in guartz crystal oscilla-
tors are shown in Fig. 4-1*. The basic circuit
of Fig. 4-1(A) is relatively simple. For
temperature compensation (Fig. 4-1(B)), the
added circuit complexity is shown in heavy
lines. Additions consist of a varactor,
thermistor-resistor network, and voltage regu-
lator (see par. 3-2.2). For temperature
control, shown in Fig. 4-1(C), oven circuiiry

is added, again shown in heavy lines (see par.
3-2.3).

42

The atomic resonance of cesium and
rubidium is uszd in a passive sense to control
the frequency of quartz crystal oscillators
through the action of electronic feedback
circuits. Fig. 422 shows a basic block diagram
of an atomic resonator-controlled oscillator
while Fig. 4-3% shows a complete hydrogen
maser standard. Design details of the compo-

nents and circuits are covered in pars. 4-2 to
44,

42 QUARTZ CRYSTAL OSCILLATORS
42.1 QUARTZ CRYSTAL UNITS
4.2.1.1 Vibration Types

It has been stated that the type of motion
used in signal generation in the quartz crystal
oscillator is the mechanical vibration of the
quartz crystal itself. Fig. 4-4° illustrates the
various modes of motion that are used in
practically all crystal units on the market
today. Quartz bars or piates are used in the
flexural, extensional, and shear modes of
motion to cover the frequency range from a
few hundred hertz to over 200 MHz. In order
to obtain the best characteristics, particularly
as a function of temperature, certain orienta-
tions have been developed with respect to the
crystallographic axes as shown in Table 4-15.

All of the high frequency units listed are
excited by an electrical field that is
perpendicular to the major surfaces of the
crystal. In A and B vibrators, an electric field
perpendicular to the major surface usually is
used to couple to the thickness shear mode.
To do so, the electrodes are deposited on the
central portion that is the principal frequency
determining part of the quartz plate. When
the resulting two-terminal resonator is con-
nected into a circuit, it behaves as though it
were an electrical network. It it so located in
the oscillator circuit that its equivalent
electrical network becomes a major part of
the resonant circuit that controls oscillator
frequency. At present, AT-cut plates vibrating
either in their fundamental mode or in one of
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Figure 4-2. Basic Diagram of Atomic Resonator Controlled Oscillator?
their mechanical overtones are being used 4-2.1.2 Enclosures
almost exclusively for frequency standards®.
The quartz plates have a plano-convex shape, The performance of crystal vibrators is
are polished, and carry electrodes that are controlled largely by the type of mounting
applied by vapor deposition. systtm used and its enclosure. Types of ‘
holders in curreat use are shown in Fig. 4-55. i
The attainment of a high Q and low aging is Holders HC-6, HC-13, and HC-18, with crystal !
possible by use of meticulous care in the vibrators listed in Table 4-1, can be used to {

preparation of the crystal unit. Aging rates
of 2 X 107 per wk and less, and Q values of
1.5 X 10% to 2 X 10% for 5-MHz fifth
overtone plano-convex units are attained
commercially in reasonable quantities for
oven ccntrolled use. (For a definition of @,

cover the frequency range from a few kHz to -

200 MHz. This type of holder is sealed to the
base by soldering. To eliminate the resulting
contamination, all-glass holders of the HC-6
and HC-18 dimensions were developed.
Designated as HC-26 and HC-27, they are

see par. 4-3.1.2.) used principally in the high-frequency, thick-

MDROGEN MASER L4230 404732 MHs
MASTER OSCILLATOR "7!“‘

3 000,000.000MHz {gneautmcy
pntssuzeel 20 405752 MH2

PHASL CONTACL SMmAL |

SLAVE
[t

Figure 4-3. Complete Hydrogen Maser Frequency Standard*
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(A) Flexure  (B) Extensional
Mode Mode

(C) Face Shear Modes

=7 =’

(D) Thickness Shear Modes

Figure 4-4. Basic Modes in Quartz
Crystal Vibrators®

ness shear crystal units?. For high frequency
overtone precision crystal units, HC-30 and
T-11 all-glass holders are used®. They are of
the drop seal type and eutectic solder rnay be
used in the mounting system. However, in the
HC-26 and HC-27 enclosures, high tempera-
ture bonding agents such as silver paste and
cements must be used. The principal advan-
tage of glass holders is that they are easier to
clean, and with normal processing, there
should be less contamination inside the
enclosures.

Figure 4-5. Quartz Crystal Unit Holders®
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A new sealing machine has been reported
for use with HC-26 and HC-27 glass holders®.
This machine has a production capability of
10,000 units per month with high reliability.
A 5-MHz fundamental resonator in evacuated
coldweld HC-6/U and round transistor config-
urations has been developed for use in
temperature compensated oscillators. Specific
goals were long-term aging of no more than 2
parts in 10° per wk, high Q (500,000 min),
good frequency stability of 35 +?2 parts per
10® between turning poiats, and ability to
withstand bakeout temperatures of 450°C.
Figs. 4-6'° and 4-7'° depict the HC-6 type
coldweld unit and the round tramsistor type
coldweld holder. Materials used for the
enclosures included copper-clad kovar bases,
compatible glass-to-metal seuls, and covers of
high purity nickel. In attempts to miniaturize
the enclosure as much as possible, there have
been recent developments to produce holders
similar to the TO-5 transistor enclosure, but
having a .eight of 0.070 in. and a diameter of
0.250 in. The seal is made by an electron
beam welding procesc!!.

4-2.1.3 Quartz Material

Synthetic quartz is now available from
commercial sources, and recently attempts
have been made to improve the Q-value.
Internal friction limits ¢ as shown in Fig.
4-8'2 This is a plot of the interaal friction of
natural quartz over a wide temperature range

Figure 4-6. HC-6 Type Coldweld Unit

4-5
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TABLE 4-1
DESIGNATION OF QUARTZ VIBRATORS®

Vibrator Usual

Designation  Refsrence Mode of Vibration Frequency Range

A AT Cut Thickness Shear 0.5 to 250 MHz

B BT Thickness Shear 1to 30 MHz
c cT Face Shear 300 to 1000 kHz
D DT Face or Width Shear 200 to 750 kHz

E +5°X Fxtentional 60 to 300 kHz

F -18°X Extensional 60 to 300 kHz

G GT Extensional 100 to 500 kHz

H +5°X length-Width Flexure 10to 100 kHz

J +5°X Duplex 1 to 10 kHz

(2 plates) Length-Thickness Flexure

M MT " Extensional 60 to 300 kHz

N NT Length-Width Flexure 10 to 100 kHz

K X-Y bar Length-Width Flexure or 210 20 kHz

Length-Thickness Flexure {

x10°9

i Ly T 1 T L
——— MEASURED INTERNAL
.8 FRICTION b
e /‘ —— BACKGROUND LOSS
P ~——— RELAXATION LOSS
QU ¥ &5 - -l -
5 14 i !
0 12 3 -
4 T
w I |1
1.0 4
3 7113
€ 0.8 \‘ \
S o/ 1 \ N\
N 9’ TISKL N\
0.6 Y e ]
AR A
0.4 1 M-
0.2 \‘n -~
Figure 4-7. Round Transistor Type Coldweld . Tee
Holder 0 10 20 30 40 50 60 70 A0 90 100 110 120

TEMPERATURE, °%

Figure 4-8. Friction Losses in Quartz*?
obtained by determining the Q of a 5-MHz

fifth-overtone glass-enclosed AT-cut vibra-

torl 3,1 4'
) ] and natural quartz because it is felt that most
This crystal vnit construction has been of the measurable loss is in the vibrating
used for measuring the Q of both synthetic material and not in the mounting system. It

4-6
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has been demonstrated that the Q of synihetic
quartz can be improved to a value equal to
natural quartz by appropriate contrcl of the
growth solution and growth rate!®. The
background relaxation shown in Fig. 4-8 has
been explained as a direct conversion of
acoustic waves into thermal energy!?. The
sodium carbonate method of quartz growth
leads to crystals of very small hydrogen
content with a Q in the order of 2 X iM® at
the 5-MHz level'! 3. A BT-cut vibrator whose
elastic constant is twice as high as an AT-cut
vibrator offr  higher Q values!®.

4-2.1.4 Design Considerations

Oscillator crystal design primarily is con-
cerned with obtaining high Q units that have
low resistance and exhibit good temperature
behavior. The presence of unwanted modes at
certain frequency ranges of conventionally
used crystal designs can cause serious
application difficulties. A study has been
made in which the techniques of energy
trapping used to design filter crystals can
control the mode spectrum' 7. The latest issue
of the Military Crystal Specifications states
that the resistance of the unwanted modes
should be at least double the resistance of the
main mode!8. Table 4-2!° summarizes the
characteristics of new crystal unit design of
the 5-MHz fifth overtone type. Techniques
for processing crystals to meet requirements
of military and satellite applications have
been developed?®. Stabilities in the 1071}
range per month and recoverability to within
2 parts per 10*° after temperature interrup-
tion were realized in isolated cases.

Aging rates of thicknessshear AT-cut
vibrators have been reduced in the past few
years by the use of glass holders or
cold-welded metal holders that allow high
temperature bakeout prior to sealing. Fig.
4912 ilustrates how the change in frequency
has been reduced by these means.

METAL ENCLOSED UNITS.  GLASS ENCLOSED UNITS

N_—
GETTERED
GLASS ENCLOSEO UNITS
HIGH TEMP BONDED

4" METAL ENCLOSED UMITS
1 2

0 5 10 5 26 25 30
TIME, day

Figure 4-9. Aging of Metal-enclosed and
Glass-enclosed 5-MHz Crystal Units*?

422 OSCILLATOR CIRCUITRY

In very general terms, a crystal-controlled
oscillator may be described as consisting of an
amplifier, or gain circuit, together with a
feedback network that contains a piezoelec-
tric crystal unit®. A typical oscillator circuit is

TABLE 4-2

SUMMARY OF CHARACTERISTICS
OF §-MHz CRYSTAL URIT

Frequency: 5000.000 kHz (5th overtone mode)
Tolerance: % 1 part per 10° at optimum operating
temp. (in range 70° to 80°C)
Average Q: 2,500,000
Maximum effective resistance:
Series = 140 ohm; parallel = 185 ochm
Offset and retrace characteristics:
Freq. offset: <1 X 107% 24 hr after restart
Agingretrace: <5X 1071 72 hr after restart
Temperature coefficient:
0.1 part per 10%/deg C within * 0.5 deg C of
operating temp.
Aging: < 5X 1071 % /day after 3 days
<7 X 1071° /wk after 30 days
Level of drive: 70 uA = 20%
Typical parameters: L =9,2H
¢, = 0.0001 pF
¢, =4.3pF
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shown in Fig. 4-1(A). Self-oscillation of such
2 circuit will occur provided that the loop
gain exceeds unity at some frequency for
which the total loop phase is 2nw(n =0, 1,
2...). The stable level of oscillating signal will
be determined either by the self-limiting
characteristics of the loop, or by the action of
an external automatic-gain-control loop acting
on the circuit.

When the desired frequency of oscillation
corresponds to the lowest resistance vibration-
al mode of the controlling crystal unit (i.e.,
fundamental-mode operation of a thickness-
shear type resonator), additional band-limit-
ing networks generally are not required in the
oscillator loop. However, such is not always
the case. For example, a low-frequency
oscillator may be designed to use a flexure-
mode crystal that could exhibit lower
resistance at a higher frequency corresponding
to an extensional or width-shear mode of
vibration. In this instance, a simple low-pass
network would be required in the oscillator
loop to insure operation at the desired
flexure-mode frequency. Similarly, a band-
pass network would be needed in order to
assure operation of an oscillator circuit at one
of the overtone-modes of a thickness-shear-
resonator (i.e., the resistance of the desired
fifth overtone mode of a VHF crystal unit
could be greater than that of either the
fundamental, third, or seventh-overtcne
modes).

The output signal spectrum of a crystal-
controlled oscillator will depend upon the
oscillating level, the electrical ncic= intro-
duced by circuit elements, and by the
bandwidths of the circuits. Generally, the
spectral width is extremely small; and, for a
majority of applications, only the center or
average frequency behaviur need be consid-
ered. Disregarding for the moment the
corruption of signal purity by electrical noise,
the average frequency of oscillation always
will be determined by the loop phase

requirement. Deviations in frequency from a |

4-8

constant value will result whenever any
perturbation of loop phase occurs. These
perturbations generally may be considered to
be of two classes, namely:

(1) Deviations in electrical circuit param-
eters

(2) Deviations in the crystal unit character-
istics.

In class (1) are included such factors as the
temperature coefficients of capacitors, induc-
tors, resistors, and transistors; the aging of
these devices; their voltage and current
characteristics; and their susceptibility to
mechanical disturbance. Whatever the cause, a
phase perturbation in the circuit transfer
phase will cause a change in the average
frequency of oscillation, assuming that the
crystal unit characteristics remain unper-
turbed.

Class (2) deviations include changes ir
crystal unit characteristics caused by tempera-
ture, temperature gradient, drive level, “fre-
quency aging”, and mechanical disturbances
(shock, acceleration, and vibration).

The crystal oscillator circuit generally is
designed to use a gain circuit having as broad
a band as practicable consistent with opera-
tion of the desired crystal modes in order to
reduce the network effect on frequency
stability. The crystal feedback network, on
the other hand, usually is designed to have as
narrow a transmission band as can be
obtained so as to make the frequency of
oscillation depend essentially only on the
crystal unit characteristics. When frequency
adjustment is required, it is accomplished
preferably by introducing a variable reactance
that changes the transmission frequency of
the crystal network without widening the
transmission band. When these general prac-
tices are followed, the oscillator frequency
stability will depend primarily upon the
characteristics of the crystal unit, which

i
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should be chosen to have (1) a high Q-factor;
(2) a low temperature coefficient of fre-
quency over the intended operating tempera-
ture range; (3) a low drive-level coefficient of
frequency; (4) low sensitivity to mechanical
shock, acceleration, and vibration; and (5)
low frequency aging. More information on
oscillator circuitry is contained in Refs.
21-23.

4-2.3 OVENS

The design of ovens for crystal oscillators
should consider requirements of the specific
apphcation. Two examples of prototype
ovens developed for portab:e communications
and satellite instrumentation — ovens A and
B, Fig. 4-10, respectively -- are presented. Fig.
4-102% shows an exploded view of the ovens
while Fig. 4-112% presents the basic circuit
diagram of the control system. Gven A was
designed to maintain a single HC-6/U crystal
at a preset temperature between 80° and
90°C over an ambient temperature range of
—50° to 75°C. The entire package measured

OVEN SHELL (A)

OVEN SHELL (8)
WITH HEATER AND SENSOR

e

v —

AMCP 706-2C5

3.2 in.3. Oven B was designed to maintain a
compensated crystal oscillator at a tempera-
ture of 0° to 5°C to a stability of 30
millidegrees short term and an objective of
100 millidegrees over the variation in ambient
temperature of —55° to —15°C. This package
measured 5.2 in,®. Sce also par. 3-2.3.

One major factor in design is to control the
heat produced at a “hot spot” such as a
resistor or transistor. Sources uf such heat
(see Fig. 4-11) are the integrated circuit, the
oven control transistors, and the bridge
resistors. The transistor was sunk into tle
oven shell to distribute its heat to the shell
and aid the heater in its functions. Fig.
4-1224% is a plot of the typical contro! system
with a maximum power of 3 W for quick
warm-up.

The circular printed circuit board in the
oven (Fig. 4-10) contains the bridge resistors,
temperature adjusting potentiometer, and the
differential amplifier housed in a standard
TO-5 transistor case. Insulation of the entire
assembly was achieved by a microfiber type
of glass wool.

W,

OVEN SHELL (B) E OVEN B
I /-

®

PROPCRTIONAL
CONTROL
CIRCUIT

OVEN A

OVEN COVER (B)

Figure 4-10. Exploded View of Crystal Ovens
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,! RANGE
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! EENEN
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0.05 H \\ ' ‘j
T0 =-0.01 -0008 ~0.004 4] 0.004 0.008 V.O!
STARTING
TEMR TEMP.
TEMPERATURE (NORMALIZED), °C
Figure 4-12. Typical Control System Characteristics
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4-3 TUNING FORK OSCILLATORS

4-3.1 TUNING FORKS

P

4-3.1.1 Dimensiona! Considerations

The frequency f of a fork is determined by
the tine dimensions. Frequency is directly
proportional to tine thickness and inversely
proportional to the square of tine length

F=k (—-%—),Hz @1)

where

k = proportionality constant, dimen-
sionless

h = tine thickness, in.
£  =tine length, in.

The remaining dimension () has no
relation to frequency (Fig. 4-1325). Usually a
low-frequency fork is long and a high-fre-
quency fork is short, but this is not
mandatory. Although most forks are driven so
that they vibrate in a fundamental mode,
higher frequencies sometimes are produced by
driving a fork in an overtone mode.

4-3.1.2 Quality Factor

The quality factor ¢ of the fork is relcted
to its material, dimensional relationships, and
the method of driving the fork. Q also can be
determined from the spacing of the half
power points or by the vibration decay
characteristics. Forks made of certain alumi-
num alloys can attair. twice the Q of nickel
alloy forks but have very poor frequency
versus temperature coefficients. The Q of a
resonator (electrical, mechanical, or any
other) is?¢

0= 2r .1_15. , dimensionless 42)
Hd !

AMCP 706-205

PICKUP OmIVE

where
H_ = energy stored per cycle, ft-1b
H, = energy dissipated per cycle, ft-lb

4-3.1.3 Temperature Coefficient of Fre-
quency

Temperature variation is the largest single
factor affecting frequency stability. The
temperature coefficient of frequency g is??

B = (@ +7)2, (deg C)! 4-3)
wherz

o = temperature coefficient of the modu-
lus of elasticity, (deg C)!

v =temperature coefficient of linear ex-
pansion, (deg C)!

By suitable selection of materials, f can be
made to approach zero. This was the basis for
development of the constant modulus alloys.
The metal used for mono-metallic types has a
composition as shown in Table 4-327. Fork
manufacturers may vary the composition to
suit certain requiremenrs of stabiiity, temper-
ature limits, etc.

4-11

B S N T L

ot TV AL




Downloaded from http://www.everyspec.com

T T R i S e G R L SR AT < Ay AR N R

Y

AMCP 706-205

TABLE 4-3

ANALYSIS OF MONOMETALLIC TYPE FORK

Metal Composition, %

Nickel 30-38
Chromium 5-13
Iron 48-61
Manganese 0.5-2
Silicon 0.5-1
Cobalt 0.5-1
Tungsten 1-3

Bimetallic construction uses a block of
constant modulus alloy and a strip of carbon
steel, silver soldered together. The ratio of
nickel alloy to carbon strip thickness
determines the temperature coefficient of the
tuning fork and will be in the range of 4-6 to
1 with the nickel alloy being the largest
quantity?7,

4-3.1.4 Shock and Vibration

Both tines of a fork can be forced to
vibrate parasitically in phase, in addition to
the normal out-of-phase vibration under
disturbance of shock or vibration. However, if
the coils are placed between the tines, see Fig.
4-13, the pick-up coil will tend to cancel
pick-up voltage due to in-phase tine motions
and thus reduce this component in the
output. Use of an internal stud to mount the
fork at its center of moment reduccs the
shock and vibration effects by approximately
5 times in the internai stud configuration?$.

4-3.2 OSCILLATOR CIRCUITRY

A simplified equivalent circuit of the fork
assembly in the form of a two-terminal pair
network is shown in Fig. 4-14(A)?7. As with
the crystal, the fork parameter values are
dependent on amplitude of vibration. In the
figure, the representation is that of an
electromagnetic transducer or resonator in
which an output coupling is placed to
produce an output that is proportional to the

4-12

]

(A) Simplified Equivalent Circuit

TRANSMITTANCE

FREQUENCY, Hz
(B) Transmittance vs Frequency

Figure 4-14. Oscillator Circuit

amplitude of oscillation. Transmittance (ratio
of generalized output to input) is shown as a
function of frequency in Fig. 4-14(B). Peak
response corresponds to antiresonance of the
motional parameters, and the secondary
response corresponds to series resonance of
the motional equivalent capacity with the
coupling coil inductance. The latter is
typically one or two percent higher in
frequency than the primary response and is
sufficiently low in amplitude compared with
the main response that oscillation will still
occur at the primary response?7.

4-4 ATOMIC FREQUENCY STANDARDS
4-41 PASSIVE RESONANT DEVICES
4-4.1.1 System Considerations

The atomic resonances of cesium and

\
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rubidium’ are used passively to control the
frequency of quartz crystal oscillators
through the action of electronic feedback
circuits. The basic system arrangement is
shown in Fig. 4-2. In this system, the
frequency of the controlled crystal oscillator
is an integral submultiple of the atc:nic
resonance frequency. To provide standard
frequency signals on the basis of the
commonly defined time intervals, a frequency
synthesizer is included as a part of the
resonance controlled oscillator. The synthe-
sizer may either be (1) included within the
frequency control loop to relate the rational
frequency of the crystal oscillator to a
submultiple of the atomic resonance, or (2)
part of a secondary system phase locked to
the primary loop as shown in Fig. 4-2. Note
that the feedback control loop attempts to
match the multiplied frequency of the
controlled oscillator to the frequency of the
atomic resonance. The response time of the
control loop determines the length of time
that errors in the crystal oscillator continue
before correction is made in terme of atomic
resonance. In time intervals short compared
with loop response period, the oscillator
stability is that of the crystal oscillator, while
in the case of time intervals that are long
compared with the lvop response period, the
stability is that of atomic resonance.

An important consideration in the design
of the control system is the noise associated
with the atomic resonance signal. This noise
will modulate the crystal oscillator frequency
and degrade the short-term stability perfor-
mance. To combat this, the control loop
response speed may be limited by the designer
and thus effectively filter the noise before it
reaches the oscillator. However, disturbances
caused by the environment can introduce
errors that are not corrected as quickly and
effectively as may be required. Compromises
are, therefore, necessary to best match the
application. Another frequency modulation
noise may arise from the frequency multipli-
cation process but it most practical devices,
the resonance signal noise dominates?.

AMCP 708-205

The larger signal-to-noise ratio of the
rubidium resonance controlled oscillators
makes them more effective for short-term
control of frequency errors induced by shock
and vibration than those controlled by cesium
resonance. Other design:factors include phase
control of the modulation-signals, harmonic
distortion of these signals, and: the- spectral
purity of the microwave signal applied to the
atomic resonator?8,

4-4,1.2 Cesium Beam Standards -

Cesium “eam standards are maintained at
the National Bureau of Standards (NBS) and
at the US Naval Observatory (USNQ), the
two- organizations chiefly involved. in distri-
buting accurate- and precise tme and fre-
quency information within. the U.S. 'NES is
responsible for the custody, maintenance, and
development of the national standards. of
frequency and time (interval) as well as their
dissemination to the general public. This
mission of USNO includes the provision of
accurate time as an integral part of its work
associated with the publication of ephem-
erides in support of navigation and in the
establishment of a fundamental reference
system in space2?.

The National Bureau of Standards has
developed several cesium standards and one
thallium standard. NBS-], the oldest machinz,
was criginzlly operated using cesium but was
converted to thallinm in 1962. NBS-II
provides a line width of 110 Hz, while
NBS-III, the longest machine, provides a
spectral line width of 48 Hz (see Fig. 4-1539),
NBS-5 has an accuracy of better than 1 part
in 102,

All of the NBS devices use the Ramsey-
type excitation instead of the Rabi-type. The
original Rabi method of exciting the atomic
transitions in an atomic beam resonance
experiment uses a single oscillating field3!.
Ramsey introduced a method vy which the
transitions are excited by two separated
oscillating fields. Advantages of this method

4-13
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buffer gas that interacts with the rubidium gas
to cause a pressure shift. Commercial
development of rubidium gas cell controlled H
oscillators has led to refined designs entirely :
based upon solid-state electronic circuits. The :
rubidium instrument is compact and operates
reliably. A militarized version designed for U
S Army tactical applications is illustrated in :
Fig. 4-16%. Capable of surviving rough g
handling and the problems involved in a wet
environment, these units have been designed

for operation in guided missiles and aircraft as

well as in general applications for which they

can be installed in a relay rack?.

44,2 MASERS
4-4.2.1 System Considerations

Atomic hydrogen masers and rubidium gas
cell masers are active oscillators that provide
output signals directly from the quantum
transitions within the atomic particles. For
practical applications, it is necessary to make
maser signuls available at millivolt power

Figure 4-15. Cesium Atomic Beam Fre-
quency Standard, NBS-111

are??; (1) improved resolution of the
spectrometer, (2) a high degree of uniformity
of the magnetic fields noi required, and (3) a
higher resolution than a single field when
observing very high frequency transitions.
This latter advantage is gained at the expense
of a reduction in the signal-to-noise ratio.

Examples of commercial cesium atomic
beam frequency standards are Hewlett-Pack-
ard Models 5061A and 5062A. The former is
available with two different beam .ubes,
standard and high performance.

4-4.1.3 Rubidium Gas Cell Standards

Rubidium gas cell standards require, as a Figure 4-16. Tactical Rubidium Gas Cell
component of the gas cell mixture, an inert Frequency Standard?®
4-14
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fevels and synthesized to convenient fre-
quencics. For the hydrogen maser, accessories
are av-ilable to phase lock high quality crystal
oscillators te the maser signal by using
commercial synthesizers. The basic block
arrangement is shown in Fig. 4-3.

Noise is a fundamental factor that limits
stability and the spectral purity of the signal
in maser frequency standards. The internal
noise of the oscillator includes thermal noise
and noise characteristics of the maser type
and design. Externa) circuits also contribute
additional noise. The mixers are the sources
of most of the noise and where very short
term stability or high spectral purity are
important, low noise preamplifiers are used
ahead of the mixers?,

4-4.2.2 Maser Devices

Techniques and design principles relevant
i the construction and operation of hydro-
x 1 masers are well documented33. An
atomic hydrogen maser clock system for
installation in a satellite to be used for
measvring the gravitational 1ed shift has been
developed, and performance data presented
for the operation of a laboratory model, see
Fig. 4-17°4. Prototype atomic hydrogen
standards for field use at tracking stations
have been developed?®. Designed fo; minimal
operator attention, the unit ccntains a
hydrogen maser, rece.ver-synthesizer, auto-
matic cavity tuner, clock, standard output
frequencies and time signals, and other system
electronics.

Ancther type of maser that has been
developed is the optically pumped rubidium

AMCP 706-205

Figure 4-17. Satellite Maser With Bell Jar
Removed

maser oscillator3¢. It is considerably smaller
than hydrogen maser, but affected by the
same factors that limit the long term stability
of the rubidium gas cell standard. Short-ierm
stability is expected to be one part in 10!?
for observation times of 1 sec and long-term
stability to be about one part in 10'* per
month. Table 4-4% compares physical data of
three types of atomic frequency standards.

4-15
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PHYSICAL DATA RELATING TO AVAILABLE ATOMIC

Characteristic

Nominal Resonance Fre-
quency

Resonance Width

Atomic Interaction

Time 7 A

Atomic Resonance Events
per Second

Magnetic

2nd Order Doppler

Principal
Frequency
Offsets

Collisions

State Selection Method

Resonance Cetection
Method

Temperature of Resonating
Atoms

TABLE 44

FREQUENCY STANDARDS?

Atomic Hydrogen
Maser

Rubidium Gas Cell Con-

trolled Oscillator

Cesium Atomic Beam (24-in.)
Contrelled Osciilator

1420.405751 MHz

1Hz

0.5 sec

1012

f -- fo = 2750 B? (gauss)
5X 103 (typical

4% 10! (3T =
1.4 X 1013 °K)
2% 101

Atuinic Beam Deflection
in Hexapale Magnets

Atomic Microwave Radia-

tion {active maser oscil-
lation)

300°K

6834.682608 MHz

200 Hz (typical)

2 X 10 sec (typical)

1012

f—fy=574 82 (gauss}
1X 10 (typical)

8X 1013
3X 107 (typicat)

Optical Pumping

Optical Absorption

330°K
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9192.631770 MHz

250 Hz
2.5X 1073 sec
Interaction length,
L =25 cm (typical)

10°

f— fp"‘ 427 B2 (gauss)
1 X 10™° (typical)

3X 10713

none

Atomic Beam Deflection in
Dipole or Multipole
Magnots

Surface lonization of De-

flected Atoms

360°K
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