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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 primarily at US Army
materiel, the handbooks serve as authoritative references for needs of other
branches of the Armed Services as well. The present handbook covers timing
systems and components.

This handbook presents both theoretical and practical data pertaining to
design methods and procedures for timing systems and devices. The subjects
covered are precision reference timers, electronic timers, mechanical timers,
pyrotechnic timers, flueric timers, and a few others.

Prepared as an aid to military designers, this handbook 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
interpretation 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 the 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 Handbooks
must submit their request on an official requisition form (DA Form 17,
dated Jan 70) directly to:

XXXV
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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 pot requisition Handbooks for further free distribution.

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

National Technical Information Service
Department of Commerce
Springfield, VA 22151

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,

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

Commander

US 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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TIMING SYSTEMS AND COMPONENTS

INTRODUCTION

CHAPTER 1

THE NATURE OF TIMING SYSTEMS*

A timer is a programming device; its pur-
pose 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 PURPOSES 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
components. 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 be
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 F. Mohrbach, Daniel J.
Mullen, Raymond R. Raksnis, Melvin R. Smith, Ramie H.
Thompson, and Robert F. Wood. ’

{Distinct terms for timing systems and components are
defined in the Glossary.

(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 timer be pow-
ered by a spring, g-weights, battery, AC
mains, barometric pressure change, 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 the 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 Organization

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
Flueric 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 chapters comprising Part
Six. Therefore, this general introductory ma-
terial is not included 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

timing 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 base Crystal or Oscillator Escapement, Pyrotechnic Oscillator Rate of
atomic motor, burning chemical
tuning fork rate reaction
Timerange 10 secto 103 to Seconds to 1073 to 1to 103 Minutes
years 103 sec days 103 sec sec to
days
Accuracy 1partin 105  0.1% #5% to 1 +10% 1% +4-10%
to 1 part " partin 10°
in 10'2
Output Voltage pulse Voltage Mechanical Flame Fluid Chemical
or time pressure, reaction, °
interval voltage voltage,
chemical

~




14 MILITARY APPLICATIONS

All of the timing systems and components
discussed in this handbook are of interest to
the military. Many of th9 timers are com-
ponents of ammunition, fuzing, or control
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 located through the Index.

Since this is a timer handbook, fuzes and -

fuze explosive 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.

(3) 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

INTRODUCTION TO PRECISION REFERENCE TIMERS

2-1 TIME STANDARDS

Timekeeping has two distinct aspects: de-
termination of 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 unit is laid off until the resulting
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 evolved that was based on
rotation of the earth. The rate of the rotation
is determined by measuring the motion of
some point on the earth’s surface with respect
to some celestial object or position. It was
established that all time measurements based
on 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 the end of
each chapter. .

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
a plane, 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 system 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
equator, 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

2-1
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directly with adequate accuracy. In practice
sidereal time is observed, and mean and
apparent solar times are calculated. 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, in tumn, 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 subdivi-
sions of this system3:

2-2

(1) UTy — Universal time calculated di-
Jectly from observed sidereal time. This mea-
sure of universal time contains irregularities
due to polar motions as well as 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 seasonal 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 1 Jan
and/or 1 July when required to keep the
difference between UTC and UT, to less than
% 0.7 sec. The time signal emitted by 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




is thus of constant 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 is proportional to the change in
electron 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 is 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 second. 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 systems of units has been defined, in
1967, as the duration of 9,192,631,770 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 years, 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

US Standard Time differs from the inter-
nationally coordinated universal time by an
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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
measurement. 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 translates 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 signal describe one second.

It is not necessary to have physical access
to an atomic frequency standard to obtain a
reference for accurate frequency measure-
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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 101° or better by
comparison of its relative phase or time
difference to that of a received very low
frequency (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-
able to within a few parts in 10*® 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. 24.1(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 107! on a
continuous basis, and averaging times are in
the order of 100 sec. Anyone receiving these
signals, which are controlled by the US
Naval Observatory frequency and time stan-
dards, has access to one of the most precise
frequency standards available. (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 reference
timers. Any discussion of this subject requires
a basic understanding of the following
termsS :

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

24

frequency of an accepted primary standard or
the degree to which the frequency of an
oscillator corresponds to the accepted defini-
tion of frequency. 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 of a given type will produce the
same frequency from unit to unit and from
one occasion of operation to another. In
general, the degree 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 characteristic 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 relationship for which the measur-
ing interval is the independent variable.

A frequency standard must provide a
stable, spectrally pure signal if it is to yield a
narrow spectrum after multiplication to the
microwave region. The high signal-to-noise
ratio requirements for quality communication
systems have been met by the specification of
narrow band widths, 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




“3 parts in 10° per day”. It refers to slow
changes with time in average frequency, aris-
ing usually from secular changes in the resona-
tor or other elements of the oscillator. Short-
term stability refers to changes in average
frequency over a time span sufficiently 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-defined 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 oscillator signal through a narrow
band-pass filter before multiplication, or to
phase lock a low noise oscillator to the
multiplied signal.

2-4 MILITARY APPLICATIONS
24.1 NAVIGATION, POSITION FINDING

During peacetime the navigation 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. Examples 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
addition many military missions require a
passive system to avoid betraying one’s posi-
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
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accomplish this with sufficient accuracy, one
must depend on available precision reference
signals:

(1) Loran. Loran (LOng RAnge Naviga-
tion) was developed during World War II, at
the MIT Radiation Laboratory, to 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
coding delay, is kept constant by monitor
stations that steer the chain. The time differ-
ence between reception 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 band 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
and 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 U S Naval Observatory. Ref.
8 is a discussion of the means of using
Loran-C and includes the possible sources of
error.
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Figure 2-1. Components of Airborne Air Traffic Control Equipment®+!°

242 AIR TRAFFIC CONTROL

In air traffic control, military aircraft may
use TACAN (Tactical 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-coordinate type, i.e., 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
airborne  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 corresponding 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 circuits or by manual
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 degree of fre-
quency-temperature stability must be ob-
tained for the crystal oscillator along with low
aging for the crystals and improvements in the
frequency synthesizers.

The TRI-TAC communication system is
planned to provide the Armed Forces with
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TABLE 2-2
REFERENCE OSCILLATOR REQUIREMENTS!3

Future
ss8
Present Secure
SSB Voice  Voice
Af (Total) + 40 Hz + 6 Hz
Af/Equipment +20 Hz + 25 Hz
Af (HF, 30MHz) ' g 7% 107 8.3X 10°®
f i
éfi(VHF, 76 MHz) 2.6 X 1077 3.3x10®

Temperature Range —40° to +76°C —40° to +75°C
Time (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?4.

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 are 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 \FF (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 pulses. These pulses, displayed
on a radar screen next to the radar reply,
indicated that the reply was from a friend.
The pulse codes frequently were changed to
guard against enemy use of captured equip-
ment.

Secondary surveillance radar, or radar
beacon, is an updated version of this system.
Secondary surveillance radar uses equipment
on the ground to transmit 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 airborne 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?.




AMCP 706-205

Mode Application Pulse spacing (microseconds)

-3

1 Military (IFF)

2 Military (IFF)

it

e—s8—

3/A Military/civil (ATC) I | n! I I

ke 17
B Civil (ATC) 1
e 21
c Civil (altitude) _ﬂ_,_‘
£
e 25
D Civil wnassigned) [ ]

Figure 2-2. Interrogation Pulse Modes Used on
Secondary Surveillance Radar®+1°

| (N
64 reply codes | \ i ] | i
| ! ! [ | | | I
! ¢ I B | _ | |r
SO | 1
reply ! ] [ ] [ | | | 1 | : ]
S N R B B I T T I I
| [ |
Pulse spacing : I ! | I : sl7 1 1 Io 1I ! I 18I85 2o|3 24|65
% 145 29 435 58 725 5 16 13.05 45 1595 174 . . X
(microseconds) ? ) | ) ) ) ) : | | ) ) ) | I
[ | I { ! l r f | | | I | | i
I N B { ! N !
Identification I ‘ | | I | I I l | | l ! Special position
anthmetic value | 1,0 lOlOO 210 20‘00 4,0 40lOO 1?0 .1 2?0 ? 4?0 ? ‘ identification
| L | | | | | Lo | [ |
| l l | | I | | | | | | l | |
I | | | | I i | I | | | I | I
Pulse Framing C, A, C, A, Ce A, B, D, B, D, B, D¢ Framing Special position
nomenclature pulse pulse identification

Figure 2-3. Transponder Reply Codes Used on
Secondary Surveillance Radar® -
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CHAPTER 3

SIGNAL GENERATION SYSTEMS

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 standard.

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

In addition to these frequency standards,
the tuning fork is discussed in par. 3-3.
Tuning forks can be made in a package of 0.7
in.> with a frequency stability of + 0.001%
when controlled in an oven.

3-1.1 DEFINITIONS

3-1.1.1 Clocks

The quartz-crystal clock and atomic clock
are described:

(1) Quartzcrystal 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 to be
marked, or to indicate the particular time of
day. Most quartz clocks employ 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 independent 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 commercially3. They enable

- time intervals to be measured with an ac-

curacy approach 1 part in 10'2 time units or

“0.1 psec per day. Clocks throughout the
I world can thus be synchronized to 1 usec.
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TABLE 31

CHARACTERISTICS OF ATOMIC AND QUARTZ CRYSTAL FREQUENCY STANDARDS

Atomic Clocks

Cesium beam
Rubidium gas cell
Hydrogen maser

Quartz Crystalsd ~

Crystal Oscillator
Temperature Range
—-55° to +105° C
—-40° 10+ 90° C
0°to+ 50°C

Temperature Compensated
Crystal Oscillator (TCXO)
—~55° to + 105°C
-40°to+ 75°C

0°to+ 50°C

Temperature Controlled
Crystal Oscillator
(Single Oven)
—-55° to + 75°C
—40° to + 75°C

0° to + 50°C

Temperature Controlled
Crystal Oscillator
{Double Oven)

.0° to +50°C

8¢rom Ref. 2
Output Power = 1 mW
€At lowest ambient temperature

Frequency Stability
(one day, constant

ambient conditions) Volume
2x10'3 800-2000 in.?
107 80-1500 in.?
2x 10714 27 i
Frequency Stability
Over Temperature Range Power Consumption, Volume,
+10°¢ mwW in.2
4-25. 10-50b 0.25-3
25
15
4
0.1-10 35-100b 1-25
05-10
0.3-10
0.1-—1
0.005-0.1 1-10 we 7-35
0.01-0.1
0.01-0.1
0.005
0.001-0.0001 5-15 we 1000-2000




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) thallium
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 determining 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 external standard. In
all atomic frequency standards there 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 energy, 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.
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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 control components. For more in-
formation on 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 required between the clock and
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the spectral line frequency®. Atomic reso-
nance devices are discussed in more detail in
par. 3-4.

3-2 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 piezo-
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 field strength and polarity. This
property is known as the piezoelectric effect.

In practice, a quartz resonator is imounted
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
crystal. 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. Oscillators for military equipment are
covered by a military specification®. For
frequency stabilities, see Table 3-1.

3-2.1 GENERAL PURPOSE OSCILLATOR

The simplest crystal oscillator uses neither
temperature control nor temperature compen-
sation techniques (see Fig. 3-1°). An ampli-
fier, either vacuum tube or transistor type, is
used with some degree of selectivity depend-
ing upon the type of crystal unit used. Degree
of isolation from the load is dependent upon
the output requirements and amount of
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Figure 3-1. General Purpose Crystal
Controlled Oscillator®

stability 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 small
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
expense of added circuit complexity more
volume, 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

AM LIMITER ISOL.

Figure 3-2. Temperature Compensated
Crystal Oscillator (TCX0)®




AT-type unit. With more sophisticated design
of the sensing network, 1 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 voltage source is
and the degree of frequency stability 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 value 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 optimiza-
tion techniques to determine the network
parameters.

THERMISTOR CRYSTAL
il HE QT
= VARIABLE

CAPACI TANCE

DIODE

Dc

1}
o ) Ll

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 the stability needed and the
temperature range. A compromise must be
reached between 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, especially 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 10®° — can take place
under transient conditions. Also, the crystal
-unit exhibits transient behavior during tem-
perature change, due to thermal gradients
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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 1078 /wk to 5 X 1071°/wk for
the fundamental mode units used. When
dealing with the TCXO, 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 stability. For instance,
the 5 X 1077 frequency-temperature stability
coupled with an aging of 1 X 107® /wk gives an
overall frequency tolerance of 1 X 107 for 1
yI.

3-23 TEMPERATURE CONTROLLED OS-
CILLATOR

For applications calling for a stability
better than that obtainable with a TCXO, a
temperature controlled crystal oscillator
(oven oscillator) must be used?. The ovens
used are of two general types — thermostati-
cally controlled and proportionally 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 temperature sensor and
by bridge circuitry supplies heat on a
continuous basis. This results in better
temperature control, thus higher precision
frequency 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 specially
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 or 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 heating of the control
circuit, resulting in poor frequency stability.
The operating temperature of the oven can be
changed 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 materiai;




however, heat loss is pgreater 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 operating 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-
stability performance possible with crystal-
controlled oscillators, double-oven tempera-
ture stabilizing techniques are employed
essentially to eliminate the effects of ambient
temperature changes on the frequency of
oscillation. A single, carefully-designed pro-
portionally 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 one 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.

If the best available overtone-mode crystal
units (i.e., fifth overtone, 5 MHz) are 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
temperature, with the result that crystal-con-
trolled oscillators are available whose output
frequency will remain stable within 1 X 107!
due to all causes — except shock vibration and
static acceleration — 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 controlied
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°C is
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 oscillator is not on
frequency immediately after turn-on because
the oven 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 power is used for a
short time in the warmup heater, thus heating
the chamber quickly. The thermostat will 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 FOR 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 environment 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 107 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 OSCILLATORS

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 that 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

THERMAL STABILIZER
r A

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 1019, and after
three weeks of operation, the aging is less
than 107 Hz per wk®. Design criteria for the
various crystal oscillators are discussed in par.
4-2.

3-3 TUNING FORK OSCILLATORS
3-3.1 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 in
situations where cost is of prime importance.
Forks are much cheaper. They have been used
in such devices as precision clocks, reference
clocks in computers, navigation systems,
satellite timers, and central timekeeping
systems. One of the problems in its early
application was keeping the fork vibrating.
Ideally, the pickup and drive device for




maintaining vibrations should be loosely
coupled to the fork. Present practice uses a
magnetic transducer for both pickup and
drive functions.

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, also 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
OSCILLATOR

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 ¢ 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. 3-71! shows the
modes of the fork motion when oscillating
both in its fundamental and in its first partial
mode.

3-3.3 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
temperature coefficients. These alloys are
heat-treated to adjust the coefficient. For
close coefficients over wide temperature
ranges, heat treating is not consistent enough
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Figure 3-7. Tuning Fork Vibrations

to allow the use of alloy forks for general
applications.

The most practical present method of
compensation is the use of a bimetallic fork
made of a laminate of a positive coefficient
Elinvar 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 military 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 susceptible 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 external stud, and
using foamed materials or damped springs.

/

Forks are subject to aging just as crystals
are. Aged forks usually increase in frequency.
Presoaking fork assemblies at moderately high
temperatures provides a quick “aging” process
so that a unit can be made compatible with its
end use. In instances where 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.

3-4 ATOMIC RESONANCE DEVICES
~ 34.1 ATOMIC ACTION

Atoms are capable of existing in several
different energy states that are the result of
different energy relationships between the
various components 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 atomic 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 electrons. 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 proper 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
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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. 3-4.2.1).

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 resonator 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.




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 vacuum envelope and
are arranged as shown in Fig. 3-8 2. There are
two fundamental functions to be performed
within the resonator: (1) isolation of the
particular atoms that undergo the desired
transition 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
9,192,631,770 Hz or, as the second is
defined in terms of the cesium beam, it may
be more correct to 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
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alkali metals. The most extensively developed
type of gas cell employs rubidium?®?.
However, gas cells have been constructed
which 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!*.

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 desired 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
incorporated in the output circuit of the
resonator. In this manner an error signal is
generated which is applied 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 loop.

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
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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 optical pumping as in 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 selecting magnet, a storage
chamber, a resonant 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

-.. et e o i Y

\- SOURCE \_ STATE

SeLeCToR  RF cawry STORAGE {MAGNETIC
BULB SMIELD

Figure 3-9. Schematic Diagram of the
Hydrogen Maser! 5

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 states.

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 state. The energy emitted will
stimulate still more atoms to undergo
transitions and these, in turn, will release
more energy. When the resonant cavity is
tuned to the frequency of the emitted 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 energy 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 Qutput of Masers

Masers of the type used for frequency




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
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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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CHAPTER 4

BASIC DESIGN CRITERIA FOR SIGNAL GENERATION

4-1 INTRODUCTION

There is a continuous demand for increased
precision and accuracy in frequency control.
Today fast 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 velocity.
Standard oscillators that are used to control
clocks at remote points must not vary in
frequency more than 1 part in 101! per day.
Similarly, accurate synchronization of preci-
sion frequency standards ashore and afloat is
essential to operation of single side band
communication systems. The general theory
of signal generation applicable to basic
reference timers is described in the paragraphs
that follow.

4-1.1 GENERAL THEORY )

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
quartz 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).

For a device to 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, detailed attention must be given to the
design of the oscillator circuit and to the
selection of a quartz resonator!. 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 standards. 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.3.

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, i.e., the quartz
crystal unit

(2) A negative 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 quartz 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 circuitry
is added, again shown in heavy lines (see par.
3-2.3).
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The atomic resonance of cesium and
rubidium is used in a passive sense to control
the frequency of quartz crystal oscillators
through the action of electronic feedback
circuits. Fig. 4-22 shows a basic block diagram
of an atomic resonator-controlled oscillator
while Fig. 4-32 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
4-2.1 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. 445 illustrates the
various modes of motion that are used in
practically all crystal units on the market
today. Quartz bars or plates 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 is 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




AMCP 706-205

l b3 {0}
= ey L BUFFER

[ iy
T

(A) Basic Circuit

|V 1M1
, i—r—iD}
VOLT
REG < \
BUFFER AMP |

Y

Ayl
)
2]

l-||_|||

Y|
A

—H

———— e ———

AAA
WiV

voLT

i

AVl

]
L1
I BUFFER
I
I
|

r‘
I
I
I
+ ame [
bl
|
::: | asc To
|
|
|
i
1
|
}
|

1< osciLLATOR

3

SENSOR
WINDING

R s

(C) Temperature Controlled Circuit

Figure 4-1. Crystal Oscillator Circuits for Frequency Standards*

4-3



AMCP 706-205

/
| neromcon [

N
r_{AMPiIFl:;l—_.—

FREQUENCY
MULTIPLIER

PHASE
MOOULATOR

MODULATION PHASE
OSCILLATOR DETECTOR

STANDARD
FREQUENCY
XTAL OSCILLATOR
(CONTROLLABLE)

Figure 4-2. Basic Diagram of Atomic Resonator Controlled Oscillator?

their mechanical overtones are being used
almost exclusively for frequency standards®.

The quartz plates have a plano-convex shape,

are polished, and carry electrodes that are
applied by vapor deposition.

The attainment of a high @ and low aging is
possible by use of meticulous care in the
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 controlled use. (For a definition of Q,
see par. 4-3.1.2.)

HYDROGEN MASER 420 405752 MNZ
MASTER OSCILLATOR -"ICEM

FREQUENCY
MULTIPLIER
X230

A 1400 M.CA

4-2.1.2 Enclosures

The performance of crystal vibrators is
controlled largely by the type of mounting
system used and its enclosure. Types of
holders in current use are shown in Fig. 4-5%.
Holders HC-6, HC-13, and HC-18, with crystal
vibrators listed in Table 4-1, can be used to
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
used principally in the high-frequency, thick-

20 403,782 MH2

LF
AMPLIFIER
+107 4

STANDARD r $.000,000,000 MH2
FREQUENCY YNTHESIZER| 20 405,782 MH2

SLAVE l
OSCILLATOR

(XTAL)

PHASE CONTROL SIGMAL

Figure 4-3. Complete Hydrogen Maser Frequency Standard?
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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 may 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 @ (500,000 min),
good frequency stability of 35 + 2 parts per
10% between turning points, and ability to
withstand bakeout temperatures of 450°C.
Figs. 4-61° and 4-7'° depict the HC-6 type
coldweld unit and the round transistor type
coldweld holder. Materials used for the
enclosures included copper-clad kovar bases,
compatible glass-to-metal seals, 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 height of 0.070 in. and a diameter of
0.250 in. The seal is made by an electron
beam welding process®!.

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 Q as shown in Fig.
4-812, This is a plot of the internal friction of
natural quartz over a wide temperature range

Figure 4-6. HC-6 Type Coldweld Unit
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TABLE 4-1
DESIGNATION OF QUARTZ VIBRATORS®

Vibrator Usual
Designation  Reference Mode of Vibration Frequency Range
A AT Cut Thickness Shear 0.5 to 250 MHz
B BT Thickness Shear 1to 30 MHz
C CcT Face Shear 300 to 1000 kHz
D DT Face or Width Shear 200 to 750 kHz
E +5°X Extentional 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 10 to 100 kHz
J +5°X Duplex 1to 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 2to 20 kHz

Length-Thickness Flexure

20 x10-¢
[ U T L Ly
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1.8 — FRICTION 1
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Figure 4-7. Round Transistor Type Coldweld T~
Holder 0o 20 30 a6 50 0 70 80 % 706 116 120

TEMPERATURE, °K -

Figure 4-8. Friction Losses in Quartz!?
obtained by determining the Q of a 5-MHz
fifth-overtone glass-enclosed AT-cut vibra-

tort 3,14,
) and natural quartz because it is felt that most
This crystal unit 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




has been demonstrated that the Q of synthetic
quartz can be improved to a value equal to
natural quartz by appropriate control of the
growth solution and growth rate!S. 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 10° at
the 5-MHz level' 3. A BT-cut vibrator whose
elastic constant is twice as high as an AT<cut
vibrator offers higher Q values!®.

4-2.1.4 Design Considerations

Oscillator crystal design primarily is con-
cerned with obtaining high @ 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!®, 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 107!
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.
4-9'? jllustrates how the change in frequency
has been reduced by these means.

AMCP 706-205
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Figure 4-9. Aging of Metal-enclosed and
Glass-enclosed 5-MHz Crystal Units'?

42.2 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 5-MHz CRYSTAL UNIT

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 ohm

Offset and retrace characteristics:
Freq. offset: <1 X 10 24 hr after restart
Aging retrace: <5 X 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
< 7X 107 %/wk after 30 days
Level of drive: 70 uA £ 20%

Typical parameters: L=9.2H
C, =0.0001 pF
c,=43 pF
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shown in Fig. 4-1(A). Self-oscillation of such
a circuit will occur provided that the loop
gain exceeds unity at some frequency for
which the total loop phase is 2nw(z =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-overtone
modes).

The output signal spectrum of a crystal-
controlled oscillator will depend upon the
oscillating level, the electrical noise 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 behavior 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 in
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




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
application. Two examples of prototype
ovens developed for portable communications
and satellite instrumentation — ovens A and

B, Fig. 4-10, respectively — are presented. Fig.

4-10%4 shows an exploded view of the ovens
while Fig. 4-112% presents the basic circuit
diagram of the control system. Oven 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 (B)

OVEN SHELL (A)

»

OVEN SHELL (B)
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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 50
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,3. See 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 of such heat
(see Fig. 4-11) are the integrated circuit, the
oven control transistors, and the bridge
resistors. The transistor was sunk into the
oven shell to distribute its heat to the shell
and aid the heater in its functions. Fig.
4-12%% js a plot of the typical control 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.

WITH HEATBR AND SENSCR
PROPORTTIONAL
CONTROL

CIRCUIT

OVEN COVER (B)

Figure 4-10. Exploded View of Crystal Ovens
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PICKUP DRIVE

4-3 TUNING FORK OSCILLATORS

4-3.1 TUNING FORKS —r—
e © Q o]
4-3.1.1 Dimensional Considerations :

~ b

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

h
f=k (—E;),Hz 4-1)
where
k = proportionality constant, dimen-
sionless
h = tine thickness, in.

L = tine length, in.

The remaining dimension (b) has no
relation to frequency (Fig. 4-13%2%). Usually a
low-frequency fork is long and a high-fre-
quency fork 1is 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 Q of the fork is related
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 attain twice the @ of nickel
alloy forks but have very poor frequency
versus temperature coefficients. The Q of a
resonator (electrical, mechanical, or any
other)is?®

0= 2n A , dimensionless (4-2)
H,

ie=4i

-

Figure 4-13. Typical Tuning Fork

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

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)
where

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

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

By suitable selection of materials, § 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 requirements of stability, temper-
ature limits, etc.
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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 reduces the
shock and vibration effects by approximately
5 times in the internal 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
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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?”.

4-4 ATOMIC FREQUENCY STANDARDS
4-4.1 PASSIVE RESONANT DEVICES
4-4.1.1 System Considerations

The atomic resonances of cesium and




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 atomic
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 terms 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 loop 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 in most practical devices,
the resonance signal noise dominates?.

AMCP 706-205

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?®.

4-4,1.2 Cesium Beam Standards

Cesium beam standards are maintained at
the National Bureau of Standards (NBS) and
at the US Naval Observatory (USNO), the
two organizations chiefly involved in distri-
buting accurate and precise time and fre-
quency information within the U.S. NBS 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 space?? .

The National Bureau of Standards has
developed several cesium standards and one
thallium standard. NBS-I, the oldest machine,
was originally operated using cesium but was
converted to thallium 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 1012,

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 by which the
transitions are excited by two separated
oscillating fields. Advantages of this method
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Figure 4-15. Cesium Atomic Beam Fre-
quency Standard, NBS-11/

are3?2: (1) improved resolution of the
spectrometer, (2) a high degree of uniformity
of the magnetic fields not 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 5061 A and 5062A. The former is
available with two different beam tubes,
standard and high performance.

4-4.1.3 Rubidium Gas Cell Standards

Rubidium gas cell standards require, as a
component of the gas cell mixture, an inert

4-14

buffer gas that interacts with the rubidium gas
to cause a pressure shift. Commercial
development of rubidium gas cell controlled
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
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?.

4-4.2 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 signals available at millivolt power

Figure 4-16. Tactical Rubidium Gas Cell
Frequency Standard*




levels and synthesized to convenient fre-
quencies. For the hydrogen maser, accessories
are available to phase lock high quality crystal
oscillators to 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. External 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
to the construction and operation of hydro-
gen masers are well documented33. An
atomic hydrogen maser clock system for
installation in a satellite to be used for
measuring the gravitational red shift has been
developed, and performance data presented
for the operation of a laboratory model, see
Fig. 4-173%. Prototype atomic hydrogen
standards for field use at tracking stations
have been developed3’ . Designed for minimal
operator attention, the wunit contains a
hydrogen maser, receiver-synthesizer, auto-
matic cavity tuner, clock, standard output
frequencies and time signals, and other system
electronics.

Another 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-term
stability is expected to be one part in 10'2
for observation times of | sec and long-term
stability to be about one part in 10'! per
month. Table 4-42 compares physical data of
three types of atomic frequency standards.

4-15
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Characteristic

Nominal Resonance Fre-
quency

Resonance Width

Atomic Interaction
Timer A

Atomic Resonance Events

per Second

Magnetic

Principal
Frequency
Offsets

Collisions

State Selection Method

Resonance Detection
Method

Temperature of Resonating
Atoms

TABLE 4-4.

PHYSICAL DATA RELATING TO AVAILABLE ATOMIC

FREQUENCY STANDARDS?

Atomic Hydrogen
Maser

1420.405751 MHz

1H:z

0.5 sec

1012

f — fo = 2750 B? (gauss)
5X 102 (typical

2nd Order Doppler 4 X 107! (9f/0T =

1.4 X 1013 /°K)
2X 1011

Atomic Beam Deflection

in Hexapole Magnets

Atomic Microwave Radia-
tion {active maser oscil-
lation)

300°K

Rubidium Gas Cell Con-
trolled Oscillator

Cesium Atomic Beam (24-in.)
Controlled Oscillator

6834.682608 MHz

200 Hz (typical)

2 X 10" sec (typical)

1012

f—f,=574 B? (gauss)
1X 10 (typical)

8x 10713
3X 1077 (typical)

Optical Pumping

Optical Absorption

330°K
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9192.631770 MHz

250 Hz
2.5 X 107 sec
Interaction length,
L = 25 cm (typical)
108

f — fo=427 B? (gauss)
1 X 101 (typical)

3x 1013

none

Atomic Beam Deflection in
Dipole or Multipole
Magnets

Surface lonization of De-

. flected Atoms

360°K
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CHAPTER 5

TIMING EQUIPMENT AND MEASUREMENT

5-1 INTRODUCTION

Chapters 2, 3, and 4 are concerned with the
basic considerations of setting up precision
reference timing systems. In this chapter we
deal with the equipment and techniques
available to the local user who must solve
problems requiring accurate knowledge of
time. For accurate time keeping — regardless
of whether the required time scale is atomic
time, universal time, or any other (see par.
2-1) — the local system should (1) provide a
consistent time interval, (2) be initially
synchronized with the master time, and (3) be
checked periodically against the master time
to ensure that the scales remain in correspon-
dence. In other words, accurate time keeping
requires an accurate and stable measuring
system and effective means of synchronizing
this system with the master. The equipment,
techniques, and resources available to the
local user to achieve these ends are discussed
in the paragraphs that follow.

5-2 TIME MEASUREMENT

Precision time keeping or time indication
usually requires the use of a very stable
oscillator such as a quartz crystal oscillator
(see pars. 3-2 and 4-2) or one that depends on
the frequency corresponding to a particular
energy-level transition (see pars. 3-4 and 4-4).
Military Specifications for the cesium beam
frequency standard are listed as Refs. 1-4.

Unless very long time intervals are being
measured, the full stability inherent in these
oscillators cannot be obtained with ordinary
techniques. By use of the most basic method
of time interval measurement, the number of

complete oscillator cycles which elapse
between start and stop of an interval are
counted electronically. If, for example, the
oscillator frequency were 100 MHz and its
short-term instability were one part in 10!°,
then oscillator stability would be the limiting
factor in the measurement accuracy only for
time intervals greater than a hundred seconds.
To make full use of oscillator stability for
shorter time intervals, measurements can be
made of the fractional cycles that occur
during the time interval®>. To measure the
number of oscillations in an interval, use is
made of electronic counters. The basic
elements of counters include (1) decade
counting assemblies, (2) a main gate that
controls the time interval during which the
input signal is measured, (3) a time base
which supplies a reference of time for the
main gate, (4) decade divider assemblies, and
(5) a means of shaping the input signal to
provide for proper operation of the gate.
Numerical readouts are used to display the
count.

52.1 GATED COUNTER

Transient or repeated time intervals often
are measured using a gated counter to count
the cycles of an oscillator. In its simplest
form, a gated counter (Fig. 5-1°) forms a
pulse from the input sinusoid and this pulse
train is “gated” into a counter. Referring to
the figure, the crystal oscillator is free-running
and thus can be highly stable. Before the
initiation of a time measurement, the reset
multivibrator sets the counter to zero.
Transmission of the crystal-controlled train to
the counter is prevented by the gate. When a
start pulse arrives, the gate .binary switches
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‘ M OATE COUNTER

CRYSTAL
OSCILLATOR

STOP
PULSE

START
PULSE

Figure 5-1. Gated Counter’ -

and opens the gate that allows subsequent
time pulses to pass through to the counter.
These are counted until a stop pulse arrives,
and then the gate binary returns to its original
state and the passage of timing pulses to the
counter is stopped. The display-time multivi-
brator deactivates the gate binary so that the
_accumulated count can be viewedS .

For transient measurements, the accuracy
obviously is limited to * 1 cycle of oscillation
in a system using a simple polarized threshold
detector. The accuracy of this “gated
counter” system would be doubled if a
bipolar threshold detection system were
employed. However, any increases in order of
magnitude are not assured and the counter
has to operate at higher speeds. Present
technology sets a counting rate limit on
binary counters at approximately 100 MHz
and, consequently, accuracies greater than 10
nsec cannot be obtained by the brute force
application of this method®.

A somewhat better accuracy can be

obtained from the gated counter approach
when doing repetitive measurements. Results
of an extensive analysis indicate that 100
measurements are required for an accuracy of
1 nsec with 90% confidence with a 100-MHz
counter®. Recycle and display typically
requires several milliseconds, and thus 100
measurements might require 1 sec (Ref. 6).

5-2.2 VERNIER SYSTEM COUNTER

The next level of improvement in accuracy
has been achieved by the use of ‘“vernier
systems”?. [Essentially, the principle of
operation is that a coarse counter counts the
whole number of crystal clock oscillations
while vernier counters indicate the correction
due to fractional clock cycles. A block
diagram of the system is shown in Fig. 5-26,
The correction is measured by causing a
vernier oscillator to commence pulsing at the
start of the time interval. The vernier
oscillator frequency is slightly higher than
that of the clock oscillator, and vernier
oscillations are counted until the vernier
oscillator comes into phase with the clock
generator. A measure of this phase of the
clock generator then can be obtained. This
phase determination at the end of the time
interval is made by another vernier actuated
by the stop signal®. Two restrictions on this
method are (1) there are stringent stability
requirements for the vernier generators, and
(2) there is a “dead time”’ because the vernier
measurement is not available until the vemier
and the clock coincide.

4 |
START START START
STARIl vemMiER VERNIER COINC I DENT
GEN. COUNTER CIRCUIT
*
COARSE
COIER GATE CLOCK
L
1
STOP STOP STOP
cqose| VERNIER VERNIER COINC I DENT
GEN. COUNTER CIRCUIT
i ]

Figure 5-2. Vernier Counting System®




5-2.3 DIGITAL INTERPOLATION COUNT-
ER

Another technique that does not have the
restrictions of the vernier is the digital
interpolation technique®. In this method, a
pulse train derived from and synchronous
with the clock oscillator is fed into a delay
line. At the start of a time interval to be
measured, a pulse is developed that is applied
to the opposite end of the line. If the line has
the proper length, there will be a superposi-
tion of pulses at only one point on the line.
By tapping the line at regular intervals and
connecting threshold detectors to each tap,
the detector at or near a point of
superposition will be triggered. Since the
location of the detector is a measure of the
time by which the start of a given time
interval and a particular clock pulse differ, the
detector at that point can be used to drive an
indicator as in a time interval measurement. It
has been shown that this method makes
possible the improvement in accuracy of a
conventional gated-counter time measuring
system by a factor of 5 (exclusive of crystal
accuracy)®.

5-2.4 COMPUTING COUNTER

Computing counters combine the most
precise electronic counter with a built-in
arithmetic capability. With this combined
system, the raw data from the measurement
section can be treated mathematically to
produce the desired form. For example, the
computer section can be programmed to
correct for fractional frequency deviation of
the source. At present these counter systems
can measure fractional frequency divisions as
small as 5 X 1071 © for 1 sec averaging time.

5-3 SYNCHRONIZATION SYSTEMS
5-3.1 RADIO TRANSMISSION

Time synchronization accuracy to + 1 msec
can be achieved with presently available
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standard time signals such as those trans-
mitted by station WWV?. The method used
here requires the determination of the
propagation delay between the transmitter
and the clock station. This delay then is
applied as a correction to the clock reading®.
In addition, HF services broadcast time of day
information. Time ticks of these broadcasts
may be used in much the same way. With
present LF/VLF time services and the
receiving equipment now available, time
synchronization accuracy is a few milli-
seconds? .

5-3.1.1 Factors Affecting Radio Transmission

The principal factors that affect the
propagation delay for HF signals are (1) the
great circle distance between transmitter and
receiver, (2) the transmission mode, and (3)
the virtual height of the ionosphere reflection
layers. How these parameters are determined
and how the propagation delay is calculated
are discussed in the paragraphs that follow.

5-3.1.1.1 Great Circle Distance
A straightforward way to compute the

great circle distance between two points
makes use of haversines. Refer to Fig. 5-3°,

Figure 5-3. Great Circle Distance
Calculation®
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suppose A and B are two points on the earth
for which the latitude and longitude are
known. The following relationships must then
be found:

(1) For longitude

Lo,p = LoA — Loy, , deg (5-D
where

Lo 4 = longitude of Point A, deg

Loy = longitude of Point B, deg

(2) For latitude, if the two points are on the
same side of the equator

L,p =1L, — L, ,deg (5-2)
where
L A = latitude of Point A, deg

Ly latitude of Point B, deg
If the two points are on opposite sides of the
equator,

L,g =L,+L, (5-3)
The haversine of the great circle distance,

in degrees of arc, is given by’
havD = (cos L, )(cos Lg) (hav Lo, p)

thavl,p (5-4)

Note that the haversine of an angle 6 = (1
— cos 8)/2 = sin? (8/2). Great circle distance
can be determined by reference to a table of
haversines versus angles!?.

5-3.1.1.2 Transmission Modes

The propagation path is a groundwave path
for most LF/VLF transmissions. Short dis-
tance HF transmissions closely follow the

great circle route from transmitter to receiver.
For HF transmission over a distance of more
than about 160 km, the propagation path is a
sky-wave.

The maximum distance that can be
spanned by a single hop (i.e., one reflection
from the ionosphere) via the F2 layer is about
4000 km (see Fig. 5-47). It follows then that
the fewest number of hops between trans-
mitter and receiver is the next integer greater
than the great circle distance divided by 4000.
Transmission modes with one or more hops
greater than the minimum number of hops
occur frequently as shown in Fig. 5-5°.

5-3.1.1.3 Height of lonosphere

Long distance HF transmissions usually are
reflected from the F2 layer that varies in
height from about 250 to 450 km. It has been
determined from experience that the virtual
height of the F2 layer averages about 350 km
(see Fig. 5-4). This height can be used for
delay estimation.

Once the transmission modes and layer
heights have been determined, the trans-
mission delay can be determined graphically
by reference to Fig. 5-6°. This graph is
plotted for a single hop, but it can be used to
determine the distance for multiple hops. The

] ‘ -
g, \& LR Fy ™
RECEIVER 1 / -

TRANS- /
MITTER

Figure 5-4. Single-hop Sky-wave Paths

N




TRANSMITTER RECEIVER

Figure 5-5. Multiple-hop Transmission Path

distance covered by a single hop and the delay
for a single hop is determined, and this delay
is then multiplied by the total number of
hops to obtain the total delay.

This propagation delay is applied as a
correction to the clock reading, and the clock
ticks are then produced in synchronism with
the transmitted master timing signal (i.e.,
WWV). WWV is a high-frequency station
operated by the US National Bureau of
Standards at Ft. Collins, Colorado. Its time
code transmission is made for one minute out
of five, ten times per hour, and is produced at
a 100 parts per second rate carried on a
1000-Hz modulation. Fig. 5-7% shows time
code transmission from station WWV,

5-3.1.2 Normal Radio Transmission
5-3.1.2.1 LF/VLF Radio Transmission

Low frequency and very low frequency
signals follow the earth’s curvature, and are in
effect guided by the ionosphere acting as a
boundary. The high phase stability and long
range coverage of the lower frequencies make
them valuable for standard frequency trans-
missions. Time synchronization with the
present LF/VLF services, as with HF, must
include the factors of propagation and
receiving system delay except for the
simplification of all ground wave transmis-
sion. VLF waves propagate at about 292,000
km/sec as compared with 278,000 km/sec for
HF waves®. Since LF and VLF transmissions
are propagated for relatively great distances
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by ground wave, propagation delay for these
frequencies usually can be found directly,
after the great circle distance is calculated.

Whereas time synchronization with
LF/VLF could be accomplished to no better
than a few milliseconds before, there is a new
method, using dual VLF transmissions, in
which the synchronization can be accom-
plished to an accuracy of 2 or 3 usec or
better!?. In this method, the Dual Frequency
Transmissions of Radio Station WWVL at
Fort Collins, Colorado, were used as a means
of time synchronization of remote clocks. A
special receiving system was designed and
fabricated for the simultaneous reception of
either 19.9 and 20.0 kHz or 20.0 and 20.5
kHz. The system automatically combines the
received signals to produce a timing pulse
train with a repetition rate equal to the
difference frequency and with a phase
determined by the instantaneous phase
coincidence of the received signals. Two
receiving systems were operated simulta-
neously, one at NASA, Greenbelt, Maryland,
and one at RMS Engineering, Inc., Atlanta,
Georgia. Adequate data were obtained with
the 100-Hz separation to confirm a received
time accuracy of better than a few micro-
seconds during certain hours of uninterrupted
datal'®,

Another system similar in concept is the
NBS-NASA system!!. The frequencies used
here are the 20.0-kHz standard frequency
carrier, with either 20.5 or 19.9 kHz as the
single auxiliary frequency for a given test
period. These frequencies were all synthesized
and phase locked to the USFS. Carrier period
ambiguities were 50 pusec; difference fre-
quency signal ambiguities of the period were
either 2 or 10 msec. The single transmitter
and antenna at Fort Collins, Colorado was
used because frequency shift keying was used.
This procedure allowed 10-sec transmission
time alternately for each frequency. To relate
these transmissions to UTC, the phases of the
two frequencies being broadcast were adjust-
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$9.3DD SECDNDS

DURATION OF INDEX MARKERS UNWEIGHTEL CODE AND CONTROL ELEMENTS = D.2 SECOND

Figure 5-7. Chart of Time Code Transmissions from NBS Station WW V?

ed at the transmitter to go through zero
simultaneously in a positive direction coinci-
dent with a second’s tick of UTC. Phase
relations are maintained, upon reception, with
the time of simultaneous phase agreement
with a delay the amount of which depends
upon the phase velocity of the signals and the
distance between receiver and transmitter.

To extract timing information from the
signals, one or two conventional phase
tracking VLF receivers can be used. To relate
the phases of the received signals to the time
scale operating at the receiving site for time
synchronization, a calibrator was used to
generate the same two frequencies as
transmitted from the local time scale, with
the same simultaneous phase relationship
conditions. The calibrator consists of a
sawtooth waveform generator that is synchro-

nized by a 100 pulse per second rate taken
from the local time scale divider chain. An
interchange of signals from the receiving
antenna and the calibrator output permits a
measurement to be made of the pair of phase
differences. From the two measured quan-
tities, the relation between transmitter time
scale and receiver time scale may be
calculated, provided that the carrier propaga-
tion delays are known. Propagation fluctua-
tions on the path from Fort Collins,
Colorado, to the Goddard Space Flight Center
at Greenbelt, Maryland were studied by
keeping the clocks at the two locations
synchronized using portable clocks. Results
are shown in Figs. 5-8'! and 5-9!! that
indicate the propagation delay as derived
from the difference frequency measurements.
To evaluate the maximum stability of
synchronization of the system, the day-to-day
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DIFFERENTIAL PHASE
20.0 kHz vs 20.5kHz
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Figure 5-8. Indicated Propagation Delay,
..20.0 vs 20:5 kHz°

time variation of the received carrier was
plotted as shown in Fig. 5-10!. If the same
cycle of the carrier had been identified each
day, this figure would indicate the system
capability of synchronization.

5-3.1.2.2 Loran-C Synchronization

A pulsed radio navigation system, operated
by the US Coast Guard, called the Loran-C
system, uses a 100-kHz carrier and offers a
means for precision transfers of time. Clock
synchronization to * 1 usec is possible within
the range of any station of the East Coast
Loran-C chain. The master Station of the East
Coast Chain, at Cape Fear, N.C,, is controlled
with respect to the US Naval Observatory
master clock?.

The mechanics of station clock synchro-'

nization to Loran-C transmissions depend on
the type of receiver being used and the
required timing precision. Fig. 5-1112 shows a
simple visual timing system. This system can
be used within a few hundred kilometers of a
master chain transmitting 1 part per sec

_————————
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DIFFERENTIAL PHASE
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Figure 5-9. Indicated Propagation Delay,
19.9 vs 20.0 kHz?

identifiers or within that range of any station
on the East Coast chain. Useful range may be
expanded by photographic integration, and
accuracies up to * 20 usec for ground waves
can be achieved. Fig. 5-1212 shows a visual
timing system for use with any skywave
situation and for ground waves not requiring
automatic receiver accuracies. An epoch
monitor system (Fig. 5-131?) produces a
pulse rate that is reset to the delayed 1 part
per sec. The phase decodes the signal.
Accuracies are limited by ability to cycle-
select and may be improved by photographic
integration.

A phase tracking system is shown in Fig.
5-1412, This system provides a record of the
local oscillator phase drift with respect to
Loran-C. Used within the ground range of a
Loran-C station, the resulting record, which is
free of diurnal shift, can be used to compare
the station oscillator with the cesium
reference at the Loran-C station to within one
or two parts in 102 per 24-hr period.

~~~
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AR SRRRRRNLALRREY ARARARRARAER RARE Accuracies are generally in the range of + 20

usec. An automatic receiver system, Fig.
5-1512, is used depending on the particular

chain to be monitored. An automatic receiver
| has the capability of cycleselection, and
accuracies up to 0.1 usec have been attained.
The system can be calibrated by a Loran-C
: simulator.
_q A recent comparison among three precise
timing centers in the United States was
8 RELATIVE TIME DIFFERENCE — 13
sk NBS USFS vs chg%ato & \?LSC'LLATOR i f:onducted for over one year' °. These data
L CARRIER PHASE COMPARISON i involved a 3500-km ground wave path, and
Al FORT COLLINS, COL O GREENBELT, MD ] the long term precision achieved between the
olis i o i b b three remote stations was 2 usec.
51525 515 25515255 15255B62855K%
e lRE 1 |9|66m O 5-3.1.2.3 Omega Synchronization

Omega is a very low frequency navigation
Figure 5-10. Residual Daily VLF Time system. The basic navigational frequency of
Fluctuations® Omega is 10.2 kHz. In addition, navigational

T'igggf
Antenna
; RF
—_ » VI :mur ||r ] signal
Station Station
oscillator clock Delayed 1 p/s
Figure 5-11. Simple Visual Timing System®
£\ Antenna Trigger
Visusl RF Phase-
receiver signal decoded
RF signal
Epoch monitor Pulse rate
system Reset to delayed 1-p/s
at TOC
'mdll. Smdockm
or Delayed 1 p/s

Figure 5-12. Visual Timing System*?
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Master
Inputs Outputs
Slave O—\
RF input from visual O————————+1  Phase decoder ———————— Phase-decoded RF
receiver
MHZi ————+ Repetition rate, delayed
llromsttlaﬂt%f: o Loran-C rate Y
oscillator generator }————— Pulse rate, delayed
o Reset =~~~ | One pulse per TOC, delayed
Digital delay
0000&)—999999 us
Reset
Reset
1-p/s input esst Counter, One puise per TOC, on time

from station clock ad!'ushblo.

L o]
T

Manual reset

Figure 5-13. Simplified Diagram of an Epoch Monitor System

frequencies of 13.6 kHz and 11-1/3 kHz also
are broadcast! 4. Epoch at timing sites may be
deduced and maintained to better than 3
usec, and frequency can be maintained to one
part in 1012, Long bursts of continuous wave

Antenna

are transmitted (on the order of 1 sec or
more) and repeated every 10 sec. All stations
go off and on together, with 0.2 sec off
between transmissions. There is no master-
slave relationship, all stations being equal.

“Corrected”’
1 MHz
O

Synchronized rep. rate

tracking

b—————-——20

receiver

; m& €. Synchronized pulse rate
MRS o ————©0

1 MHz

Phase-decoded RF signal
o}

Station oscillator

Figure 5-14. Phase-tracking System! !

5-10




Phase-
decoded
RF

I

Pulse
rate

I

Antenna

AMCP 706-205

Strip chart
phase recorder

I

Synchronized

rep. rate
St
[ Epoch monitor I I Cycle selector | %P ime.interval
o Autometic receiver ToC counter
L—-—- reO Start
pulse
Output (to antenna
1 MH, lp's ?— terminat

— Loran-C simulator of receiver)

Station osciliator } 1 Station clock (for calibration)

Figure 5-15. Automatic Receiver System'?

5-3.1.2.4 TV Network Broadcasts

This method is readily available, inexpen-
sive, and a common source for many users
within the continental United States. In
essence the time comparison is between the
“read” from counters that are located near
different clocks!®. The counters are started
by the clocks with the same tick from the
local reference clocks. The counters are
stopped by a “sync” pulse broadcast from a
TV transmitter. The difference between any
pairs of counter readings remains constant.

A system developed by NBS for use in the
continental United States uses line-10 of the
odd field in the 525-line system M as a passive
transfer pulse. The broadcasts originate from
the New York City studios of any or all of the
three commercial TV networks. Carried
through the TD-2 relay system, the received
microwave signal is converted at a terminating
station to a video signal and retransmitted by
VHF or UHF to local service areas.

NBS distributes the line-10 daily measure-
ments in terms of UTC (NBS) in the Monthly
NBS Time Service Bulletin. The USNO
distributes line-10 data in terms of UTC
(USNO-MC) in the weekly Series 4 Time
Services Bulletin. These publications also
cover future changes, modifications to the TV
system, or other factors affecting users in the
field.

Advantages of line-10 timing include (1)
simplicity, (2) low cost of comparison
equipment, (3) low cost of maintaining
synchronization with long range precision of
10 usec, and (4) a method for simultaneous
maintenance of microsecond synchronization
of several clocks within the service area of one
transmitter. :

5-3.1.3 Satellite

Experiments in time transfers by use of
satellites have shown that clocks can be
synchronized to high precision at facilities
equipped with satellite tracking antennas.
Pulsed signals were transmitted simulta-
neously from ground stations over the
satellite circuit with correlations to time kept
by a master clock at the US Naval
Observatory®. Accuracy was within £ 1 usec.

5-3.1.3.1 Telstar

By wusing narrow band signals between
ground stations in the US and the United
Kingdom, a one-way transmission was
achieved by means of Echo I (a passive
reflector) in August 1960. The successful
operation of Telstar 1 (an active relay
satellite) provided an essentially symmetrical
circuit for simultaneous, two-way transmis-
sion and reception having a high signal-to-
noise ratio of 40 dB. The purpose of this
experiment was to determine the time
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Figure 5-16. Pulse Generating and Measuring Arrangements at Andover, Me.!?

difference between the master clocks of the
US Naval Observatory and the Royal
Greenwich Observatory at Herstmonceux,
U.K. Signals were transmitted simultaneously
over the satellite circuit from the ground
stations at Andover, Maine, and Goonhilly
Downs, Cornwall, U.K. These signals were
pulsed and were of a 5-usec duration. The
difference in time between the transmitted
and received pulses was measured at each
station, and the relative setting of the station
clocks was obtained directly. The equipment
used at Andover, Maine, (see Fig. 5-16!%)
included the following! 5 :

(1) Hewlett-Packard (HP) quartz crystal
oscillator and clock

(2) Pulser (P1) that initiated pulses to
Telstar

(3) Pulser (P2) to provide two sets of
pulses, one to trigger a 4-channel oscilloscope

and one to provide time markers
(4) An oscilloscope camera

(5) Receivers for time signals transmitted
on HF, VLF, and Loran-C.

Pulses were emitted using the Loran-C
station on Nantucket Island, in groups of 8,
spaced 1 msec apart, at a repetition rate of 20
groups/sec. The cycles within a pulse had a
period of 10 pusec. The equipment at
Goonhilly is indicated in Fig. 5-17'5. The
Post Office oscillator was a 100-kHz Essen-
ring oscillator. Along with a chain of dividers,
it gave an output signal of 1 Hz which
provided the time reference. The 60-kHz
transmission at MSF, Rugby, was used to
relate Goonhilly to Herstmonceux. It was
demonstrated by the use of Telstar that
clocks at satellite ground stations on either
side of the Atlantic could be synchronized
with an accuracy of + 1 usec.

QOONMILLY TPOCH

Figure 5-17. Interconnections of Generating and Measuring Equipment
at Goonhilly Downs, Cornwall*?
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RELAY I SYNCHRONIZATION EXPERMENT

t -—————-»f'\‘x

Figure 5-18. Retransmission of Pulses from Mojave by Kashima and
Injection of Pulses at Kashimal?

5-3.1.3.2 Synchronization Via Relay |l Satel-
lite

Experiments were carried out to synchro-
nize clocks via the NASA Communications
satellite Relay II between Mojave, U S, and
Kashima, Japan in 1965. Pulses 11 usec long
were emitted from a pulse generator (Pm) at
Mojave and pulses 5 usec long were emitted
from a pulse generator (Pk) at Kashima, at
rates of 100, 1000, and 10,000 pulses per sec.
Fig. 5-18!¢ illustrates the determination of
the time difference in clocks between Mojave
and Kashima when the Pm and Pk pulsers
were operating at 10,000 pulses per sec rate.
Fig. 5-191% shows the pulses photographed
on February 20, 1965 at Mojave. The first
and fourth traces are l-usec time markers.
The Mojave-transmitted pulse is shown in the
second trace. The third trace shows the
Kashima pulse transmitted on the left and the
Mojave pulse retransmitted at the right. Figs.

5-20'% and 5-21!° indicate the oscilloscopes,
pulsers, and oscillators used for generating
and recording the pulses at Mojave and
Kashima, respectively. By using this system, it
was estimated that the clocks were related to
* 0.1 usec on each part with a probable error,
obtained independently at the two stations
for each part, of about * 0.01 usec.

5-3.1.3.3 Meteor Burst Clock Synchroniza-
tion

An experimental system has been devel-
oped in which the frequency offset between
two remote frequency standards was deter-
mined through an exchange of timing
information over a meteor burst radio
propagation channel!”. In this experiment,
forward scatter propagation at VHF fre-
quencies from a meteor burst provides a
phase-stable, broadband propagation made for
the transmission of timing information over

,pwwm)—‘/— u

...... it Vo el d Sl bt e

Figure 5-19. Pulses Photographed on February 20, 1965 at Mojave!?
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o e EE—— R UL ranges up to 2000 km. A trail of electrons is
& o nadhe used as a reflector to transmit information.
— " — The electron trail is created from the collision

e — of the meteor with air particles in the lower

COMPARATOR

100 i
61 (-1 1= ]

E-region of the ionosphere. Techniques
employed to measure instantaneous time
offset were similar to those used in the Telstar
experiment. Fig. 5-2217 is a block diagram of
the system used to synchronize clocks at
Seattle, Washington, and Boseman, Montana.
Values of Af/f measured by this meteor burst
system, obtained by computer results, com-

1y

[t

- pare to within 4 parts in 10!° to the values
o srier Tacy measured by standard phase comparison
methods.

5-3.2 TRANSFER STANDARD
Figure 5-20. Equipment Used at Mojave To

To compare frequency and time between
places far removed, a very satisfactory

Generate and Record Pulses®

To transmitter

$ -
-]
.o?c‘;lla:ttzor s g § 2 1/sec From receiver
———
100 kHz I [ [ [ I
Y Pul;:r Counter 1 [*4
00 sec Mag.
Shutter . Rec. pulse
30 sec '/Jf p
|_L- Ref, pulse
10 kHz ; Timing pulse
Reference Hz
pulser1 |1 kHz
s
100 kHz
pulse
1MHz Counter 2
pulser
etk
S
Rb|(E
Reference [—*
pulser2 [
Sweep trigger ¥
Microwave link
Phase Cesium
ceweca=a oscillator
Comparator Cr

Figure 5-21. Equipment Used at Kashima To Generate and Record Pulses®
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Figure 5-22. Diagram of Meteor Burst Clock Synchronization System®”

Date

April, 1964

Feb./Mar., 1965

May/June, 1966

Sept/Oct., 1967

TABLE 5-1
SUMMARY OF HP FLYING CLOCK EXPERIMENTS
Description

Time correlated between U S and Switzerland to about 1 microsec. RF propagation time
established within about 200 microsec. Two clocks (#1 and 2) operated within a few parts in
10'2 of one another and within a few parts in 10! 2 of "’long beam” cesium standards at
Neuchatel, Switzerland, and NBS at Boulder, Colorado.

Time (or frequency) correlated between 21 places in 11 countries to within 1 microsec. One
clock (#3) accumulated less than 6 microsec time difference and the other (#4) less than 1
microsec in 23 days (compared against NBS UA).

Time {or frequency) correlated within about 0.1 microsec between 25 places in 12 countries.
Two clocks (#8 and 9) agreed with each other within 1 microsec after 31 days with an average
frequency difference of less than 3.6 parts in 10713,

Time (or frequency) correlated between 53 places in 18 countries to about 0.1 microsec. Two
clocks (#51 and 52) exhibited time differentials of 1.7 and 3.5 microsec over 41 days (compared
to HP house standard), corresponding to average frequency differences of 5 X 1073 and 10 X
10713, respectively.
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method is to carry an accurate clock, usually
by airplane, between them. Such a “flying
clock” experiment has been conducted several
times by Hewlett-Packard, the fourth of
which was conducted in 1967!8. The time
span for the experiment was 41 days and the
clocks traveled a total of 100,000 km. Two
HP clocks were used. By comparing these
clocks to the HP house standard at the
beginning and end of the 41-day period, the
time differences were found to be only 1.7
and 3.5 usec. This corresponds to offsets of 5
and 10 parts in 10!3 in the frequency
standards that actuate the clocks. Time

correlations were made to 0.1 usec. Table
5-11% is a summary of the four HP flying
clock experiments to date. The clock used
was an atomic-controlled cesium beam stand-
ard and clock assembly that had its own
standby battery power supply. The frequency
in the standard of the portable clock as well
as the time kept initially was compared with
the national standards at the National Bureau
of Standards and the U S Naval Observatory.
After the trip, the portable clock was again
compared with these same standards so that
any slight changes could be referred back on
previous measurements as a tolerance.

REFERENCES

1. MIL-F-28734A, Frequency Standards,
Cesium Beam, General Specification For,
Dept. of Defense, April 1972.

2. MIL-F-28734/1, Frequency Standard
Cesium Beam, Type 1, Detail Specifica-
tion For, Dept. of Defense, April 1972.

3. MIL-F-28734/2, Frequency Standard,
Cesium Beam, Type II, Detail Specifica-
tion For, Dept. of Defense, May 1972.

4. MIL-F-28734/3, Frequency Standard,
Cesium Beam, Type IlI, Detail Specifica-
tion For, Dept. of Defense, May 1972.

5. Robert Gregory, *‘A Digital Interpreta-
tion Technique in Time Measurement”,
IEEE Trans. on Instrumentation and
Measurement, IM-13, 159-63 (December
1964).

6. V. R. Latorre and H. J. Jenson,
“Subnanosecond Time Interval Measure-
ments”, Proc. National Electronics Conf.,
22, 3640 (October 1966).

7. R. G. Baron, “The Vemier Time-Mea-
suring Technique™, Proc. of IRE, 45,
21-30 (January 1957).

5-16

8. NBS Standard Frequency and Time
Services, U S Department of Commerce,

National Bureau of Standards, Boulder,
Colorado, Misc. Publication 236, 1972.

9. Frequency and Time Standards, Hewlett-
Packard Co., Palo Alto, Calif., Applica-
tion Note 52, 1965.

10. A. R. Chi and S. N. Witt, “Time
Synchronization of Remote Clocks Using
Dual VLF Transmissions”, Proc. 20th
Annual Symposium on Frequency Con-
trol, US Army Electronics Laboratories,
Fort Monmouth, N. J., April 1966, pp.
588-611.

11. L. Fey and C. H. Looney, Jr., “A Dual
Frequency Timing System”, IEEE Trans.
on Instrumentation and Measurement,
IM-15, 190-5 (December 1966).

12. L. D. Shapiro, “Time Synchronization
from Loran-C”, IEEE Spectrum, 46,
46-55 (August 1968).

13. D. W. Allan, B. E. Blair, D. O. Davis, and
H. E. Macklan, “Precision and Accuracy
of Remote Synchronization Via Portable
Clocks, Loran C, and Network Television
Broadcasts’, Proc. 25th Annual Sympo-
sium on Frequency Control, US Army




14.

15.

16.

Electronics Laboratory, Fort Monmouth,
N. J., April 1971, pp. 195-208.

E. R. Swanson and C. P. Kugel, “Omega
VLF Timing”, Proc. 25th Annual Sympo-
sium on Frequency Control, US Army
Electronics Laboratories, Fort Mon-
mouth, N. J., April 1971, pp. 159-66.

J. McA. Steele, et al.,, “Telstar Time
Synchronization”, IEEE Trans. on Instru-
mentation and Measurement, IM-13,
164-70 (December, 1964).

W. Markowitz, et al., “Clock Synchroni-

17.

18.

AMCP 706-205

zation via Relay II Satellite”, IEEE
Trans. on Instrumentation and Measure-
ment, IM-15, 177-84, (December 1966).

W. R. Sanders, et al., “A Meteor Burst
Clock Synchronization Experiment”,
IEEE Trans. on Instrumentation and
Measurement, IM-15, 184-9 (December
1966).

L. N. Bodily and R. C. Hyatt, “Flying
Clock Comparisons Extended to East
Europe, Africa and Australia’’, Hewlett-
Packard Journal, 19, 12-20 (December
1967).

5-17/5-18



AMCP 706-205

PART TWO — ELECTRONIC TIMERS '

CHAPTER 6

INTRODUCTION

The last decade saw a gradual evolution in
the field of electronics. First came the
development of the semiconductor devices
(transistors and diodes) and second, a
technology known as integrated circuits. The
combination of these two had a great impact
on the design of electronic circuits, especially
in regards to minijaturization. Moreover, this
advance has changed the design of military
timers.

Research and development in all phases of
the technology 1is continuing at an ever
increasing rate; consequently, new develop-
ments are arriving rapidly. This influx of new
information presents a problem in writing a
handbook that is supposed to contain the
latest circuits and techniques because the
procedures will be superseded by newer ones
by the time the handbook is printed. The best
that can be done is to give the designer
background information and impress on him
the need for reviewing the current literature
before selecting a given circuit.

6-1 SEMICONDUCTOR DEVICES
6-1.1 TRANSISTORS

Like the triode vacuum tube, its semicon-
ductor counterpart, the transistor is a
three-terminal electronic device that performs
many of the same functions as the vacuum
tube. The transistor has replaced the vacuum
tube in most areas of electronics. There are
several reasons for this wide acceptance:

(1) Transistors, being small and light, are

the logical choice when size and weight are
important factors.

(2) They require no filament supply,
which means that their power requirement is
much less than that for a vacuum tube.

(3) They have a longer useful life than
vacuum tubes.

(4) As long as transistors are operated in a
nondestructive environment, their operating
characteristics do not deteriorate with time. A
nondestructive environment is one wherein
temperature, humidity, and radiation levels
are such that the electrical properties of the
semiconductor materials are not destroyed.
Vacuum tubes have a limited operating life,
because of cathode deterioration with use.

(5) Finally, transistors are physically more
rugged than tubes because they are solid state.

During the early development of transis-
tors, vacuum tubes were superior to tran-
sistors but with the advance of semiconductor
technology their advantages soon disappeared.
Some of the advantages of vacuum devices
were that they could be designed with a
higher input impedance and that they could
operate at higher voltage levels than semicon-
ductor devices. For the unijunction transistor
that is used as a level detector, the input
impedances are now comparable. Silicon
transistors have made the use of higher
voltages possible, although still not as large as
those for vacuum tubes.
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Fig. 6-1 compares three basic transistor
circuits with the equivalent vacuum tube
circuits. Most of the electronic timing circuits
discussed in this handbook use semiconduc-
tors rather than vacuum tubes. However, the
designer should keep in mind that circuits can
be constructed using either component.

6-1.2 INTEGRATED CIRCUITS

An ideally integrated circuit completely
eliminates individual electronic parts — such
as resistors, capacitors, and transistors — as
the building blocks of the electronic circuit.
In the place of these parts are tiny chips of
semiconductor material which serve the

=
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v ouUTPUT
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BASE

(A) TRANSISTOR (B) VACUUM TUBE
CIRCUIT EQUIVALENT

Figure 6- 1. Basic Small-signal Circuits
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functions of several transistors, resistors,
capacitors, and other electronic elements. The
elements are interconnected to perform the
task of a complex circuit, often comprising a
number of complete conventional circuit
stages. Within or on top of these tiny silicon
chips are microscopically small depositions or
growths of material layers which serve the
functions of the individual discrete parts.
Thus, multistage amplifiers, complex flip-
flops, and dozens of other functional circuits
are becoming the basic components of
electronic circuits.

Basically, there are two general classifica-
tions of integrated circuits — the semiconduc-
tor monolithic integrated circuit and the
thin-film integrated circuit. Each of the basic
circuits can have a variety of structures with
specific advantages or disadvantages for a
particular application. Thin-film component
arrays also have been added to semiconductor
circuits in networks that promise to combine
various features of the individual devices in a
single configuration of maximum utility.

6-1.2.1 Monolithic Circuits

The basic semiconductor integrated circuit
is a monolithic device;, i.e., the circuit
elements are fabricated on a silicon substrate.
In today’s circuits, this material is silicon,
which serves the monolithic device as the
chassis, called a substrate.

6-1.2.2 Thin-film Circuits

The basic thin-film circuit begins with a
substrate, made of an insulating material such
as glass or ceramic. Upon this substrate is
deposited a pattern of the passive elements of
the circuit (i.e., resistors, capacitors) as well as
an interconnecting pattern of metal. Deposi-
tion is by various techniques, such as vacuum
evaporation, sputtering, and silk screening.
The active elements (i.e., transistors, diodes)
are added separately to the thin-film pattern.




6-1.2.3 Multichip (Hybrid) Integrated Cir-
cuits

The multichip circuit is not a monolithic
device. Rather, it is composed of individual
parts, made either by film or diffusion
processes. These parts are attached to a
ceramic substrate and interconnected by a
combination of metalization processes and
wire bonding techniques. The completed
circuit may be housed in packages identical to
those used for monolithic circuits.

6-2 GENERAL TIMING SYSTEMS

Electronic timers can be classified into two
general types —analog and digital — distin-
guished in Fig. 6-2. The circuits are discussed
in detail in pars. 10-2 and 11-2 to 114,
respectively;, however, a brief description is
given here to illustrate the basic difference.

6-2.1 THE ANALOG SYSTEM

In engineering language, the term analog
usually connotes a continuous stimulus as
opposed to discrete pulses that typify a digital
system. The factor that determines the
classification is how the time interval is
generated. In an analog system, the time
interval is generated by a continuous circuit
action as typified by Fig. 6-3(A). In this
circuit, when switch S is closed, capacitor C

CHARGING LEVEL . OUTPUT
CIrRcuIT ™ oetector [ cwmcuir >
{A) ANALOG TIMER
PULSE ouTPUT
counTer - oecooer [—> ——
SOURCE | d OEcoOE CIRCUIT

(B ) DIGITAL TIMER

Figure 6-2. Block Diagrams of Analog and
Digital Timers

AMCP 706-205

charges through resistor R and the voltage
across C increases with time as shown in Fig.
6-3(B).

The voltage developed across the capacitor
V. at any given time is a function of the series
resistor and capacitor, the voltage of the
power supply, and time

v.=v, [-etl&)y (6-1)

Eq. 6-1 can be arranged to solve for time
Vy

t=RCln v, - V. » S€C (6-2)

LEVEL
DETECTOR

I T

(A ) ANALOG CHARGING CIRCUIT

| t

(B) ANALOG CIRCUIT CHARACTERISTIC

Figure 6-3. Simple Analog System
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where
V., = voltage across capacitor, V
V, = power supply voltage, V

C = capacitance, F
R = resistance, ohm
t = time, sec

The level detector is quiescent until v,
reaches a value that causes the detector to
trigger. The time delay is determined by V, ,
R, C, and the value of V. at which triggering
occurs. The simplified analog circuit illus-
trated in Fig. 6-3(A) is an example of a
one-shot device. Modifications to this circuit
which permit it to recycle and generate a
succession of timing pulses are presented in
par. 10-2.

The main advantage of this type of system
is simplicity. Only a capacitor, a resistor, a
voltage source, and a level detector are
required. On the detriment side is its
inaccuracy and instability. From Eq. 6-2 it
can be seen that the error is a direct function
of R and C. For example, if R and C drift by
10%, the time will change by 10%. The error
due to small changes in source and bias
voltages is a function of the change in the
ratio of bias to source voltage and the value of
that ratio. The smaller the ratio, the smaller
the error for equal percentage change in the
ratio. For applications where the ratio is
approximately 0.5, a 10% change in the ratio
can give a time error of up to 16%.

6-2.2 THE DIGITAL SYSTEM

Even very simple digital timing circuits
require many more individual components
than analog timers. Thus, digital timing
systems have benefited greatly from inte-
grated circuit technology.

Fig. 64 illustrates a simple digital timing
circuit. The pulse source is typically an

64

oscillator and pulse shaper that supplies
uniform time-spaced pulses to the counter
when S, is closed The counter is composed
of the discrete state elements Dy, D,, and D;.
The discrete state of these elements (L, L,,
and Lj) is monitored by the decoder that has
a pulsed output F when some predetermined
combination of the outputs occurs. The
sequence of these outputs is a function of the
number of pulses supplied to the counter. The
decoder pulse output is converted to a
continuous output signal by the output
circuit.

6-3 MILITARY APPLICATION

This handbook emphasizes the military
application of electronic timers. The main
categories for these timers are

(1) High-acceleration systems (artillery)

(2) Low-acceleration systems (rockets,
bombs, guided missiles)

PULSE
SOURCE

/*

D| e Dz L-J 03
Ly La | ts
\ A i
DECODER
F
QuUTPUT
CIRCUIT
¢ QUTPUT

Figure 6-4. Simple Digital System




(3) Stationary timers (demolition, con-
trols).

Each of these uses represents a peculiar
environment that the timer rfust endure.
None of these applications, however, would
use what is considered to be a high-precision
timer.

Electronic timers can be used to provide
delay for (1) arming, (2) functioning, or (3)
self-destruction or sterilization.

6-4 REQUIREMENTS

Timers used for military application must
meet electrical, mechanical, and environmen-
tal requirements. Electronic timers are similar
to other pieces of military equipment in that
they must operate in all types of environ-
ment.

6-4.1 ELECTRICAL REQUIREMENTS

Since most of the electronic timers for
military purposes are portable, the power
sources are restricted to batteries. Much work
has been done on trying to develop batteries
that have a long shelf life, high regulation, and
small size. The types of power sources
available are discussed in pars. 10-5 and 11-5.
Like other military timers, it is desirable that
electronic timers be simple, compact, rugged,
accurate, reliable and have low power
consumption.

6-4.2 MECHANICAL AND ENVIRONMEN-
TAL REQUIREMENTS

While these timers have an electronic time
base, they are nonetheless components of
mechanical systems that must withstand
storage, shock, and vibration over the military
temperature range. Ammunition timers may
be subjected to high acceleration and spin
forces. See par. 16-1.1 for a listing of typical
military conditions that may be required.
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Since the components of electronic timers
have no moving parts, they can be encap-
sulated or potted in a plastic material; many
ammunition timers are so packaged. Potting
provides many desirable attributes: (1)
increased shock and vibration resistance, (2)
protection against moisture and other con-
taminants, (3) increased thermal resistance,
and (4) handling protection. Potting, then,
makes it easier to achieve the required
ruggedness.

Electronic timers are more susceptible than
other timers to electromagnetic radiation in
the environment. See par. 7-3 for methods of
radiation hardening.

6-5 AUXILIARY EQUIPMENT

Auxiliary equipment for military timers
ranges from the calibration and maintenance
equipment usually associated with any mili-
tary electronic equipment to the field
operated time-to-action setting devices (fuze
setters) used in conjunction with ammunition
timers. Auxiliary equipment usually is subject
to less stringent mechanical and environmen-
tal requirements than the timers themselves;
however, time-to-action setting devices for
ammunition timers must be rugged and
capable of working in the field. Space and
power requirements for auxiliary timer
equipment are also less stringent.

Ammunition timing systems usually require
an integral timer plus a time-to-action setting
device that introduces the desired time setting
into the ammunition timer. Since only the
ammunition timer is expended, considerable
effort is made to incorporate all self-checking
features and components necessary for setting
in the non-expended and reusable setting
device. Thus timers themselves in an overall
ammunition timing system are likely to be of
less complexity than the timer auxiliary
equipment. Time-to-action setting devices for
analog and digital timers are covered in pars.
104 and 11-5, respectively. Timer testing and
calibration are treated in par. 7-5.

6-5/6-6 .
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CHAPTER 7

SYSTEM DESIGN CONSIDERATIONS

7-1 STATIONARY SYSTEMS
7-1.1 GENERAL

Design goals are determined at the outset
when any new military system is being
developed. These goals, which are defined for
each major component of the system, provide
that the total system will result in a product
that is safe, reliable, combines maximum
accuracy with design simplicity, is construct-
ed ruggedly for successful operation in a
military environment, and has a reasonable
life cost cycle.

7-1.2 ANALYSIS OF REQUIREMENTS

In the development of a military item, an
analysis of requirements is mandatory when
planning either a new concept or a modifica-
tion of an existing unit. These requirements,
after defining the limits within which a
designer may operate, usually contain: (1)
performance factors that must be met, (2) a
description of associated equipment with
which the item must interface, (3) approxi-
mate cost to manufacture, (4) operating
parameters, and (5) probable environments.

In particular, the requirements for an
electronic timer might include the following:

(1) Delay time range with ability to set in
predetermined increments

(2) Accuracy given as plus or minus an
allowed percentage of timing error

(3) Operating temperature range

(4) Military transportation, vibration, en-
vironmental, and storage requirements

(5) Maximum space allowable for the unit
including the electrical power supply

(6) Cost goals

(7) Setting considerations, including meth-
od and resolution.

The designer must be thoroughly familiar
with the stated requirements so that heisin a
position to evaluate them. Should any of the
requirements be too difficult, time con-
suming, or costly to achieve, a judgment can
then be made whether or not to request
relaxation of one or more requirements to
reduce development time and cost risk. This
judgment process is called trade-off. It is quite
possible that the most economical approach
would be to use an existing timer, perhaps
with modifications. However, if a new design
is called for, then the timer development
should follow a series of logical steps.

7-1.3 STEPS IN DEVELOPING A SYSTEM

Stationary electronic timers are essentially
of two types:

(1) Precision reference timers, typified by
a precise crystal controlled oscillator followed
by a binary divider network. This timer can
be extended to any desired time period at the
expense of providing more divider stages and
the additional power to drive them.

(2) Electronic timers having an RC time
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base used in relaxation oscillator circuits.
These devices can be relatively simple.

Details of precision reference timers are
covered in Chapters 4 and 5, while those of
electronic timers are located in Chapters 10
and 11. Stationary timer systems must fulfill
all of the requirements listed in par. 7-1.2,
except perhaps for the following:

(1) Size and weight restrictions are not as
stringent.

(2) Shock requirements, such as opera-
bility under setback and acceleration forces,
are not specified.

The development of a timer used in a
stationary system or one used in a mobile
system (see par. 7-2) is considered successful
and complete only when pilot lots have
passed all tests and the timer has been
accepted as a standard item ready for mass
production. There are many steps between
the first preliminary schematic and the final
production of the standard timer. Throughout
development, the designer must consider a
great many details at each of the four basic
stages: (1) preliminary schematics, (2) bread
boarding, (3) testing and revision of model,
and (4) final acceptance.

7-1.3.1 Generalized Process

The generalized process of time delay is
illustrated in Fig. 7-1!'. The output is
triggered when the physical variable coincides
with the preset reference value. Two impor-
tant design factors are the repeatability of the
characteristic curve, including hysteresis and
independence of changing operating condi-
tions, and the accuracy of the detector.
Linearity is desired at times when a
convenient readout dial is needed. In many
applications, the ability to reset to zero is also
of major importance. Another important
physical variable in many time delay devices is
temperature because of the large variations in

7-2

MONOTONIC CURVE,
RELATING VALUE OF
PHYSICAL QUANTITY
TO ELAPSED TIME

PHYSICAL QUANITITY —p

INITIAL CONDITION
(FIXED STARTING
POINT)

P ——

| TIME—»

Figure 7-1. Basic Timer Diagram*

ambient conditions from place to place!.

Figs. 7-2! and 7-3' show generalized
behavior of a physical variable in a timing
mechanism. The value of the physical variable
is changed by a source of driving energy.
When the timing cycle is initiated by an
external signal, the change begins. Change
then proceeds at a controlled rate that
depends on the design and adjustment of the
mechanism. The detector delivers an output
signal when the value of the physical variable
matches the built-in reference signal. Electri-
cal power is used in electronic timers as the
driving power that is modulated to change the
physical variable! .

The elements to be considered for use in an
electronic timer are?:

LT
“TIME

PHYSICAL DETECTOR f———»
QUANITITY RESPONSE SIGNAL.

, AT TIME T.

4

|
ACTUATION RESPONSE

SIGNAL —
ACTUATION
SIGNAL
5
TIME—>

Figure 7-2. Block Diagram of an Elementary
Timer!




REGULATING
MECHANISM
PHYSICAL DETECTOR
POWER VARIABLE (gﬁ¥g8$s
SOURCE UNDER le—
CONTROLLED INDICATION})
A CONDITIONS

{
INITIATION
SIGNAL

Figure 7-3. Controf of Physical Variable!

(1) Power Supplies. Batteries using alkaline
zinc and silver oxide, a solid-state battery,
existing ground power, etc.

(2) Time base. LC oscillator, RC oscillator
with gas-diode trigger, magnetic core oscilla-
tor, nuclear time base, etc.

(3) Frequency Dividers and Counters.
Transistor flip-flop binary divider, transistor
flip-flop ring counter, magnetic core flip-flop,
magnetic core ring counter, etc.

(4) Output Circuits. To produce a signal
that initiates the first element in an explosive
train, for instance, or to delay the application
of high voltage to a radar set in order to allow
the acquisition magnetron to reach operating
temperature.

7-1.3.2 Trade-off Possibilities

An excellent way to evaluate the various
alternatives is to tabulate each class of
component and then estimate the relative
suitability of each factor to meet the design
requirements. Such a tabulation is shown in
Table 7-12 in which the oscillator type and
accuracy, voltage and current requirements,
power available, frequency, and approximate
size are given for various oscillators.

Better than marginal improvements over
old systems are required to justify a new
design. These improvements should include
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such features as increased reliability, reduced
cost, or greater accuracy. Production or
shelf-item components that are introduced
into a system must still be checked out by
electrically testing the assembled item. This
must be done because (1) component shelf
life usually must be known or estimated, (2)
mating components may introduce incompati-
bility, and (3) the performance of the new
design may be degraded by coupling effects
between old and new items.

After a review of the timer requirements
has been made and trade-offs decided upon,
the electronic timer designer can begin
preliminary designs. At this phase of develop-
ment it is quite possible that the choices of
the various components of the system have
been narrowed so that either available data or
prototype hardware development can be used
to eliminate all but one of the approaches.
The prototypes can then be fabricated and
prepared for testing.

7-1.3.3 Testing

The prototypes are subjected to tests that
simulate or duplicate the forces and environ-
ments which the final version will have to
survive. Most of the parameters can be
measured with standard measuring equip-
ment. The tests include?:

(1) Electrical Tests. Conformance of the
timer with circuit requirements, dielectric
strength, insulation resistance, and continuity.

(2) Environmental Tests. Vibration, oper-
ating temperatures, storage temperatures, and
drop tests.

(3) Timer Performance and Accuracy.
Checking after exposure to each of the
preceding test groups.

7-1.4 COMPLETION CRITERIA

After the prototype is proven to be capable
of satisfying all requirements, a testing

7-3
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TABLE 71

COMPARISON OF VARIOUS OSCILLATORS

Oscillator type Voltage, Current, Power Level, Frequency, Size,
and accuracy \Y A mw Hz in.3
LC 4106 4 X 10 1.6t0 2.4 1000 1
(Including amplifier)
0.1t0 1.0%
RC Feedback 120 to 280 1078 12 to 28 1k to 10k <0.5
oscillator
0.01t0 0.1%
Magnetic core 15 1 X 107 150 to 300 10 to 100 1
0.1to0 1.0% to
2 X 1072
RC unijunction 10 to 20 2 X 10° 20 to 40 1to 100 1to2
transistor
1to 3%
RC (SCR as trigger 50 2 X 10¢ 10 1 25
device; initial
negative voltage
on capacitor)
3%
Multivibrator 10 2 X 10°% 0.2 11010 2
2to 4%
RC 60 15 X 10° 9 110 100 2

Four-layer diode
5% (questionable)

RC 300 4 X 10° 12 1 5
Gas diode
5% (questionable)

program is initiated which is based on Reliability is the probability that material
statistical sampling. See Table 7-23 for a will perform its intended function for a
sampling plan for a typical electronic timer. specified period under stated conditions®.
The proven timer then can be produced in With respect to the design of electrical timers,
quantity and integrated into the weapon several important considerations have a direct
system. Perhaps the most important criterion bearing on device reliability:

is reliability.

7-4




TABLE 7-2
SAMPLING PLAN

Lot size Accept Reject
inclusive Sample size lot lot

0-25  Use 100% Inspection

26-35 20 0 1
36-50 25 0 1
51-150 30 0 1
“151-300 30 1 2
301 —over 60 2 3

(1) The number of component parts
should be a minimum.

(2) If discrete components are used,the
reliability of each should be as high as is
commensurate with total circuit reliability
and cost.

(3) Parts must withstand extreme environ-
mental conditions and still operate success-
fully.

(4) Components should be used whose
important properties are known and repro-
ducible.

(5) Timers should be designed so that
factors that affect reliability can be detected
by means of nondestructive tests or inspec-
tion.

From the reliability measurements point of
view, two kinds of systems can be distin-
guished®: (1) The repairable or recoverable
system designed to perform for a long time in
a large number of operations, and (2) the
nonrepairable or nonrecoverable system de-
signed to perform only once. Stationary
systems can be put in the former category and
mobile systems in the latter. See par. 7-2 for
reliability consideration for mobile systems.

The reliability of stationary systems de-
pends on maintenance policy, i.e., on
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schedules for overhaul, parts replacement, and
inspection. Repair maintenance is not used
until parts fail during system operation. In
this case, component wearout becomes the
dominant factor and the system failure rate
becomes much higher than it originally was. A
newly built system that has been debugged is
essentially free from wearout failures and its
reliability is governed by the frequency of
chance failures. During this period, compo-
nents are replaced as they fail. After this
period, wearout failures begin to show up and
if only repair maintenance is used, the system
failure rate would rise. However, when high
reliability is required, preventive maintenance
is used to prevent wearout failures from
appreciably affecting system operation®. In
other words, long-life systems must be
maintained preventively if long failure-free
operating periods are required, and the system
chance failure rate must be very low. In
regard to the probability of the first failure of
the system, whether it be chance or wearout,
the answer can be given only by means of a
system probability analysis when the compo-
nent parameters are known and not by means
of system tests. For more details about
system reliability measurements and testing,
see Ref. 5.

7-2 ACCELERATED SYSTEMS

7-2.1 GENERAL

Timers and programmers are used by the
military in virtually every type of munition
from low g missiles to high g projectiles. The
use of electronic timers, used in fuzes, began
during and after World War II when system
requirements called for more versatile and
sophisticated equipment. In particular, elec-
tronic digital timers have been used extensive-
ly in more expensive large-scale weapons
after many problems of size, power supply,
and shock which are inherent in vacuum tubes
were eliminated by the introduction of the

- transistor.
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The use of electronic timers in accelerated
ammunition requires a low-cost rugged time
base. An error of less than 0.1% under all
conditions of use and operating temperatures
range from —50° to 125°F are typical. The
use of temperature control is not feasible in
applications that require an oscillator output
to be available a few milliseconds after
initiation. Timers must operate under high
spins, after high setback accelerations during
firing, and sometimes under severe decelera-
tion forces imposed by target impact. Other
requirements for the time fuze are small size
(e.g., about 1 in.?) and a low power drain®.
The paragraphs that follow discuss various
design considerations for this type of
electronic timer.

7-2.2 COMPONENT SELECTION AND
QUALIFICATION

7-2.2.1 Considerations

The electric components used in the
circuits of electronic timers consist of
capacitors, resistors, magnetic cores, tubes
and transistors, and power supplies. The
accelerated environment puts stringent re-
quirements on their ruggedness, aging, and
temperature characteristics. Factors working
against fuze component reliability vary with
the type of fuze in which the components are
used. Requirements for long inactive shelf
life, extreme environmental conditions while
in operation, and the limited ability to pretest
for functioning just before use add to the
difficulties in selection of components. For
these reasons, the designer should use
standard components wherever possible.

When selecting timer components, the

designer may take advantage of the fact that
components which are inadequate for long
time applications may be entirely suitable for
use in fuzing systems. Possibilities include
components with a relatively short operating
life or with failure rates that rise sharply with
cycling. Even though some fuzes undergo

7-6

many tests prior to actual use, their total
operating life expectancy is normally much
less than that of stationary system compo-
nents. Tolerances of some components may
prohibit their use in certain types of
electronic equipment, but they may be used
in an electronic time fuze.

Mounting of components in a preferred
orientation along with potting to strengthen
the entire configuration will help the
component survive the severe environment.
To eliminate the effects of aging and thermal
changes, three solutions can be used”:

(1) Use components whose original proper-
ties are adequate.

(2) Use hermetic sealing to protect compo-
nents from damage due to environmental
conditions.

(3) Choose components so that the varia-
tion of one component property is compen-
sated by another component.

7-2.2.2 Resistors

The types and characteristics of resistors
that are available for military use in an
electronic timer are shown in Table 7-33.
Available resistance varies widely. The units
are capable of withstanding the required
environment and have a minimum change of
values under operating conditions. For addi-
tional information about resistors, see par.
10-4.2.

7-2.2.3 Capacitors

Capacitors currently produced that will
meet the temperature and stability require-
ments for electronic timers are porcelain
capacitors (a ceramic capacitor with a
temperature coefficient of 15+ 5 parts per
million/deg C is presently in production). The
porcelain capacitor is stable during storage life
and is readily available with a O + 25 parts per




TABLE 7-3

RESISTOR CHARACTERISTICS

Nominal Value, ohm

Initial Tolerance, %

Wattage Rating, W

Temp. at which derating starts, °C

Zero Wattage Temp, °C

Temp. Coefficient of Resistance,
ppm/deg C

Range over which TCR holds, °C

Maximum Working Voltage, V
Dielectric Withstanding Voltage, V
Current Noise, uV/V

Distributed Inductance, uH
Distributed Capacitance, pF

Voltage Coefficient of Resistance, ppm/V
Load Life, Max. change, %

Short-time Overload, Max. change, %
Moisture Resistance, Max. change, %
Temp. Cycling, Max. change, %
Terminal Strength, Max. change, %
Low Temp. Operation, Max. change, %
Soldering, Max. change, %

Shelf-life, Max. change, %

Shock, Max. change, %

Vibration, Max. change, %
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Wire Wound Carbon Film Metal Film

0.1 2 —1Meg 2 1 £ — 1000 Meg 2 302 —15Meg 2
(10'% ohm avail.)

0.002% - 0.1 0.1 (0.05 avail.)

0.05 — 250 0.1-5 0.1-4

125 Typ. 70-120 70-125

250 Typ. 150 Typ. 175 Typ.

* 10 stand. —250 to + 500 10--250

* 2 avail.

—80 to +6000 avail.

various —65 to +150 —65 to +150 Typ.

—65 to +150

for stand. £ 10 ppm

100—-1200 200-15,000 200-750

100—2500 200-1000 200-1000

——————— 0.1-1 0.05-0.2

=1 < 10GHz <10 GHz

=0.8 <10 GHz < 10 GHz
2-20 Typ. 1-5

0.05-1.0 0.1-1.0 0.1-1.0

0.01-0.1 0.01-05 0.1-0.5

0.005-5 0.03-1.5 0.1-1.5

0.07-0.2 0.02-0.5 0.05-0.5

0.00-0.05 -0.2 -0.2

0.02-0.25 0.05-0.5 0.005-0.5
0.01-0.5 0.05-0.5

0.002-0.1 0.05-0.2 0.05

0.00-0.2 0.1-0.5 0.01-0.5

0.01-0.2 0.1-0.5 0.01-0.5

million/deg C temperature characteristic. The
capacity shifts a maximum of 0.1% over a
ten-year period with most of the drift
occurring during the first few months.
Temperature characteristics within £ 5 parts
per million/deg C are available. To achieve
0.1% accuracy in the design of oscillators, a
calibration capacitor is used. For a basic
oscillator frequency of 1000 Hz, a calibration
capacitor must -have a tolerance of 2% up to
300 pF and #+ 1% on values above this. High
spin and shock should have no adverse effects
on the capacitors®.

7-2.2.4 Magnetic Cores

Magnetic cores are used in electronic
counters because of their ability to maintain
memory with no power. The core is made of
ferromagnetic material that exhibits a square
hysteresis loop. Fig. 7-4'° shows an idealized
version of this material. The fluxes shown in
the figure are

¢, = remanent flux

saturation flux

2
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Figure 7-4. Square Hysteresis Loop Material

The squareness ratio is equal to ¢, /¢ , which,
for the cores used in military timers, is a
minimum of 0.9. With no drive applied, the
core is normally in either the ¢, or the —¢,
state. When sufficient drive is applied in the
proper direction, the core switches to the
opposite ¢, state; when the drive is removed,
the flux changes to ¢,. Fig. 7-5' illustrates
the method of driving the core to the ‘0" and
“1” states. The —¢, state is designated “0”
and the ¢ state is designated “1”. Further
information on magnetic cores and core
circuits is given in Ref. 11. Fig. 7-62 shows
the diagram of a typical magnetic core driver.

7-2.2.5 Tubes and Transistors

Rugged tubes are commercially available
for accelerated military items. Cold cathode
diodes and triodes depend on light to provide
initial ionization. This problem has been
solved by placing a band of radioactive
material around the tube which helps to
provide a consistent breakdown voltage. The
choice between a diode and a triode often is
made on the basis of available energy because
a triode, while slightly more complicated, has
more efficient energy transfer character-
istics”.
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Transistors at first were too expensive to
use in one-shot devices such as electronic
fuzes. However, with improvements in the
state of the art, cost has been reduced so that
more and more transistors now are being used
in oscillators for electronic timers. A unijunc-
tion transistor is used as the trigger device in
an RC-oscillator?. Transistors with high-gain
bandwidth products, high voltage, and a
guaranteed beta over three current decades
are available commercially for use in ampli-
fiers, oscillators, mixers, and other signal
processing applications. They provide maxi-
mum reliability and heat transfer, and are
designed to meet rugged military specifica-
tions. They are encapsulated by a welded
hermetic seal and can be mounted in any
position?. Storage and operating range is
—65° to +200°F.

7-2.2.6 Power Supplies

Several types of batteries are used in
electronic timers. One type is the alkaline zinc
and silver oxide battery. Voltage rating is 1.5
V per cell. It can be fabricated with the cells
free of the electrolyte for reserve action. The
electrolyte is stored in a container adjacent to
cells and forced out into the cells, for
example, by firing an electric squib?. See par.
11-6 for more information on power supplies.

7-2.3 CIRCUIT DESIGN AND BREAD-
BOARDING

Circuit design begins with the synthesis of a
circuit that meets the performance objectives.
In the interest of cost and time savings, such a
circuit is developed initially within the
component constraints imposed by the
system requirements indicated in par. 7-1.2.
Since integrated circuits are being used more
and more because of their packaging and
reproducibility attributes, the designer also
should keep in mind several present monolith-
ic component limitations. Generally, large
values of resistors and capacitors, as well as
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close absolute component tolerances, are to
be avoided. The number of capacitors should
be held to a minimum because they occupy
valuable die space. Inductors should be
eliminated entirely in a monolithic design
because at present they are not fabricated
adequately in integrated form. If a hybrid
construction is planned, then discrete compo-
nents are used along with the integrated
circuit elements. See par. 8-2 for more
information about integrated circuit tech-
niques.

To synthesize the circuit design, a decision
must be made as to the power supply, the
frequency divider and counter type, and the
output  circuit that will attain the desired
accuracy.

Compilations such as shown in Tables 7-1
and 7-41? show the various oscillators and
their relative performance capability. Accura-
cy obtainable, voltage and current require-
ments, frequency stability, and approximate
size are listed. Table 7-52 gives the same data
for frequency dividers and counters.

Once the circuit is synthesized, a bread-
board model can be built. Its performance can
be evaluated with well known test procedures.
Reasons for discrepancies in the anticipated
performance usually can be pin-pointed by
taking stage-by-stage measurements. This
emphasizes the value of breadboarding be-
cause theoretical analysis cannot localize
problem areas. Initial problems sometimes can
be eliminated by part changes. At other times,
a new circuit must be synthesized to remove
the limitations of the first attempt.

Once a satisfactory breadboard model has
been developed and the interconnection
requirements of the system have been
satisfied, the designer’s initial task is ended!3.
The next step is the development of a
prototype.
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Oscillator
type

LC
parallel tuned

LC
series tuned

RC
wien bridge

RC
parallel-T

RC
bridged-T

RC
phase shift

multivibrator

magnetic
square loop

pulse
RC discharge

pulse
curpistor-C

mechanical
resonator

TABLE 74

RELATIVE PERFORMANCE OF VARIOUS OSCILLATOR TYPES

Frequency Resistance to

stability* shock and spin
good fair

very good fair

very good good

very good good

very good good

fair to good good

fair to good good
good fair to poor
fair good

fair to good good

excellent poor

Power

drain Complexity

low low

low med

low med

low med to high

low med

low med
low to med med to high
med to high high

low med
very I|ow med

low med to high

*Frequency stability, variation: excellent < 1 X 10™; very good 10™* to 10™; good 10° to 1072; fair > 10°2.

7-24 LAYOUT AND ASSEMBLY TECH-

NIQUES

With the circuit breadboard performing as
required, a suitable layout can be considered.
The first basic rule that insures reliable circuit

operation
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involves packaging. The circuit

should be compatible with the thermal
limitations of a standard package whenever
possible. Since the package provides a
conductive path that dissipates the heat
generated internally, circuit power dissipation
must be limited so that the internal operating
temperature does not exceed allowable limits.
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COMPARISON OF VARIOUS FREQUENCY DIVIDERS AND COUNTERS

Type of counter or

frequency divider

Voltage,

\'

Current,

A

Power Level,
mW

Magnetic core
decade

Input frequency-
1 Hz max.

Magnetic core
decade

Input frequency-
10 Hz

Magnetic core
decade

input frequency-
10 Hz

Magnetic core
decade

Input frequency-
1000 Hz

Magnetic core ring
counters or feed-
back shift register-
Arbitrary number
of stages

Transistor decade
(flip-flops)

Input frequency-
1000 Hz max.

Transistor decade
(flip~flop ring
counter)

1000 Hz max.

Complementary
metal oxide
semiconductor

10

10

10

10

10to 15

5 X 10°

7 X 10°%

25 X 10

21 X 10°

Depends on
input fre-
quency as
given above

5 X 10°

3 X 10°

<1073

0.5

0.7

25

21

Depends on
input fre-
quency as
given above

0.3

0.2

<15

Size,
in.3

0.3

0.3

0.3

0.3

Maximum size: 1/3
in.? per decade of
frequency reduction

0.3

0.01

0.7

0.03

0.02
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The maximum number of permissible leads
depends on package limitations. By use of
integrated circuits, standard transistor can-
packages are limited to 12 leads while flat and
dual in-line packages will accommodate 14
leads.

A second fundamental layout objective is
the size of the ultimate monolithic die. With
properly designed circuits produced with high
packaging yields, die size is often the
controlling factor in the manufacturing cost
of integrated circuits.

The circuit designer has no control over the
size and geometry of active components.
These are fixed by the types and specifica-
tions used in the final breadboard. In the light
of the variations in manufactured compo-
nents, it is advisable that the circuit designer
work in close cooperation with the part
supplier.

A modern aid for integrated circuit design
is the computer. If the circuit design is known
well enough to provide complete characteriza-
tion electrically and topographically, it can be
optimized by computer methods. A manufac-
turer’s off-the-shelf circuits can be specified
completely and stored in a computer
library!3.

All printed circuit assemblies, even for
small production quantities, are dip soldered.
This method saves labor, and results in greater
reliability. Generally, all conventional compo-
nents are mounted on the side of the circuit
board opposite the pattern, so that they are
not immersed in the solder during the dipping
operation. With two-sided circuits, the com-
ponents are mounted on the side opposite the
one to be dipped. Components mounted on
the dip side are assembled after dipping and
soldered in place by hand.

Preforming and precutting of axial lead

components greatly increase the speed and
efficiency of assembly of printed circuit
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boards. Other efficient methods of assembly
are flow soldering, wave soldering, and cas-
cade soldering. The simplest way to assemble
components to a printed circuit board is to
bend the leads of the components and insert
them through holes in the printed wiring
board, hand solder the connections between
the component pigtail tips and the printed
conductor, and then cut off the excess lead
lengths. Care should be exercised in the
hand-soldering operation to avoid cold-solder
joints and resin joints14.

7-25 PERFORMANCE STANDARDS

Performance standards that an electronic
timer is expected to meet for accelerated
systems usually are determined by the end use
of the timer. Timers can be used in missile,
rocket, bomb, or projectile fuzes. Existing
off-the-shelf power supplies, for instance,
usually will not meet the requirements for
projectile fuze timers.

Setback and spin requirements vary widely.
Table 7-6'% is a general summary of these
operating requirements. Electrical require-
ments are comparatively uniform, typical
requirements being listed in Table 7-7'3. In
electronic time fuzes, accuracy is dependent
upon the time error in starting as well as the
running error.

TABLE 7-6

OPERATING REQUIREMENTS

Setback, Spin,
Fuze g9 rps
Missile 25 5
Rocket
“Nonspin’’ 100 5
Spin 100 100
Projectile 27,000 500




TABLE 7-7

ELECTRICAL REQUIREMENTS

Projectile Voltage, Current,
Fuze \" mA
Missile 12-15 30-50
Rocket . 6.7+0.7 100
Projectile® 6—15 30-100

*Summary of three developments.

Typical performance standards for a
long-delay bomb fuze include?:

(1) Delay time from 15 min to 100 hr
settable in 15-min steps

(2) Accuracy within * 5%

(3) Operating temperature range —65° to
+160°F

(4) Operation after an impact deceleration
of 20,000 g for 5 msec in any direction

(5) Usual military, vibration, and environ-
mental requirements

(6) Maximum size: 3 in. in diameter by
2-5/8 in. long including power supply.

Oscillator frequencies of interest fall in the
range of 10 to 10,000 Hz. Frequency choice
is determined mainly by the incremental
setting resolution desired and the technical
limitations of the particular type of oscillator
chosen. Setback at launch or firing will occur
momentarily and will require continuity of
signal, with recovery to the original signal.
Spin may persist throughout the useful life of
the timer. Since some rounds do not spin, it
may be desirable to develop separate oscilla-

tors for spin and nonspin applications. The .

oscillator frequencies must remain within
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specification tolerances for (1) variations of
supply voltage of + 20% from the nominal
design value and (2) variations of other
parameters to their extreme values? 2.

In most applications, protection will be
required against catastrophic failures that
would increase the frequency and shorten
arming or firing time, thus creating a safety
hazard. To minimize timing error, most uses
require a rapid buildup and stabilization of
the energizing power.

A final requirement for electronic timers is
accuracy after prolonged storage at tempera-
ture extremes. Crystallization, cold flow, and
other deteriorating effects in the frequency
determining elements must be minimized.
Effects of irradiation from nuclear detona-
tions may be of importance. To be confident
that the timer will perform as required, it is
necessary to subject it to extensive tests (see
par. 7-5).

7-2.6 EXTERNAL INTERFACES

The primary external interface for electron-
ic timers used in accelerated systems is remote
selection of the time delay Electronic setting
in its simplest form eliminates the need for
circuit power while the selection is being
done. For information on time setting
methods see par. 104.

Provisions for external interfaces should
insure electrical, mechanical, and environmen-
tal compatibility between the timer and any
external cabling and selecting system. Mating
connectors should pass MIL-STD specifica-
tions! 8. The connector in the timer should be
capped when the cabling from the selection
system is removed. A cap should act as an
environmental shield to protect the timer!?.

7-3 RADIATION HARDENING

It is necessary for some types of timers to
survive the radiation environment of a nuclear
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burst. The radiated energy will destroy the
average electronic circuit within several miles
of the burst unless radiation hardening is
employed. Before discussing the techniques
used to harden electronic circuits, it would be
well to examine the environment that is
generated by a nuclear explosion.

7-3.1 RADIATION FROM A NUCLEAR
EXPLOSION

A nuclear explosion resembles a blackbody
at a temperature of several tens of millions
degrees and, in accordance with Planck’s
radiation formula, radiates most of its energy
as soft X rays. Almost all of the energy,
approximately one billion kilowatts per
megaton, is released in the first microsecond
in the form of X rays, gamma rays, alpha rays,
beta rays, and neutrons. Note that the first
two are electromagnetic while the three
remaining are corpuscular. Table 7-81%
compares four of these components.

7-3.1.1 X Rays

7-3.1.1.1 Nature of X Rays

X rays are produced in a nuclear burst by
high-velocity electrons colliding with elec-
trons attached to an atom. When a charged
body—such as an electron—is decelerated, a
pulse of electromagnetic radiation is pro-
duced. For convenience, the acceleration or
deceleration of an electron is measured in
electron volts (eV). A 500V electron, for
example, refers to one that has been
accelerated by a potential difference of 500
V. The energy required to ionize an atom by
removing an outer electron is much less than
100 eV while that required for an inner
electron may be as high as 70,000 eV. X rays
produced by collision with outer electrons are
called soft X rays while those produced by
displacement of inner electrons are called
hard X rays. The main difference between
these emanations is the wavelength: soft X
rays range from ten to one angstrom, hard X
rays cover one to 0.1 angstrom.
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7-3.1.1.2 Interaction With Materials

Tonization, the production of hole-electron
pairs in a material, results from the absorption
of photons (soft and hard X rays). Photons,
which comprise up to 75% of the energy in a
nuclear explosion, interact with matter in any
of three ways: (1) Compton scattering, (2)
photoelectric effect, and (3) pair production
(see Fig. 7-71%).

The results of these processes are the
production of hole-electron pairs that migrate
to oppositely charged junctions under the
influence of the applied electric field. This
photocurrent in proximity to the junctions
causes minority carriers to be swept across,
creating an amplified secondary photocurrent
due to the current gain of the device. The
momentary effect is saturation of the device
with a high current surge and a resultant
voltage transient. Among the subsequent
effects in this chain of events are transistor
latchup, circuit ringing, junction breakdown
and, in integrated circuits, even lead melting
because current surges can range from 1 mA
to 1 A. Spurious triggering is common with
even small photocurrents and can disrupt the
most carefully designed circuit. Photocurrents
short out capacitors, turn nominal insulators
into conductors, and are especially harmful in
integrated circuits because they appear in the
base material as well as at the site of active
devices and thus form coupling and shorting
paths throughout the chip.

7-3.1.2 Gamma Rays

Approximately 3.5% of the energy radiated
from a nuclear burst occurs in the first 50
usec as gamma rays. These rays, with a
wavelength of 0.1 to 0.01 angstrom, are
similar to X rays generated by several million
volts.

Gamma rays are similar to X rays in that
they ionize the material into which they
penetrate; i.e., they remove. electrons from
neutral atoms. In most situations this effect is




Character

Velocity

Energy of
particle or
quantum

Penetrating
power

Absorption,
observed

Absorption,
theory

Relation to
emitting
atom

COMPARISON OF RADIATION FROM NATURAL SUBSTANCES!®

X rays

Quanta Av (governed
by waves of length
c/v)

Velocity of light ¢

Visible light: several
eV. Technical X
rays: 10 — 106 eV

I =1l,e-Bx

Each quantum when
absorbed gives
away total energy
in one process;
fraction of energy
lost per cm path is
constant

Wavelength sharply
defined character-
istic of electronic
structure of emit-
ting atom

TABLE 7-8

Alpha rays

Me** jons = He
nuclei

Up to 1/15¢

Up to 8.8 X 108 eV

1/100 mm aluminum

Limited range; dense
ionization over the
full length of range;
straight paths ex-
cept very rare
sharp deflections

Each particle spends
its energy on many
ionization pro-
cesses; no deflection
in collisions with
electrons because
of large mass of «
particle; very rare
sharp deflection in
collision with
nuclei

Energy of « particle
sharply defined,
characteristic of
emitting nucleus

Reprinted with permission of McGraw-Hill Book Company.

Beta rays

Electrons

Up to 99.8/100 ¢

Upto2X 10% eV

Several 1/10 mm alu-
minum

Limited, not sharply
defined range; less
dense ionization
than by a rays;
crooked paths

Each particle spends
its energy on many
ionization pro-
cesses; deflection oc-
curs since § particle
is light

Continuous 3-ray
spectra with sharp
high~energy limit
are characteristic
of emitting nu-
cleus; sharp-line
(-ray spectra
represent emission
of KorL...
electrons

AMCP 706-205

Gamma rays

Same as X rays,
same or shorter
wavelength

Velocity of
light ¢

Up to several
106 eV

Several cm lead

=/oe~tx good
approximation

* Each quantum

when absorbed
gives away its
energy in one or
a few processes:
ionization
(photo-electric
effect),
Compton effect,
or pair produc-
tion

Wavelength of
< ray sharply
defined char-
acteristic of
emitting
nucleus
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Figure 7-7. Summary of X-ray and Gamma Ray Interactions With Matter*®

temporary so that the device returns to its
original state when the radiation is discon-
tinued. The time lapse is referred to as
recovery time.

7-3.1.3 Neutrons

The effects of neutrons—although they
are particles of appreciable mass—are similar
in character to gamma rays. Neutrons can
penetrate a considerable distance through the
air and constitute a great hazard.

7-3.2 ELECTROMAGNETIC PULSES (EMP)

Under the proper circumstances a signifi-
cant portion of the energy released during a
nuclear detonation can be made to appear as
an ElectroMagnetic Pulse (hence, EMP) having
the same frequencies or wavelengths as those
employed by most commercial radios and
military systems?®. Two unique properties of
EMP are of crucial significance—(1) its
extremely great range, EMP being capable of
disabling electrical and electronic systems as
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far as 3000 miles from the site of the
detonation, and (2) the fact that EMP can
cause severe disruption and sometimes dam-
age when other weapon effects such as
nuclear radiation blast, thermal effects, dust,
debris, and biological effects are all absent.
This means that a high-yield nuclear weapon,
burst above the atmosphere, could be used to
knock out improperly designed electrical and
electronic systems over a large area of the
earth’s surface without doing any other
significant damage. The range of EMP .is
diminished greatly if the weapon is detonated
within the atmosphere.

An idea of the amplitude of EMP can be
gained when we compare it with fields from
man-made sources. A typical high-level EMP

"pulse could have an intensity of 100,000
V/m. This is a thousand times more intense
than a radar beam of sufficient power to
cause biological damage such as blindness or
sterilization. It is ten million times as intense
as fields created by sources in a typical
metropolitan area. Recently two factors have



greatly increased the significance of the EMP
threat: (1) increased sophistication in nuclear
strategy and weapons, and (2) increased
susceptibility of electronic systems due to the
broad introduction of semiconductors and the
ever-greater dependence on complex opera-
tional hardware.

EMP differs from the electromagnetic
environment usually encountered. The very
intense EMP fields are distributed widely,
whereas intense natural (lightning) or man-
made fields are localized. Further, EMP
occupies the spectrum through the lower
microwave band. Most man-made fields are
confined to only a narrow part of the
spectrum. It follows, therefore, that protec-
tion practices and components for non-EMP
environments—radio-frequency interference,
lightning, radar, etc.—are not directly appli-
cable for EMP problems.

The asymmetrical flow of charges caused
by a nuclear explosion causes electromagnetic
fields to be radiated away from the burst
point. These fields cause a corresponding flow
of charges, or electrical currents, in distant
metallic conductors. This is comparable to the
way the electromagnetic fields from a TV
transmitter set up currents in a rooftop TV
antenna. Any metallic object exposed to
electromagnetic fields can be a collector of
electromagnetic energy; i.e., act like an
antenna, even though it was never intended to
be that. Generally, the larger the metallic
structure, the greater is the amount of
intercepted EMP energy.

The level of the EMP environment can be
reduced by shielding, geometric arrangement,
geographic relocation, or grounding. Good
shielding design is the best practice. It usually
centers on pragmatic compromises related to
the realities of construction and fabrication,
economics, and applicational requirements.
The dominant principle in circuit geometry is
the avoidance of coupling configurations—
most notably inductive loops. Good circuit
layout practices apply equally to large cable
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systems or to printed circuit packages. It is
generally independent of circuit dimensions.
Grounding is not a panacea. If it is not
applied realistically, it may make matters
worse. In some systems controlled resistive
grounds are used purposely to promote
energy dissipation and to suppress ground
loop currents.

The fraction of the collected energy which
is applied to a sensitive component may be
reduced by introducing an amplitude limiting
device, such as a spark-gap, a filter, or a
disconnect mechanism between the energy
collector and the component. Protection
against EMP also may be achieved by
choosing less sensitive components or subsys-
tems. For instance, vacuum tubes are more
damage-resistant than transistors. Their incor-
poration, however, might create other prob-
lems. Increasing or selecting digital logic
circuits having digital voltages and switching
thresholds is preferable. Coding signals sent
via long interconnecting wiring will minimize
EMP “fooling” the system.

Testing is as important as planning and
implementation of hardware protection. The
balances between laboratory tests and full-
scale simulations, and between component
and fullsystem tests, depend on many
factors, such as system size, probable threat
situations, and unavoidable susceptibilities.
Both analytical and empirical approaches are
required to realize a hardened system. Neither
can be relied upon exclusively. The number of
uncertainties and unknowns is so large that
one approach often is used to confirm the
results of the other approach.

Today, it is considered to be sufficient to
permit the design and implementation of
most military hardware with high assurance of
acceptable EMP hardness. But it does cost
some money and effort, and the indications
are that this hardness will never come “free”.
Typical EMP hardening costs (if incorporated
early) for strategic systems can be on the
order of a few percent of the system cost?°,
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7-3.3 COMPONENTS
7-3.3 1 Design Considerations

The hardening of a timing system that must
operate during irradiation has two major
problem areas?!. The system must not lose its
capability to perform due to permanent
damage to its components, primarily from
neutron irradiation. In addition, timing
accuracy will be affected directly by any
temporary disabling due to transient response
of system circuitry to ionizing radiation,
primarily photons.

Hardening the time system against perma-
nent damage by neutron irradiation can be
accomplished mainly by choosing the “hard-
est” components and allowing for their
degradation to a level to which the weakest
components can be raised by proper shielding.
To minimize the transient response of the
system would require extensive circuit rede-

sign.

The degree of overdesign depends on
specification level and system complexity.
For example, at 10'2 n/cm? with energies
greater than 10 keV, an overdesign factor of
20 is reasonable; at 1013 n/cm? a reasonable
overdesign factor could be 5. At 5 X 10'%
n/cm?, however, an overdesign factor for
safety margin is hard to obtain?2. Some of
the most sensitive semiconductor components
begin to show radiation effects at about 101!
n/cm?. The upper end of the range is about
1015 n/cm?. See Refs. 23-26 for detailed
information on hardening.

7-3.3.2 Hardened Components

Hardened components are the foundation
for a survivable system. Advances in semicon-
ductor device technology have produced
dielectrically isolated integrated circuits of
high-gain bandwidth product with thin-film
passive components for use in radiation
environments. Computer aided analysis and
design have been made possible by the
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development of codes like SCEPTRE and
TRAC that use large-signal radiation equiva-
lent circuits for semiconductor components.
Reliability engineering and quality control
have evolved new techniques for minimizing
structural defects that might limit semicon-
ductor performance.

The most important failure mechanism due
to neutrons is the degradation of semiconduc-
tor device operating characteristics. The main
aspect of this problem is § degradation, where
B is the current gain. Various studies have
shown that control of base width is needed in
order to control § degradation. This can be
done more directly by controlling gain
bandwidth product which is inversely propor-
tional to the square of the base width.
Selection of a gain bandwidth product that
ensures the largest overdesign factor con-
sistent with the present state of art and
market availability is now possible for small
signal devices. For power transistors, overde-
sign must be supplemented by circuit design
techniques that minimize the dependence of
circuit functional parameters on the gain of
the power transistor. Devices such as SCR’s
and unijunction transistors should not be used
unless a verified source of hardened devices
has been established. Microcircuits, including
p-n-p transistors, should be avoided if possible
due to the difficulty of controlling base width
in such structures??. Several methods have
been developed to produce films that are
insensitive to a radiation-induced space charge
buildup. These are the silicon oxynitride
films2? and the silicon-on-sapphire isolation
techniques?®. For additional details on
component hardening techniques, see Ref. 29.

While surface properties of semiconductor
devices also are changed by the ionizing dose,
the parameters of most transistors and
modern diodes are relatively independent of
changes in surface properties. The net result
is that these components can be used up to
total doses of 10% rad. Surface field-effect
transistors suffer large changes in turn-on
voltage due to total dose effects and have




thresholds as low as 5000 rad. These
transistors should be avoided in radiation
hardened systems?2. Surface dose effects can
be controlled to a degree by imposing
stringent specification limits on junction
leakage currents.

7-3.3.3 Analysis

In the design and analysis of electronics in
the radiation environment, it is necessary to
describe the electrical effects of radiation on
semiconductor devices quantitatively. The
Ebers and Moll Model3?, the simplest large
signal model, can be readily modified to
include radiation effects. The devices must be
characterized and predictions—nominal and
worst case—of device response to the nuclear
environment must be made. The device must
then be measured in radiation facilities.
Predicted and measured responses are then
compared, and any significant differences
must be resolved. Analysis must cover all of
the current and voltage regions that the device
encounters in the system. In no case should
circuit analysis be performed until satisfac-
tory device models are defined.

7-3.4 CIRCUIT TECHNIQUES

Current transients from photons create
noise pulses, a change of state in digital
circuits, and other transient phenomena. The
two main elements of a circuit hardening
approach are??: '

(1) Shielding to limit radiation levels in the
electronic circuits

(2) Special circuit design techniques to
minimize circuit functional response charac-
teristics to radiation effects.

Shielding can effectively reduce X ray flux
but it usually is ruled out for use with
neutron and gamma flux because of severe
weight penalties. When shielding is not
feasible, the circuit must be redesigned.
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The most cost effective way to analyze a
circuit is to use a computer to predict system
operating parameters as functions of radiation
exposure. Proof tests can then be performed
at radiation facilities and compared with the
computer predictions. Agreement between
predicted and measured results provides
confidence in the hardened design.

A typical comparison of measured and
predicted response for the microcircuit of a
general purpose amplifier is shown in Fig.
7-82%. For further information on circuit
hardening techniques, see Refs. 29 and 31.

7-3.5 MEASUREMENT AND SIMULATION

In order to simulate exposures and to
measure their effects, a radiation facility is
required. Facilities such as a TRIGA Mark F
reactor at the radiation facility of the US
Army Harry Diamond Laboratories can be
used to irradiate components. Neutron
dosimetry is used for energies greater than 10
KeV  with dosimetry accuracy being
20-25%%1.

Among the results found at this facility was
that reset circuitry need not be hardened
against permanent neutron damage but that it

2o
LIMITED
/” WORST- CASE
.~ PREDICTION

- ’,PREDICTEU

AVem VOLT

COMMON MODE OUTPUT VOLTAGE OFFSET

n/cm?

Figure 7-8. Congruence Between Predicted
and Measured Common-mode Output
Voltage Offset??
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must remain inactive after the timing
sequence has started. A burst of ionizing
radiation could produce photocurrents in
transistors which would act as a reset signal,
thus resetting all flip-flops and magnetic
circuitry. Photocurrents due to ionizing
radiation in microcircuits fabricated with p-n
junction isolation were almost an order of
magnitude greater than those fabricated with
dielectric isolation. Performance degradation
of the latter type of microcircuit can be
expected to follow closely the degradation of
its discrete components. Thermistors irradi-
ated at the facility were found to indicate
lower temperatures after irradiation (i.e., their
resistance increased); each thermistor had its
own characteristic pattern of change?!.

Magnetic core dividers contained three
types of component: diodes, SCR’s, and
magnetic cores. The SCR’s failed to operate
after relatively low dosages. Their principle of
operation makes them extremely vulnerable
to ionizing radiation even if they are built to
withstand permanent damage. However, a
two-transistor equivalent of the SCR is
radiation resistant. Damage to the diodes of
the magnetic divider showed some decrease in
core switching time and loop current because
of increased forward voltage drop across the
diodes. Magnetic cores were not damaged.
Output circuits were also vulnerable because
of the presence of SCR’s in the system and
indicated that substantial redesign would be
necessary.

Simulation of timer circuits can be done by
computer. The basic information needed to
model a timer circuit is the circuit schematic
and its electrical performance characteristics.
Gamma dose rate modeling is accomplished
by the addition of a current generator and, in
neutron effects modeling, the gain of the
transistor is altered to simulate progressive
degradation32.
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7-4 SPECIAL APPLICATIONS

7-41 LONG DELAY STATIONARY SYS-
TEMS

Electronic timers are used in mine fuzes
and demolition devices. Mine fuze timers are
now used for:

(1) Opening of a missile or artillery round
containing a set of scatterable mines

(2) Arming of mines after ejection from
the round

(3) Self-destruction of the mine after a
time ranging from hours to weeks

(4) The signature analysis circuitry to help
determine the functioning time against the
target and to assist in resisting counter
measures. These timers are made from
COSMOS chips.

Examples of longrange timers are de-
scribed in Refs. 33 and 34.

7-4.2 SATELLITE AND REMOTELY SET-
TABLE TIMERS

In the design of a timer for a satellite
separation system, provision usually is made
to provide outputs anywhere within long and
short intervals by adjusting a single resistor

. per interval. Each- interval timer is indepen-

dent and may be connected in series or
parallel with any number of other interval
timers in any order. The timer should be able
to operate reliably under normal and space
temperature and pressure conditions, and also
under vibration of 10 to 5000 Hz (at
maximum acceleration of 54 g)35. Off-the-
shelf components with no compensation can
yield accuracies of = 10% or better over the
temperature range of —4° to 158°F. Selection
of timing capacitors having a low temperature




coefficient and low-leakage can yield * 5%
accuracies in this temperature range. With
combinations of bias and timing current
compensation, accuracies of * 2% can be
obtained. Redundancy can be accomplished
easily because of the independence of the
circuits that produce the timing interval and
fire the explosive charge, and the fact that the
oscillator for each interval is normally off.
Figs. 7-93% and 7-1035 show diagrams of
long-interval and short-interval timers.

A remotely settable timer is an electronic
system consisting of a 2-channel timer and a
setting unit connected together either by a
2-wire or 3-wire link or by a 2-way radio
link!°. A typical timer system is settable
from 1 to 20,000 sec in 1-msec increments.
The frequency source is a crystal controlled
oscillator, accurate to * 2.5 parts in 107 over
a range of 21 to 31 V DC, a temperature
range of 32° to 140°F, and shock and
vibration environment of a missile launch!?.

MAG NETIC CORE
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FULSE . PULSE
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NEXT
TIMER
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EXPLOSIVE
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Figure 7-9. Long-interval Timer
Block Diagram
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Figure 7-10. Short-interval Timer
Block Diagram

Another type of remotely settable magnetic
core electronic timer is shown in Fig. 7-6.
This timer consists of a temperature-stabilized
1000-cycle LC oscillator accurate to 0.1%, a
magnetic core counter in double line register
mode, and a remote selection unit. Time
delays from 1 to 200 sec can be obtained with
a setting resolution to 0.1 sec. The remote
selection system eliminates the need for
circuit power while the time delay is being
selected. The time delay selected can be
stored indefinitely in the magnetic cores of
the timer.

7-5 TIMER TESTING

7-56.1 GENERAL

During the design and development of an
electronic timer, as with any other timer
system, each component is subjected to a
number of tests to determine if it performs in
the manner expected. When the prototype is
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built, it is subjected to performance and proof
tests to see if the prototype satisfies the
requirements. Since some of these tests
damage the item and since the available
number of items is limited, it is desirable to
use special tests and it is necessary to apply
special methods of data analysis.

7-56.2 PERFORMANCE TESTS

The components of a timer as well as the
complete timer assembly must undergo tests
to establish that the system functions
properly. For a discussion of development
and acceptance tests that are used to check
out new timer designs, see par. 13-6.2.

7-5.3 SAFETY TESTS

Safety tests are used to determine whether
performance meets safe handling require-
ments. There are two types: (1) destructive
tests where operability after the test is not
required and (2) nondestructive tests where
operability is required. For a discussion of
these tests, see pars. 13-6.4.1 and 13-6.4.2.

7-5.4 TELEMETRY

Telemetering in the broad sense is the
transmission of data by any means from a
remote and usually inaccessible point to an
accessible location. Usually telemetering re-
fers to electrical methods of acquiring and
transmitting data, especially for transmission
by an RF link from the munition to a ground
station®®. The requirement for telemetering
data from fuzes using electronic timers may
be quite severe, e.g., in an artillery fuze where
survival of the telemetering transmitter,
power source, and antenna may be necessary
under accelerations in excess of 50,000 g
during setback. A typical system meeting
these requirements is shown in Fig. 7-117.
Transducers in the device being tested convert
the variable being measured into an electrical
signal that subsequently is used to modulate
the carrier of an RF transmitter. The signal is
received, amplified, and demodulated on the
ground and recorded on magnetic tape or on
an oscillograph for subsequent analysis.

Fig. 7-1237 shows the sequence of events
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Figure 7-11. Typical VHF High-g Telemetry System
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of an electronic programmer system for a
projectile. The projectile was equipped with a
telemetry unit that transmitted the frequency
of both oscillators and the outputs from both
channels. The outputs occurred at T-7, T-6,
T-4, and T-0 sec. The purpose of the test was
primarily to determine if the decade dividers,
output logic, and firing circuit would operate
properly after being subjected to gun-fired
environments®”.

7-5.5 ANALYSIS OF DATA

It is important that the timer system
designer use statistical procedures to re-
enforce his conclusions. Timers may be
manufactured in large lots and only a few
items will be tested. These are selected
randomly so that the sample will represent
the lot. For more information about the
analysis of data, see par. 13-6.5.

7-6 ADDITIONAL FACTORS IN DESIGN

In order to design a timer for use in severe
environments so that it will function within

L4950 SEC
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the limits set forth in the specifications, a
number of general design factors must be
considered. These include reliability, human
factors engineering, and cost.

7-6.1 RELIABILITY AND MAINTAINABIL-
ITY

In designing for reliability, the designer has
two powerful tools at his disposal at all stages
of the design. They are: (1) derating of
components and (2) reliability analysis.
Derating of components means operating
them at substantially less than their rated
values of voltage, wattage, temperature, etc.
Reliability analysis is the calculation of
system or equipment reliability from the
failure rates of the components used. If these
techniques do not reduce the component
failure rate sufficiently, then redundancy or
standby systems can be used. In the case of
electronic timers—where high reliability, small
space, and low weight are specified —redun-
dancy and standby systems cannot always be
used and therefore the first two methods
commonly are employed. Techniques for
reliable design are’:

SAFE-SEPERATION
TIMER OPERATES oI

-l

GROUND
CONTROL
UNIT

Figure 7-12. Sequence of Events
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Figure 7-13. External System Building Blocks

(1) Design to a minimum of parts without
degrading performance.

(2) Perform design reliability reviews by
means of reliability analyses.

(3) Apply derating techniques.

(4) Reduce operating temperatures by
providing heat sinks, good packaging, and
good cooling.

(5) Eliminate vibrations by good isolation
and protect against shock, humidity, corro-

sion, etc.

(6) Specify component reliability and
burn-in requirements.
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(7) Specify prototype tests and production
debugging procedures.

In regard to maintainability, the design
engineer should keep in mind the principles
discussed in par. 13-2.2. Improved reliability
will reduce the need for maintenance. Full use
should be made of standard parts, compo-
nents, tools, and test equipment. Interchange-
able parts, components, and assemblies are
essential to good maintainability and should
be an important part of the design philoso-
phy.

7-6.2 HUMAN FACTORS ENGINEERING

Human factors engineering is the scientific
union of men with machines so as to enhance




the man-machine system. A knowledge of the
performance of both man and timer parts is
required for an efficient union. An example
of the use of human factors engineering is the
evaluation of a setting mechanism for analog
electronic timers®. In this study, a handbook
of information and data was developed that
would be useful to a designer of resistor
setting switches for an electronic timer used
in artillery fuzes. It contains a detailed
treatment of the operator and his relations to
the function of setting internal mechanisms.

A designer uses his ability to synthesize a
concept from a series of known elements. An
illustration of the general nature of various
input mechanisms is shown in Fig. 7-13% . In a
man-machine situation, man is considered the
variable with the machine being constant. The
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human factors engineer is concerned primarily
with machine or product design to improve
the overall efficiency. See par. 13-2.3 for
further details.

7-6.3 COST REDUCTION

The production of electronic timers at
reduced cost is subject to the same considera-
tions as those of any other timers. The factors
that the designer must keep in mind are listed
in par. 13-2.4. Statements about tolerancing,
as applied to electronic timers, refer to
tolerances of voltage, current, or power
ratings which are required to keep the final
design working according to specifications
and to permit the most economical manufac-
turing procedure.
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CHAPTER 8

PRODUCTION TECHNIQUES

8-1 PRODUCTION OF MICROELECTRON-
IC MODULES

8-1.1 GENERAL

Microelectronic digital modules are being
fabricated today by a wide variety of
techniques. Since each technique has
strengths and weaknesses, the circuit designer
should be aware of the many ways to solve a
specific design problem. As in all military
applications, reliability is of key importance.
After reliability, the next consideration is the
timer type. It can be either a control device or
an ammunition component. Control devices,
such as precision timers, are used repeatedly,
and normally kept on the bench where they
are carefully handled and can be made
accessible for repair. On the other hand,
ammunition components, such as fuze timers,
are one-shot, low cost devices, are often
subject to large forces, and must have a long
storage life.

Based on the concept of packaging, the
field of microelectronics may be divided into
three areas!:

(1) Packaging of discrete, miniature com-
ponent parts

(2) Printing of component parts and their
interconnection pathways, in situ, as a series
of thin films on flat wafer substrates

(3) Modification of a block of semiconduc-
tor material to obtain the varied resistive,
dielectric, conductive, and junction character-
istics of interconnected components.

Hybrid approaches can be employed in
which combinations of two or three of the

preceding techniques are used in the fabrica-
tion of a single circuit. Miniature parts are
available of more or less conventional
construction that can be packaged into tiny
modules and subsequently into larger assem-
blies. A different approach, still using
individual parts, involves fabrication of a
component of nearly flat configuration, such
as a ceramic wafer. Required wafers of a
prescribed area then are connected together
by means of riser wires, soldered to metallized
notches at the edges of the wafers to yield a
package of prescribed dimensions. This
technique and another in which component
parts are manufactured in the shape of tiny
cylinders of predetermined dimensions and
inserted into holes in a printed circuit board
are designed to expedite assembly. However,
they offer little size reduction over that
obtained by small conventional parts. An
example of this pellet or ‘“Swiss-cheese”
package is shown in Fig. 8-11.

Figure 8- 1. Pellet or “Swiss Cheese”
Package
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8-1.2' PHOTORESIST MASKING

The photoresist masking technique is used
extensively in thin-film and solid circuit
packaging approaches. The required steps in
the preparation of a pattern on a substrate are
illustrated in Fig. 8-2!:

(1) The metal clad substrate is coated by
spin-coating, dip-coating, and air bruslﬂ
spraying or painting.

(2) The substrate is coated with photore-:
sist and allowed to dry.

(3) The photoresist is exposed to ultra-
violet light through a negative or positive of
the pattern.

(4) The pattern is developed by dissolving
away the unexposed areas with organic
solvent vapors, such as trichloroethylene.

The result is a resist coating on the substrate
surface of the desired configuration. Equip- |
ment necessary includes a light source, an |
exposure frame, and fixtures to align the
pattern on the substrate.

Microcircuits can be made using photoresist |
in a number of different ways. The

8-2

photoresist can be formed into an accurate
detailed mask on the surface of the metal-clad
substrate. Thin layers then either can be
added or subtracted from the exposed surface
of the base metal. To add metallic materials,
methods such as sputtering, vacuum evapora-
tion, screen printing, electro-deposition, or
chemical deposition can be wused, while
electroetching or chemical etching can be
used to remove metal. Following the use of
any of these processes, the protective
photoresist can be stripped off the surface of
the base material. Excellent stripping solvents
include methylene chloride or hot chloro-
form. Fig. 8-3(A)! shows how photoresist
protects the underlying material during an
etching process. In Fig. 8-3(B) photoresist
prevents the underlying metal on another
plate from being electroplated. In Fig. 8-3(C),
photoresist is used as a disposable mask
during chemical deposition; when the photo-
resist is removed by solvent, the overlying
deposit is also removed.

8-1.3 THIN-FILM MICROELECTRONICS

The more important techniques for placing
conductive, resistive, and insulating thin films
upon substrates include (1) screen-printing,
(2) vacuum deposition, (3) sputtering, (4)
vapor-phase deposition, and (5) chemical
plating!.
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8-1.3.1 Screen-printing

Screen-printing commonly is used to apply
ink in order to form geometric patterns on
substrates. The process consists of three
steps?:

(1) Prepare a patterned screen so that
some areas of mesh are open for ink to pass
while others are closed or masked.

(2) Accurately position the pattern on the
substrate.

(3) Push ink down into and across the
mesh of the screen with a squeegee.

While the stencil-like patterns may be
prepared by both cutting and photographic
methods, photography is required in micro-
miniature circuit work because of the fine
lines and intricate patterns.

8-1.3.2 Vacuum Deposition

In vacuum deposition, a solid material (the
charge) is converted into a gas, either by
evaporation or sublimation, and condensed
onto a cool substrate elsewhere in the vacuum
system3. Fig. 84! is a diagram of a typical
apparatus for vacuum evaporation and deposi-
tion. Electric-resistance heating provides the
energy for vaporization; other methods are
inductidn-heating, electron bombardment,
and concentrated solar radiation. A vacuum
of 107* mm of Hg pressure or less is required
to insure that the distance an atom can travel
before colliding with another atom is large
compared with the distance between charge
and substrate.

8-1.3.3 Sputtering

The process in which a metal is bombarded
by an ionized gas and atoms or in which



AMCP 706-205

SUBSTRATE

)

-~
-~

MASK

SPHERE

CHARGE

|
|
|
|
|
|
|
|
|
|
|
FILAMENT {

Laus BAR

Figure 8-4. Vacuum Evaporation and
Deposition Apparatus

groups of atoms are driven from the metal
surface because of the impact is known as
sputtering. Metal deposition by sputtering
requires pressures as low as 1072 to 107 mm
of Hg and an electric field of several hundred
to several thousand volts. Fig. 8-5! shows a
typical arrangement. The metal to be
sputtered is made the cathode, and the
substrate is placed on a tray or rack within
1-2 in. of the cathode. The gas used (usually
argon) is ionized by the electrons from the
cathode. These ions are accelerated toward
the cathode, which they strike, and to which
they transfer kinetic energy so that surface
atoms are vaporized. Some of this metal

condenses on any object in its path and coats’

it, while some returns to the cathode after
collision with gas molecules. Sputtering is
slow and difficult to control but is especially
useful in the deposition of refractory metals
such as tungsten, tantalum, and molybdenum.
Arc-melted tantalum has been sputtered in
argon at a pressure of 10-20 microns and a
potential of 3500 V between electrodes with
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Figure 8-5. Sputtering Apparatus

2.5-in. spacing. The sputtering rate, under
these conditions, was 100 A per min*.

8-1.3.4 Vapor-phase Deposition

The process in which a substrate is coated
by heating it to a high temperature in the
presence of a gaseous metallic compound is
called vapor-phase deposition or pyrolysis.
The temperature of the substrate is high
enough to decompose the metallic compound
but not high enough to vaporize the deposited
metal. By this means, the heated substrate
decomposes the compound and the metal is
deposited on the substrate. Vapor phase
deposition has been used to make thin-film
resistors by coating glass with tin-oxide film3.

8-1.3.6 Chemical Plating

In chemical plating, metallic ions in
solution are reduced by an agent absorbed on
the surface of a substrate and are deposited
on the substrate. The “electroless nickel”
process is the most common method and is
used to deposit a very adherent Ni-Ni; P alloy
for electrical resistance elements®. The
deposited nickel alloy is electroplated with
copper and solder, masked with a photoresist,
and thus etched in unmasked areas to yield
conductor and resistor patterns for thin-film
microcircuits. Fig. 8-6! shows a conductor
and resistor pattern made in this manner.
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Figure 8-6. Chemically Plated Conductor and
Resistor Pattern

8-1.4 TOTAL SEMICONDUCTOR CIRCUIT

The third major approach to microelec-
tronics is that of fabricating all component
parts, both passive and active, from a single
block of semiconductor material. Various
areas of a slice of semiconductor material are
selectively exposed for diffusion by a process
known as oxide-masking. An oxide is grown
on the silicon slice and selectively etched
away using photoresist masking. Subsequent
diffusion processes then allow selected impur-
ity atoms to enter the material at specific
exposed surfaces and to continue to penetrate
for a distance determined by time and
temperature. This is the so-called “planar
process”, and is used by most of the transistor
manufacturers!. This approach generally is
classed among integrated circuits and is

" discussed in par. 8-2.

8-2 INTEGRATED CIRCUITS AND OTHER
BATCH FABRICATION TECHNIQUES

The term integrated circuits refers to a
family of devices related by advantages they
have over conventionally wired circuits rather
than by common design or manufacturing
methods. These advantages include: (1)
drastic reduction in size and weight, (2) a
substantial increase in reliability, (3) promise
of substantial cost reductions, and (4)
improved circuit performance. Further, the
integrated circuit normally is composed of
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closely associated parts so that repair becomes
difficult, if not impossible. In the event of
trouble, the entire circuit is replaced as a
single component. There are essentially two
general classifications of integrated circuits:
(1) semiconductor monolithic, and (2) thin-
film. There are also combinations of these
that could combine all of the various features
of the individual devices in a complex
configuration affording maximum utility.
Table 8-17 lists the present most commonly
used structures as well as those that show
promise of implementation in the future.

8-2.1 SEMICONDUCTOR
CIRCUITS

MONOLITHIC

The basic structure of a monolithic circuit
consists of three distinct layers of different
materials, see Fig. 8-77. The thick bottom
layer is p-type silicon, and a thin epitaxial
layer of n-type silicon is grown upon it. This
p-n structure then is topped with a film of
silicon dioxide. All of the component parts
are built within the n-type semiconductor
region. The primary function of the p-region
is to act as a substrate for circuit elements
formed within the n-region. The silicon
dioxide film protects the semiconductor
surface against contamination by external
impurities and provides the means for
selectively depositing various components
into the n-region beneath.

Components that normally are associated
with a monolithic circuit are resistors, diodes,

TABLE 8-1
TYPES OF INTEGRATED CIRCUIT

Basic Group Variations
Semiconductor monolithic Muitichip (hybrid) cir-
circuits cuits

Monobrid circuits

Compatible mono-
lithic circuits

Insulated-substrate
monolithic circuits

Thin-film circuits

8-5
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transistors, and capacitors. Fig. 8-87 illus-
trates typical cross section of these compo-
nents. If a number of components are to be
fabricated in the n-region, means must be
provided to insulate components from each
other. This is done as shown in Fig. 8-97
where each component is bounded by a
region of n-type material in contact with the
p-type substrate. When the substrate is at a
negative potential with respect to the n
region, this p-n junction is reverse-biased and
little or no current will flow through the
substrate between one component and anoth-
er. This form of insulation is known as diode
isolation. Diffusion is used to form the
isolation regions, the transistor base region,
the diode anodes, and the resistor. The
diffusion processes are described:

(1) Diffusion. Impurity atoms are intro-
duced into a semiconductor wafer by
diffusion to change the electrical characteris-
tics of the wafer material. Certain types of
impurity atoms will create p-type silicon
while others will create n-type silicon. This

substitution process is called doping. To
diffuse impurity atoms, the silicon wafer is
placed in a furnace and its temperature is
raised to a point between 1000° and 1200°C.
The heated wafer is then subjected to a gas
flow containing a heavy concentration of
impurity atoms. The doping level and the
depth of diffusion are controlled closely by
adjusting temperature, diffusion time, and the
concentration of impurity atoms in the gas
stream. However, to fabricate an integrated
circuit, selective diffusion must be used.

(2) Selective Diffusion. Selective diffusion
is used to distribute impurities only into
precisely defined regions of a wafer. Selectiv-
ity is accomplished by using a series of masks
that protect portions of the wafer against
penetration of impurities. The masking
material, silicon dioxide, easily is formed on
the silicon wafer by maintaining it in an
oxygen atmosphere. To diffuse the various
components of an integrated circuit into the
wafer of Si-O,-coated silicon, areas where
diffusion is to take place must be etched
away. However, in order to accomplish
selective etching, the SiO, layer must be
masked by photoresist (see par. 8-1.2), which
is used to coat one surface of the three layer
wafer. A mask, which is usually glass that has
an opaque printed pattern of the areas into
which impurities are to be diffused, is held
firmly over the wafer and the assembly is
exposed to ultraviolet light. This fixes the
photoresist in those areas not covered by the
pattern. The wafer then is subjected to an
etching solution that removes the SiO, film.
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After etching, the photoresist is removed. The
wafer is then ready for the diffusion cycle.
For more details on this process, see Refs. 7
and 8.

8-2.2 THIN-FILM CIRCUITS

The thin-film circuit substrate is made of a
passive, insulating material such as glass or
ceramic. The passive components of the
eventual circuit are deposited and inter-
connected on this insulating surface. A large
number of metallic and metal-dielectric
materials (cermets), having a wide variety of
electrical characteristics, are employed in
these depositions. A serious drawback of
present thin-film circuits is the fact that
technology is unable to fabricate active
components using processes that are compati-
ble with thin-film depositions. See Table 8-27
for passive processes that are compatible. As a
result, the cost of thin-film circuits which
require a large number of active components
is relatively high compared with monolithic
semiconductor circuit cost.

8-2.2.1 Components

Properties of resistors made by thin-film
methods depend on the resistivity of the
material, the thickness of the deposit, and the
length-to-width ratio. Some of the more

TABLE 8-2

COMPATIBLE THIN-FILM PROCESSES’

Deposition Process Material
Metals

Vacuum Evaporation Nichrome, aluminum,
chromium, gold,
nickel

Cathode Sputtering Tantalum

Vapor Plating Copper, gold, nickel,
tin oxide

Dielectrics

Silicon monoxide,
silicon dioxide

Vacuum Evaporation

Anodization Tantalum oxide

Vapor Plating Silica, alumina, glass

Reprinted with the permission of Hayden Book Company,
inc., Rochelle Park, N.J.

important thin-film materials for resistors are
shown in Table 8-37. The principal electrical
characteristics of capacitors are determined
by the type and thickness of the dielectric
and the area of the plates. For a listing of
typical dielectric materials and characteristics
that can be achieved, see Table 847.
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TABLE 8-3

THIN-FILM RESISTOR MATERIALS’

Suitable Ohms/Sq. Temperature
Material Process Coefficient Characteristics
Nickel-Chromium Vacuum evaporation 50-400 +50-100 Good temperature coefficient,
{nichrome) good adhesion
Tin-Oxide Vapor plating 100-5000 1+ 100-300 High sheet resistance, good ad-
hesion
Tantalum Sputtering 50-500 1+ 100-200 Good process control and
temperature coefficient,
good adhesion, high stability
Cermets Silk screen 10-100,000 1+ 100-300 Wide range of resistivity, pro-
cess not suitable for close
tolerances
Reprinted with the permission of Hayden Book Company, Inc., Rochelle Park, N.J.
TABLE 8-4
TYPICAL DIELECTRIC MATERIALS’
Accuracy
Deposition Capacitance Temperature (before
Dielectric Process at 6 Volts Qat 10 MHz Coefficient* trimming)
Silicon Vacuum evaporation 0.013 pF/mil? at 30V 200 200-250 + 16%
Monoxide
Alumina Vapor plating 0.3 pF/mil? at 12V 10-100 150—400 + 10%
Tantalum Anodic oxidation 1.55 pF/mil? at 12V good 150—-350 * 20%
Silicon Vapor oxidation 0.25—0.4 pF/mil? 10-100 100
Dioxide

*Parts par million/deg C

Reprinted with the parmission of Hayden Book Company, Inc., Rochelle Park, N.J.

8-2.2.2 Processing

An example of a typical thin-film circuit is
shown in Fig. 8-107. A typical sequence in
the fabrication of a thin-film circuit includes
the following steps (for more detailed
information about this process, see Refs. 7
and 8):

8-8

(1) Clean substrate thoroughly to remove
all contaminants.

(2) Store in a dust-free atmosphere until

ready to use.

~ (3) Deposit the resistive pattern, usually
using tin oxide.
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(4) Deposit the bottom plates of the
capacitors.

(5) Deposit the interconnecting strips.
(6) Deposit the capacitor dielectric.

(7) Deposit a conductive film over the
structure to form the top capacitor plates and
the final interconnecting pattern.

8-2.2.3 Advantages and Limitations of Thin-
film Circuits

The advantages of thin-film circuits over
monolithic semiconductor circuits are” :

(1) Thin-film passive components can be
made with a wider range of values, to closer
tolerances, and have better electrical charac-
teristics.

(2) Practically any active component,
made in a discrete form, can be used in a
thin-film circuit.

(3) Design of circuits for conversion to
thin-film assemblies is greatly simplified.

The disadvantages are” :
(1) Circuits are larger.

(2) Circuits are more expensive (even in
large quantities).

(3) Circuits are less reliable.

AMCP 706-205

Figure 8-11. Typical Interconnected Multi-
chip Circuit”

8-2.3 HYBRID AND OTHER INTEGRATED
CIRCUIT STRUCTURES

Structures that may use both semiconduc-
tor and thin-film technologies are called
hybrid and may include multichip circuits,
monobrid. circuits, compatible circuits, and
insulated-substrate circuits.

8-2.3.1 Multichip Circuits

Multichip circuits consist of components
that are interconnected on a common
substrate. Basically, they are more like
discrete component circuits than integrated
circuits; but since they possess some of the
advantages of the latter, they are put in the
integrated circuit family. They are practical to
use in applications requiring small quantities
of identical microminiature devices, or where
monolithic devices cannot meet necessary
performance requirements. Batch processing
can be employed in multichip circuits for the
various components which make up the
circuit. Fig. 8-117 shows a typical intercon-
nected multichip circuit.

8-2.3.2 Monobrid Circuits

A monobrid circuit combines two or more
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Figure 8-12. Monobrid Circuit’

monolithic circuits in a single package (see
Fig. 8-127). It is used when a monolithic
structure cannot be employed because of
complexity and large chip size. For example,
transistors, which require different electrical
characteristics, make processing in monolithic
form difficult. Monobrid circuits are therefore
used to”:

(1) Economically package complex circuits
in a single package

(2) Optimize performance of complex
circuits
(3) Use a wider range of components.

8-2.3.3 Compatible Integrated Circuit

The compatible integrated circuit has a
basic semiconductor substrate in which
diffused semiconductor components provide
the basic circuit function. A pattern of
thin-film passive components is placed over

8-10

the monolithic substrate and insulated from it
by a thin layer of silicon dioxide. Intercon-
nections between the thin-film components
and the semiconductor circuits are made
through etched windows in the silicon dioxide
layer. A compatible circuit requires the
process steps for a monolithic circuit plus
additional steps to form the thin-film
components. It is, therefore, more expensive
to manufacture but is a true monolithic
circuit combining advantages of both mono-
lithic and thin-film circuits?.

8-2.3.4 Insulated-substrate Circuits

In order to eliminate the parasitics
associated with various semiconductor junc-
tions, a method has been developed for the
construction of a parasitic-free structure that
retains all the advantages of a basic
monolithic structure?. The parasitics give rise
to capacitances, diodes, and transistors that
are not part of the original circuit design but
are associated with the fabrication processes.
Fig. 8-137 illustrates the following steps in
the fabrication of a parasitic-free circuit:

(1) Basic substrate is prepared for insul-
ated substrate circuit.

(2) SiO, layer is etched selectively, leaving
raised SiO,-covered islands.

(3) A new layer of SiO, is grown over top
surface.

(4) A thick layer of polycrystal silicon is
grown on top of the wafer and portions of
top and bottom surfaces are removed along
the dashed lines.

(5) Wafer is turned upside down, and SiO,
film is grown over the surface leaving

single-crystal islands completely isolated from
polycrystal substrate.

8-2.4 DESIGN CONSIDERATIONS

Beginning either with the schematic dia-
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grams of an existing system, or a block
diagram of a proposed system, the following
questions should be considered, each being
discussed in the paragraphs that follow:

(1) What is the most economical integrated
circuit that is suitable for a particular
condition?

(2) What portion of a system could use the
advantages of an integrated circuit?

(3) What type of packaging is best suited
for a system, and how many packages are
needed to house the integrated portion of a
system?

(4) What are the circuit design latitudes
and limitations?

8-2.4.1 Type of Integrated Circuit

Most off-the-shelf integrated circuits are
limited to medium or low power devices. This
is mainly because of the large present demand
in the logic area where power requirements
are minimal. Amplifiers with power dissipa-
tion of 1.8 W have been built by using
integrated circuit packages?. If the devices

were to be mounted on a heat-dissipating
surface, the power could be increased but the
power limitations of the integrated elements
tend to restrict the maximum limits. Inte-
grated circuits can be made using power
transistors and larger packages but the
possible benefits of circuit integration must
be weighed against the high development
costs. Of course, in the field of low power
circuits, there are few technical limitations
that cannot be overcome.

8-2.4.2 Packaging

The type of package and how much circuit
can be placed in a single package are circuit
design decisions when considering layout and
interconnection. Two standard types of
hermetically sealed packages have been
developed by the industry, a transistor-type
package and a flat package. The transistor
type is more compatible with component
assemblies of existing equipment, while the
flat pack permits a greater packing density in
subsystem assemblies. Another type is the
dual in-line plastic package that is less
expensive but has a narrower temperature
range. Special considerations include die size
because manufacturing yield of integrated
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circuits is very dependent on it. Smaller die
sizes result in more circuits per wafer, less
waste material, and smaller loss because of
wafer imperfections”.

The number of components that can be
placed on a given size of die depends upon the
type of components needed, their composi-
tion (diffused or film), the resistivity of the
material, and the value of the parts. Actual
space requirements must be augmented by a
0.5-mil minimum spacing between adjacent
elements within a single isolation island, and a
minimum space of 2 mils between each
isolation island”?. All available die space
cannot be used because of circuit layout but,
with careful design, this wasted space can be
kept to a minimum. Component density of a
silicon chip is always a function of process
refinement and is subject to improvement.
Hence it behooves the designer to stay abreast
of the latest techniques. See Refs. 9 and 10
for details on packaging.

8-2.4.3 Circuit Design

A reorientation of circuit design philoso-

phy must be made when a change to an -

integrated circuit is contemplated. While it is
true that many circuits can be converted
part-for-part from discrete form to integrated
form, it is more economical and better
performance results when the circuit is
designed by using integrated circuit tech-
- nology. For instance, it is less expensive to
fabricate integrated transistors than passive
elements such as resistors and capacitors. As a
result, transistors can be used freely but since
passive elements are relatively large and
difficult to control to close tolerances, the
latter are likely to determine ultimate cost.
Large values of resistors and capacitors should
be avoided because the smaller values are
more easily produced and more economical.
Resistive and capacitive tolerances should be
as open as possible to produce higher yields
and lower costs.

A severe limitation in integrated circuit
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technology is the non-availability of inductors
as integrated circuit elements. Some compo-
nents have been fabricated but resulting
inductance and Q values have been too low.
Therefore circuits requiring inductors must be
externally added to an integrated circuit. A
partial solution is to use extremely small
toroids”.

8-2.4.4 Available Component Values

There is more restriction on the range of
component values for integrated circuits than
for discrete components. These restrictions
often prevent direct conversion of discrete
circuits to integrated circuits. Tables 8-57 and
8-67 summarize integrated component values.

8-2.5 SEALING

All integrated circuit packages require
permanent sealing. For reasons of reliability,
hermetic sealing generally is required to
prevent the intrusion of moisture and
corrosive atmospheres that could cause an
operational failure. Even when the package is
encapsulated, a good hermetic seal is advisable
to prevent contamination by cleaning sol-
vents, solder flux, out-gassing of packaging,
and packing material that may be forced into
the package. Package sealing methods include
(1) welding, (2) solder sealing, (3) glass-to-
glass sealing, and (4) plastic sealing®. The
sealing method should be established before
package selection, which means that the
thermal limitations of the device being
packaged must be considered in light of the
package sealing requirements. A discussion of
the sealing methods follows:

(1) Welding. Automatic or semiautomatic
production equipment is used in weld sealing.
It is fast, efficient, and the internal device is
subjected to the least thermal punishment.
Both round can and flat packages are welded
by spot stitching or continuous seam welds.

(2) Solder Sealing. Soldering is the most
popular method of sealing flat packages.
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TABLE 8-5

VALUES FOR INTEGRATED RESISTORS’

Diffused

Mono Multichip Thin Film
Usable Resistivity 2.5 (emitter) 2.5-300 100-400
{ohms/sq.) 100—300 (base)
Temperature 500—2000 ppm/deg C 5002000 ppm/deg C 30—-60 ppm/deg C
Coefficient
Maximum AR 0.25W 01w
Power
Tolerance * 10% +5% 5%
Range of 15Q 15 Q2 40 Q2
Values 30k 30k 100 k$§2

Reprinted with the permission of Heyden Book Company, Inc., Rochelle Park, N.J.

TABLE 8-6

VALUES FOR INTEGRATED CAPACITORS

Mono
Maximum 0.2 pF/mil? for col-
Capacitance lector-base junction
Breakdown % or 20 VDC
Voltage

Q (at 10 MHz) 1-10

Tolerance + 20%

Diffused

Thin Film
Multichip {Oxide)
1 pF/mil? 0.25-0.40 pF/mil?
5—50 VDC 50 VDC
10--50, 10—-1000
£ 10% +10%

Reprinted with the permission of Heyden Book Company, Inc., Rochelle Park, N.J.

Packages, lids, and solder preforms are
available in various configurations. Separate
solder preforms should match the dimensions
of the particular packages used. They are
available in thicknesses ranging from 0.0005
to 0.005 in. and in several material combina-
tions, the most typical of which is 80%
gold/20% tin.

(3) Glass-to-glass

Sealing. Glass-to-glass

sealing has several advantages. It eliminates
several glass-to-metal interfaces, and also
eliminates the separate solder preform and
associated gold-plating requirements. The
disadvantages are limited availability of
various package sizes and the need for
specialized equipment to make the seal and to
protect the internal circuitry from damage at
high sealing temperatures (approx. 600°C)®8.
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(4) Plastic Sealing. Plastics are poor seal-
ants because they are porous and a good
hermetic seal is difficult to attain with them.
However, plastics are ideal for shock and
vibration resistance packaging (see par. 8-2.6).

8-2.6 ENCAPSULATION

Potting compounds are used to encapsulate
electronic parts for protection against shock,
pressure, temperature, moisture, dirt, corro-
sion, fungus, vibration, and arcing between
components. Electronic components, such as
those used in fuzes, are more reliable and have
longer life when properly encapsulated.

Circuits to be plastically encapsulated
usually are made with chips eutectically
mounted and bonded on a skeleton lead
frame. These frames are gold-plated Kovar.
They are made in strips or matrices so that
they can be adapted to automatic, multiple
unit molding. A protective resin is applied to
the lead frames to protect the chip surface
and to hold the gold wire leads in place. The
final package is formed by the transfer
molding process, and the resulting matrix of
completed packages is sheared to produce the
individual packaged components®.

Potting of electronic components, however,
has these disadvantages!!:

(1) Replacement of wires of components is
almost impossible.

(2) Potting compounds generally do not
withstand very high or very low temperatures.

(3) Potting adds weight.

(4) Circuit design must be compatible with
potting.

(5) Components must be cleaned and
protected before encapsulation.

(6) Electrical circuit characteristics may be
affected adversely.
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The most common types of packing
compounds are epoxies, polyurethanes, poly-
esters, and silicones. Table 8-7!'! shows
characteristics typical of these materials. One
major consideration is the compatibility of
any packing formulation with explosives!?.

8-2.7 PRINTED CIRCUITS

One of the greatest benefits from the
proper application of printed circuitry is
product uniformity. Once procedures and
processes are set up, a printed circuit from the
assembly line will be the same as the previous
one. This result establishes an ease of testing
and inspection which is not possible with
hand wiring. Design decisions are a result of
trade-off studies of complexity of design
versus manufacturing costs, simplicity of
design versus weight, complexity of design
versus skill required, and necessary tolerances
versus facilities available. Factors affecting
printed circuits are covered in the paragraphs
that follow.

8-2.7.1 Design Considerations

To permit maximum efficiency of part or
module placement and to facilitate the
production of printed circuit boards, standard
grids have been devised for the location of
mounting holes. The modular units of
location are based on 0.100, 0.050, or 0.025
in. and are applied to both axes of rectangular
coordinates! 3.

The thickness of copper foil usually is given
in terms of its weight per square foot. The
equivalent thickness in inches equals 0.0014
in. per oz/ft?. Tables 8-813 and 8-9!3 give
thicknesses and tolerances of copper foil and
clad copper. Fig. 84'3 can be used to
compute minimum conductor width and
thickness. The estimated temperature rise
above ambient temperature versus current for
various cross-sectional areas of etched copper
conductors is illustrated in this figure. The
amount of possible undercut should be
included when designing for minimum con-
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COMPARISON OF PROPERTIES OF TYPICAL POTTING MATERIALS
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Linear Thermal Thermal Volume Dielectric
Material Shrinkage Expansion Conductivity Resistivity Strength
Epoxy
Unfilled very low-med. low-high low-medium good-excel. very good
Filled (rigid) very low-low low high very good-excel.. very good-excel.
Filled (flexible) low-high low-high medium good-very good very good
Syntatic very low-low very low very low-low very good good
Polyurethane
Foam very low low-high very low very good {not avail.)
Cast very low-high high very low good-very good good-very good
Polyester
Filled (rigid) med.-very high low-high medium good-very good very good
Filled (flexible) med.-very high high medium good good-very good
Silicone
Cast (filled) low high very high excellent good
RTV rubber high very high medium very good very good
Gel very low very high medium excelient excellent

Key to Ranges

LINEAR SHRINKAGE, in./in.: very low 0.002; low 0.0021-0.004; medium 0.0041-—0.010; high 0.0101—
0.010; very high 0.0201.

THERMAL EXPANSION, (in./in. deg C) X 107%: very low 2.0; low 2.1-5.0; high 5.1—10; very high 10.1
(figures referenced against aluminum).

THERMAL CONDUCTIVITY, {(cal/sec/cm? /deg C per cm) X 107%: very low 1.5; low 1.6—4.0: medium

4.1-9.0; high 9.1—20; very high 20.1.

VOLUME RESISTIVITY, ohm-cm: good 1011 =10!2; very good 1013—10'4; excellent 10'*—10' 7.
DIELECTRIC STRENGTH, V/mil: good 225—399; very good 400—500; excellent 500.

" ductor width. This normally is computed as
0.001-in. undercut per ounce of copper per
side. In computing conductor spacings of
either coated or uncoated boards for altitudes
below 10,000 ft, use Table 8-10*3.

To increase the rigidity of the board and
forestall any possible plate resonances, several
practices are available. Boards between 0.031
and 0.062 in. thick should be supported at
intervals of not more than 4 in. Boards greater
than 0.093 in. thick should be supported at
not more than 5-in. intervals. Finally, all
boards should be supported within 1 in. of

the board edge on at least three sides.

Moisture that enters insulating board
material can greatly affect dielectric strength,
dielectric constant, and the dissipation factor
of the material. Conductors should not be
allowed to approach the board edge within
1/8 in. If conductors are used as a board edge
plug-in, the edge should be chamfered. This
avoids delamination or lifting of conductors
by giving the board the proper lead-in.

Terminal area annular rings should have a
width of 0.020 in. for unsupported holes (Fig.

8-15
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TABLE 8-8

COPPER-FOIL THICKNESS AND TOLERANCE

Thickness

Tolerance,
oz/f** in, in.

1 0.0014 +0.0004
—0.0002

2 0.0028 +0.0007
-0.0003

3 0.0042 #0.0006

4 0.0056 +0.0006

5 0.0070 +0.0007

*In industry, thickness of copper foil is given in terms of its
weight per square foot. Thus, 1-0z copper weighs 1 oz/ft?

8-1513) and 0.010 in. for plated-through
holes (Fig. 8-16!2), Fig. 8-16 shows that the
ring for swaged holes should extend 0.010 in.
beyond the swaged flange of a terminal or
stand-off. To provide a satisfactory drill
lead-in, the inside diameter of the terminal
area should not exceed 0.020 in. To eliminate
many soldering defects, the drill diameter

should exceed the minimum inside diameter
of the terminal area by at least 0.010 in.

8-2.7.2 Taping the Artwork

The conversion of any circuit design from
schematic to a completed, printed-wiring
board is a critical process for several reasons.
First, no amount of touch-up can correct an
inferior job of taping. Extreme accuracy and
cleanliness are essential during this operation.
All conductor paths and interconnections
should be made with free flowing lines and
rounded corners. Fig. 8-1713 illustrates some
correct and incorrect conductor patterns. In
the application of the tape on the artwork,
great care is necessary when forming a
free-flowing bend. Tape breakage or an
uneven width of a taped conductor can result
if undue pressure or pull is used. No more
than two layers of tape in any one area should
be used because inaccuracies can result in
reproduction during the photographic pro-
cess. Since a static charge that attracts foreign
particles is likely to build up on the
polyester-film master, cleanliness should be
rigorously maintained.

TABLE 8-9

CLAD-COPPER THICKNESS AND TOLERANCE

Nominal Tolerance, tin.
Thickness, Class | Class Il Class 111
in. Paper Glass
1/32 {(0.031) 0.0045" 0.0065 0.004 0.003
1/16 (0.062) 0.0060" 0.0075 0.005 0.003
3/32 (0.093) 0.0075* 0.0090 0.007 0.004
1/8 (0.125) 0.0090" 0.0120 0.009 0.005
1/4 (0.250) 0.0120 0.0220 0.012 0.006

*For 1-0z copper on one side, tolerance is 0.0005 in. less than value

shown.

For nominal thicknesses not shown in this table, the tolerance for the next

graatar thickness shown applies.

8-16




0.

AMCP 706-205

24

Line
‘G‘:rm' \ / "‘*"’*.! o:l'u |
™ 0.0i5in. / 016 0.0i5in. fD " 70062
031 125 ’
/j/}/a /(z'-"l" // // 0125
71y V4 ] 0.08 VS I
T |
o Ll 0
(A} I-0z Copper
120 ream 92 e wam
20015 in. [ [ £ =0.015in,
5 003! 3
§ 80 / 562, 175 P / 0.031
= / 250 3 /0.062
540 ya /‘ $0.08 ‘/ // Com
2 : Léééﬁ —T
« 0 /i = 0 -
e (B) 2-oz Copper
129 Line width / 012 Line width i
z00i5in. ol =0015n /o0s
8o 70,125 0.0 /7 5062
/ o
K A A 7 004 ////’ =
— b ———
% 4 8 2 16 20 24 % 4 8 12 1. 20 24
Current, A (C) 3-01 Copper Current, A

Figure 8-14. Electrical Characteristics of Etched Copper Wiring*?

8-2.7.3 Laminate Materials

Printed-wiring board laminates fall into two
broad categories: (1) paper-based phenolics,
and (2) glass based epoxies. The phenolics are
numbered x, xx, and xxx and these numbers
signify that the laminate contains phenolic
resin by weight of at least 35, 45, or 55%,
respectively. A phenol<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>