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PREFACE

Every electronic engineer working on military equipment has, by now, heard that there
is a reliability problem. The bald truth is that much of our elegant military electronic equip-
ment simply does not stay in service long enough, the cost in dollars and in manpower of
maintaining it in working condition is much too high, and the probability that it will not
function properly at the wanted time and for the desired duration is greater than can
be tolerated.

To be perfectly fair, however, to the designers of this equipment and to put the matter
in its proper perspective, it is only proper to state that much of our modern household and
industrial apparatus is not too reliable either. The reliability of the old-fashioned wash-
board, the dishpan, and the clothesline is simply phenomenal compared to that of their
modern counterparts!

This book discusses the numerous reasons why military electronic equipment does
not have the necessary reliability. Statistics pinpoint the most likely and most prevalent
malfunctions and, finally, ways by which greater reliability in future equipment can be
accomplished are pointed out.

That is the purpose of this book, the first on the general reliability problem. Although
it is aimed primarily at the designer of ground equipment, the problems and most of their
solutions are general and the techniques are applicable to industrial as well as military
equipment designers.

No one is more aware than the editors who worked on this project that the book only
scratches the surface of the reliability problem and that, as time goes on, much more will
need to be said. It is a start, however.

The editor and his associates at McGraw-Hill, Irving Lopatin, Elmer T. Zimmer, and
Leonard K. Adler and the publishers have a considerable feeling of pride in being able,
through this volume, to make a contribution toward improving the functional reliability
of our elegant military electronic equipment now requiring the efforts of so many of our
best engineers.

Throughout the task of collecting the information and reducing it to book form the
editors have had the guidance of Joseph ]. Naresky of the General Engineering Laboratory
of the Rome Air Development Center, USAF. This guidance and the support and sponsor-
ship of the laboratory have been greatly appreciated.

Keith Henney, Editor
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chapter

RELIABILITY CONCEPTS

The problem of achieving reliability in mili-
tary electronic equipment is one that constantly faces
the designing engineer. However, the intensity of the
problem varies from time to time. At the present
time the problem is severe, but the possibility is good
that its severity will be lessened in the foreseeable fu-
ture. The reason for this optimism is that unreliability
is widely recognized by designers who are studying its
causes and are taking steps to prevent the most preva-
lent from affecting future equipment.

There will always be some unreliability; itis an
inherent quality of all complex mechanisms, including
the humanbeing. The immediate problem is toincrease
reliability to the best possible point commensurate with
the costintime, money, and manpower and with the task
for which the equipment is designed. We are far from
this point, because at the present time we must learnto
live with the vagaries of our equipment; our engineers
are too concerned with design and production and too
unconcerned with the business of keeping the machinery
functioning properly.

Reliability is affected by every decision the
designing engineer makes, from the choice and use of
circuits and component parts, the arrangement of
parts, and the environment in which the equipment
will be used, to the viewpoint, capabilities, and prob-
lems of the man who ultimately must make the equip-
ment work under conditions that cannot possibly be
foreseen during design. And, while the designer is
not solely responsible for reliability, it is the easiest
thing in the world to blame him whena piece of equip-
ment has a poor reliability record.

BACKGROUND

History. It is not necessary to go back very
far in time to realize the distressing importance of
the reliability problem, nor is it necessary to set
down in any great detail the statistics of the situation.
It is reported that in 1949 about 70 percent of Navy
electronic equipment was not operating properly./1/

Another statistic indicates that, during World War 1II,
up to 60 percent of airborne equipment shipped to the
Far East was damaged on arrival. Furthermore, as
much as 50 percent of the equipment and spares in
storage became unserviceable before it was ever put
into use. /2/ The Navy was supplying a million
replacement parts a year to keep a total of 160,000
pieces of equipment in operation, and was forced to
keep 9 tubes in the pipe line for every tube in opera-
tion. The Air Force was reporting that it was barely
able to get 20 hours of trouble-free operation from
the electronic gear on bombers.

The Ad Hoc Group found, by studying failure
reports and replacement parts data, that radio equip-
ment was in trouble 14 percent of the time, radar
equipment 84 percent of the time, and sonar equip-
ment 48 percent of the time. Replacement of tubes
outnumbered replacement of other components by a
ratio of 5 to 1. In a 12-month period, approximately
180,000 tubes were replaced in 4,000 pieces of equip-
ment; components other than tubes needed approxi-
mately 37,000 replacements in 1,850 pieces of equip-
ment. /3/

The economic value of electronic equipment in
present-day military or civilian equipment gives a
small indication of the importance of keeping the
equipment functioning properly. PriortoWorldWarl,
the total capital investment for electronic equipment in
all civil aircraft was about $4,000; the military pic-
ture was not much different. Pre-World War II
fighters carried about $3,000, and bombers about
$5,000, in electronics. Today, the capital invest-
ment for electronic equipment on a DC-6 is roughly
$30,000, on high-performance military aircraft the
figure is closer to $300,000, and on jet bombers the
cost may be as high as $750,000. By 1953, aiming
equipment for antiaircraft guns was utilizing 500 tubes
and 20,000 electronic parts. A mission of forty B-50
planes carries a total of 10,000 tubes. /4/

These above discussions show, first, the dif-
ficulty of getting material from one place to another
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in usable condition, no matter how well designed the
electronic circuits might be; second, that evenin stor-
age the equipment deteriorates; and third, that it is
difficult to keep equipment in good operating condi-
tion once it is out of storage, has survived transport
hazards, and is in its normal operation location.

The Problem. During the emergency of
Wori War II it was not readily or quickly seen that
the i.iroduction of intricate electronic systems that
extended human capabilities brought new problems of
all sorts. It was not realized that mere development
and use of revolutionary military equipment was not
enough; something new was required. Complex as the
equipment was, still greater complexity was neces-
sary, so that the human operator could be completely
relieved of everything that did not call upon his
innate capabilities — his ability to reason, to take
stock of a rapidly changing situation, and to take
steps to correct the situation, if correction was need-
ed. To do this, the equipment had to be failureproof
and capable of being repaired quickly and, preferably,
automatically.

"Complexity of operation (not the same as
circuit complexity) brings in the human who uses the
equipment. The electronic equipment used in the Air
Force in World War II simply required of the user
too many parallel actions. At a time of great emo-
tional strain, being under attack, ... his ability to
reason and rationalize was destroyed. The resultwas
a great plague of gross errors ... which was diffi-
cult for the designer of the equipment to understand
or explain. These errors were the result of the
operator actually forgetting to perform some impor-
tant calculation, or actually making an erroneous
calculation, or failing to apply reason to a sudden
turn of events." /5/

Radar not only increased the operator's cap-
ability, it also increased his task in other ways.
Following the war, the job for designers was to make
the machinery more automatic, to relieve the oper-
ator of every function that the equipment could per-
form, freeing human abilities so that they could be
utilized where needed most.

All of this complication of equipment brought
maintenance problems and, since it seems to be
axiomatic that a complicated piece of machinery is
more likely to get out of adjustmernt or to fail com-
pletely, the reliability problem became more severe
very rapidly.

Utilizing the human factor to best advantage
requires that the equipment work properly at the time
it is needed — in other words, it must be reliable.
Complex and beautiful instrumentation is the key to
relieving the human being of unnecessary mental and
physical work. The job however, is to achieve re-
liability in spite of complexity.

Attacks on the Problem. A broad attack on
the the problem by industry and government began to
take shape in 1950-1951, along with the realization
that it was costing us more to maintain our military
electronic equipment than to design and build it, that
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missions which depended upon electronics failed too
often because of failure of the very electronics that
made the missions possible, that the whole success
of our defense effort was bound up in the reliability
problem, and that many men would not return from a
mission unless the electronic equipment could be made
to work with much greater certainty at the time it
was needed.

The results of the several programs under-
taken during that period are summarized here.

Ad Hoc Group. The so-called Ad Hoc Group
on Reliability of Electronic Equipment inthe Research
and Development Board (RDB) was formed on 7 De-
cember 1950 by the committee on Electronics. The
Group was to examine the entire electronic relia-
bility situation and to recommend measures that would
result in reliable equipment requiring a minimum of
maintenance. The Ad Hoc Group operated until 12
March 1952, /6/ and prepared the groundwork for
future attacks on the problem.

The Ad Hoc Group made certainrecommenda-
tions:

1. Better factual data on performance of
equipment and component failures should
be obtained either through improved re-
porting by the regular operating and main-
tenance personnel or through specially
organized programs involving contractor
participation.

2. Development activities on better com-
ponents should be stimulated.

3. The Services should establish quantitative
requirements on the performance reli-
ability of equipment and components.

4. A program of widespread education of
Service and industry personnel should be
instituted to spread the philosophy of re-
liability in all phases of evolution of new
equipment.

5. The Services should obtain a thorough
evaluation of newly designed equipment by
both laboratory and field tests before
authorizing full-scale production.

6. The Services should assure that contrac-
tors designing equipment work closely
with their subcontractors supplying com-
ponents to ensure compatibility and avoid
misapplication.

Advisory Group on Electron Tubes. During
the first year of World War II, the Bureau of Ships
of the Navy Department and the MIT Radiation Lab-
oratory of Division 14 of the Office of Scientific
Research and Development (OSRD) realized that prob-
lems were arising because of lack of coordination
in the development of new tubes for war use. The
Bureau of Ships, members of the OSRD Transition
Office, and the Radiation Laboratory jointly developed




a proposal for an agency to coordinate the develop-
ment of vacuum tubes. This proposal was reviewed
by the Joint New Weapons and Equipment Committee
of the Joint Chiefs of Staff, and the Chairman of the
National Defense Research Committee (NDRC) was re-
quested to establish the Committee. The first meet-
ing of the Vacuum Tube Development Committee
(VIDC), as it was first called, was held in June of
1943. A full-time Secretariat was established in
December 1943 under a Joint-Services contract at
Columbia University. Committees were organized
to interchange information among the development
agencies and to formulate OSRD and Service policy
for the direction of the development of tubes.

After proving its value, the VIDC was re-
organized on 24 October 1946 by the establishment of
the Panel on Electron Tubes (PET) and in May of
1949, the work of the Secretariat was taken over by
the Research Department of New York University.

During 1953, the Department of Defense under ~
went reorganization; one of the decisions made wasto
dissolve the Research and Development Board (RDB),
reexamine its functions, and transfer those deemed
useful to the Office of the Assistant Secretary of
Defense (Research and Development). PET was
preserved with virtually no change in objectives,
functions, structure, or mode of operation; the name,
however, was changed to Advisory Group on Electron
Tubes, (AGET) to conform to the new scheme of
organization.

In the field of reliability, AGET has built up
an extensive program. This program includes three
major efforts:

1. Coordination of field surveillance of equip-
ments in actual military use at various
Army, Navy, and Air Force installations,
including the collection and analysis of
failed tubes to determine their nature and
cause of failure. In an average year,
30,000 tubes failing in the field may come
under scrutiny.

2. Administration of an Applications Engi-
neering Program. Approximately 170
tube-application engineers of various tube
manufacturers are available, through
AGET, as unpaid consultants on tube ap-
plications for increased reliability to
electronic equipment contractors. Con-
sultations are arranged by the AGET
Secretariat at the request of the contractor,
and are held under conditions that preclude
manufacturer bias. Contractors request
consultations through their Service Project
Engineers.

3. Publication and dissemination of infor-
mation on the proper application of tubes,
including the preparation of Tube Applica~
tion Notes, the sponsoring of symposia,
and functioning as a center of information
on the subject.

ARINC Study. On 4 April 1951 the Bureau
of Ships, Department of the Navy, and Aeronautical
Radio Inc. (ARINC) entered into a contract to in-
vestigate electron tube reliability at Army, Navy,
and Air Force bases (NObsr-52372). The procedure
was to collect tubes removed from sockets at eight
bases and ship them to the Washington laboratory of
ARINC, where they were analyzed to determine the
faults. General Report No. 1 of 4 January 1954 gives
the results of the study of 45,013 tubes collected
during the period from 18 September 1951 through
31 March 1953, from a socket population of 489,049
at the eight bases. /7/ This work continues by a
renewal of the Navy contract, dated 31 March 1954.

ARINC determines the mechanical and elec-
trical reasons the tubes were removed from equip-
ment. Certain tubes are shipped to other labora-
tories for the determination of the basic reasons
they were rejected from equipment. Many tubes are
returned to manufacturers for examination and in-
formation.

Signal Corps-Cornell University Program.
The purpose of the Signal Corps Tube Analysis Pro-
gram at Cornell University is to determine the
factors of unreliability in electron tubes by analyz-
ing tubes that have been rejected from military
equipment. In addition to routine tests and detailed
examinations, the analysis includes a consideration
of the tube application. The program began in July
1951.

The sources of tubes for the Cornell program
are ARINC and manufacturers of military equipment.

The tubes collected by ARINC may be classi-
fied as either uncontrolled or controlled. Uncon-
trolled tubes are tubes that have been used an un-
known length of time and for which no initial informa-~
tion, such as values of tube parameters, is available.
Controlled tubes are tubes for which initial informa-
tion, as well as hours of service, is available; that
is, the parameters of the tube were determined
before the tube was inserted in a socket. For either
class of tube, ARINC prepares a punched card con-
taining all known information about the tube, includ-
ing the reason for rejection, and sends the tubes and
cards to Cornell.

The tubes supplied by manufacturers of mili-
tary equipment are the result of the manufacturer's
participation in a '"line-reject" program. Such a
program is established when the rejection rate of tubes
in the equipment during construction and test exceeds
a specified minimum. In these programs, the manu-
facturer collects and ships the tubes to Cornell,
along with information about the tubes and their ap-
plication.

At Cornell, all tubes first are given a visual
examination to eliminate untestable tubes. The re-
mainder are subjected to a series of tests based on
MIL specifications, so that the exact fault, if any,
may be determined. (Many tubes, approximately 30
percent of those tested to date, have no defect ac-
cording to MIL specifications.) If the results of the
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testing process indicate that a microscopic examina-
tion, chemical analysis, X-ray analysis, or special
tests are required, the tubes involved are routed
through the testing sections established for these
purposes. After all tests and examinations have been
completed, a code number corresponding to the defect
status of the tube is assigned, and the pertinent test
results are inserted into the punched card assigned
to the tube. One copy of the completed punched card
is retained at Cornell and one is sent to ARINC.

Up to 24 August 1954, approximately 100,000
tubes, in 461 different types, had been received and
tested. Although the number of tubes in some types
is becoming significant, a straight statistical analy-
sis by tube type has doubtful significance because
of the many tube manufacturers and large number of
different applications represented. In many instances,
however, sources of trouble have been isolated by
the ex.mination of relatively few tubes of a given

type.

No broad conclusions have been drawn as yet
concerning the reliability of electron tubes on the
basis of the results of this program. Considering
the total of all tubes received, the predominant de-
fect percentages occur in the "Outside Electrical
Limits" category and the '"No Defect Found" cate-
gory. That the Outside Electrical Limits category
has a high percentage is to be expected, and sug-
gests that increased reliability is to be attained by
strengthening those factors that contribute to the length
of time that the parameters of a given tube will stay
within design limits. The fact that the percentage
in the No Defect Found category is so high suggests
that equipment design and maintenance procedures
must be so modified that the full range of operating
limits for a tube is realized and the tube is not per-
manently removed from its socket until these oper-
ating limits are reached.

Although the defect percentages in other cat-
egories are small compared to the two mentioned,
every effort is being made to determine how they
may be reduced to result in an electron tube of the
utmost reliability.

Vitro Study. One of the first attempts to
get some statistical insight into the component fail-
ure problem was the letting of a contract by the Navy
to the Vitro Corporation to institute an Electronic
Equipment Reliability Program. Nearly 30,000 re-
ports of individual component part failures collected
by the Bureau of Ships were studied. Tubes were
not included. The reports covered the term 1 No-
vember 1949 to 1 December 1950 and represented
only a small fraction (perhaps 2 to 3 percent) of the
total failures occurring during that time, as the
reports were prepared on a voluntary basis by the
men making the repairs. The study covered an
equipment population of slightly over 140,000, with
a parts population of about 14 million having 23,503
stock numbers. During the period there was a re-
placement parts issue of 1,957,822 units (excluding a
half million fuses) having 6,233 stock numbers.

The study showed that the nine most com-
monly used parts types were somewhat more reliable
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than parts used less often, a fact borne out by other
experience; that is, parts in wide production and use
were more reliable than parts in small production
and use.

Considerable data will be found in Report No.
25, 1 November 1951, Parts Failure Analysis, and
some of this data will be found inthe chapter on com-~
ponents in this book.

Even at the early date of this study, it was
found that parts failed because they were forced to
operate near their maximum rated power or peak
voltage, and in applications particularly sensitive to
parts stability. It was already apparent that a more
rigorous standardization program would pay off, that
better parts were required, and that an improvement
in parts application would be eminently worthwhile.

Bell Laboratories Navy Project.  After the
Vitro study indicated that component parts, as well as
tubes, were causing a considerable amount of trouble,
a contract between Bureau of Ships and the Bell Tel-
ephone Laboratories (NObsr 52480) was entered into
for the purpose of studying components, other than
tubes, that were removed from working equipment.
Between 1 July 1951 and 1953, when the study ended,
1,763 component parts had been examined in the lab-
oratories. Of these, 666 were resistors, 457 were
capacitors, and 155 were transformers. The re-
mainder included relays, coils, crystals, and so on.
The causes of failure were about equally divided
among 'operational conditions," manufacturing de-
fects, and design deficiencies, with 15 percent allotted
to failures caused by undetermined causes. A de-
tailed breakdown of these failures will be found in
the chapter on components.

RETMA. With the realization that the reli-
ability problem affected industry, as well as Govern-
ment, the Engineering Department of the Radio,
Electronics, and Television Manufacturers Associa-
tion (RETMA) established the Committee on Elec-
tronic Applications (reliability) and the first meeting
was held on 12 March 1953 under the chairmanship
of L. M. Clement. The objectives of this com-
mittee are:

1. Establish procedure for collecting and
using reliability information available to
the various agencies of the Government
and private industries.

2. Formulate plans to educate the designand
project engineers in industry and Govern-
ment so that reliability can be built into
the equipment.

3. Cooperate fully with Government agencies
and industry inthe implementation of plans
and programs for the improvement of
reliability of electronic equipment.

The membership of this committee is madeup
of representatives from tube, component, computer,
and military equipment manufacturers and research
laboratories, plus observers from the military de-
partments and agencies of the Government. The



Committee issues bulletins /8/ through the engineer-
ing department of RETMA.

JETEC. The Joint Electron Tube Engineer-
ing Council (JETEC) was organized to develop stand-
ard materials and to conduct engineering activities
for organizations in the field of tubes and allied
devices. It develops proposals for adoption as stand-
ards by sponsoring organizations, and issues techni-
cal data. It functions as an autonomous body in con-
tacting outside groups in carrying out its chosen
responsibilities. It is sponsored by RETMA and
the National Electrical Manufacturers Association
(NEMA).

AGREE. As a result of the recommendation
of the Ad Hoc Group that a permanent committee be
established, the Department of Defense issued a di-
rective on 21 August 1952 establishing the Advisory
Group on Reliability of Electronic Equipment (AGREE)
as an agency of the Committee on Electronics of
RDB. AGREE was to:

1. Examine all phases of electronic equip-
ment reliability, beginning with the idea
and going through research and develop-
ment and the sequential steps through
operation and maintenance.

2. Stimulate interest in any program that
will result in more reliable equipment.

3. Make recommendations to appropriate
agencies, government and civilian, in re-
gard to measures that will result in more
reliable equipment, better education on
reliability, and implementation of relia-
bility programs.

Numerous meetings of AGREE have been held
at which representatives of both Government and
industry have contributed in many ways.

On 31 March 1954 AGREE was transferred
from the Office, Assistant Secretary of Defense (R&D)
to the Office, Assistant Secretary of Defense (Appli-
cations Engineering). Mr. L. M. Clement is chair-
man of AGREE.

Components Symposia. Three symposia of
three days each have been held under the sponsor-
ship of AIEE and IRE. Numerous papers and talks
on the general subject of reliable components, with
particular emphasis on new developments, were pre-
sented at these symposia. Printed proceedings are
available. /9/

Service Attacks., OfcoursetheServices have
not been idle and have made major improvements in
their respective reliability records. A clear under-
standing of the causes of trouble, after the equip-
ment is designed, built, installed, and operating, has
enabled definite programs to be established.

The Overall Program. Obviously the first
job was to determine the causes of failures of elec-
tronic equipment. And since failure of component

parts was the visible cause of equipment failures,
the first step was to determine which components
failed most often. The next step was to find out why
they failed. The first step, for many reasons, is
easier.

Components, including tubes, cause mostof the
failures. Therefore, a rigorous program was pro-
mulgated to develop components that would stand up
better in military life. At the same time some effort
was made to learn to use existing components in cir-
cuits and equipment less sensitive to environment.
In other words, to design equipment that would tol~
erate wider changes in component characteristics
as well as environmental conditions.

To attack the problem by producing and using
better components is the logical but not the easiest
approach. The ultimate in reliability will be attained
only when certain compromises are made — among
them, the compromise between an elegant function to
be performed and the inevitable complexity required;
the compromise between elaborate equipment that re-
quires expert usage and maintenance, and the lack of
interest in the equipment and lack of technical com-
petence by field personnel.

The cost of reliability in a slowing up of tech-
nical ''progress' remains to be assessed, but it is
real.

Much has already been learned. It is realized
that the reliability of any particular piece of equip-
ment has two broad aspects. The first isthe inherent
reliability designed and built into the equipment. The
second is the ease of maintenance — also built-in.
The first aspect involves the circuit design, the proper
choice and usage of component parts, proper care to
minimize failures due to high temperatures, low
pressures, vibration, humidity, and manhandling.
The object of all these efforts isto reduce the number
of failures.

The maintenance aspectinvolves the techniques
employed to make location and repair of faults easy
and quick, so that the equipment gets back on the air
in a minimum of time after a failure.

"Means for achieving inherent reliability start
with the system specifications and include the devel-
opment of more reliable components, the control of
component environment, the pre-testing of units, and
standardization of assemblies.

"Methods for simplifying the maintenance
procedure concern the design of fault-locating de-
vices, the use of failure anticipation, stand-by units,
and obvious, easily identified layouts."/10/

Wherever routine maintenance can forestall
emergency, maintenance manpower is conserved, time
is saved, "down time'" is reduced. All these are
essential goals. The designing engineer can do much
to achieve them.

Whatever attacks are made, whatever pro-
grams are set up, it must be remembered that no
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magic formulas exist through which equipment can be
endowed with the desired reliability. Only hard, un-
remitting work at every level of responsibility, at
every stage from concept to development, to pro-
duction, to use, and to maintenance will produce the
desired results. It is a job in which every man can
have a share.

Reliability cannot be legislated into equipment,
it must be build-in. In this endeavor small things
will count. The large things are apparent; they stand
out and are fixed early in the design-production-use
time schedule. But the small things that count are
often hidden.

"Human engineering recommendations, taken
as individual items, may often seem trivial. But
multiply the savings of a few seconds or minutes by
many operations and the potential reduction of red
time in the entire system may become substantial
enough to spell success or failure for the system.
Small gains in reliability, if sufficiently multiplied,
finally tighten the defense mesh to a degree of stra-
tegic importance. These gains will be especially
important in actual warfare conditions when time and
reliability are indeed critical under conditions of
stress and huge disturbance of men and material."/11/

Reliability is the responsibility of everyone.
If it is arbitrarily approached from the top, without
adequate technical background, the engineer-designer
must work under a tremendous handicap. He is
licked at the start. But if he is aided in the relia-
bility-improvement program by everyone involved
with the equipment, from those preparing the original
military requirements and to those who finally main-
tain and use the equipment under operational condi-
tions, then the designer will be allied with a complete
team.

DEFINITIONS OF RELIABILITY

Many man-hours have gone into attempts to
arrive at a universally acceptable definition of relia-
bility and its reverse, unreliability. The definitions
depend upon the concepts involved. Each has its use;
and of course attempts are made to express these
concepts in language that is amenable to quantitative
statements, that is, in mathematical symbols.

From one point of view the important concept
is the average length of time between failures for a
specific piece of equipment. From another point of
view the important statistic is the total number of
failures encountered in a given number of specific
equipments per given length of time. And still another
viewpoint is interested in the number of hours of
maintenance required to ensure one hour of satisfac-
tory operation. The amount of time in percent that
the equipment is in service (the in-commission rate)

and the mission-success rate are other aspects.

And to these quantitative aspects may be added
the qualitative aspect — even if the equipmentdoes not
fail, how well is it working how much of the time?

1-6

Giving numbers to the several reliability cri-
teria requires life tests of more than one piece of
specific equipment, the amassing of considerable data,
and the proper assessment of the dataonce it has been
collected. It is not an easy matter.

Giving reliability figures to any piece of equip-
ment prior to life test calls for much more quantitative
data than now exist on the components and how they
stand up under actual practical environmental condi-
tions. But the statistical methods are available, and
a start has been made on putting them to use.

Greater detail concerning the several defini-
tions of reliability noted above is to be found in the
following paragraphs. In this book reliability will be
considered as the ability of equipment to perform its
intended job at the intended time. The mathematical
bases by which definite indices may be applied to
equipments and components will be found in Chapter 5.

Average Time Between Failures.  The aver-

age life ® may be defined as

8 = Mt/f
where
0 is the mean life
M is the number of equipments under test
t is the time or duration of the test
f is the number of failures during the test

This rating is convenient for use in determin-
ing if the reliability of the equipment is likely to be
adequate for missions of specific lengths. Ryerson
/12/points out that this figure should not be confused
with the mean life of failed components. In the latter
case the component is junked; whereas the rating
above, as applied to equipment, means that the equip-
ment is repaired and the test continues.

Failure Rate.  This measure of reliability is
simply the total number of failures occurring in a
given number of identical equipments per unit of time,
usually one year. Much data have been, and are being,
collected that will give significant information of this
type on both equipment and component parts of equip-
ment. In fact, much more data are available than
have been summarized or analyzed, and it is quite
likely that the rate of collection of such information
is greater than the present ability to digest it. The
published reports of the Vitro/13/ and Rand/14/
studies provide useful data of this kind to which
more contemporary data may be compared. Once
the failure rates for specific types and models of
equipment are available, new equipment of the same
type can be rated as to its relative reliability com-
pared to the figures available on other similar equip-
ment. Norms will be available for engineers and
specification writers to shoot at and by which the
products of designers and manufacturers can be
rated.

Maintenance Rate. "'This figure gives the
number of maintenance man-hours required to support
each hour of operation. It reflects the frequency of
failures of the system, the amount of time required
to locate and replace the faulty part, and, to some




extent, the overall efficiency of the maintenance
organization. This method of measurement is ...
valuable to operating agencies since, under a given
set of operating conditions, it provides an index ...
in estimating maintenance manpower requirements."

/12/

In-Commission Rate. ''This is the percent-
age of the total operational time (24 hours a day,
7 days a week) during which the equipment is entirely
ready for operation or is in operation. It is directly
related to the maintenance rate in that the more time
spent in maintenance the less time the system is
entirely ready for operation. This rating provides
a basis for equipment logistics." /12/

Mission Success Rate. This is "'defined as
that percentage of the total missions uninterrupted
by failure of the equipment. This figure of merit is
more closely dependent upon the reliability of the
parts included in the system and on the design of the
system than are the maintenance rate or the in-
communication rate. This measure of reliability is
valuable ... to an agency with a regular schedule of
missions. A mission success rate obtained by one
agency is not typical of the equipment in general and
will not necessarily apply for use by other agencies
with different operating schedules.' /12/

DEGREES OF RELIABILITY

Much as everyone wishes for some absolute in-
dex by which an operator could be sure that a given
piece of equipment would function correctly in agiven
situation for a given time, itis realized that this is not
attainable. All that can be done is to affix some prob-
ability that the equipment will not fail, and to make the
chance of failure as remote as possible, all other things
considered.

Catastrophic Failures. Most of present in-
terest is in complete failures, in which the equipment
won't work at all. It is "off the air.'" The cause
may be something as simple as a blown fuse, in
which case the remedy is simple and quick. Or the
cause may be a burnt-out resistor buried in the heart
of the machine, where it is not only difficult to locate
but difficult to replace. Under these circumstances the
equipment is "down' for a considerable time, or the
mission aborts.

It is now recognized that tube failures are
most likely to occur during their early history, say
the first 50 or 100 hours. Like human beings, whose
mortality is greatest during their childhood, if tubes
get over this critical period, they are likely to have
a normal life expectancy. To avoid these "quickie"
troubles it is becoming customary to "burn in" tubes
or to age them before they are accepted or are
permitted to go into the equipment. After this
period, failures seem to follow an exponential pattern;
in a given time a given percentage of those still in
service must be replaced.

Old-Age Troubles. Less than catastrophic
in degree of failure are situations in which the
equipment works, but not very well. A transmitter
may get off frequency and the operator at the receiv-

ing end of the circuit can't follow it; a radar may have
its range severely restricted; an automatic typewriter
circuit may produce hash instead of intelligence. But
the device or the system still works, to a degree.

Such degrees of unreliability result from a
degradation of the individual efficiencies of parts of
the system or parts of a piece of equipment. Tubes
lose emission, and amplifier gain goes down. Resistors
or other components change in value sufficiently so
that the circuits of which they are important parts no
longer produce the required effects. The longer the
equipment or system operates, after the initial high-
failure period, the greater chance it will wear out
at any given moment; so much of its total history has
already taken place.

Recognizing that the component parts of a
device have definite lives has caused maintenance
philosophies to be built up which dictate that all the
tubes of a given equipment should be replaced at some
definite term of usage, say 1,000 hours. But recent-
ly, much experience indicates that if a tube has not
failed to date, it is better to leave it in its socket
doing its job than to replace it with a new tube,
whose chance of failure is totally unknown. The
several projects for studying tubes removed from
military equipment have indicated that about one
third are still within their required electrical limits,
thus bolstering the feeling that wholesale removal of
tubes at the end of a certain period of use is not a
good idea.

The theory that the longer anydevice or system
lives, the greater its chance for failing is in some
disagreement with the purely exponential law that
seems to govern complex equipment, where the causes
of failure are many, and seemingly fortuitous. If a
tube fails because of cathode wearout, and for no other
reason, it is a fact that the longer the tube burns, the
less time it will have to burn — its store of emissive
material has been dissipated. On the other hand, if
it fails from any one of numerous reasons, itis
likely to follow the exponential law.

"A device is said to obey an exponential failure
law if the probability P(t) dt of its failing between
the times t and t +dt is

P(t) - %e't/e dt

where 0 is the mean life of the device. The survival
probability is

Pg(t) =€ -t/8

and a device obeying such a law has a probability of
failure which is independent of past history. It
is ... independent of the age of the device." /15/

The fact that most emphasis, at the present
time, is placed upon catastrophic failures does not
mean that lesser degrees of unreliability are not
serious. It means simply that they are hidden, they
do not get the headlines. In a great many cases the
equipment is already on the road to a catastrophe;
something is running down; its blood pressure is
weakening but its heart has not yet stopped beating.

1-7



When that event finally occurs, a catastrophe results
and another failure is chalked up against the equip-
ment. The slow degradation in performance caused
by the effects of old age may be hidden by automatic
volume control, automatic frequency control, excess
gain, or other technical dodges, but it is still present;
it is nature's hidden weapon.

"On a fleet basis, the number of equipments
suffering from low performance greatly exceeds
those that are inoperative due to component failure.
It has been estimated that as much as 60 percent
of the troubles experienced can be attributed to de-
tuning and loss of adjustment and calibration."/16/

Realistic Reliability. ¥We must not be un-
reasonable in approaching this problem. We must
determine, somewhere along the line, how much reli-
ability the equipment must have, how much we are
willing to pay for it, and the relative responsibilities
of the designing engineer and the echelons which con~
trol the abilities and pride of the men who operate
and maintain the equipment. It is unrealistic to ask
the engineer to make equipment that will do its job
no matter how much manhandling is later involved; the
engineer cannot solve all the problems, and the human
equation cannot be solved by machinery.

Electronics is still a new art, it is changing
rapidly, and this '"'progress' is likely to continue.
Railroading, on the other hand, has reached a rather
stable condition from the design, operation, and
maintenance standpoint. And yet trains get into
trouble; railroading is not 100 percent reliable even
today.

Statistical Reliability. = Purely from the sta-
tistical standpoint, the relation between complexity
and failure is clear — the more complex, the greater
the chance of trouble. These relations are shown in
Figure 1-1, where the overall reliability of a system
is plotted for various degrees of complexity and for
various degrees of reliability of the individual com-
ponents making up the system./17/ If, for example,
a piece of equipment has 400 components, and if an
overall reliability of 80 percent is required, on an
average ''not more than one unit out of 1,800 units of
each component type' dare fail.

Looking at it in another way, Lusser points
out that if an equipment has 100 parts, each with a
reliability of 99 percent — which means that one out
of each 100 parts will fail, on the average — then the
equipment will have a reliability of only 36.5 percent.

The Real Relation Between Complexity and
Reliability. In all the excitement about how com-
plex modern military equipment is becoming, it
must be clear that complexity, by itself, is no neces-
sary deterrent to reliability. Those who demand
simpler equipment are whistling in the dark to
keep up their courage. What is needed is not sim-
plicity, but reliability.

A three-stage amplifier with barely sufficient
gain to do the required job is simpler than a four-
stage amplifier with extra gain that can be devoted
to heavy negative feedback — but the four-stage unit
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will be more reliable. Its tubes and components can
be operated more conservatively, and its heavy nega-
tive feedback makes it much more immune to changes
in tube or component characteristics.

Adding marginal checking circuitry to zay sys-
tem makes the system more complex, but who will
deny that the equipment reliability will be improved
when the ratio of down time to operating time is the
criterion? Large-scale digital computers, which
achieve an amazingly high degree of reliability for
their degree of complexity, incorporate very complex
error-correcting codes, marginal checking circuits,
and sometimes duplicate, or even triplicate, compu-
tation circuits to gain their reliability.

Experience and design practices in large-
scale computers may be a rich source of information
for the reliability engineer.

Relative Reliability. = Obviously there is no
absolute reliability, either in degree or in time.
That is, no equipment will work 100 percentcorrectly
100 percent of the time. Even the simplest device,
or the most elegantly engineered instrument, with all
factors of safety taken into account, will get old — it
will wear out, and its performance will be degraded.

Proper design, proper selection and use of
components, proper maintenance, and proper field
care will produce electronic equipment of any degree
of reliability. But is unrealistic to expect the utmost
in reliability and the utmost in beautiful technical
performance in the same small, light, unventilated
package, just as it is unrealistic to expect equipment
to be infinitely resistant to vibration and shock and
at the same time to weigh practically nothing.

The difference in point of view on the relia-
bility problem may be illustrated by the two curves
in Figure 1-2. They give, respectively, the percent
of original tubes still in use in a piece of equipment
after a certain number of hours of use, and the per-
cent of the original quota that has been replaced.
From one point of view (usually that of the designer
and producer) one may be happy that so many tubes
of the original complement are still functioning; from
the other point of view (that of the user) one may view
with alarm that so many tubes have failed.

How much reliability do we have a right to
expect? An automobile that travels an average of 40
mph for 1,000 hours has gone 40,000 miles and is
ready for a major overhaul, not to mentionoccasional
and unexpected periods of repair during this time.
If the car goes four times as far, it is ready for the
junk heap. And yet 1,000 hours represents less than
two months' continuous service. A modern electric
refrigerator is guaranteed for 5 years or 40,000
hours of service, whichever occurs first. It furnishes
this service with little or no maintenance. Butit does
not run continuously, it operates under much better
conditions than military equipment; it is vastly simpler
than most electronic apparatus.

The Basic Problems. No one argues that
military equipment should not be as reliable as
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removed or remaining in service as a function
of time in a computer. ("'Computer Reliability,"
Radio and TV News, E. S. Rich and
R. R. Rathbone, February 1953.)

possible; yet everything works against this ideal. The
electronic equipment is complex; its production is
neither small enough for the units to be made by
hand by skilled craftsmen nor large enough to enjoy
the benefits of long runs on the production line. We
are very cost conscious, afraid of taxes. Instead of
buying the best possible equipment, we buy the product
of the manufacturer who will supply it at the lowest
price. This may be economically sound so far as
first cost is concerned but may be definitely detri-
mental from the viewpoint of first cost plus main-
tenance. A cheap instrument may only be a ticket
to expensive maintenance. Reliability costs money.

Design engineers seldom have a chance to
see the results of their bread board and drafting
board labors in action in the field. From this aspect
designers are often working in the dark. And the
maintenance crews at present have little opportunity
or incentive to master their jobs ~ there is no career
in it.

Industrial Electronic Experience. Thereare
many reasons the designer of military electronic
equipment has much more to learn from the designer
of industrial electronic apparatus than from the de-
signer of home radios and television sets. The ut-
most in reliability is required by industry before it
agrees to permit electronic equipmentinits factories.
Interruptions toservice are costly; infact the economic
motive is the reason for installing electronic apparatus
in a manufacturing plant. A production line that is
shut down because something went haywire in its
controlling electronics represents the difference be-
tween profit and loss. One such catastrophe is
enough to damn electronics in that plant for a long
time. If the job can be accomplished in almost any
other way, it will be so done.
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Industry cannot afford to employ unreliable
equipment and has learned that it is not necessary.
Good design and manufacture will enable the equip-
ment to stand up under terrific abuse after it gets
into the factory in which it is employed.

"Since sufficient improvement in component
reliability has not yet occurred which automatically
would permit a major improvement in equipment
reliability, engineers must use such expedients as
their experience shows to be helpful. These are the
simple, common-sense, but totally unromantic meth-
ods of established good engineering practice in de-
sign, installation, maintenance and service. What
must concern engineers for the present, therefore,
is the continued emphasis on these practices and the
further extension of their use. While all of the above
mentioned are important, at the present time most
emphasis must be placed on good design; first of the
components and second of the equipment.

"In heavy industry, experience has shown that
the failures are most frequently due to faults of a
mechanical nature. Thus, mechanical design is likely
to be every bit as important as the purely electronic
aspects of the device, and designs which would be
mechanically acceptable in the (home) radiofield can-
not be tolerated in heavy industry.

"It is not of so much importance that a unique
and efficient electronic circuit be provided as it is
that the equipment be able to stand the everyday
treatment which is normal in industry. The use of
such equipment dictates many aspects of the design
insofar as reliability is concerned. Choice of mater-
ials to be used and knowledge of materials of fabri-
cation assume new importance. Equipment which must
be located beneath the pass line in a hot strip steel
mill will be subjected to heat and a bath of water,
steam and scale and in many installations the water
will, without doubt, be contaminated with acids. In
such a situation a stainless steel tank would serve
admirably as the cabinet, but if this tank must also
hold light insulating oils, it is by no means certain
that stainless steel should be used. The question
of how to weld such a structure to retain the oil
would now assume a far greater importance than
whether to use regeneration in some amplifier within
such a cabinet.'/18/

Thus, in the industrial field, as in the mili-
tary field, engineering problems are much different
from those that plague the home radio field. For
military equipment, however, home radio components
must be employed for the simple reason that vast
quantities of these parts are likely to be needed and
in a relatively short time. The military electronics
designer operates under a dual handicap; he must
build equipment with the stability and reliability of
industrial apparatus, but he does not have the oppor-
tunity to pick and choose, and use highly selected
and, perhaps, handmade components. The methods
employed by the industrial engineer, however, form
good background and often provide specific techniques
of value to the military designer.

Reliability — A Two-Stage Problem. The
first job, of course, is to reduce the catastrophic




failures and the unpredictable failures to the absolute manpower and time. The prime requisites are for bet-

ter information, for education, and for more knowledge

minimum. When that. point has tfeen reached, the jo'b from the top down. All the problems will be easier
is to learn to live with the equipment and to keep it to solve if everyone has a better idea of the other
in topnotch condition with the least expenditure of fellow's troubles.
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chapter

CAUSES OF UNRELIABILITY

There are many reasons why complex elec-
tronic equipment fails; and they are not hard to find.

General Causes. The reasons advancedfor a
lack of reliability of military electronic equipment fall
into the following classes, each discussed in some
detail in the following pages:

1. Unrealistic demands from the field or from
top echelons for equipmentbeyond the state
of the art - often mere "dream' ideas.

2. Poor engineering practices that result in
improper circuit design or component
applications, or inadequate mechanical
devices.

3. Complexity of equipment that results
in overworked circuitry and personnel.
Complexity is often caused by under-
engineering. It takes longer to design
simple equipments than complex ones.

4. "Overuniversality,' so often suggested as
a cure-all for realiability and logistics
problems.

5. Lack of systems thinking in procurement
operations.

6. Procurement practices that exclude all but
the lowest bidder.

7. Unrealistic specifications that do not re-
quire reliability or specific performance
levels.

8. Production methods that are influenced
by "low bidder' tactics and 'crash pro-
grams.”

9. Inadequately trained personnel, incapable
of operating or maintaining modern elec-
tronic equipment. Short terms of duty,

rotation, and lack of incentive are the
major causes of this condition.

DESIGN CONSIDERATIONS

State of the Art.  Electronic designis always
in a dynamic state as new concepts, tools, and po-
tentialities arise from the imagination of scientists
and engineers and from the infinite possibilities and
permutations of the electron tube and its many charac-
teristics. In the highly competitive international tech-
nical situation it is necessary that the planners be
ahead of the art, be imaginative and forward looking.
Otherwise, there will never be any defense against
aggressive enemies who may be willing to devote a
much greater proportion of their scientists and en-
gineers to such unproductive items as military equip-
ment.

Thus, at any one moment in our technical
history, it is necessary for designers to be working
on equipment that may not go into service for several
years. They will be working ahead of the state of
the art. It is hoped that by the time the equipment
must go into production the required components will
have caught up with the art, willbe ready for assembly
into the equipment, and will be able to live in the en-
vironments that will exist at that time. But all of
the ultimate conditions of use will not have been for-
seen during the design phase; they canonlybe guessed
at, and factors of safety included that, it is hoped,
will take care of eventualities.

From past history of the rate at which higher
and higher frequencies are explored and put to use,
higher and higher output is secured from tubes at
given frequencies, and components are developed that
will tolerate higher and higher temperatures - from
such history one canproject ahead the time at which all
of the several factors will fit properly and safely into
the picture. But the designers have the responsibility
not to accept jobs patently above and beyond the realm
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of possibility judging from the past. It is unlikely
that a whole new order of magnitude of power, for
example, or a whole new octave of frequency, as an-
other example, is suddenly to become useful or
ready for exploitation. Figure 2-1 indicates the
"gain-band figure of merit" for electron tubes during
the past and gives some basis for a logical estimate
of what can be expected in the near future.

From the overall viewpoint it is probably
better to work on equipment that, when it gets to the
field, will be somewhat behind the state of the art -
but reliable - than to design apparatus that will be far
advanced - but not likely to be in service much of
the time.

Electrical and Electronic Circuit Design.
Poor circuit design is often the cause for later
trouble. Only experience with military equipment
under actual operation conditions can give the de-
signer the feel for reliable design.

As an example, consider a three-phase power
supply system in which the thyratrons were switched
off so fast that the rate of application of the inverse
voltage to the rectifiers far exceeded the manu-
facturer's recommendations. The result was rapid
deterioration of the rectifiers, and continual re-
placement. After the trouble was located, a network
was installed that reduced the rate of application of
the inverse voltage, and much longer tube life result-
ed. Circuits intended for reliable operation should
be thoroughly checked with respect to their operat-
ing margins.

Anyone active in the design or operation of
modern military electronic equipment can probably
cite numerous other similar examples. In order to
design good circuitry it is necessary to do more than
perform a superficial analysis of requirements tode-
termine inputs, outputs, and general compatibility.
All possible effects on circuit performance of the
malfunctioning of any component, either by complete
failure or gradual decline of performance level, must
be considered.
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Components Application.  Although studies of
past failures in electronic equipment have led to the
conclusion that tubes and other components are the
cause of most cases of unreliability, these studies
have shown conclusively that much of this kind of
trouble has been due to misapplication of the com-
ponents. In other words, the components were not
used correctly.

It is necessary, therefore, that designers be
aware of all of the intricate and interrelated condi-
tions under which equipment will be forced to work,
so that these conditions may be described to the
manufacturers of the components ultimately to be
chosen. The files of the components manufacturers
bulge with case histories in which their products were
blamed for equipment failures simply because the
components were misapplied.

Some resistors, for example, exhibit hysteresis
in their resistance-temperature characteristic; if
overheated, they do not return to their original value.
Many a resistor, therefore, has been ruined before the
switch on the equipment is ever turned onbecause the
resistor had been overheated in soldering it into place.
The classic example is the 1/2-watt unit overheated by
having a 500-watt iron held too near it for too long
a time.

It is only natural that a designer, working in a
laboratory, without much opportunity to see the end
products of his work under field conditions, may un-
wittingly select components that are inherently unsuit-
able for military equipment.

This aspect of design is by far one of the major
causes of unreliability. A later Chapter, "Component
Parts," cites many examples of the misapplication of
component parts.

Poor Mechanical Design. Electronics en-
gineers do not, in general, have good reputations for
building the best mechanical equipment. In the past,
this has not been their forte.

Inadequate shock mounting, insufficient support
for components, improper cooling, inaccessibility for
maintenance - all of these items have beenthe causes
for much unreliability in the past.

Complex electronic equipment is really not
worth much to its user if it is always in drydock for
mechanical repairs.

Complexity vs. Simplicity. At the moment
the biggest factor is the greatly increased complexity of
present-day equipment brought about by the greatly
increased demands on electronic equipment. Planes
fly faster and higher, all the things that tubes do must
be done quicker and more accurately than man can
possibly do them unaided. But "we are faced then
with the anomaly that as we design our equipment to
perform more and more astonishing feats of pre-
cision and complexity we have less and less confi-
dence that it will perform at all." /1/

The numbers of tubes onadestroyer increased
from 60 in 1937 to 3,200 in 1952. An aircraft carrier



will have about 12,000 tubes in operation at one
time. And for every tube there may be 5 to 10 con-
densers and as many resistors. Each has its own
chance of failure, its own life span, its own mortality
figure. Is it any wonder that a 1,000-tube ground
radar system operating under rather ideal conditions
occasionally goes haywire?

From some quarters there is considerablede-
mand for less complexity and more simplicity. This
is a reasonable request; but eventhe simplest device -~
a safety pin, for example - canfail. If the catastroph-
ic failures can be reduced materially, then a com-
plex equipment has a better chance of operating - even
if not 100 percent correctly - and of producing a re-
sult than a very simple device that either works or
doesn't work.

The natural desire for universal equipment,
stuff that will work on board a ship and in a plane or
in the Tropics and at Thule, may work against a
higher degree of reliability. Instruments canbe made
so universal that they won't work at all.

The struggle between complexity and simplicity
must be resolved by proper answers to such questions
as:

1. What must the device do?

2. What are the absolute maximum require-
ments?

3. Where and under what worse conditions
must it perform its function?

4. How reliable must it be?

5. How universal in application must it be?

Complexity and Maintenance Relations. Us-
ing an unpublished work of J. Widrewitz, Rome Air
Development Center, Mirman /2/ shows the relation
of multiplicity of components and time to locate failures
to reliability of complex systems. Of course, all such
computations are theoretical, since not enough real
data is as yet available to plot curves of actual service
conditions. They are instructive nevertheless.

Mirman considers a system of:

Replacement
Components Failure rate time (minutes)
50 tubes 1 per day 10
250 resistors 1 per 30 days 20
200 capacitors 1 per 30 days 20
1 human error 1 per 100 days 20
10 critical controls 1 per 30 days 5

and plots the system reliability as shown in Figure
2-2. Here system B, having 3 times the complexity of
system A has lost 8 percent of its reliability com-
pared to system A and system C, being 5 times as
complex, has a reliability 38 percent less thansystem
A. The improvement in reliability that can result
from increased ease of failure location is also shown on
the chart. Note how rapidly system C reliability
drops as the time required to locate troubles increases.
The need for trouble localizers and indicators, as

well as automatic testing devices, becomes very
clear upon examination of system C data.

Universality — Vice or Virtue? The single-
minded idea that a universal equipment, useful for all
services and under all conditions, would knock out
many of the reliability problems, is likely to be an
extreme oversimplification. In aparticular AN equip-
ment, the engineers were saddled with the require-
ment that the equipment must work properly under
all U. S. and British frequencies and voltages. Next,
it was to operate properly with all existing and ob-
solete systems; it was to be truly universal. This
equipment never ''jelled" into workable apparatus
until it fissioned and blew apart intodiscrete, special-
ized units, each useful for its particular job.

Universality of this order offers little or no-
thing from the reliability standpoint. The Working
Group on Technical Design, AGREE, in its February
24-26, 1954 meeting commented on regulations SR
105-85-2 and AFR 100-12, which stress a minimum
number of types of equipment to satisfy the needs of
various branches of the Services. In this manner,
"undue stress on the minimum number of types of
equipment of universal character by compiling many
diverse requirements into a single design may result
in an equipment that may not provide any single user
with equipment having maximum reliability."

There is no doubt that if the designer is
forced to start his work from the standpoint of hold-
ing certain characteristics, such as weight, size, cost,
or watts, to a minimum he cannot, at the same time,
design for maximum reliability. Until the interplay
of all of these diverse factors is better understood,
and better documented by engineering data, designers
will be forced to work in the dark, using their best
judgment and relying onthe almost certainfact that the
equipment, in the end, will work worse than was
hoped for!

It is undoubtedly true that highly specialized
equipment will do its job better than equipment de-
signed to do several jobs, or the same job over a
wider range of conditions or requirements. Thus,
a 10-mile radar may be developed that is practically
ideal from all aspects —including reliability. But the
nontechnical echelons that set the requirements may
then decide that the range is to be pushed to 15 miles.
The end product may be a radar thatis only X percent
as good as the 10-mile equipment, or that may work
only Y percent as much of the time.

Much can be done toward standardization of
components and of certain electronic subassemblies—
power supply systems, for example — but the concept
of universality can be overworked.

The advantages of a trulyuniversal systemare
obvious. Identical equipment for various Services
would cut down the number of stock items needed, re-
duce cost, reduce man-hours used in designing com-
peting systems, ease maintenance because of better
training on few sets instead of limited training on many
equipments, with the result that reliability all along the
line may be improved./3/ The advantages, however,
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must be weighed against the factors on the other side
of the score card.

The desire for universality exists among the
vendors as well as the users of components, and may
lead to too general and too broad specifications. For
example, a tube manufacturer interested in selling
vast quantities of tubes to many manufacturers may

propose a specification to the military that will enable
him to maintain a single "line" of tubes. This will
call for fewer tube types, each with wide limits.
Tighter specifications, however, call for tighter manu~
facturing controls, higher scrappage, higher costs,
greater uniformity over a narrower range of limits.
Thus, the designer knows more exactly what the tube
characteristics will be, once they have been in-
stalled in the equipment.

1.00—

SYSTEM A

\‘%
D

90—

SYSTEM B
75—

b0

SYSTEM RELIABILITY

A5 —

SYSTEM
30—

TIME TO LOCATE AND REPLACE COMPONENTS

NUMBER OF COMPONENTS IN EACH SYSTEM

SYSTEM A B C
TUBES 50 150 250
RESISTORS 250 750 1250
CAPACITORS] 200 600 1000
HUMAN 1 3 5
CONTROLS 10 30 50

Figure 2-2. System veliability as a function of system complexity and time to locate
and vepaiv component failures
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Field Experience. Designers'lackof knowl-
edge of field conditions under which electronic equip-
ment will be used is often cited as one of the most
troublesome aspects of the reliability problem. Oppor-
tunity and time should be allowed for project engi-
neers to visit field installations; but long before this
time occurs much can be done to acquaint engineers
with what the conditions are likely to be.

The Working Group on Operations and Pro-
cedures, AGREE, at a metting in Cocoa, Florida,
February 24-26, 1954 recommended 'a program in
which the contractor's project engineers would receive
a complete briefing relative to the use of the equip-
ment in the field by both technical and military opera-
tional personnel. These briefings should include:

1. Explanations for the reason for the de-
velopment, specific objectives to be met
and environmental conditions under which
the equipment must be stored, shipped,
installed and operated.

2. Discussions on the shortcomings of simi-
lar equipments and recommendations for
improvements with copies of technical
and maintenance manuals, maintenance
records, and information bulletins and un-
satisfactory reports furnished to the con-
tractor for study.

3. Descriptions, illustrations and training
films showing how similar equipment is
handled from the contractor's plant to
the field.

4. A visit to the field installations where con-
tractor personnel can observe actual in-
stallations of similar equipments and
discuss problems with the using personnel.

5. A visit to witness field tests inwhich simi-
lar equipment is used under closely simu-
lated combat conditions."

Lack of knowledge of field conditions can be a
real handicap to the designer and producer of mili-
tary equipment. In one case repeated reports of
shipping damage caused concern about the mechanical
strength of a heavy piece of ground-based equipment.
Prototype equipment had withstood a 25-g shock test,
and it was felt that normal handling should cause
no trouble. A small impact recorder was attached to
one of the equipments inside the shipping case. The
project engineer arranged to be present when the
shipment arrived, and watched the case dropped
four feet from the truck to a concrete floor. When
the case was opened, the impact recorder registered
in excess of 35 g.

PROCUREMENT AND PRODUCTION CONSIDERA-
TIONS

Systems Versus Component Buying.  The fol-
lowing material, representing industry's viewpoint on
present-day procurement practices, is taken from a

talk by Glen McDaniel at the Symposium, Progress
in Quality Electronic Components, Washington, D.C.,
May 5, 1952. "A substantial portion of major elec-
tronics equipments procured by the military consti-
tutes part of a systems operation. The absence of
one part of the system may render the whole system
useless. The Services have long followed the
practice of having different portions of the system
produced by different contractors who have no rela-
tion with each other. .. In many cases the procure-
ment is done by different officers in the same
Service agency. One officer procures from contrac-
tors A, B and C an airborne installation and another
officer procures from contractors D, E and F a
shipboard installation, despite the fact that the two
equipments must function together.

"This policy contrasts sharply with the prac-
tice of most industrial firms intheir civilianbusiness.
(Here) a single person is given complete authority and
responsibility for conducting a given program. . . He
has the authority as well as the responsibility. A mili-
tary-industry Task Group on Project Responsibility
(has) recommended that an electronics system be
treated as awhole and that specific authority be given
to a single project officer to handle the solution of
development, design, procurement and subsequent
service and installation problems of each system. It
urged that whenever possible the development and
procurement and subsequent service and installation
of a complete system be handled through the medium
of a single prime contract based on a system speci-
fication."

Lowest Bidder Practice. While it is re-
cognized that the practice of letting contracts to the
lowest bidder holds down costs and avoids criticism
of creating or tolerating ''lush' contracts, it is a
reasonable assumption that one never gets much more
than what he pays for. Under this system, the several
possible contractors use their ingenuity — in orderto
get the job — in cutting costs, with the result that the
one who cuts the most corners is very likely to get the
contract.

It would be most refreshing, and probably highly
worth the effort, to determine the amount of money
that can be expended for an equipment and then to in-
vite the potential contractors to bid onthe basis of how
much they will offer for the money. Insuch a situation,
the ingenuity of the concern would be in an entirely
different direction; imagination and skill would be
devoted to improving the product rather than to the
stultifying endeavor of producing the product cheaply.

Under no type of contract can the project
engineer or the Service he represents compel manu-
facturers to build reliability into the ultimate equip-
ment. Reliability is a function of time, and by the time
the lack of reliability shows up, the production run is
over, and nothing can be done about it. No guarantees
of reliability can be anything more thanastatement in
the specification, for the simple reason that nothing
can be done to penalize the manufacturer if his equip-
ment fails to come up to this paragraph in the speci-
fication.
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Reliability must be built into the equipment
at the design stage. This calls for the best of com-
ponents; and the philosophy that demands low costs
for everything that goes into the equipment is not
conductive to purchase and use of the best of ma-
terials, methods, or parts. The whole philosophy
and approach is in the other direction.

First Cost Versus Total Cost. As soon as
reliability as a parameter begins to appear in equip-
ment specifications, the cost of the equipment goes
up. This cost is caused by the higher price of com-
ponents of greater reliability — components that
will tolerate greater temperature ranges, greater
overloads, or other factors that cause failures.

The first cost of military equipment, however,
bears little relation to the total cost — original cost
plus maintenance — and there is no doubt that the
reliability clause in future specifications will re-
duce the overall cost by reducing maintenance.

It is reported /4/ that more than $240,000
per year was cut from service costs on one air-
craft communications equipment commonly used in
commercial aircraft by the development and use
of one special tube to replace the 6AKS5 in airborne
service. The individual tubes cost more than stand-
ard products, but the reduction in service man-
hours easily made up the difference. In time of war,
freedom f{rom service troubles — reliability —
would be worth all the money that would be required
for the difference in price between ordinary equip-
ment engineered at lowest cost, and reliable equip-
ment that stayed on the air and required fewer men
to keep it functioning.

Considering the time requiredtolocate and re~
place defective components, it always pays to use
components that are less likely to fail. In the long
run it is probably cheapest to use the best equipment
that can be bought.

Reliability Clauses in Contracts. Let us
assume a typical case. A certain equipment has been
in production long enough to indicate that capacitors
will not last very long — say a few hundred hours —
under actual field conditions. The capacitor manu-
facturers are able and willing to furnish capacitors
that will stand up much longer — but the cost will
be much greater than for conventional and present
units. The production run on this equipment is about
over and a new contract will be negotiated for a new
batch.

The contracting officers will put the new pro-
duction out to bidders and none of the newcomers will
know that the reliability with existing capacitors will
be poor. When the bids are received, the offer of the
present producer will be much higher than that of
the newcomers because he alone knows what has to
be done to produce the desired life — he must buy
more expensive condensers. His bid is quite likely
to be rejected in favor of a lower bid. And the past
experience of the prior manufacturer will be lost.
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In an effort to keep costs down, vendors have
been known deliberately to bypass certain tests dur-
ing production and final testing. Manufacturers striv-
ing to achieve high reliability should not be penalized
for having higher costs for these reasons. The pur-
chasing department should be notified when a high
degree of reliability is necessary, so that the higher
costs of making the required production tests and
inspection will be taken into account in accepting
bids and awarding contracts.

Realistic Specifications.  The whole process
of designing, on paper, a piece of required equipment
must bear the closest scrutiny of experienced and hard-
boiled leaders. The specifications should be adhered
to once they are set. It is most discouraging and vir-
tually impossible to produce creditable equipment
under specifications that change at the whim of anyone
along the line, from the top echelon down.

Numerous projects have bogged down because
new requirements were continually being invented. In
one case the equipment was developed for one Service
organization and was working satisfactorily in the
preproduction stage. Another branch of the Services
saw the equipment and was delighted with it — pro-
vided it would work just a little bit differently. The
requirements were changed to suit the newcomer,
and another eight months went by before either organi-
zation got its equipment. At this point it was not
especially good for either.

The specification writer who demands a re-
lay that will function for 1,000,000 operations when
he really wants a relay good for 10,000 operations
is only kidding himself.

Speaking of capacitors for high-temperature
operation, Schell /5/ comments on the ""extreme im-
portance of realistic, accurate knowledge of tem-
perature-time conditions in electronic equipment
when selecting capacitors. Former rule-of-thumb
additions of safety factors in terms of temperature
can be easily rule out a capacitor which actually
might well and safely serve the purpose desired. If
maximum temperature possible is determined to be
130 C, it should be so stated in requirements —
adding 25 C for 'safety' may make it impossible to
obtain desired characteristic in any capacitor avail-
able. Length of time these maximum temperatures
will exist should also be considered and stated in
procurement documents, preferably in terms of duty
cycle."

It is certain that the future specifications for
equipment will contain requirements for reliability.
At the moment, performance, cost, size, and weight
are cited, but in time reliability will surely be one
of the prime objectives in development. It is the be-
lief of many in the components industry "that if re-
liability were established as a basic requirement
equipment engineers would approach this problemdif-
ferently. They would exercise more care in the as-
sembly of components; they would study the limita-
tions of components more carefully and use them in
ways which would not tax them unduly; they would de-
vise systems and circuits, perhaps unorthodox, which



would permit the use of components with wider toler-
ance and variations; they would use more rather than
fewer, larger rather than smaller components to
achieve reliability. The burden would then be more
equitably divided, and the incidence of unreliability
considerably reduced."/6/

Examples of poor specifications will point
up this discussion. A scanning oscillator was de-
signed in which a microswitch was operated once
each second by a cam on the oscillator tuning me-
chanism. Careful scrutiny of the requirements indica-
ted that the switch was guaranteed for a number of
operations that amounted to just two weeks of ser-
vice. This is a case of a high class component used
under circumstances for which it was never intended.

Specifications and ability to produce are related
in ways which the specification writer often does not
see. A certain specification calls for certain dimen-
sions with no known available source. This specifi-
cation calls for a 1/2 - inch minimum thread length,
but no known requirement for more than 1/4 inch
exists. Existing parts have 3/8 - inch thread length.
The specification also calls for one hole in each
terminal but does not indicate whether more will
be permissable.

In 1942 military specifications established a
25-1b limit for 1-kw, 400-cycle MG sets for use with
early microwave equipments. No supplier was able
to build a unit that would run reliably for 100 hours.
One supplier ignored the specifications and produced
a very good set weighing 36 1bs.

Dimensions vs. Performance Specifications.
Reliability of microwave components seems to be
basically good. When unreliability does occur, it is
generally due to the use of dimension type specifica-
tions. Almost all microwave specifications are of this
type, requiring only conformance to certain specified
dimensions, which have been found by previous
experience to work satisfactorily. However, there
is no guarantee that additional pieces made to the
same dimensions (within the stated tolerances) will
result in equally satisfactory performance.

In this case specifications written on a per-
formance, rather than on a dimension, basis would
be better. Actual dimensions, other than mating faces
and overall size, are of little importance. The es-
sential criterion for acceptance is — how well will
the equipment work?

Military Specifications. Military specifica-
tions for components can work to the disadvantage
of reliability only if the circuit designer works on
the premise that any component with a military speci-
fication number attached to it will be the best for
his particular job. Military specification components,
in general, are much better than commercial radio
and TV components, but if the designer leans too heavily
on them, he will at some time build into his equip-
ment some components that are not suitable for the
particular application. If long life is required, some
inspection and testing beyond the requirements of
military specifications are usually necessary.

Standardization. @ The timid designer can go
wrong in accepting only components, circuits, or parts
that have become 'standard.” If he pays attention to
the types of components he selects and uses the best
judgment and experience that can be brought to bear
on the problem, even though the components selected
may not be standard from a military specification
standpoint, reliability of the equipment will probably
be good so far as the components are concerned. Any
equipment that goes into production brings with it
some implicit "standardization,’ because whatever is
used is "'standard" for that equipment.

Field Trials. Commitment to production
prior to full field test is one of the greatest causes of
field trouble. In a particular equipment now in wide
use, a report states ''there have been approximately
30,000 drawing changes on the. . . portion alone since
the prototype model. The numerous equipment changes
mean that the maintenance man never quite catches
up with the latest technical information. The supply
rooms are always short of urgently needed parts.
The training can never be up-to-date and, conse-
quently, the overall result is inadequate support in
the field."

There is not the slightest doubt that the tran-
sition from the experimental stage to the production
phase should be more gradual than was the case in
this important system. The means of effecting this
gradual transition poses problems that extend from
the top to the bottom and will require attention at
every level of responsibility.

Various estimates have been made of the time
required between breadboard model completion and
the time when deficiency reports become available
from the field. The length of time naturally depends
upon the kind and complexity of the equipment. If,
however, the entire production run is completed be-
fore any field data is available, then the opportunity
to iron out "bugs' in later models or productions is
lost. In general, it seems to require upwards of two
years before a complex system is in top working
condition, so difficult is it, in advance of extended
field tests, to know all the things that can be wrong
with a piece of machinery developed and produced in
laboratory and factory environments.

Engineers differ on one matter — whether or
not there should be redesign after production has
begun. Some feel that each new design change brings
with it further unknown potentialities for field failures.
They declare, therefore, that changes during produc-
tion should be limited to minor alterations in cir-
cuit, or substitution of components. Other engineers
have the opinion that every field failure gives in-
formation that should be put to use with the ultimate
goal of a mechanism as perfect as is possible.

It is certainly true that equipment that fails
on life test in the manufacturer's plant gives the
design engineer a wonderful opportunity to circum-
vent future failures.

Research vs. Production. There is a con-
siderable body of opinion that firmly believes that as
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close liaison as possible should exist between the de-
velopment of equipment and its final production. The
practice of contracting to one organization for there-
search and development and to another for production
of the actual equipment has many disadvantages.
During the research and development stages muchuse-
ful background and experience is gained that can be
brought to bear upon final production. Where the pro-
curement contract is with an organization totally
different from the one that developed the equipment,
all this background and ''feel'’ for the equipment is
lost.

Production Problems. A complex military
system is made up of a vast number of individual
parts, some of which may be new and untried. Engi~
neers seem to have a highly developed skill at
making circuits out of material that has not, as
yet, existed and special parts that are new and for
which there is little or no production. There is no
doubt that such practices compound the reliability
situation because untried components have not yet
demonstrated their reliability. On the other hand, it
is recognized that military equipment is special
equipment, requiring special parts that may exist
only in the design and development stage for several
years.

The designing engineer is encouraged to use
standard parts in heavy enough production so that
their individual life histories are known. In this
manner the approximate reliability of the assembled
parts may be estimated.

The engineer must keep in mind the lead-
time required between the handmade models of any
component and the production-line model when the
final equipment goes into the factory. By this time
say two years after the special part has been de-
signed, the manufacturer whose engineers produced
the special part may be out of business.

With all this in mind, it is extremely im-
portant for the equipment designer to keep the com-
ponents manufacturer in close touch with the time
aspect of the situation; the component manufacturer
must have all possible lead-time. He should be con-
sulted at the beginning and at all stages of the design.
Often he can recommend other and better components
than the engineer had planned to use.

The components manufacturer will have to
translate his handmade model to a production model;
he will wish to make enough so that proper life
tests may be run to completion; there is much that
he will wish to know before his name goes into a
final piece of equipment which may, or may not,
have a good reputation for reliability.

OPERATION AND MAINTENANCE PERSONNEL

The relation between the quality of the men
who must maintain complex equipment and the re-
liability of the program is only, as yet, dimly seen
by higher echelons. Down the line it is firmly be-
lieved that the high turnover rate among maintenance
men, their reluctance to reenlist, their low morale,

2-8

the lack of incentive, and the need for an attractive
career in high-class maintenance have much to do
with the down time of electronic equipment. There
is very little chance that such equipment will become
simpler; the rapid pace of arms development, due to
international competition, will continually bring new
concepts, new jobs to accomplish, and new barriers
to be overcome by electronic equipment. The main-
tenance man, therefore, needs a new classification,
he needs to be shown that it often is more of a feat
to repair equipment than to design it, and that he
can find much satisfaction in so doing. But the job
he does must be appreciated in concrete ways by
the higher echelons.

Methods of attracting more and better interest
in the field of maintenance and service are within
the inventive abilities of military and civilian people.
It is not impossible that proper orientation would
develop maintenance into a science in its own right,
so that really high-class men would go into it as a
career.

The inner satisfaction at being an expert in
something must be tested against the current practice
of giving maintenance men a smattering of everything,
and of transferring them as soon as they are able
to move with assurance into trouble spots that show
up with any particular equipment. The Final Report
(15 July 1953) of the Navy-Bell Laboratories Com-
ponent Reliability Program performed under contract
NObsr-52480 includes the following paragraph from a
field report dated 22 June 1953:

"Maintenance was handled by the electronic
technicians on all equipments with few minor excep-
tions. In general the technicians in charge were of
good technical experience; however, during the 18-
month period quite a number of men were replaced
by new, inexperienced men. Some had been to school
but had no practical experience, while others were
learning from scratch. As soon as a man was fairly
well acquainted with a certain type of equipment he
was transferred to another type in order to broaden
his education."

One of the reasons for an excellent reliability
record for certain GCA equipment operated by the
Civil Aeronautics Administration is stated to be di-
rectly related to the CAA maintenance staff. Thus
"maintenance personnel are well qualified and exper-
ienced. Training by means of resident and corre-
spondence courses is constantly in progress. Per-
sonnel turnovers and transfers are low enough that
the maintenance technicians become very familiar
with the equipment for which they are responsible."

However willing the maintenance personnel
may be, if they are poorly trained or equipped, or
are given inadequate instructions, trouble will re-
sult. For example, arather delicate electromechanical
recorder was subject to frequent damage as the re-
sult of adjustments attempted by insufficiently skilled
personnel. The real trouble lay in the maintenance
handbook, which should have put more emphasis on
the delicate nature of the equipment and the precautions
necessary when making adjustments or repairs.
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Military electronic equipment can nolonger be
considered as individual isolated pieces of apparatus,
designed and operated without much regard to other
pieces of apparatus; it must be looked at as assem-
blies of equipments into integrated systems. This
concept must affect all technical thinking from the be-
ginning (the idea) to the end (maintenance) of any
electronic material; from the top echelon to the man
in the rear ranks.

"The very nature of the problem has forced
the military agencies to develop what is called the
"system approach." They recognize that they are
no longer dealing with a series of weapons more or
less independent of each other, or at least easily
adjusted to each other, as might have been true
some decades ago when the Navy was seeking to
improve its battleships and at the same time to
improve the guns to be mounted on their decks. All
this has been changed by modern techniques of
communication, by the speed and power of modern
weapons and — most important — by the fact that
scientific development is no longer a short-term
job for the engineer alone, but a long-term job for
a team of scientists and engineers combined.

"If all these (scientific) things are to inter-
lock with one another and into the tactical plans of
combat leaders and the production plans of the in-
dustrial mobilizers, they have to be planned as a
closely knit system and developed as a system.'/1/

Within this framework — "a long-term job
for a team of scientists and engineers combined" —
a new kind of engineer will develop, a reliability
engineer, one whose primary concern is that of
keeping the equipment functioning. His contribution
to the teamwork will start with the basic concepts
of new equipment and will carry through to the
maintenance and repair stage. Reliability will be
as important an aspect of equipment as structural
strength, portability, or electronic effectiveness.

chapter

SYSTEMS ASPECTS

To be effective, each member of a team must
have the confidence of every other member; each
must know the ultimate aim of the joband all the con-
ditions that may define, make possible, or limit that
aim. There must be complete freedom of communica-
tion, total feedback of knowledge, one to the other.
The designer of equipment, must, therefore, know
what the apparatus is for, where and under what con-
ditions it is to be used, how it is to be transported to
where it will be employed — all the facts that may
enter into his thinking of the new machinery. It is
cheaper to plan all these matters at the beginning
than after the material is in the field, where changes
are difficult and costly.

The Systems Approach. "System design is
the integration of component engineering, circuit and
mechanical design and operational planning by logical
methods. In complex electronic systems the design
and manufacture of components must be thought
about and analyzed as an integral part of any thorough
system analysis.''/2/

Elmendorf, speaking from the Bell Labora-
tories experience in designing the L3 coaxial cable
transmission system, says that the 'problem of de-
ciding what component parameters will be finally
achievable at what cost must be faced in the earliest
stages of the system planning. This problem cannot
be avoided merely by letting the system design wait
until the component designer has completed his work,
since the component designer must be guided by the
needs of the system and vice versa. The problem is
to devise methods for gradually crystallizing a sys-
tem and its components so that the objectives are
achieved in the most economical manner taking into
account such factors as development cost, manu-
facturing cost, maintenance costs and the value of
having the end product available when required."

The system design, therefore, is a series of
analyses and development stages, a continual review
and reappraisal of the system objectives, of the theory
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and experiment, of the ways in which these matters
must be compromised by the realities of what can
be produced in the way of suitable components. At
the end, if the system planning has been well done
by clear and realistic thinking and by good teamwork,
the system will be a well integrated and thoroughly
welded assembly of equipments making best use of
the best available components.

In the first stages the whole picture may be
pretty hazy, it may consist of blue sky properly
tinted by the accumulated and cumulative experience
of the designers. The areas of ignorance will be
fairly evident.

In the next stage some of the haze will have
been dissipated, some of the areas of ignorance will
have been eliminated, and a clearer picture can be
had of what ultimately will be possible and what will
be needed to make it possible. By a continuous inter-
change of ideas and concrete technical data the es-
sential watering down of the original hopes can be
effected. The needs in the way of components will
now be clearly evident. And what components can do
will be evident.

At the final stage, all these analyses, ex-
periments, judgments, and compromises must come
together into a system of individual parts that fit
together.

Heterogeneous vs. Homogeneous Systems. The
concept that electronic equipment must work with
other equipment, including the human component, and
must be considered as part of a system, has been slow
in developing. It was natural in the early days of
aviation electronics that the aircraft people and the
radio people pursued their own well-trodden ways,
with each pretty well satisfied with his own ac-
complishments. A radio set for a plane was simply
another radio set, perhaps advanced in concept and
performance, but too bulky, too heavy, and often
too hard to operate. The radio set and the plane
were not conceived as a system.

""All considerations of weight and balance, as
well as streamlining, were thrown to the winds as
more and more electronic equipment was crammed
into aircraft not at all suited to carry it."/3/ At
this juncture, the aircraft industry went into the elec-
tronics business in self-protection, designing and
building its own radio apparatus. '"We can no longer
patch together a weapon from a conglomeration of
radars, computers, guns, and an aircraft. We must
create a...system tailored to the specific tactical
application which the military requires."/3/

With the development of the systems approach
to military electronics, the day of complex gadgetry,
which depends upon new concepts, new components,
and new frequency bands suddenly opened up, is
giving way to a more refined but no less complex
concept, in which all the component parts are de-
signed to work together to form a piece of equipment
and all the pieces of equipment to work together in
harmony to form a weapons system.
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Under such a broad concept, reliability be-
comes an importantdesign parameter and mustbe con-
sidered along with all the other requirements. If the
performance of the system is realistically appraised by
eliminating some fantastic requirements, it may be
found that the necessary performance can be attained
with some capability left over. This excess capability
may be converted into greater reliability, with the
result that a much better ''system' is attained.

Keeping all this in mind, however, the designer
must always be faced with the factthatthe electronics
art is unpredictable — at any moment a new major
tool may become available and alter profoundly all
past capabilities. Radar, made successful by the
pulsed magnetron, was one of these great breaks
through existing barriers.

The unitization concept, described below, may
make it easier to employ these unexpected dividends of
past research and discovery. Appreciation of the work
and mental equipment and attitudes of the scientist will
ensure that early warning may be given of new things
to come, instead of having them burst suddenly upon
the engineers, or instead of our hearing about them
from unfriendly lands.

Systems Design. Most engineers are spe-
cialists in receivers, transmitters, antennas, or ele-
ments of these individual parts of systems. It is dif-
ficult for such specialists to conceive of the system as
a whole and to plan on such a wide basis — but it is
important and necessary, especially for ground in-
stallations, where the complexity may be muchgreater
than aloft or at sea. Itis probable that a systems engi-
neer should be made responsible in each laboratory
or manufacturer's plant to have the systems aspects
in mind at all times. Some of the questions he should
be able to solve are as follows:

1. What is the height of antennas at airports
and the layout for minimum hazard?

2. Will therebe interference of one equipment
to other equipment because of conflicting
frequencies, excessive f{field strengths,
poor layout of power cables, proximity
effects, mutual impedance between anten-
nas, and so forth?

3. What special frequencies are requiredfor
the new equipment, are they available or
already overloaded, what is their inter-
ference-creating ability locally and at a
distance? How secure are they?

4. How should system units be intercon-
nected — coaxial cable, radio, open-wire
lines? How many circuits will be neces-
sary? What is the information handling
ability of the various types of information
transmitting methods? Voice vs. code?
Visual vs. aural methods? Telephone vs.
teletype? What will the crosstalk problem
be?



5. How f{flexible must the units be? Are
they always to be located 20 miles apart?
Or will someone want to jam them all
together into a small area?

6. How portable must the units be? How
often transported, and by what means?

7. What is to be the duty cycle, 24 hours
per day? Intermittent?

8. What are going to be the power-supply
problems? How muchpower? What stand-
by power must be provided? How long to
shift from local 60-cycle supply to stand-
by and what adjustments must be made
during the transition?

9. How much inter-Service coordination is
desirable or necessary?

Within the concept that a system is an assem-
blage of electronic equipment to perform a certain
function, many things have to be kept in mind. It is
not axiomatic, if the individual parts or equipments
have good reliability, that the system will have good
reliability. The system must be planned that way.
The overall reliability depends not only upon the
individual reliability of the parts but also upon how
well they work together.

Switching transients in one part, for example,
must not be fed back through the power supplies to
create spurious effects in another part of the system.
When the output of one part feeds another part of
the system the impedance levels must match to
eliminate, for example, reflections on pulse lines,
which can cause unwanted eifects. Pulse lines must
be properly terminated. Circuits that are designed
to work into a certain load will not operate properly
if some of that load is removed and, therefore,
if portions of the system are removed for main-
tenance or ‘tests, dummy loads must be provided
to simulate the load removed. In high-speed pulse
circuits where pulses are piped over transmission
lines between various sections of the system, the
timing of the pulses may be seriously affected by
the length of the cable involved, and if timing is
an important factor in the system operation it will
not show up in the testing of the individual pieces
of the system.

The system is not always as good as the
excellence of the individual parts would suggest to
the inexperienced engineer.

Marginal checking in any of its forms enables
the systems operator to keep a running picture of
the probable reliability of his system so that he
can anticipate troubles before they occur and can
eliminate them before the system fails in service.
This is only one of the techniques that the designer
can utilize to improve the reliability of systems as
a whole.

System Troubles. When planned as a com-
plete system, a compilation of units has the best
chance of operating properly. Coordination of the
numerous systems of communication and defense
at the design stage will produce the best overall
effect. A defense system made up of early warning
radar nets, picket vessels at sea, antiaircraft ar-
tillery, missile systems — even the methods for
warning the populace — can be most effective if
planned as a whole and if the designers of the indi-
vidual units know the whole picture.

Very elemental things can ruin a system made
up of disparate parts brought together without ade-
quate planning. In one installation HF and VHF sets
were brought together. The HF transmitter had not
been designed to work into a shielded antenna lead,
so that the long unshielded lead brought into the com-
mon housing for all the equipment strong 12-mc
interference, which paralyzed the VHF equipment.

In another situation a single-wire interphone
setup caused much trouble to other equipment. Chang-
ing to a two-wire eircuit eliminated the difficuity.

WHAT CAN BE DONE ABOUT RELIABILITY?

In the preceding chapters some of the general
and specific causes for past and present unreliability
have been covered. In the following pages some of the
things the designer can do to improve the reliability
of military equipment and electronic systems are
pointed out. The system aspect is particularly im-
portant for the designer of ground equipment because
ground installations are very likely to be much
broader in concept, scope, and purpose than air-
borne or seaborne equipment. Such ground installa-
tions may involve, within a given area, every pos-
sible type of electronic equipment, from the simplest
two-way wire telephone to the most complex warning
or gun directing systems; they may cover the whole
gamut of radio frequencies presently usable. The
problems of mutual radio interference and of man-
made noise must be understood and overcome. The
whole problem of properly integrating the many
portions of a ground installation comes into sharp
focus, a problem that must be solved before the in-
stallation is made, and not after everything is in
place and causing mutual trouble.

The Designer's Job. Only a few of the items
the designer must have in mind are indicated below,
but they are important. Every engineer can add to
this list additional items that his past experience
indicates are worth doing.

The designer must:

1. Recognize the systems aspect of mili-
tary electronic equipment.

2. Get knowledge that is as complete and
up-to-date as possible on past failures
and the reasons for the lack of reliabil-
ity of the equipment.
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3. Learn everything possible about what
component parts will do under all condi-
tions of possible use. He should not
blame the component parts for failures if
they are used incorrectly.

4. Learn from and beyond the specifications
for new equipment all that is possible
about the purpose of the equipment, and
the conditions under which it will be
stored, transported, and used in the field.

5. Compare the time of delivery of production
equipment with the best guess possible on
the state of the art as of that date. He
should not rely on the hope that component
parts, or circuits, will be available when
needed, and not get out on a limb by
agreeing to design equipment far beyond
possibilities of accomplishment.

6. Practice simplicity wherever possible.
A simple piece of equipment, perhaps one
whose principles of operation are already
well known, is easier to repair than a
complicated one.

7. Design conservatively, using component
parts conservatively.

8. Never forget that it is not the designer
who is going to maintain the equipment,
or that the maintenance man may not be
located in a comfortable laboratory with
plenty of time and lots of high-priced help.

9. Try to visualize the test equipment neces-
sary as the circuit design proceeds; if
possible build in the test apparatus.

10. Try to visualize the man who is going to
operate the equipment — never forgetting
the new trend toward ""human engineering."

11. Avoid special parts; avoid circuits that
require handpicked tubes to make them
work.

12. Use interchangeable parts that are easily
replaced.

13. Plan on fail-safe features.

Information Feedback. All reports now be-
ing written on the general subject of reliability em-
phasize the importance of feedingback into the design-
to-operation chain all possible information gained in
the field. Manufacturers of component parts and
equipment want and need such data, so that future
component parts and equipment can be designed for
greater reliability. This feedback should not be
restricted to the individual Services or laboratories
or manufacturers; it should be generalized where
possible and pooled for the benefit of all. A central
clearing house for such information would be a real
asset.

From the Bell Laboratories-Navy Component
Reliability Program, and from the Rand and Vitro
reports, engineers can learn much of what has hap-
pened in the past and can learn what to avoid in the
future.
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If failure reports from the field come to the
manufacturer before production ceases, corrective
measures may be taken at once.

Feedback is exceedingly important. The pres-~
ent security system plus industrial secrecy works
against it, however. There is a case on record of a
man who made all of the particular component parts
for an important instrument without being told what the
tubes were to do and who avers that he could have
done a better job if he had known the essential facts.
In this case no security was involved - just lack of
appreciation of the value of a man's knowing what he
is doing and why.

Maintenance Problems. To lower the cost
of maintenance in terms of manpower, and at the same
time to ensure greater reliability, calls for good de-
sign and the use of good component parts carefully
selected with adequate factors of safety. Even then
the cost must be assayed. To be sure that all appa-
ratus is ready for use at the time desired would call
for a tremendous force of maintenance men who are
constantly at work on the equipment prior to actual
use. Such labor would come under the general term
of preventive maintenance - forestalling actual failure.
It would call for most intimate knowledge of what
each portion of the equipment would do as its com-
ponent parts get old and tend to approach actual
breakdown. At what point in the life of a tube, re-
sistor, or capacitor should it be replaced? Knowing
the average time to approachthis point, how many men
and how many hours per equipment would be needed
for preventive maintenance? And the 64-dollar ques-
tion is - is it worth it?

All equipment and all parts of equipments are
not like thyratrons, which either conduct or don't
conduct. Much equipment merely suffers a slow deg-
radation of service as its component parts get old.
Is this degradation noticeable, and, if so, at what
point? If an adjustment must be made every so often
to bring the apparatus up to topnotch condition, should
the adjustment be calibrated in some way so that the
rate of degradation can be logged? A television re-
ceiver, for example, must have certain sync adjust-
ments made throughout the life of the component parts,
including tubes. Finally the receiver won't sync at
all and a replacement must be made. If the adjust-
ment is calibrated so that when the dial or knob reach-
es a given point its replacement can be made then
rather than to wait until sync fails completely. But is
it worth it?

Is it worthwhile to maintain logs of such ad-
justments, to tie up the manpower and man-hours in
anticipating and preventing complete failure?

If the summation of the slow drifts of charac-
teristics of tubes and other component parts can be
translated into a single, or few, physical manifesta-
tions, then facilities for testing each unit of an equip-
ment each time it is used will pay off. This is the
principle of marginal testing "'where the equipment is
subjected artificially to changes in currents and volt-
ages insucha way as to narrow the margin of safety.”
/1/ This technique will prevent the actual failure of



the equipment in use resulting from such slow drifts.
In the majority of cases the effect of drifts in com-
ponents and valves is equivalent to a change of the
supply voltage. The use of common transformers,
rectifier and stabilizing circuits for a complete chan-
nel will facilitate the marginal testing of the chan-
nel."'/4/

In all these matters the time and manpower
required to prevent failure must be judged against the
importance of having the equipment ready when
wanted.

UNITIZATION PHILOSOPHY

The direct approach to greater reliability in-
volves the improvement of component parts, proper
selection of component parts for the job to be per-
formed under the known environmental conditions,
proper application of the component parts, proper
electrical, mechanical, and circuit design, and prop-
er manufacturing methods as evidenced by quality
control inspection.

After these direct methods have been applied
to a new development, it is necessary to consider how
the equipment can be quickly and economically re-
paired after failure occurs. Easy location of the
failed component parts and their easy removal and
replacement are aspects of this part of the reliability
battle. Location of parts most likely to fail in the
most accessible portion of the equipment is one tech-
nique.

But after these fairly obvious techniques
have been employed one reaches the limit in ease
of maintenance. A new order of magnitude of re-
placement facility needs a new order of construction,
a new concept. Unitization seems to be one of these
new concepts, one which is just at the point of being
adequately explored.

Benefits of Unitization. The modern tech-
niques involved in unitization are indicated in other
portions of this book. The general philosophy and the
advantages of the idea from the systems standpoint
are given here.

In broad outline, unitization consists in making
standardized identical units of certainelectrical func-
tions, such as limiters, flip-flops, power supplies,
IF amplifiers, and converters and, in the ultimate,
these subassemblies will be made on automatic ma-
chinery. The units will be easily assembled into
combinations of functions, and will be inherently re-
liable, but may be unrepairable, that is, expendable.
Every modern technique, such as printed circuits or
embedment of component parts, may be employed in
manufacturing them.

Brush /5/ cites the following advantages:

1. New equipment design will be simplified
and design time shortened by use of pre-
viously developed and ''debugged' basic
building blocks.

2. Current equipment can be modified with
newer and better functional units replac-
ing older heterogeneous assemblies of
component parts. Thus, magnetic ampli-
fiers and transistor units could replace
their older counterparts.

3. The standard building blocks can be built
by highly mechanized methods instead of
assembled by handwork.

4. The procurement base will be broadened,
and the producing capacity of the industry
increased, since small companies can be
encouraged to build the standard sub-
assemblies made up of few parts.

5. Reduction of maintenance personnel will
increase the manpower available for de-
sign or production jobs.

6. Fault recognition, location, and correction
will require less time.

7. Training of maintenance personnel will
take less time and cost less.

8. More effective means of heat transfer and
more efficient thermal designs can be in-
corporated into the subassemblies than is
possible with present techniques.

9. Component parts will be used in pre-
dictable controlled environment.

10. Reliable and standardized circuitry will
enable the use of component parts whose
variable parameters will have least effect
on circuit function.

11. The building blocks can become a more
uniform and 'quality'" item, with fewer
performance variables or small functional
tolerances.

Design Principles. In the design of these
subassembly units, the Navy has laid down certain
guidelines /5/ as follows:

1. Units will be standardized in functions,
physical dimensions, and circuitry, so
that they may be interchangeable and re-
pairable with identical parts.

2. Internal construction will be as simple as
possible and will be designed for mechan-
ized production.

3. Highest quality component parts and tubes
will be used.

4. The units will be used in as many equip-
ments and systems as possible.

5. Complex functions will not be standard-

ized. The units will be one- to three-tube
devices.
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6. A standard unit will continue as standard
until significant improvement in weight,
size, or performance is possible. Minor
changes will be made, provided the new
units are interchangeable with the old.

7. Adapters will be provided, so that radi-
cally new ''standards' can be applied to
existing equipment.

8. The units will be designed for new equip-
ment primarily and not as replacement
for existing equipment.

In brief, the unitization principle involves the
design, production, and use of highly standardized
unit functions, each designed for great reliability and
replaceability. The actual reliability of each unit
could be well established under all possible environ-
mental conditions, so that the life of an assemblage
of units could be predicted with considerable accu-
racy. In addition, the cost per unit for design, pro-
duction, and maintenance could be assayed in ad-
vance.

Steps Toward Reliability. In a paper given
before the National Airborne Electronics Conference
/6/ Mirman makes the following suggestions to de-
signers:

Each tube in a given existing radar involves
five resistors and four capacitors, so that every tube
involves ten component parts. The number of tubes
in a system, therefore, can yield a figure of merit or
provide a reliability index to the system, sofar as the
component parts are concerned.

Conservative design of tube circuits is highly
desirable, instead of designing around the maximum
tube rating. Greater consistency in performance
will thereby be secured, since despite the batch-to-
batch variation in tube manufacture such design will
permit the tubes to be worked inside the maximum
ratings and the probability of successful operation of
the equipment is enhanced. Adequate safety factors
for all compcnents must be employed.

Built-in test equipment capable of describing
on a relative basis the functioning of the elements of
a system and of the system as a whole is highly de-
sirable.

Elements and the components of elements
should be so located that those most likely to need
replacement are easiest to get at; in other words, the
accessibility of parts should be proportional to their
expected life.

The system reliability can be estimated by
knowing the number and types and failure rates of the
component parts, the time to locate and replace the
individual parts, and the duty cycle of the equipment
as a whole.

Reliability Program for Manufacturers. In-
dividual manufacturers naturally differ in the way
they are handling the reliability problem. In some
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plants there is no individual responsible for reliabil-
ity, and in others this responsibility is centralized.
In one plant, widely known in this field, an adminis-
trator of reliability reports directly - and not through
devious channels - to the chief engineer. In each of
the numerous departments of a division producing
military and industrial equipment there is a reliabil-
ity representative. At regular intervals all of these
representatives meet with the administrator, ex-
change information, and iron out difficulties. This
manufacturer is comparing all of his equipment with
the Rand and Vitro reports to determine if the relia-
bility of his equipment is on the line, or better or
worse. Where worse, studies immediately are made
to determine the cause and to remedy it. Quick action
is secured by the direct contact between the admin-
istrator and the chief engineer who is responsible for
the entire operation.

Within a manufacturer's organization there
should be clear and simple systems for collecting
field reports, for determining what should be done
with the data secured from the reports, and means for
using the information in future design work.

A reliability program need not be restricted
to manufacturers of complete units or systems.
Such a program belongs in every laboratory design-
ing equipment, in every place where the equipment is
assembled, and in places where the final equipment is
employed and serviced. Someone who coordinates all
reliability information and activities is needed in
each of these spots, where something can be done
about the problem in a positive way.

Circuit Standardization. @ To make a simple
electronic circuit do the same things as a complex
circuit requires real engineering skill. It takes time
and it costs money. But the overall price is probably
lower, considering the maintenance cost as partof the
complete picture.

A very great gain in simplicity can be made
by standardizing certain types of circuits and equip-
ments. In so doing, the time to repair equipment in
the field can be decreased appreciably. A mere sub-
stitution of a good power supply for one that has
failed is a great time saver. If the number of dif-
ferent kinds of power supplies and the voltages required
can be reduced, much is to be gained by the simple
fact that maintenance men need not be expertenced
for as many types of equipment. Evenifthe individual
units cannot take the same physical shape, the same
tube, transformer, and filter can easily be adapted
to multitudinous applications.

In a study of test equipment for the Air
Force, Frederick Research Corporation /7/ found
that 474 items of frequency measuring equipment
were available with government nomenclature. Of
these, only 52 were essential to meet the needs of
the Air Force.

On the matter of power supply, Muncy reports
/8/ that a study of 13 radars disclosed that 21 differ-
ent voltages were needed, although the great bulk of
them could have been satisfied with five voltages.



He found that for virtually identical circuit functions
in four radars, the number of resistors per cathode
varied from 2.8 to 3.9 and the number of capacitors
per cathode varied from 1.4 to 2.6. These differ-
ences represented the differences among the individ-
ual designers. He says, "All power supply circuits
are directly and immediately standardizable in all
equipments in which electronics supplies are used.
These circuits may employ as high as 30 percent of
the total cathodes.”

Muncy's work in studying the diversity of cir-
cuits to perform identical functions has led to an in-
teresting and useful compilation of "preferred cir-
cuits" described in more detail in Chapter 5. It is
not difficult to come to the conclusion, as a result of
reading the '"Preferred Circuits Manuals," that a
thorough investigation of a few circuits for a partic-
ular function would be very much more valuable than
a cursory study of many circuits for this job.

Standard vs. Special Parts, Designers of
military electronic equipment are often criticised for
their apparent unwillingness to use standard com-
ponent parts, that is, parts that are in wide and high
production, parts that have been in production long
enough for the bugs to be ironed out, for the charac-
teristics to be well known, and to conform to JAN
specifications.

It must be remembered that mass production
items by companies with good reputations have histo-
ries that are well known because life tests have been
completed, and they are likely to be in production at
the time there is need for them in large quantities.
It must also be remembered that companies of this
class cannot afford to produce poor products orto re-
lease such products for large-scale use.

On the other hand, special parts are oftennec-
essary and waivers for their use must be secured.
If a component part is selected because it is proven
to be more reliable by test, even though it may not
yet be certified by appropriate agencies, thenthe onus
is removed from the design engineer for selecting
that component part.

A piece of equipment made of nonstandard
parts to any great degree is certain to have some
suspicion directed to it and to its designer and manu-
facturer.

It is realized that much time is required to
secure JAN authorizations for new component parts
for, by their very nature, these specifications are
cautiously made and always somewhat behind the state
of the art. The feeling of security on employing JAN
parts, however, over the use of nonstandard and per-
haps special parts, is very real.

The JAN specifications are under constantre-
view.

In general, it seems that better products will
be secured if a large run is possible. During the run
the process becomes stabilized, good "teamwork'" is
attained, and experience is accumulated. If a later

run is necessary, all the variables must be ironed
out anew.

Quality control of component parts entering an
assembler's plant is of vital importance to any reli-
ability program; more and more manufacturers seem
to be arriving at the total-inspection point instead of
relying on sampling procedures.

The important connection between reliability
and the special parts problem can be evaluated from
a single report on the Ad Hoc Group findings by
Given. /9/

Special component parts (those that were not
standard and which were probably produced in small
quantities) accounted for 70 percent of the replace-
ments, whereas standardized high-production types
accounted for only 30 percent. Special connectors,
which amounted to only 24 percent of the connector
population, accounted for 75 percent of the connector
troubles; special capacitors amounted to only 2 per-
cent of the population but accounted for 50 percent of
the replacements; special relays accounting for only
5 percent of the relay population caused 85 percent
of the troubles.

FIELD FAILURE REPORTS

Each of the Services has had in operation for
some time methods for reporting failures from equip~
ment .in the field. Vast quantities of information on
individual units, component parts, and equipments
have been amassed and has a considerable value in
showing tendencies for failure. Some attempts are
being made to develop uniform systems of reporting
that produce data which can be handled statistically.

The Objectives of Field Failure Data Report-
ing, which follow, are from a Wright Air Development
Center memorandum of 11 January 1954.

Purpose. The purpose of field failure re-
porting is to obtain good quantitative data on failures
suitable for statistical analysis and processing by
machine methods, and to provide a sound scientific
basis for reliability improvement of ... weapons sys-
tems including design improvement, maintenance and
supply activities, and operational and management
planning.

Information Required. The basic (field) in-
formation desired, designed to be valid statistically
is:

1. Number of failures, including preventive
maintenance replacements.

2. Identity of failed component, including re-
porting organization, major system and
subsystem, failed part and manufacturer.

3. Cause of failure, if known, and including
type of failure.

4., Time-to-failure; total elapsed time in
operation before failure.
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5. Conditions under which failure occurred,
including items necessary to evaluate
maintenance, to evaluate effect of failure
on operations, and to guide statistical
analysis of data designed to pinpoint basic
cause of failure.

Information from Failure Reports.  Through
analysis of a sufficient body of failure reports, the
following information may be ascertained.

1. How well the equipment meets reliability
requirements.

2. The important causes of failure.

3. Recommended changes in design, produc-
tion, or use of the equipment.

4. [Effect of changes on reliability of equip-
ment and systems.

5. Necessary modifications to reliability re-
quirements.

Such information can lead to answers to var- -

ious important questions, such as:

Is the equipment good enough from the stand-
point of reliability?

If not, what should be done about it?

Are present concepts of ''good enough' real-
istic or unreasonable? Possible, or hopelessly out of
range? Should the criteria for ""good enough'' be re-
vised upwards or downwards?

Data Usage. Once the data have been col-
lected in sufficient quantity to learn the picture of the
particular equipment, systems, or component parts
involved, several organizations can begin to extract
important facts for their own usage. For example:

1. Operations: Determine the number of
equipments required to accomplish a giv-
en mission, that is, to make a reliability
prediction.

2. Maintenance: Determine manpower re-
quirements, establish preventive main-
tenance schedules, and detect serious
trouble areas.

3. Logistics: Determine accurate parts
consumption data and spare unit require-
ments.

4. Engineering: Perform reliability eval-
uation, prediction, design improvement,
and, in conjunction with operational agen-
cies, establish reliability requirements.

Engineering Reports. The memorandum
/10/ cited points out that the field reports giving
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data on failures should be in such aform that the data
can be processed by machinery, and it also points out
that other, less terse, reports of an engineering na-
ture are also necessary. The so-called "UR's"
(Unsatisfactory Reports) are less objective thanthose
desired for statistical purposes, and should be pre-
pared when a detailed summation of conditions is de-
sirable; when deficiencies should be processed, prop-
erly, through channels; when formal corrective action
is requested; and when deficiencies must be reported
that do not show up as failures - the inaccessibility
of items for maintenance, for example.

The memorandum does not recommend that
the two types of field reports be combined into one,
because each gives data that the other cannot.

It is obvious, of course, that the mere collect-
ing of great quantities of information is not useful by
itself, that the reports must be in such a form that
action can be taken quickly and usefully, and that files
full of data are worthless unless something is done
about them.

Every attempt must be made to relate the fail-
ure of a tube or other component part to the cause of
failure. To know that many thousands of 6A6 tubes
have to be replaced in a system is not of much value
to designers of future equipment unless a study is
made to find out why these tubes fail. This means
that information from the field must be fed back into
the intellectual system that produced the equipment
and that is responsible for future design. In this par-
ticular situation, it is known that the 6A6 tube was
employed very widely in circuits for which it was not
adapted - balanced d-c amplifiers - and that proper
consultation with application engineers in the tube
manufacturing plants would have disclosed the prob-
ability of trouble from this cause.

To gather the failure data is essential, to see
that it means something is even more necessary, and
to ensure that designers of future equipment know
what caused the failures should be a requirement.

Failure Prediction. Having collected suf-
ficient data from the field, and having tabulated the
causes of failure and the conditions under which the
component parts or the device failed, information
should be available from which mortality tables can
be prepared showing the probable replacement rate
for each component part. Such information would be
useful to designers of new equipment, as well as to
those responsible for seeing that the replacement
shelves and the pipe line are not lacking in essen-
tials.

From such data it would be possible to deter-
mine the rate at which individual component parts
must be replaced and the time to locate the trouble
spots and get the equipment in working condition
again. At this point the overall reliability of the
equipment or system would be known.

The data so obtained would be very useful to
component parts engineers and manufacturers, who
cannot possibly determine reliability data for every



component part under all the various conditions of
use. And yet this data, vitally needed if the design
engineer is to affix a normal reliability dimension to
his equipment, is largely unobtainable to date.

Several studies are under way to determine in
advance of field trials the probability of reliability,
that is, to predict the chance of failure./11/ Such
studies should be very productive and, when added to
the information now being collected on failure rates
in all kinds of electronic equipment, should supply the
designer with an exceedingly useful background.

Summary. From the systems standpoint,

then, design starts at both ends of the design pro-
cess — from the top or systems aspect and from the
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chapter

MATHEMATICAL APPROACH

THE MATHEMATICAL APPROACH TO RELIABILITY |

Like gain, sensitivity, and power output, re-
liability of electronic equipment is a performance
characteristic. Like other performance characteris-
tics, reliability can be defined explicitly and ex-
pressed numerically.

The nature of reliability, however, is such
that its quantitative treatment poses a number of
special problems.

In the first place, there is no accepted quan-
titative definition of reliability. The power output of
a radio transmitter, for example, is expressed in
watts, and can be measured by methods that are
widely understood and accepted. Not so reliability.
Reliability is widely understood only as a qualita-
tive expression of ability to ''take it."

Secondly, reliability of electronic equipment
is affected by a great many more variables than are
most performance characteristics. Whereas the gain
of an amplifier is primarily determined by a relative-
ly small number of component parts, equipment re-
liability is a function of substantially every component
part, mechanical as well as electrical. This means
that calculation of reliability in a manner similar to
the calculation of amplifier gain is much more com-
plex, because of the necessity of accounting for the
effects of a great many more components.

Thirdly, experimental determination of re-
liability is much more difficult than measurement of
most performance characteristics. Many factors that
influence reliability, such as handling during ship-
‘ment, maintenance procedures, and operating environ-
ment cannot be simulated accurately under laboratory
conditions. Reliability testing, whether under field or
laboratory conditions, requires the amassingof agreat
amount of data. Equipment must be tested to its relia-
bility limit, and a large number of such tests must be
made to arrive at any accurate result expressing
the reliability of the equipment type. Also, reliability

TO RELIABILITY

testing tends to be destructive by nature, so that an
equipment, once tested, may be of little or no value
for subsequent service. Thus reliability testing is
expensive, time-consuming, and destructive.

The existence of such problems is probably
responsible in large part for the past lack of serious
attention to electronic equipment reliability. However,
the reliability problem has not proved to be one that,
if ignored, will eventually disappear. To the contrary,
the problem grows more severe with the passage of
time. Thus, it is necessary to find some means of
dealing with the obstacles to its quantitative treatment,
means of putting the reliability problem on a practi-
cal mathematical basis.

One needs to be associated with the reliabi-
lity problem for only a short time to realize that it
is basically a statistical problem.

The mathematics of probability and statistics
offer an excellent means for treating such a problem
as reliability. Provided only that a suitable quantita-
tive definition can be arrived at, probability tech-
niques afford an approach to the treatment of the
interrelations among the great many variables pres-
ent in reliability problems. Similarly, statistical
methods offer the opportunity to derive a maximum
of useful information from a minimum of data.

Statistical methods, however, have limitations
that must be recognized. It is impossible to say with
certainty whether a particular equipment will operate
satisfactorily for a given period of time, or for how
long it will operate how well. The best that can be
done 1is to say what is likely to happen, and how
likely it is. There is no such thing as an absolute
guarantee of electronic equipment reliability, and
any such guarantee that may be expressed is as
much an indication of willingness to gamble as it
is of the reliability of the equipment.

Like any other form of mathematics, proba-
bility and statistical methods are aids to logical

The material in this Chapter was prepared in its entirety by Raymond C. Miles of the Airborne Instruments

Laboratory, Mineola, N.Y.
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reasoning, rather than substitutes. A blind statistical
approach, without regard for the dictates of common
sense, is particularly fruitful in its possibilities for
arriving at incorrect conclusions on the basis of
apparently valid methods of treating seemingly legiti-
mate data. As with any branch of mathematics, the
validity of a statistical result is no better than the
input data and the manner in which it is used.

In statistical treatment of reliability, the
most serious sources of possible error include:

1. Inaccurate data obtained through care-
less experimental methods or from ques-
tionable sources.

2. Use of otherwise valid data under cir-
cumstances to which the data do not ap-

ply.

3. Basing a firm conclusion on a quantity of
data so small as to have little or no
statistical significance.

4. Incorrect interpretation of data.

The possibilities for error, however, should not be
a deterrent to the use of statistical methods. Few
errors will go undiscovered in the face of a criti-
cal, commonsense attitude. In this connection, Huff's
recent book offers a readable, nonmathematical dis-
cussion of misleading statistics and how to detect
them./1/

PREREQUISITES FOR A STATISTICAL APPROACH
TO RELIABILITY

Prerequisites for a probability/statistical ap-
proach to reliability problems include:

1. An understanding of the practical signi-
ficance of the mathematics of probabi-
lity and statistics.

2. A quantitative concept of reliability, in
appropriate form for treatment by pro-
bability methods.

3. Raw data applicable to the reliability
problem at hand.

4. The proper probability and statistical
tools for relating the raw data to the
total problem.

5. Common sense in applying the mathemati-
cal results to practical problems.

Each of these prerequisities will be treated
in some detail in subsequent sections of this Chapter.

QUANTITATIVE DEFINITIONS OF RELIABILITY

There are a great many possible definitions
of reliability, some of which are quantitative, others
merely qualitative. In arriving at a definition to be
made the basis of numerical expression of reliability,
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one might first ask why numerical measurement is
necessary. Why must reliability be assigned numeri-
cal values? Why is it not sufficient merely to say
that one component or equipment is more or less
reliable than another, and to strive constantly for im-
provement?

Need for Quantitative Definition. = Numerical
expression of reliability is important primarily as a
basis for decisions. The operations analyst must de-
cide what degree of equipment reliability is required
to ensure desired performance in a system consist-
ing of several equipments. The engineer who prepares
the equipment specifications must decide on reliability
requirements compatible with both the state of the art
and operational needs. Logistics personnel need a
basis for evaluating replacement requirements from
information on equipment life. The equipment design
engineer must make design decisions that will attain
the required value of reliability. Maintenance officers
must have a measure of equipment reliability as a
basis for maintenance personnel assignments. Finally,
the field commander with operational responsibility
needs a basis for relating the overall capability of
equipment and equipment systems to the requirements
of operational situations.

Stated simply, a quantitative definition of re-
liability should be meaningful to all personnel in
terms of their respective responsibilities, and should
provide them with an adequate basis for making neces-
sary decisions involving equipment reliability.

Definition Requirements. = To meet thesere-
quirements, a quantitative definition of reliability
should possess the following characteristics:

1. It should be simple enough to be made
the basis of mathematical calculation.

2. It should be broad enough to include the
effects of all significant contributions
to reliability (or its reverse, unreliabi-
lity).

3. It should be expressed in such manner as
to permit application of reliability data
that is already available or that could be
obtained with reasonable effort

4. It should be expressed in terms that are
meaningful to all persons and activities
concerned with electronic equipment re-
liability.

A comprehensive definition of reliability, one
that ''gets to the root of the problem,' might be based
in some manner on the operational consequences of
equipment or system failure. While expressing the
reliability problem on its fundamental basis, such a
definition would be of little practical value, covering
more ground than could be properly examined at any
single step in the process of assuring and maintain-
ing reliability. To be of real practical value, a de-
finition of reliability must be somewhat more limited,
and in fact several definitions may be necessary to
satisfy the requirements of all areas of the reliability
problem.



In view of the statistical nature of the problem,
the most appropriate definitions will be those having
a probability or statistical basis. A basic definition
may be established, and this basic definition can then
be developed into more specific forms to meet the
requirements of various areas of the reliability prob-
lem.

The Basic Quantitative Definition of Reliabil-
ity.  Reliability is defined as the ''probability that a
‘component part, equipment, or system will satisfac-
torily perform its intended function under given cir-
cumstances."

The 'circumstances' referred to may be
environmental conditions, such as temperature and
vibration, or limitations as to operating time or
frequency and thoroughness of maintenance.

Note that this definition includes the criterion
"satisfactory performance.” The implication is that
there is some value of performance (for example,
radar range) that represents the boundary between
performance that is considered 'satisfactory" and
performance that is considered 'unsatisfactory."
Since the principle that "half a loaf is better than
none' frequently applies to electronic equipment,
the classification of performance as being either
satisfactory or unsatisfactory is somewhat of an
oversimplification. However, it is a practice that
is commonly followed in electronic equipment speci-
fications, and the problem is complicated excessive-
ly by any attempts to express further the relative
merits of varying degrees of performance. The
basic quantitative definition of reliability, then, ap-
plies only to cases in which the equipment can be
considered as totally operative or totally inopera-
tive.

Reliability Defined as a Function of Time. If
the criterionof "satisfactory performance™ in the basic
definition is taken to include a minimum acceptable
operating time ty, and if the ''given circumstances"
include an attempted operating time tg, the basic
definition may then be restated:

Reliability is the probability that a component
part, equipment, or system will operate satisfactorily
for a period of time t; when the attempted period of
operation is tg.

According to this modified definition, the
numerical value of the reliability depends on the
values of t] and ts.

In the special case where tj equals tg, the
definition is appropriate for evaluating the reliability
of equipment that is required to complete a mission
of given length without failure. For example, the def-
inition may be used to evaluate the reliability of
equipment for use in aircraft or guided missiles
when the length of a single mission is known.

In the more general case when the minimum
acceptable operating time ty is less than attempted
operating time t2, the modified basic definition is
suitable for evaluating the reliability of equipment

intended for essentially continuous duty over long
periods of time. An example of such equipment is
an early warning radar, whose task is one of "watch-
ful waiting." Failure of the radar at one particular
time is not predictably more serious than failure at
any other time, and some small fraction of the total
elapsed time is normally allowed as '"down time"
to permit maintenance of the equipment. For such
cases, reliability may be evaluated for large values
of t2 and various values of the ratio tj

2]

A similar approach is taken by many specifi-
cations for equipment intended for essentially con-
tinuous duty. The specification may require that the
equipment be operable for at least 23 hours out of
every 24. Stated in this manner, however, the require-
ment lacks a statistical basis. It requires the un-
realistic guarantee that each equipment must operate
satisfactorily for at least 23 hours out of each 24
hour period. A more realistic statement of the re-
quirement, and one that would be essentially the
same in effect, would be that the average ratio of
successful operating time to total elapsed time
must be at least % over a long period of elapsed
time. Since perfection represents a ratio of only

—g%, restatement of the requirement as an average

ratio would result in negligible reduction in the
minimum allowable reliability.

Other Definitions., In addition to the basic
and modified definitions discussed above, certainother
measures of reliability can be applied usefully, with
relative ease, to particular areas of the reliability
problem.

For scheduling maintenance personnel, it may
be useful to adopt a limited definition of reliability
as the average number of hours of maintenance re-
quired to obtain one hour of satisfactory operation.

Scheduling of equipment replacements can be
facilitated by a measure of '"equipment mean life,"
that is, the average total operating time, storage life,
and so on, of an equipment before it becomes unfit
for further service and must be replaced.

"Average success rate reliability'' may be de-
fined as that fraction of the total number of equipments
in use which operate satisfactorily for agiven period of
time. Similarly, reliability can be measured in terms
of the total number of failures encountered ina stated
number of equipments during a giventime. Such mea-
sures of reliability are considerably less informative
than those based on the definitions first discussed,
but are potentially useful because of the relative ease
with which data can be obtained.

Finally, reliability may be defined as a func-
tion of the ratio of actual performance to ideal per-
formance. Two features of this definition make ites-
pecially interesting. First, such a definition can be
used, with suitable interpretation of terminology, to
evaluate the effects on reliability of specific condi-
tions, such as severe environment. The ratio of
actual field performance to '"ideal'' laboratory per-
formance would be a measure of the adverse effect
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of field environment on equipment performance re-
liability. Similarly, it is possible to determine the
degree to which equipment is critical as to the skill
of the operator, by comparing how equipment per-
forms in the hands of a well-trained operator with
performance when it is operated by personnel of only
average capabilities.

Second, use of the ratio of actual performance
to ideal performance is a means of taking account of
performance variations that are not sufficient to cause
the equipment to be regarded as having "failed."
Thus, reliability expressed as a function of a per-
formance ratio avoids the oversimplification of con-
sidering performance as either ''good" or 'bad."

The mathematical techniques presented in the
following sections relate primarily to the first two
definitions of reliability, those based on probability
of satisfactory performance. However, these mathe-
matical techniques are also useful, and in many
cases necessary, in evaluating reliability according to
the more specialized definitions.

PROBABILITY RELATIONS AND CONCEPTS

Probability.  Thus far in this Chapter, the
term "‘probability” has been used in connection with
electronic equipment reliability, but has not been
defined. Although the meaning of 'probability"” is
generally understood, at least in the vague sense
that it is a measure of 'likelihood,” a more precise
definition is in order as a prelude to detailed con-
sideration of the mathematical aspects of reliability.

If the total number of ways in which an event
can occur or fail to occur can be analyzed as 'a"
successes and ''b" failures, each equally likely, the
probability of occurrence of the event in a single

trial is p = EaTB and the probability of failure is

b
a+b’

q:

Thus it is seen, first, that probability is de-
fined in terms of a set of exhaustive, mutually ex-
clusive possibilities, a + b in number. All possi-
bilities for occurrence and nonoccurrence of the event
are included in a + b, and materialization of one of
the a + b possibilities in a given trial excludes all
others. Second, it is seen that probability is repre-
sented by a number between 0 and 1. The upper
limit, unity, represents certainty; the lower limit,
zero, denotes impossibility.

In the simple case in which a die is tossed
once, the definition of probability may be readily
applied to discover that the probability of tossing a
"5" is 1/6. Similarly, the probability of tossing a
number that is evenly divisible by three is 2/6 = 1/3.

To illustrate the definition of probability as
applied to the reliability of electronic equipment, con-
sider the following case. It is desired to determine
the 100-hour reliability of a certain type radar under
certain operating conditions, that is, the probability
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that the radar will operate satisfactorily for a period
of 100 hours. Previous experience with 10 radars
whose design was identical to the one in question
showed that 8 were operating satisfactorily after 100
hours, the remaining 2 having failed. Weimmediately
conclude that the probability, or reliability, is 0.8, or
80 percent.

In relation to the definition of probability, the
argument is as follows. Since the radar with which
we are concerned is identical in design and operat-
ing conditions to the 10 previously tested, it can be
expected to follow the behavior of 1 of these 10.
Further, the chance of its behaving asdid a particular
1 of the 10 is equal to the chance of behaving like
each of the others. Thus, there are 8 opportunities
for successful completion of 100 hours operation, as
against 2 opportunities for failure. The probability of

ess is then a -8
succ a+b - 10°

This example also illustrates the statistical

nature of the reliability problem; data from past
experience has been used to estimate the probability
of a future event. In fact, most reliability problems
depend on experimental data for their solution. In
the simple case of tossing a die, we do not feel the
need of experimental evidence to conclude that the six
faces of the die are equally likely to be uppermost
(unless we suspect the die may be "loaded™). Elec-
tronic equipment reliability, however, is not such a
simple problem, and experimental evidence of some
sort is usually required to arrive at any reasonably
accurate numerical predictions.

In this connection, one might well question the
accuracy of our conclusion that the 100-hour relia-
bility of the radar in question is 80 percent. Granting
that the design and operating conditions are identical
for all the radars, there are still two very pertinent
objections to our method of estimating the reliability
of the radar.

In the first place, a scale of reliability mea-
surement based on only 10 radars is too coarse.
Since the number of radars tested was such that the
only possible results were 0, 10, and 20 percent,and
so on, up to 100 percent, the second digit of our 80
percent reliability figure is not significant. The best
we can say is that the reliability is somewhere be-
tween 75 and 85 percent. Although this may not be
a serious objection in the region of 80 percent relia-
bility, it would be serious if the test had shown 9 or
even 10 of the radars still operating satisfactorily
after 100 hours.

In the second place, is 10 radars a sufficient
number on which to base a conclusion? That is, is
a quantity of 10 samples statistically significant inthe
case in question? The answer depends on a number
of factors, including the accuracy with which we need
to know the reliability and the extent to which the
reliability differs in different radars of identical de-
sign. In all likelihood, however, 10 radars is not a
sufficient number for an accurate conclusion.

Both these objections could be overcome by
accurate, detailed data on failure rate vs. time for



the radars in question. From such data, it would be
possible to plot a continuous curve of failure rate,
and from such a curve the reliability corresponding
to any desired operating time could be accurately de-
termined.

Continuous Probability; Failure Rate, Relia-
bility, and Hazard. Not all probability problems
are concerned with discrete variables, such as the
number of spots on the face of a die. Instead, a
large proportion of cases deals with variables that
are continuous, at least between limits. Although it
may sometimes be necessary to base predictions on
a finite amount of experimental data in such cases,
serious errors can result from use of an amount of
data so small that it does not permit a satisfactory
approximation of the actual continuous curve. This
is the case if we attempt to estimate radar reliability
according to the method used in the previous example.

One can conceive of a large number of units,
if not complete radars at least radar components,
tested to failure, with an accurate record kept of the
operating time at which each failed. From the data
thus obtained, it would be possible to plot a curve of
hourly failure rate vs. elapsed operating time, the
precision of this curve depending on the total number
of components tested. In a typical case, the curve so
obtained might have a shape similar to that shown in
Figure 4-1.

It is apparent, by reasoning similar to that
previously employed to relate radar reliability to the
classical definition of probability, that a curve of fail-
ure rate of a large number of similar components is
directly related to the probability of failure of one of
the components selected at random. In fact, if the
ordinate scale is adjusted so that the total area under
the curve is unity, then the probability that a com-
ponent selected at random will fail during a particu-
lar hour is given by the ordinate value corresponding
to the operating hour in question.

More significant in the practical case, the in-
tegral of the failure rate curve between any two

abscissa values is the total probability of failure of
a randomly chosen component during the correspond-
ing interval of operating time. The ordinate scale, of
course, must be such that the integral from zero to
infinity equals unity.

If we had a curve such as Figure 4-1 to rep-
resent the failure rate of the radars consideredin the
previous example, the 100-hour reliability of one of
the radars could be determined, first, by integrating
the curve from 0 to 100 hours to find the probability
of failure during this period and, second, by subtract-
ing the probability of failure from unity to find the
probability of success, that is, the reliability. Alter-
natively, the integral of the curve from 100 hours to
infinity gives the reliability directly.

Figure 4-2 is a plot of the integral of the fail-
ure-rate curve of Figure 4-1 between various lower
limits and an upper limit of infinity. Thus, Figure 4-2
is the reliability curve corresponding to the failure-
rate curve of Figure 4-1.

Failure-rate data such as used to plot Figure
4-1 is also capable of yielding informationonthe "haz-
ard,’ which is the fraction of "surviving'' components
failing per hour. Figure 4-3 is a plot of the hazard
corresponding to the failure rate data of Figure 4-1.
Whereas Figure 4-1 shows the probability of failure
of a particular component based on the total number
of components at the beginning of the test, Figure 4-3
represents the probability of failure at various future
times of the surviving components at a particular
time. Data such as Figure 4-1 would be of primary
interest in considering the probable life of anew com-
ponent or equipment; Figure 4-3 gives information to
answer such questions as, '"What is the probability
that an equipment (or component) that has survived 100
hours of operation will survive an additional 50
hours?"

Table 4-1 shows the data from which Figures
4-1, 4-2, and 4-3 were obtained. Table 4-1 gives
operating time t, cumulative number of failures F,
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number of survivors S, failure rate Y, reliability
R, and hazard Z. If N is the number of components at
the start of the test,

S=N-F (1)

Reliability is obtained directly from the fraction of
initial components surviving at the end of each hour,

S
=X @
Failure rate, the rate of decrease in the re-
liability, can then be determined from the reliability
as

_dR_1dF )

The hazard is the ratio of the number of failures per
hour to the number of survivors at that time, or

- ldr

dF _ 1 dR
Z=5dt " Rdt (4)

][

Integrating this equation gives an important relation
between the reliability and the hazard,

Roe e Zadt (5)

The relation among reliability, failure rate, and
hazard is

Y =RZ (6)

On the basis of data presently available, a
curve of the general shape of Figure 4-1 may be
considered typical of the failure rate of electronic
component parts and equipment. The curve is charac-
terized by an early period of high failure rate, during
which the "weak' individuals among the component
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part population fail, an intermediate region of lower
failure rate, and finally a region in which "wear-out"
failures produce an increase in the failure rate until
it drops to zero as the last survivors fail.

Figure 4-1 does not show the influence of the
initially defective component parts, which are in-
operative at the outset, t = 0. The number of initial
failures depends on factors such as the care with
which the equipment was originally manufactured
and inspected, the treatment it received between
point of manufacture and point of installation, and
the care with which the equipment was tested after
being installed but before being placed in service.

Joint Probability of Independent Events. It
has been shown that reliability can be determined as
the integral, between appropriate limits, of a curve
of failure rate. In view of the large number of different
equipments with whose reliability we may be con-
cerned, it is impossible from the standpoint of both
time and expense to collect failure rate data by life-
testing a large number of equipments of each type
under each set of operating conditions that may in-
fluence the equipment failure rate. It is considerably
less difficult, however, to collect failure rate data
on the individual component parts that make up
electronic equipment. Since a relatively small num-
ber of types of component parts accounts for a high
percentage of the total number of component parts
in any electronic equipment, component part failure
rate data, once collected, is widely useful. Equip-
ment failure rate data obtained by life-testing a
large number of equipments of given type, on the
other hand, is of little or no use in judging the re-
liability of equipment of some other type. In fact,
such data can be rendered essentially useless, even
for the equipment from which it was originally
obtained, by a relatively minor change in equipment
design.

It is essential, therefore, to be able to relate
reliability data on component parts and subassem-
blies to the reliability of complete equipments and
systems. The theory of probability affords the means
of establishing such relations.

If the probabilities of occurrence of two in-
dependent events A and B are respectively Pp and
Pg, the probability of simultaneous occurrence of
the two events is the product of their individual
probabilities, or (Pp) (Pg). Thus, the probability
of throwing a double six on one toss of a pair of

dice is% x%: -51‘—5 Similarly, if the 100-hour re-
liabilities of two electronic component parts under
given conditions are respectively 0.9 and 0.8, and
if failure or nonfailure of one has no effect on
the other, then the reliability of a subassembly
consisting of the two component parts is (0.9) (0.8) =

0.72.

In applying this principle, it must be borne in
mind that the individual probabilities (reliabilities)
must be independent for the principle to be valid. Un-
fortunately, this condition does not always hold in
electronic equipment, because of suchfactors as com-
mon sources of similar component parts and functional
interdependence of parts in the equipment.



Table 4-1. Typical failure data /2/

Operating Cumulative Number of Failures Reliability Hazard
time in number of survivors per hour (failures
hours failures per compo-~ per hour
nent at per surviv-
start of ing compo-
test nent)
t F S Y R Z
0 0 1000 1.000
0.145 0.156
1 145 855 0.855
0.086 0.106
2 231 769 0.769
0.077 0.105
3 308 692 0.692
0.069 0.105
4 377 623 0.623
0.062 0.105
5 439 561 0.561
0.056 0.105
6 495 505 0.505
0.051 0.106
7 546 454 0.454
0.045 0.104
8 591 409 0.409
0.041 0.105
9 632 368 0.368
0.037 0.106
10 669 331 0.331
0.033 0.105
11 702 298 0.298
0.035 0.125
12 737 263 0.263
0.060 0.256
13 97 203 0.203
0.075 0.453
14 872 128 0.128
0.065 0.680
15 937 63 0.063
0.042 1.000
16 979 21 0.021
0.016 1.231
17 995 5 0.005




Series Reliability. = The theory of joint prob-
abilities applies to the reliability of electronic equip-
ment in which the components are functionally in
series, that is, in which failure of any part will fail
the equipment. The series case is by far the most
prevalent in electronic equipment.

The theory of joint probabilities can be ex-
tended to any number of component parts in series.
Thus, if a radar consists of n component parts whose
100-hour reliabilities are respectively Ry, Rg, Rg3...
Ry, then the 100-hour reliability of the complete
radar is

Re = (R1) (Rg) (R3). .. (Ry) (7)

It is apparent that an equipment consisting of several
hundred, or several thousand, series component parts
places very severe demands on the reliability of the
individual component parts if reasonable equipment
reliability is to be achieved.

In the special case of n series component
parts whose reliabilities are equal, the equipment
reliability is the component part reliability raised
to the power of the number of parts,

Re =R " (8)

Figure 4-4 is a plot of the reliability of equipment
consisting of various numbers of series component
parts of equal reliability. Equipment reliability is
plotted as a function of the number of components,
with component reliability as a parameter.

Equation (8) and Figure 4-4 also apply to
equipment in which the part reliabilities are not
equal if the value used for part reliability, R, is the
geometric mean of the various part reliabilities,
that is,

Re= ¥ (Ry) (Rp) (Ry) ... Ry (9)

If the reliabilities of the various component
parts fall into groups in which the reliability of all
parts in the same group is approximately equal, then
equipment reliability may be expressed according
to another special form of Equation (9)

Re = (Ry 1) (R2 ™) (Rg ™3)...etc.  (10)

where R is the reliability of each component part
in group 1 and nj is the number of parts in the group,
and so on.

Depending on the viewpoint one wishes to take,
Equations (7) through (10) and Figure 4-4 emphasize
the increasing importance of component part relia-
bility as equipment complexity increases or, alter-
natively, the disadvantages of increased equipment
complexity with components of fixed reliability.

As an example of the use of Equation (7) and
its special forms in solving reliability problems, as-
sume an equipment containing 100 tubes and a total
of 1,000 other parts. Assume that available data
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indicate a 100-hour tube reliability of 0.93 and a
geometric mean reliability of all other parts of 0.98
at 100 hours operation. Then the equipment reliabil-
ity is

R, = (0.93197) (0.981000

12

) =0.0007047) (0.000000001698)
=1.2x10

It is interesting to make a comparison with an equip-
ment only one-tenth as complex, that is, containing
10 tubes and 100 other parts. The reliability at 100
hours is then

R, = (0.931%) (0.9819%) - (0.484) (0.133) - 0.0645

The reliability is still very poor, but it is certainly
a marked improvement over the more complex
equipment.

And/or Probability; ''Parallel" Reliability.
In many instances, the importance of reliability is
such that critical components in an equipment, or
even complete equipments combined in a system, are
duplicated in such a manner that if one of the com-
ponents or equipments fails, its function can be
assumed by another. With such functional paralleling
of parts, failure of all the paralleled parts is re-
quired to fail the equipment or system.

In determining the reliability under such
conditions, one asks, '"What is the probability that at
least one of the duplicate components or equipments
will still be operating satisfactorily after a given
time?" In this case, we are dealing with what might
be termed "and/or'' probabilities, the probability that
either or both of two components, for example, will
survive the desired operating interval.

In the case of two components whose reliabil-
ities are respectively Rp and Rp, the probability
that at least one will survive, that is, the reliability
of a parallel combination of the two, is the sum of the
probabilities of the three possible favorable outcomes.
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These three outcomes are failure of neither A nor
B, failure of A but not B, and failure of B but not A.

Ra B =RARB + RB(1 - Ra) + Ry (1 - Rp) (11)

For example, if RA = Rg=0.9, then the reliability of A

and B in a parallel arrangement is (0.9) (0.9) + (0.9)

(0.1) + (0.9) (0.1) = 0.99. Thus, the use of a standby
component has achieved a significant increase in the
reliability that would exist with either A or B alone.

The same result, of course, can be arrived at
by considering the probability of the one possible
unfavorable outcome in the case in question, namely
failure of both A and B, and subtracting this probabil-
ity from one. The probability of failure of both A
and B is the product of their individual failure
probabilities, namely, 0.1 each, and the reliability
of a parallel combination of A and B is thus

RA,B =1- (l-RA) (l-RB) = 0.99 (12)
as previously calculated.

Figure 4-5 shows the increase in reliability
resulting from functional paralleling of various num-
bers of components of equal reliability.

The Exponential Law of Reliability. = The sta-
tistical reliability data that has been collected to date
suggests another important form of reliability equa-
tion, referred to asthe "exponential law of reliability."
A number of field failure studies have found that com-
ponent part failures tend to occur randomly in time.
That is, the failure rate of the parts in service at
a particular time tends to have a constant value;
the hazard is constant, independent of operating
time. The possibility of such a condition is suggested
by the central portion of the hazard curve of Figure
4-3, providing that the failures during the "infant"
and ''old age" periods are a small proportion of the
total number of component parts. From Equation (5),
if the hazard has a constant value, r, reliability
becomes

R=e Tt (13)

This is the basic form of the exponential law of
reliability.

For practical application, a more useful form
of the exponential law is

R-e VT (14)

where T = 1/r isthe reciprocal of the constant hazard,
r, and is the mean time to failure. Thus, for the
conditions under which the exponential law holds,
reliability can be expressed solely in terms of the
ratio of the operating time of interest to the mean
time to failure. Figure 4-6 plots reliability according
to the exponential law as a function of the ratio t/T.

In the case of an equipment in which no re-
placements are made in event of failure, the mean
time to failure is that time at which the reliability
has dropped to 1/e = 0.37. If we consider a single

equipment in which each failed part is replaced
immediately after failure, the failures will tend to
occur randomly in time at a constant average rate,
r, and T is then the average time between failures.

If there are a number of component parts or
equipments functionally in series and if the reliability
of each is governed by the exponential law, then the
reliability of the series system, that is, the probability
that there will be no failures within a time interval
t, is

Rs = (R) (Rp) (Rg) . . . (Rp)

=g-{ry+rg+rg+...+rpt (15)
where ry, rg, r3, ...ry are the individual hazards,
each being independent of the value of t.

It is apparent that, in such a case, the hazards
of the individual component parts add directly. Thus,
if the equipment contains b tubes, ¢ resistors, and
d capacitors whose failure rates are ryp, r¢, and ry,
respectively, the exponential law equation for equip-
ment reliability becomes

Re - e -(brp + crp + drd) t (16)

If it is found that the condition of constant
hazard applies to a portion but not to all of the
reliability problem, the exponential law equation may
be combined with other factors to yield a complete
equation for the reliability. For example, if early
failures as shown by the initial portion of Figures
4-1 and 4-3 are followed by a period of essentially
constant hazard, an equation such as

Re = Rge /T (17)

may be used to express the total reliability, where
R is the equipment reliability as affected by early
failures during an initial operating period which is
short in comparison with t, the operating time of
interest, and T, the equipment mean life.
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Similarly, the effect of design defects, main-
tenance practices, and so on, on equipment reliability
can be taken into account by suitable multiplicative
factors in combination with the exponential law
equation.

The exponential law should not be accepted as
generally valid in describing the reliability of elec-
tronic equipment. The best that can be said is that
the limited amount of data collected to date appear
to be in good agreement with the law, and that there
are theoretical grounds for concluding that the ex-
ponential law should apply if certain conditions are
fulfilled.

The exponential law describes the reliability of
a set of elements in which failures tend to occur ran-
domly in time, that is, "accidental" or "chance'" fail-
ures, as contrasted to "'wear-out' and other types of
failures. Obviously, the law holds for an equipment
composed of parts whose individual failures are ex-
ponential. Another important case of the exponential
law occurs with aset of parts whose individual failures
are not necessarily exponential but which are of mixed
ages. In such a case, it can be shown that, because of
the mixed ages of the component parts, the hazard
for the set of parts as a whole tends to be constant,
and the exponential law thus applies regardless of the
failure patterns of the individual parts.

The '"mixed ages' case is especially im-
portant in electronic equipment reliability because it
is typical of the circumstances under which a large
proportion of equipment is normally used. For
example, the several electronic equipments required
to mount a bomber mission will generally be of dif-
ferent ages. The exponential law thus applies to the
several equipments as a whole, although it may not
apply to any of them individually. Similarly, in an
equipment that has been in operation for some time,
and in which a large number of component part re-
placements have been made, the component parts will
assume the attributes of a set having mixed ages,
and the exponential law should apply to the reliability
of the complete equipment, regardless of the failure
patierns of the individual parts.
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The Gaussian Law; '"Wear-out' Failures. Of
the infinite variety of possible forms of the failure
rate curve, one special case deserves mention. This
is the failure rate curve that characterizes what are
termed ''wear-out" failures. The wear-out failure
rate curve, whose shape is illustrated in Figure 4-7,
generally follows the familiar "Gaussian law" of
probability.

The equation for a curve such as shown in
Figure 4-7 is (t - T)2

y- 1 __ . 202 (18)

oV 2r

where Y is the failure rate per component part at
the start of the test, t is elapsed operating time, T
is the mean time to failure, and o, the "standard
deviation," is a measure of the spread of the failure
distribution about the mean value T.

Distributions of the Gaussian type are im-
portant in the subject of probability because they are
typical of the distribution of values of a controlled
variable whose departure from its mean, or "'nominal,"
value is the result of random factors. For example,
the distribution of actual values of transconductance
of a particular type of electron tube can be expected
to approximate a Gaussian distribution.

In electronic equipment reliability, the fact
that "wear-out" failures follow the Gaussian law im-
plies that wear-out life is a controlled variable.
From Figure 4-7, it is seen that there are few very
early or very late failures. The failure rate is a
maximum at the mean life, and drops sharply for
operating times longer or shorter than the mean life.
The width of the failure rate distribution (described
more precisely by its standard deviation) is a measure
of the excellence of life control.

Whereas a failure rate distribution such as
illustrated in Figure 4-1 is the result of randomly
occurring events beyond the capabilities of the com-
ponent part to withstand, wear-out failures are caused
by gradual deterioration or depletion resulting from



increased use or age. Considerable significance
may be attached to the fact that data collected to date
indicate that electronic equipment tends to follow
the failure distribution of Figure 4-1 much more close-
ly than that of Figure 4-7.

Reliability and hazard can be obtained from a
curve, such as Figure 4-7, by the same means used
for Figures 4-1, 4-2, and 4-3. Inspection of Figure
4-7 discloses that the reliability is high initially,
dropping sharply as the failure rate increases in the
region of the mean life. The hazard is also very
low initially, rising rapidly after the mean life has
been passed. With wear-out failures, unlike the case
illustrated in Figures 4-1, 4-2; and 4-3, the failure
rate of the survivors (hazard) depends strongly on
how long they have operated.

A Typical Problem. As an example of the
application of probability theory to the quantitative
prediction of electronic equipment reliability, con-
sider the following hypothetical case.

A proposed electronic equipment, to be pro-
cured in substantial quantities for a 'critical” mis-
sion, will contain an estimated 50 tubes. Itis desired
to determine the following:

1. The reliability of the equipment as a func-
tion of operating time.

2. The quantity of spare complete equipments
that should be provided to assure that a
certain minimum number of equipments
will always be available for use.

3. The number of spare component parts of
various types that should be carried in
replacement parts stocks.

A typical electronic equipment has roughly
10 parts, such as resistors, capacitors, relays, and
transformers, for each tube in the equipment. Thus,
we may conclude that the hypothetical equipment under
consideration will contain approximately 50 tubes
and 500 other component parts. Data (also hypo-
thetical) on various equipment types operated under
circumstances similar to those for the proposed
equipment showed tube and component part failures
occurring randomly in time, with constant hazards
of about 0.0007 {failures per hour for tubes and
0.0002 failures per hour for all other parts in aggre-
gate.

Thus, we can apply the exponential law of
reliability,

Re = e -(ary + bry) t (161)
where
a =50
r, =0.0007
b =500
b =0.0002
whence R = e -(50x0.0007 + 500 x 0.0002)t _ e-_135t

The equipment reliability as a function of operating
time is plotted in Figure 4-8.

On the subject of the number of spare com-
plete equipments required, it will be remembered that
the equipment mean time to failure, T, isthe recipro-
cal of the total hazard, or

T = 1/.135 = 7.4 hours

This is also the value of operating time at which
equipment reliability has dropped to 1/e = 0.37.
Thus, T = 7.4 hours is the average length of time
between failures for each equipment. If it is assumed
that an average of one hour will be required to repair
each failure, one hour of maintenance will be required
for each 7.4 hours of service, on the average. The
ratio of the total number of equipments required to
the total required to be in operation simultaneously
is then 8.4/7.4 = 1.14. Thus, about 15 percent spare
equipments should be provided.

If experience has shown that "early failures'
with equipments similar to the type being considered
may run as high as 20 percent of the total number of
equipments, it may be necessary to provide for more
than 15 percent spare equipments to assure that the
required number will be in operation during the early
failure period. (It is assumed, of course, that early
failures are repairable, although the time required
may exceed that for repair of later failures because
of the nature of the early failures.)

The number of spare parts required can
be determined directly from the tube mean life
T, = 1/r, = 1,400 hours and component mean life
Tp = 1/r = 5,000 hours. Thus, the number of spare
tubes required per tube per equipment will be equal
to the total equipment life, in hours, divided by 1,400.
The number of spares required for each component
part in each equipment will be the total equipment
life divided by 5,000. If the equipment must be
maintained from stocked spares for an average of 23
hours of operation per day for two years (730 days,
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16,790 hours of operation), spares must amount to
16,790/1,400 = 12 tubes per tube per equipment,
or a total of 600 spare tubes of all types per equip-
ment, and 16,790/5,000 = 3.4 component parts of
each other type per part per equipment, a total of
1,700 spare parts per equipment. In view of the pos-
sibility of sympathetic failures, these figures are
probably too small rather than too large.

During the two-year period, almost 2,000
hours of maintenance will be required to keep one
equipment in operation.

SOURCES OF RELIABILITY DATA

The mathematical theory of reliability is of
limited value without adequate data to which the var-
ious formulas may be applied. Such widely-scattered
reliability data as exist at this writing have been
collected as the result of independent, uncoordinated
efforts, and much of it is of no value for statistical
treatment. Instead, such data give only a qualitative
picture of reliability. Fortunately, the literature
shows evidence of a rapidly increasing awareness of
the need for and the nature of good reliability data,
and it is to be expected that better reliability data
will become available as soon as the difficulty of
the collection problem permits.

Reliability Data Requirements. To be useful
for the quantitative prediction of equipment and
system reliability, reliability data must fulfill anum-
ber of requirements:

1. The data must be quantitative rather than
qualitative in nature.

2. It must apply to the operating conditions,
such as application and environment, for
which reliability is to be determined.

3. It must be accurate. That is, it must
have been collected by reliable sources
according to an established plan com-
patible with the application to which the
data is to be put.

4. It must be statistically significant. That
is, it must represent the results of a suf-
ficient number of tests or samples to be
a valid basis for statistical prediction,
and the test samples must be truly rep-
resentative of the component parts to
which the prediction is to be applied.

5. It must take account of all factors in
the reliability problem, including such
factors as maintenance practices and
possible component part misapplication.

As will be seen from the discussion that follows, the
majority of existing "reliability'" data are deficient
on one or more of these points.

Published Reliability Data — "Guaranteed"
Life. ~One of the most obvious sources of reliability
data lies in the characteristics that many component
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part and equipment manufacturers publish inthe form
of product ''specifications.” Such data frequently in-
clude a "guaranteed minimum life' interms of number
of hours of operation, number of operating cycles,
and so on, which the part is guaranteed to withstand
without failure.

The greatest shortcoming of such information
in predicting equipment reliability lies in the meaning
of the guarantee itself. Most often, the terms of the
guarantee specify that the manufacturer is willing to
replace any part that proves defective within the
period of the guarantee. Thus, the guarantee not only
is a measure of the quality of the product, but it
also takes into account the manufacturer’s willingness
to risk being wrong. A guarantee of this sort ignores
the basic nature of component life as a probability
distribution and, instead, classifies the problem into
the qualitative categories of ''good" and 'no good"
without any indication of the relation of these cate-
gories to the true distribution of failure rate or
reliability.

A further shortcoming of the "'guarantee,’ which
is shared by almost all existing reliability data, is that
it applies only to a particular set of operating condi-
tions, or at best to a limited range of operating condi-
tions, and cannot readily be extrapolated to other
conditions of application.

Laboratory Life Test Data — Military Spec-
ification Requirements. Many military specifica-
tions for electronic components, notably military tube
specification MIL-E -1, require life tests under speci-
fied conditions. A certain number or percentage of
samples is selected from each lot and is subjected
to life tests. The entire lot is then accepted or re-
jected on the basis of the number of test samples that
survive the test. Although probably adequate for their
principal purpose of maintaining a certain level of
quality in parts of the lots tested, such tests are of
little value as a basis for predicting the reliability
of equipment incorporating the component parts.

In the first place, the life tests are conducted
under a set of operating conditions deliberately
chosen as severe, and the results cannot be applied
to operating conditions that are either more or less
severe than the test conditions. In many cases, the
discrepancy between the operating conditions specified
in military component part specifications and those
specified for equipment incorporating the parts is quite
marked.

In the second place, the life tests are for
one particular operating period, and give no indication
of the results that would have been obtained with
some other operating period. Thus, the test data
cannot be related to the life distribution.

Data Supplied by Operational Groups. For
some time, the military agencies have had in opera-
tion programs whereby activities in the field make
reports on equipment troubles and failures that they
encounter. The Unsatisfactory Report, or "UR," is
typical of such reports.

The best that can be said for the Unsatisfactory
Report is that an accumulation of several reports of



similar difficulties with the same equipment type is a
clear indication that trouble exists. However, indi-
vidual reports frequently lack both accuracy and
objectivity, failing to give a clear description of the
nature of the difficulty encountered, and often attrib-
uting it to incorrect causes.

On the other hand, data from operational
groups has the advantage, not shared by many of the
other types of data, that it has actually been collected
under field conditions.

The principal application to the reliability
problem of data from operational groups lies in the
collection and analysis of large quantities of such
data to determine the general pattern and trends of
equipment failure.

Data from Controlled Tests. Obviously the
best method of obtaining component part reliability
data is the conduct of controlled tests that accurately
simulate the conditions under which reliability is of
interest. Unfortunately, the tests that would be re-
quired to evaluate the reliability of all component
parts to be incorporated into an equipment are usually
beyond the practical scope of an equipment design
program.

Consequently, it is to be hoped that the military
agencies, possibly in cooperation with component part
manufacturers, will sponsor such tests for various
part types operating under various conditions, and
will make the results of these tests generally available
to equipment designers. An excellent start in this
direction has been made by the ARINC program
discussed elsewhere in this handbook. In fact, the
ARINC works appears to be the only program insti-
tuted so far to obtain statistical reliability data on
military equipment in the field.

For special problems, such as those involving
only a few critical component part types, the conduct
of controlled reliability tests may be within the scope
of an equipment design program. Such a programcan
be especially rewarding if effort is concentrated on
improvement of the reliability of a few component
parts whose reliability is outstandingly poor. A
report by the U. S. Naval Air Missile Test Center
includes a discussion of the relation betweenthe num-
ber of samples subjected to such tests and the degree
to which the test results are indicative of the char-
acteristics of all the component parts in the sampled
lot./3/

Data by Inference from Past Experience. It
is always a temptation, when data are not available
relating to the situation at hand, to assume that data
relating to some other situation can be extrapolated
or interpolated to the new situation. Intelligent
interpolation is generally less dangerous than ex-
trapolation, but both are to be avoided whenever
possible.

However, inference is sometimes the only
available means of obtaining reliability information,
and in such cases it is better than no means at all,
providing the confidence placed in the result is not

excessive. If good data are available to indicate the
reliability of a particular type of component part at
80 hours and at 100 hours, and if the data indicate no
sharp changes between these values, the 90-hour
reliability may be obtained by interpolation with
considerable assurance. On the other hand, 100-hour
reliability data is a poor basis for estimating 500-hour
reliability, and vice versa.

Generally speaking, inference is abetter meth-
od of obtaining qualitative reliability data than it is
as a basis of quantitative prediction.

By now, it should be obvious that a great deal
more (and better) reliability data than is now avail-
able will be required before the electronic equipment
reliability problem can be considered solved.

Qualitative Use of Reliability Theory.  For-
tunately, one does not require a large amount of
reliability data to benefit from an understanding of
the mathematical aspects of electronic equipment
reliability. Much useful information can be drawn
directly from the theory, and it can be made the
basis of necessary decisions even though specific
data may be lacking.

Perhaps the most striking import of the re-
liability data collected to date is the prevalence
of component part failures occurring randomly as a
function of operating time — the ''chance' failures
giving rise to the exponential law of reliability. In
the case of individual parts whose reliability follows
the exponential law, the failure behavicr cannot be
explained on the basis of "mixed ages." Rather, it
must be the result of so-called "accidental, un-
expected or unusually severe conditions arising during
the operating period.''/2/ Now the conditions to which
electronic component parts are subjected are hardly
any more ''accidental" or ''unexpected" than the
treatment received by automobile tires, whose failure
pattern does not noticeably follow the exponential law
but is of the wear-out type described by the Gaussian
law.

Thus, it may be concluded that failure of
electronic component parts has been the result of
"unusually severe' conditions, in the sense that the
conditions are not those that the parts are designed
to withstand. In brief, historical evidence shows that
electronic component parts are not designed for re-
liability. The absence of a controlled process whose
objective is reliability is evidenced by the fact that
failures do not group in the manner that is typical of
the values resulting from a controlled process, but
instead occur randomly in time.

In the manufacture of resistors, for example,
the distribution of resistance values at the output of
the manufacturing process is essentially a Gaussian
distribution. The mean value of the distribution is
very nearly, if not exactly, the nominal value of the
resistors that the process was intended to yield. The
width or "spread" of the distribution (measured by the
standard deviation) is related to the resistor toler-
ance, and is an indication of the closeness of manu-
facturing control. A random distribution of resistor
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values would be obtained from a manufacturing process
subject to essentially no control, and the attainment
of desired resistor values would be possible only by
virtue of selecting from the output of the complete
process those resistors that fall within the desired
limits.

Attainment of electronic component parts of a
desired degree of reliability solely by means of such
a selection process is as undesirable as the corre-
sponding means of obtaining desired resistance values.
However, only the very recent history of the reliabil-
ity problem shows evidence of attempts to secure
component part reliability by means other than
selection.

At least part of the difficulty is occasioned
by lack of any definite statement of reliability require-
ments. All too often, requirements are stated in
terms that amount to "infinite reliability," without a
realistic appraisal of the necessary compromises
between reliability and other performance factors.
The situation is parallel to attempts to design a
"universal" artillery piece, capable of annihilating an
enemy at any range from 10 yards to 1,000 miles,
without recognition of the vast differences in the
terms of the problem between its two extremes.

The future progress of electronic reliability
depends in large part on the formulation and pro-
mulgation of realistic reliability requirements for
various types of service, and on the intelligent use
of these requirements by component part and equip-
ment designers.

Curves such as those in Figures 4-4, 4-5,
and 4-6 shed much light on the reliability problem,
even in the absence of specific data applicable to a
particular problem at hand. From Figure 4-4, it
is evident that increasing the complexity of equipment
will cause the equipment to become much less re-
liable. The only remedies for this situation consist
of either minimizing the complexity or increasing
the component part reliability, or both. Unfortunately,
the increase in component part reliability required
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to compensate for even a moderate increase in com-
plexity may be quite expensive. This is particularly
true if component part reliability is already in the
region above 0.99, in which region further increases
in reliability are tremendously expensive and time-
consuming.

Figure 4-5 suggests an alternative means of
increasing the effective reliability of weak component
parts by paralleling them with other parts on a
standby basis. The paralleling method can be
especially effective if poor equipment reliability is
caused by a small number of part types whose
reliability is markedly lower thanthe remainder. The
effectiveness of improvements in the reliability of
such weak component parts can be readily assessed
in terms of the effect on the geometric mean relia-
bility of all the parts in the equipment. Paralleling
of complete equipments, while effective in increasing
system reliability, should be adopted only as a last
resort if increased reliability is especially critical
and cannot be achieved by other, less expensive means.

In determining where efforts toward increased
reliability can best be concentrated, a rough priority
system can be set upby ranking the various component
part types in the order of their reliability and then
multiplying the various rank numbers by the quantity
in use of parts of the corresponding type. Thus,
reliability improvement efforts can be concentrated
where they will do the most good, either by making
major improvements in the reliability of particularly
poor component parts used in small numbers, or by
more modest improvements in components used in
larger numbers. The most accurate test of the
effectiveness of such efforts, of course, is in terms
of the geometric mean reliability of all components
in concert.

Figure 4-6 shows the effect of increased
operating time on equipments whose reliability follows
the exponential law. Reliability drops sharply, and
for most applications becomes intolerably poor at an
operating time which is only a fraction of the equip-
ment mean life, T.
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chapter

ELECTRICAL AND

ELECTRONIC FACTORS

Whether or not radio engineers should be good
mechanical engineers is a subject for much discus-
sion and many arguments. It is a fact that most pur-
chasers of industrial electronic apparatus who have
been dissatisfied with their purchases have blamed
the trouble on poor mechanical engineering rather than
on the electronics involved. It is also a fact that the
electronics engineer has more business knowing the
basic facts of good mechanical design than the other
way around — the mechanical engineer is likely to
turn the electronics over to an expert.

No matter how this argument goes, the radio
engineer must know his electronics. And he must
know his subject from many aspects — efficiency,
cost, ease of manufacture, installation, operation,
maintenance, and, finally, from the standpoint of reli-
ability. Many circuits can be chosen, or invented, to
perform the same function, but there are few basic
assemblies of the essential ingredients of tubes, re-
sistors, capacitors, and inductors. All other circuits
are mere adaptations of these basic assemblies.

It is in the selection of the final circuit con-
figuration to be employed in production models that the
radio engineer can show his greatest skill, exercise
his greatest restraint, and produce a device that is
most efficient, economical, reliable (or whatever the
main criterion may be) — or he canbe the individual-
ist seeking to get his name attached to something that
is new and hotter than a firecracker.

In the following pages, notes on circuit design
will be found in which the emphasis is on reliability.
And, so far as efficiency and economics are concerned,
it will be assumed that the definition of these terms
has little in common with the conventional urge in the
home radio and television laboratory — how toget the
most performance per dollar, and never mind the
service costs!

General Rules for Good Military Circuit De-
The following items are only suggestive.

sign.

The designer can make up his own list, and at much
greater length. But they are likely to be rules on
which good ultimate design will be based.

1. Make the circuit as simple as possible.
If an extra resistor or tube is employed,
make sure it is worth its cost, space,
weight, replacement time, and so on, in
terms of what good it does.

2. Use circuits that are basic, tried-and-
true, and are known to work. Such cir-
cuits are easier toservice by maintenance
personnel than more complex or newer
circuits whose functioning may be new or
hard to explain.

3. Use circuits that will work properly over
a wide range of tube and component char-
acteristics. In other words, avoid criti-
cal circuits that call for hand-selected
tubes, or that will not perform the re-
quired function when tube emission has
dropped somewhat.

4. Avoid circuits that require a high degree
of voltage regulation.

5. Design circuits that are intrinsically sta-
ble. They will require less shielding and
less voltage regulation, will use com-
ponents of wide tolerance inwide manufac-
ture (and are cheaper), and will require
fewer knobs on the front panel. They will
be easier to manufacture. They are in-
herently desirable for every reason.

6. Avoid dual-purpose circuits. A circuit
that performs a single job is likely to be
more reliable than one that has to dosev-
eral jobs. The popular reflex circuits of
earlier days went out of the picture be-
cause they were difficult to maintain, even
if they did perform a job economically.
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Component Part Selection and Use. The
vendors of component parts are very vocal in their
belief that unreliability because of components is
largely due to misapplication. They cannot be blamed
if they claim that their products will be reliable if
used properly. They are absolutely right. But 'no
components manufacturer will ever produce a com-
ponent which some engineer will not push to its
threshold of operation in dubious circuitry andincon-
fined space to guarantee heat failure."/1/

It is up to the designer of circuits and appa-
ratus to know what will be required of the component
parts in actual field use, to select components that
will stand up under these conditions, or to redesign
the equipment so that existing components will stand
up. This is the responsibility of the equipment de-
signer and manufacturer.

After having chosen component parts and en-
vironment so that the parts will stand up, the de-
signer's next problem is to design his circuits so
that normal variations in component part values —
tolerances in manufacture, changes in character-
istics with heat, humidity, age — will not disable the
circuits. It is not enough to design a circuit that
calls for 1 percent resistors for proper operationand
to let the matter go at this point.

Component Part Stability.  ''Stability of any
component is always in question. The 1 percent re-
sistor does not always stay within 1 percent under
various conditions of temperature and humidity and,
very often, after several thousand hours, resistors
change their values. The result can be catastrophic
if one is dependent upon their being stable. The
vacuum tube and the crystal diode are also very vul-
nerable on this point of stability, and should never be
used where tolerances of more than 10 to 20 percent
are expected."/2/

And it seems rather idle to specify and rely on
1 percent resistors when tubes and diodes are not
made to any such stringent tolerances.

In the chapter on Component Parts, some of
the basic principles of component part selection and
use are discussed in greater detail.

The techniques for designing circuits totoler-
ate wide changes in component part and tube charac-
teristics cannot be overemphasized. The designer
seldom has full control over his brain children when
they go into volume production. Components of a
given type made by two different manufacturers may
have the same initial characteristics but, because of
different manufacturing process, may change indiffer-
ent direction and degree with time and environment.
""Circuits must be designed to accept the full JAN
limits. It is not difficult to obtain a JAN tube which
operates within limits narrower than those specified.
But when the equipment gets into production (or in the
field) a different manufacturer may provide the tube.
This factor may result in the circuit not operating
because the second manufacturer's limits are differ-
ent from those which the first manufacturer selected,
although both limits are within the range specified by
JAN specifications."/3/

5-2

The technique of marginal checking is an aid
in determining the tolerance of a particular circuit to
variations in component parts values. To change the
parts values, one at a time, over a wide range,
would be a tedious and timeconsuming course. Since
many of the changes and their effects can be simu-
lated merely by changing a voltage, which is the
essence of marginal checking, this technique can be
very helpful in determining circuit tolerances.

Simple Circuits Are Best. @ While highbrow
engineers who are familiar with modern information
theory seem to be coming up withthe idea that a more
complex arrangement of anything is likely to be more
reliable than a simple one, it is still good practice to
use simple circuits.

The fantastic increase inthe use of cathode fol-
lowers as a means of lowering the impedance level or
as coupling tubes is an example of where an extra
tube does a nice job but where it may not always be
worth it.

On the other hand, the engineer must go out of
his way to add a tube if the addition will prolong the
life of other parts of the device. It is easy to locate
tube trouble, and it is easier to replace a tube than to
find (or replace) the particular component part that
causes failure. Inother words, the extratube is amply
justified from the standpoint of reliability.

Studies undertaken by Muncy of the Bureau of
Standards /4/ indicate that circuits performing identi-
cal functions may have widely differing numbers of
resistors or capacitors, the actual number depending
upon the engineer who built it, or his mental condition
at the time. It is certain that a considerable degree
of circuit standardization could take place, withanin-
crease in reliability and a decrease in maintenance
time, yet without restricting the designing engineer to
any degree. There will always be plenty of scope for
the inventive circuit man.

Trick Circuits. New and untried circuits
are to be avoided in critical equipment. They can be
tried out on phonograph amplifiers or morale-building
equipment, or sold to the radio and TV industry.
After they have been proven to work reliably, they
can be added to new equipment that really has to
work.

A new circuit, even if proven to be reliable,
imposes new problems on the maintenance personnel.
Special care, with careful explanation of the circuit
principles, must be devoted to the circuit in the in-
struction and maintenance manuals. Circuits thatare
unfamiliar to the average maintenance man should be
especially reliable, so that they can be packaged as
units and repaired or removed as units. In that case,
no special knowledge of the circuit functions or prin-
ciples need be had by the maintenance technicians.

COMPARATIVE CIRCUIT RELIABILITY

Aside from catastrophic failures of tubes or
other parts, which cause complete stoppage of the
equipment, reliability is concerned with circuit stabil-
ity, that is, the ability to perform satisfactorilyover a
given length of time without adjustment or manual



correction and without undue twiddling of the knobs.
Stability, therefore, concerns the problems of drift
and aging of the equipment and its component parts./5/

In the paragraphs that follow, several methods
by which particular circuits have been altered or de-
signed to improve their stability are given.

Voltage Divider Circuit. An example of a
very simple design problem /5/ where stability could
be important is the following situation. Suppose a
voltage divider is desired, cperating from +150 and
-150 volts, to provide bias for a clipper circuit ad-
justable from +1 to -1 volt. The input impedance of
the clipper circuit is 1 megohm. A perfectly reason-
able design, proceeding directly from the statement of
the problem, could be as shownin Figure5-1. Assum-
ing +1 percent tolerances for the two series resist-
ors and the two supply voltages, it is readily shown
that a design tolerating all tolerances would have to be
as indicated in Figure 5-2. To obtain the required
voltage range under all tolerance conditions, the
actual range of the control has to be increased 2.5
times, which makes the control more critical. Fur-
thermore, the output voltage from the bleeder would
be highly sensitive to any variation in the ratio of the
two power supply voltages that might occur in the
course of operation.

In Figure 5-3, we may use 10 percent tolerance
resistors, and the nominal range of the controlis only
30 percent greater than the voltage range required to
accommodate all tolerances. In addition, variations
in the supply voltages are divided down so that they
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Figure 5-1,  Simple voltage divider

Voltage divider with vesistors having
tolevances of 1 percent

Figure 5-2,

cause only +1 percent change of the 1-volt output,
which would probably be completely negligible. Avery
simple circuit change has eliminated a critical toler-
ance problem and greatly reduced the supply voltage
sensitivity.

Monostable Multivibrator.  Another example
of circuit stabilization, also due to Luther, shows the
methods by which stability, as a design factor, can be
approached and the endpoint achieved. This circuit,
Figure 5-4, was intended where use withahigh degree
of independence of tube characteristics and supply
voltages was desired and where the least number of
tubes and other parts possible, with a minimum of
wasted power, was a requirement.

The two tubes are cross-connected from plate-
to-grid with one direct-coupled path, required for a
monostable multivibrator, and one a-c coupled path
for timing. Vg is normally conducting, and the voltage
drop across R1 maintains the grid of V1 below cutoff.
Diode V3 conducts, holding the cathode of Vi at +70
volts, which allows Vj to be maintained at cutoff by a
relatively small drop across Ry.

A negative trigger pulse, introduced via Cy,is
coupled to the grid of Vg through C. V9, therefore, is
driven toward cutoff, causing the voltage across Rqto
decrease, which in turn renders Vy conductive. The
plate voltage of V; drops rapidly, causing the grid of
Vg9 to be driven far beyond cutoff. At this point, the
timing cycle begins, with C discharging through R,
causing the voltage at the grid of Vg to rise. After
some time, determined by the initial voltage Eg
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across R, the drop Ej in V] plate voltage (when this
tube is turned on), the cutoff voltage Eg of Vg, and
the time constant RC, Vg will again conduct, and the
circuit will regeneratively return to its initial state
to await the next trigger pulse.

Stability of the pulse width is achieved by con-
trolling all four determining factors listed above. The
voltage E3 is made equal to the 70-volt power supply
by grid-current clamping in V9. The effectof V9 cut-
off voltage Eg9 is made small by choosing a suffi-
ciently large timing waveform amplitude Ej. The
amplitude E,; is stabilized by negative feedback in the
cathode circuit of Vj in the following manner. During
the time V) is conducting, Vg will be completely cut
off, so that the grid voltage of V) will be exactly
T0 volts. If the required plate current of Vj is not too
large, the tube will operate at a small negative bias
of such a value that the V| cathode voltage is slightly
more positive (one or two volts) than its grid. Thus,
the diode Vg3 will cut off when V| conducts, and all
plate current of V| will flow in Ry. The effect of
tube aging is to change the difference betweenthe grid
voltage and the voltage across Ry. This change in
tube bias is in such a direction that the peak value of
E; is maintained at the desired value. Thus, the peak
current in V) will depend primarily on Ry and the 70~
volt supply voltage.

Consequently, all the significant voltage levels
in the circuit are either regulated or made negligible.
Reasonable care in the choice of Ry, Rk, R, and C
can thus provide a pulse width having a high degree
of stability.

Voltage stability is achieved by the proportion-
ality method. The width is given by

= Ej + E3
Ej is closely proportional to the 70-volt supply, and
Eg9 also shows a similar proportionality, since the
70-volt supply is the plate voltage on V9. Thus, it is
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only necessary to make Eg equal to the 70-volt supply
and the value of this voltage will cancel out of the ex-
pression for pulse width. Similar stability to the
280-volt supply is provided by the current-regulating
properties of the cathode circuit of V1, although in this
case the negative feedback is responsible.

Both V1 and Vg are operated in such a manner
that deterioration of emissionto one-half normal zero-
bias plate current will not interfere with the circuit
operation.

Experience with the circuit has shown that
pulse width is reproducible to within +5 percent in
production when +1 percent component tolerances are
used, and if an initial adjustment is provided, highly
reliable operation is possible withina 1-percent over-
all width tolerance. Typical performance of this cir-
cuit is given by Table 5-1 for a multivibrator having
a pulse width of about 100 microseconds.

Table 5-1. Stabilized monostable multivibrator,
having nominal width of 100 microseconds

Change
in width
(percent) For following variations
1 Change of V1 or Vg or both, and aging to
to 1/2 normal emission
0.8 Change of crystal diode for Vg3 back re-
sistance from 1 megohm to 20,000 ohms
0.05 10 percent change in 70 volts
0.1 10 percent change in 280 volts
-- 10 percent change in Ry

High-Speed Flip-Flop. A widely quoted pap-
er by Taylor /2/ is an excellent example of how de-
signing engineers, by exercising their ingenuity and
skill, can trade circuit complexity for greater stabil-
ity and, therefore, for greater reliability. The tech-
nique of determining the tolerance limits of a circuit
for variations of component values, or voltages, is
given in this paper, and it forms a basis on which
careful circuit study can be made, with an eye on the
reliability problem as affected by stability.

In Figure 5-5, the inside diamond-shaped con-
tour represents the failure locus of a flip-flop circuit
designed to a specification for which component part
tolerances were not of prime importance. The outside
contour is one resulting from a circuit design for
which the specification was given that the tolerances
on the parts should be very wide and that no resist~-
ance demanding a 1-percent tolerance should be used.
The two circuits have similar frequency responses
and resolution times and perform interchangeably in
the system. The area of performance is about eight
times greater in the latter design, and the tolerance
on any one component about double.
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Figure 5-4.  Cirvcuit using a minimum number of
components and having a high independence from ef-
fects of tube parvameter and supply voltage variations

The straight lines represent measured failure
contours. The extensions of the lines beyond the axes
represent negative tolerance of the particular meas-
urement being made. The two sides of the diamond
with negative slopes represent tolerance contours of
the lower resistance in the voltage divider to positive
or negative excursions of the marginal voltage. The
sides with positive slopes are for the upper sections
of the divider.

The first circuit, with the lower margins of
performance, is a dual-pentode flip-flop shown in
Figure 5-6. It uses high-performance pentode tubes
and high-precision cross-resistance in the network
that determines which tube is to be onand which to be
off. It is a typical Eccles-Jordan type circuit, widely
used in many fields. The marginal checking voltage
chosen to make the tolerance study is indicated as a
voltage inserted at the base of the voltage dividing
network.

An improved version of the first circuit is
shown in Figure 5-7. It performs this same function
with low-performance triodes. Cathode-follower tubes
were used to link the two halves of the flip-flop to-
gether. They provide a decoupling medium between
the grid of one triode and the plate of the opposite
triode and allow wide-band video circuitry, using low-
performance tubes. The grid of each cathode follower
has two diode circuits, which limit the swing of the
signal passed to the opposite tube and make the level
of this signal insensitive to variation in the plate cur-
rent of the driving tube.

Another way to look at the advantages of the
newer flip-flop is shown in Figure 5-8, which presents
allowable plate current variations in the tubes as a
function of the marginal checking voltages inserted in

the grid circuit. With no voltage inserted, the older
circuit can tolerate only a 30 percent lack of balance
in the tubes, but even with balanced tubes, the older
circuit can tolerate only about one-third the voltage
unbalance tolerated in the new design. Tubes with
imbalance enough to close in the outer lines and form
a complete closed locus were unavailable, but it was
estimated that an unbalance of about 70 percent in
plate current would be the tolerance of the newer cir-
cuit.

It is realized that the second flip-flop circuit
is more complex than the first, since four triodes plus
several diodes were used, as against two pentodes.
But the tubes were of the medium-mu type, which can
be produced with small production variations and with
grid spacing such that fewer intermittent shorts
would be expected. High precision resistors were un-
necessary. As compensation for the greater complex-
ity, the designer realized a circuit in whichthe toler-
ances of the components could be allowed tovary over
much wider limits than in the original circuit, less
care had to be exercised in choice of components,
simpler tubes could be used, and general circuit reli-
ability was enhanced.

Self-Bias vs. Fixed-Bias Flip-Flops./6/ To
permit divider tolerances in one direction, tubes of
fixed-bias flip-flops should be operated above zero
bias, that is, tend toward relatively high positive
biases, although clamped by grid conduction to slight-
ly above zero volts. Operation in this manner resuilts
in a loss of negative grid swing and, for this reason,
a loss in divider tolerance in the other direction.
Likewise, output swing, and hence the stability factor,
is a direct function of tube plate-current capabilities.
Supply voltages become, in addition, relatively
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critical. Incomparisonwithself-bias types, fixed-bias Transistor Oscillator. Another example in

flip-flops, in general, are not very reliable.

Self-bias flip-flops employing high-impedance
dividers cannot supply an appreciable amount of grid
current before causing rapid deterioration of output
and grid swing and, at length, ultimate failure. If
such a flip-flop is designed for zero-bias operation
with average tubes, then the output swing, stability
factor, tolerances, and so on, will be immediate and
direct functions of the tube's negative plate-current
tolerance. It is often desirable, therefore, to operate
average tubes at a negative bias corresponding to zero
bias of the worst tube (lowest I;) allowable. Then,
output swing, grid swing, and cathode bias level would
stay relatively constant up to the worst tube allowable.

Self-biased flip-flops employing low-impe-
dance dividers, on the other hand, will allow much
poorer tubes to be used on their circuits before they
fail and may be operated close to zero bias for aver-
age tubes. In either low- or high-impedance divider
circuits, clamping the lower level at the tube plates
helps considerably in making the flip-flop insensitive
to the plate current capabilities. Low-impedance
dividers can be realized very effectively by use of
cathode followers whose cathode resistances are those
of the dividers. In addition to obtaining a low divider
or grid impedance, thereby isolation of the flip-flop
from its load, a capability for heavy loading, and fast
resolution times are also realized.

which greater complexity was traded for greater reli-
ability is given by Thomas, /7/ who described a
transistor audio oscillator that was capable of using
only about 10 out of 20 production transistors. By the
addition of a diode to the base circuit, oscillation was
possible with 999 out of 1,000 transistors.

PREFERRED CIRCUITS

There is no doubt that many circuits differing
only in small details are now employed to perform
identical functions, or that considerable standardiza-
tion could take place in circuit design, without in any
way inhibiting the creative abilities of circuit engi-
neers. The work of Muncy /4/ has been mentioned
elsewhere in this handbook. It has resulted in a most
interesting and useful compilation of "preferred cir-
cuits” for regulated power supplies, video amplifiers,
detectors, and so on. Although the compilation /8/ is
in a preliminary stage, it should be studied by all de-
sign engineers.

In all, there are 49 preferred circuits de-
scribed in this manual. Each is judged on its advan-
tages and disadvantages, and its design principles are
given. Among the circuits are d-c regulator circuits,
video detectors, limiters, mixers and amplifiers, and
multivibrators.
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NEL Circuits. In a somewhat similar at-
tempt to bring some degree of standardization to the
circuit designs originating at their laboratories, the
Navy Electronics Laboratory, San Diego, has included
several such circuits in its NEL Reliability Design
Handbook. Several of these circuits are described in
the following pages as examples of the material to be
found in the NEL publication.

Audio-Frequency Voltage Amplifier. The
circuit shown in Figure 5-9 is that of a medium-gain
amplifier with good frequency characteristics and low
distortion. = This amplifier, contributed by R. H.
Harwood (NEL), has the following characteristics.

Voltage Gain: 39 db

Bandwidth: 10 cps to 40 Kc +1 db

Maximum undistorted output:
500-kilohm load, 25 volts rms;
100-kilohm load, 14 volts rms;
both at less than 2 percent intermodula-
tion distortion

Output impedances for conditions of operation
are presented in Figure 5-10. Since insome applica-
tions it would be undesirable to bypass the output
cathode resistor, data have been included for condi-
tions of operations with and without bypassing.

Radar Video Distribution Amplifier. InFig-
ure 5-11 is the circuit of a packaged replaceable unit
adapted from shipboard use. Contributed by I. L.
McNally, it has the following characteristics.

Overall gain: 2to 1

Bandwidth: 60 cps to 6 Mc +3 db

Transient response: At 1000 pps with 0.05
u sec rise time, will pass with no over-
shoot 1-u sec square-wave pulse with
rise time of 0.075 u sec

+250v

220K 0.1 MFD
0.05 MFD T"“ °
o
INPUT OuTPUT
o}
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220K 01 MFD

Figure 5-9. Audio-frequency voltage amplifier
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voltage amplifier

Input range: 1.5 to 4 volts, positive polarity,
from 75 ohms

Output: Positive polarity video of sufficient
power to drive 20 radar repeaters

Power supply: 250 volts at 100 ma, -3 volts
de

Infinite Impedance Cathode Follower.  Origi-
nally intended as a measuring device to read the volt-
age stored in a capacitor, the circuit in Figure 5-12,
from F. C. Martin (NEL), consists of a high-impe-
dance cathode follower directly coupled to a low-
impedance cathode follower, and is useful for data
storage, data processing, and display applications.
Its characteristics are the following.

Input: from -50 to +50 volts

Output: any reasonable load; for example, a
1000-ohm per volt meter; output voltage
is same as input voltage

Response: extends above audio range

Input grid current: less than 10-10 amp over
+50-volt range

Discharge rate: with 0.05 mfd storage capaci-
tor, 111 sec per volt

Regulated Voltage Divider. The circuit
shown in Figure 5-13 is irom Bernard (NEL). It uti-
lizes a cathode follower as a low-impedance voltage
divider for supplying intermediate voltages from a
power supply. The output voltage is controlled by
varying Rq-Rg as by a potentiometer. Best regulation
will occur with the highest S, since this produces the
lowest output impedance of a cathode follower. This
resistance varies from 220 to 48 ohms over the range
of 3.3 to 53 ma of output current. The regulation is
given in Figure 5-14.

RADIO-FREQUENCY OSCILLATORS

Although there is a voluminous literature on
oscillator stability and means for achieving it, the gen-
eral principles set forth are still widely disregarded.
Therefore, various compensating schemes and gadgets
must be provided, such as temperature-compensating
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capacitors, or complex variable inductances placed
within the oscillator coil. It is now possible to design
r-f oscillators without having to control the frequency
with quartz.

Since the oscillator tube must be placed
across some part of the LC circuitinwhich the oscil-
lations are generated, it follows that variations in
tube capacitance affect the frequency of the oscillator.
If the tube capacitance is shunted by a very large
capacitor, then variations in tube capacitance will
produce a much smaller effect. High-C oscillators
are well known in the amateur field.

Clapp Oscillator.  Within recent years, the
so-called Clapp, or Gouriet, oscillator has come into
wide amateur use because of its remarkable inherent
frequency stability. The general circuit is shown in
Figure 5-15 and will be seen to consist of a Colpitts

Radar video distribution amplifier

circuit, but with series L and C instead of a parallel
arrangement. The tuned circuit looks into large cap-
acitances, Cy and Cg, which means that variations in
tube capacitance have little effect. In addition, the
low impedance presented by these capacitors means
that the load on the tuned circuit is very low — the
coupling to the tube is weak. In this circuit, the
Miller effect is eliminated by using cathode feedback.
The input to the tube and the output from the tube are
shunted by low reactances, which mask variations in
tube impedances.

For maximum stability, this circuit should have
as high inductance as possible with maximum possible
Q; the tuning capacitor should be as small as possible
and still cover the band; the shunt capacitors should
be as large as possible and still enable the circuit to
oscillate; and the tube should have high Sy. If the
output is taken from the plate circuit of a multigrid
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tube, and if the actual oscillator is made up of cathode,
Gy, and Gg, additional stability will be obtained,
since the load is not directly coupled to the oscillator,
but only through the electron stream.

Sandeman reports /9/ an oscillator made for
broadcast-band purposes, covering the range 0.7 to
1.4 Mc, using a coil with a Q of 170, and with L and C
temperature controlled. This oscillator had the fol-
lowing stability: short-time variationof +3 ppm;long-
time variation of +10 ppm; variation with tube change
of +15 ppm for an average of 8 tubes; ambient temp-
erature coefficient of 10 ppm for § C change.

Oscillator circuits that depend upon tube capac-
itances are still widely employed and, for obvious
reasons, are not in the same class as the Clapp, or
Gouriet, oscillator from the standpoint of frequency
stability.

Extreme mechanical stability of the tuning cap-
acitor is required in the Clapp, or Gouriet, oscil-
lator. The inductance should be carefully shielded,
and no metal should be in its field, because it may
warm up and change in dimensions. Since the coup-
ling to the tuned circuit is weak, only low r-f currents
flow through the coil, with the result that its dimen-
sions are stable. Arrangements of this fundamental
circuit, in which the plate, instead of the cathode, is
"hot," can be devised.
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General Rules for Attaining Oscillator Stabil-
ity. Certain ground rules have been established
that will produce inherently stable oscillators. Among
them are the following.

1. Components and wiring must be mechan-
ically stable.

2. Use tubes with high Sy, and high plate re-
sistance.

3. Keep the inductance and capacitance away
from any source of heat. Use a high-Q
coil.

4. Keep grid current as low as possible, con-
sistent with stable operation.

5. Keep harmonics as low as possible. Since
an oscillator must operate over a non-
linear part of the characteristic, some
harmonics are inevitable, but low har-
monics mean greater frequency stability.

6. A tuned-grid oscillator is less stable than
a tuned-plate oscillator for given varia-
tions in plate voltage.

7. In circuits employing "ticklers,' the feed-
back inductance should be as small as
possible and tightly coupled to the tuned
circuit, and all stray capacitances should
be small.

8. Maintain voltages constant.

9. Couple the tuned circuit to the tube as
lightly as possible, either by tapping the
tube across only a part of the circuit, or
by using the series-tuned Colpitts circuit
with very large coupling capacitances.

10. Use an electron-coupled oscillator be-
cause of the removal of the load from the
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Figure 5-13.  Regulated voltage divider
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oscillator proper, and because high-volt-
age variations have opposite effects inthe
screen and plate currents.

11. Avoid high-loss dielectrics, because they
have high positive temperature coeffici-
ents. They should be nonhygroscopic.
Choose the tube socket carefully.

The Hartley oscillator is a type of negative
feedback circuit; tuned-plate oscillators in general
have less harmonic content and larger amplitude, and
are more stable to supply voltage variations than the
tuned-grid circuit, while the latter has a more uni-
form output over a given variable frequency range.

Oscillator Frequency Stability Considera-
tions. If the dimensions of the inductance em-
ployed in LC oscillators change because of tempera-
ture variations, or from other causes, the frequency
of the oscillator will change. A typical example is
when an oscillator operates at h-f frequencies, or
lower, using a solenoid in its circuitry. Changes in
the length and diameter of the solenoid, caused by
heating, will produce variations in the oscillator fre-
quencies.

Changes in diameter and in length have oppo-
site effects upon the inductance./10/ An increase in
length causes a decrease in inductance, while an in-
crease in diameter causes an increase in inductance,
as can be seen from the formula for inductance of a
solenoid of the shape most often used at h-f frequen-
cies and lower.

2 N2
r< N
L=97 108

where r = radius of winding in inches
£ = length of winding in inches
N = number of turns

Since an increase in the radius produces a
greater effect than an increase in length of winding,
coil heating will produce a decrease in frequency.

The magnitude of this effect can be estimated
by assuming that the axial and radial coefficients of
expansion for the copper wire are the same.
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Figure 5-15. Clapp or Gouriet oscillator — a sevies-luned Colpitts oscillator



Thus,

L+AL=ﬁL%_ (1+at)
9r+104

where t is the change in temperature
o 1is the coefficient of expansion
= 16 x 10-6 parts per degree C for copper

In other words, the increase in inductance is
directly proportional to the change in temperature
multiplied by the coefficient of expansion of the con-
ductor.

The effect in terms of frequency change may
be stated as

Af = 1AL
f 2 L

and for a 30 C rise intemperature, the frequency will
change 240 cycles per Mc, or 2,400 cycles at 10 Mc.

The inductance, therefore, should not be inthe
same can as the oscillator tube, and the currents
drawn through the coil should be low. Since the ef-
fects of the radial and the axial expansions have op-
posite effects, some opportunity exists for equalizing
their respective disturbances on the oscillator fre-
quency.

Moisture. If the air in the insulation of the
conductor is displaced by water vapor, because of high
humidity, the self-capacitance of the inductor will in-
crease, and the frequency will be lowered. This is
due to the fact that the dielectric constant of water
vapor is greater than that of air.

Use of Temperature-Compensating Capacitors

in LLC Tuned Circuits. It is common practice to in-
stall temperature-compensating capacitors of the JAN -
C-20A type in capacitor-tuned LC circuits subject to
temperature change. Some work done by Naval Re-
search Laboratory/11/ indicates that an advantage ex-
ists in this process if ''the trimmer capacitor has a
temperature coefficient of capacitance inversely pro-
portional to its capacitance. Under this condition,
the optimum temperature coefficient of capacitance
(ppm/©°C) is equal to twice the frequency instability
(ppm/OC) times the ratio of the total circuit capaci-
tance to the compensating capacitance."

QUARTZ CRYSTAL OSCILLATOR DESIGN

Quartz crystals continue to be the preeminent
means for keeping radio transmitters on their as-
signed frequencies. In addition, crystals are em-
ployed to improve the selectivity of receivers.

Accuracy of Control. Lack of knowledge of
what the crystal requires for doing its job effectively,
or bad design of circuits to work with the crystal,
will make it impossible to attain the accuracy of fre-
quency control or the stability that the quartz plate
can provide. The crystal will maintain an oscillator
closer to its required frequency than any other
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electrical or mechanical device, even if no care is
taken in design, but to attain best results, care must
be taken.

The accuracy of control and stability are func-
tions of the way the crystal is made, the way it is
mounted, and the way it is used in the circuit. The
temperature, the circuit reactances, and the ampli-
tude of oscillation all have bearing on stability. For
certain circuits and crystals, it is possible to vary
the frequency as much as 0.1 percent, and since the
required accuracy of control is usually 1/10 to 1/100
of this figure, it is evidentthat proper design pays off.

It is one thing to measure the controlled fre-
quency of a crystal at a given temperature, in a given
circuit, and with a given drive, butitis quite a differ-
ent matter to jam it into some other circuit at some
other temperature or with greater amplitude of oscil-
lation. The two controlled frequencies will not be the
same. For example, in the caseof a CR-18/U crystal
unit, a change of frequency of the order of 0.005 per-
cent may result from a change of 10 percent in the
capacitance load into which the crystal works. The
overall circuit-plus-crystal frequency tolerance may
be as high as 0.01 percent. Closer tolerance can be
achieved by trimming the oscillator circuit, but this
calls for precision equipment, which may notbe avail-
able in the field.

Circuit types that give the greatest stability
are more complex, give less output voltage, and are
not as flexible as less stable circuits.

Much useful data and an excellentbibliography
are contained in the Information Bulletin on Quartz
Crystals, by C. E. Searles, R. A. Sykes, and L. E. Fair
of the Bell Telephone Laboratories, available from
the Armed Services Electro Standards Agency, Fort
Monmouth, N. J.

Availability of Units.  The data in Table5-2,
from the ASESA bulletin, provide a guide to presently
available units, arranged according to frequency
ranges.

Crystal Unit Types. Table 5-3 gives the cor-
relation between the type of crystal element and the
commonly-used terms indicating the "'cut' of the crys-
tal plate.

CIRCUIT TYPES

There are three broad types of oscillator cir-
cuits employing quartz plates as the stabilizing ele-
ment.

Parallel Resonant Oscillators. In the Miller
(Figure 5-16) and Pierce (Figure 5-17) circuits and
derivations from them, the crystal acts as an induct-
ance, and the entire circuit looks like a capacitance
and negative resistance in parallel with the crystal.
The frequency of operation is the antiresonant fre-
quency of the parallel circuit. These circuits have
the lowest stability of the three broad types; unless
the circuits are adjusted by means of a monitor, the
frequency inaccuracy will be at least 0.002 percent.




Table 5-2. Guide to the selection of the proper crystal unit in appropriate holder

Crystal For use in
Fre- Operating | Operable unit oscillators of
quency | temper- temper - capaci-
Frequency toler- ature ature Load tance Series Parallel
range ance range rangeg/ capacitance (max resonant resonant Holder
(Kc) B (°C) (°C) (mmf) mumf) type type type
16 to 100 +0.012 | -40 to +70 --- 20.0 £ 0.5 --- -—- CR-38/U§/ HC-13/U
80.860 +0.010 | -30 to +75 - 45.0 + 1.0 45 - CR-43/U§/ HC-16/U
80 to 200 +0.010 | -40 to +70 - 32.0 £ 0.5 --- --- CR-15/U HC-5/U
£0.010 | -40 to +70 --- --- - CR-16/U -—-- HC-5/U
+0.002 755 -40 to +80 | 32.0 £ 0.5 --- --- CR-29/U HC-5/U
+0.002 7% x5 -40 to +80 --- —-- CR-30/U - HC-5/U
90 to 250 +0.020 | -40 to +70 --- 20.0 £ 0.5 --- --- CR-37/U§/ HC-13/U
+0.003 7% +5 -55 to +85 | 32.0 £ 0.5 --- -— CR-42/U3/ | HC-13/U
160 to 330 | +0.003 | -55 to +75 --- --- See 4/ | CR-39/U3/ - HC-15/U
+0.003 70 +5 -55 to +75 --- See 4/ CR-40/U3/ --- HC-15/U
200 to 500 +0.010 | -40 to +70 --- --- - CR-25/U --- HC-6/U
0.002 T5+5 -40 to +80 - -—- CR-26/U --- HC-6/U
£0.010 | -40 to +70 --- 20.0 + 0.5 --- ~-- CR-46/U3/ | HC-6/U
+0.002 755 -40 to +80 | 20.0 + 0.5 --- --- CR-47/U3/ | HC-6/U
455 $0.020 | -40 to +70 --- --- 7.5 | CR-45/U3/ --- HC-6/U
800 to 3,000 {+0.0075| -55 to +90 --- 32.0 £ 0.5 7.0 - CR-48/U3/ | HC-6/U
800 to 15,000 |+0.002 7 +5 -55 to +90 | 32.0 + 0.5 7.0 --- CR-27/U HC-6/U
+0.002 85+5 -55 to +90 | 32.0 + 0.5 7.0 --- CR-36/U HC-6/U
800 to 16,000 |+0.005 | -55 to +90 --- 32.0 £+ 0.5 7.0 --- CR-18/U HC-6/U
800 to 20,000 |+0.005 | -55 to +90 - -—- 7.0 CR-19/U .- HC-6/U
+0.002 7 +5 -55 to +90 --- 7.0 CR-28/U --- HC-6/U
10.002 8515 -55 to +90 --- 7.0 CR-35/U --- HC-6/U
10,000 to +0.005 | -55 to +90 --- 32.0 £ 0.5 12.0 --- CR—33/U§/ HC-6/U
25,000
10,000 to +0.005 | -55 to +90 --- --- 7.0 CR-23/U --- HC-6/U
75,000 +0.002 7B +5 -55 to +90 --- 7.0 CR-32/U --- HC-6/U
15,000 to +0.002 85+ 5 -55 to +90 | 32.0 £ 0.5 7.0 -—- CR-44/U§/ HC-6/U
20,000
15,000 to +0.005 | -55 to +90 --- --- 7.0 CR-24/U -—- HC-10/U
50,000

1/ 1n addition, 0.002 percent crystal units shall not deviate more than 0.0005 percent from the frequency
value measured at the midpoint of the operating temperature range, when measured over the operating

temperature range.

2/ The operable temperature range is defined as the temperature range over which the crystal unit will
oscillate but not necessarily within the frequency tolerance.

3/ Special Application type (limited production).

4y Crystal unit capacitance shall be determined from formulae contained in Standards MS91393 and
MS91394 for the CR-39/U and CR-40/U, respectively.



Table 5-3. Crystal Characteristics

Designation Mode of motion Crystal cut Frequency (K¢ per mm)
A Element Thickness shear AT-cut 1660/t
B Element Thickness shear BT-cut 2560/t
C Element Face shear CT-cut 3070/w
D Element Face shear DT-cut 2070/w
E Element Extensional +5° X-cut (2600 to 2760)/4
F Element Extensional -18° X~cut (2540) 2
G Element Extensional GT-cut 3370/1 at w/4 = 0.86
(zero temp coeff)
H Element £-w flexure +5° X-cut (4400 to 5200) w/e 2
J Element {-w flexure Duplex (5500 to 5600) w/& 2
M Element Extensional MT-cut (2500 to 2700) ¢
N Element £-w flexure NT-cut (5000 to 5700) w/t2
Where t = thickness
w = width
£ = length

The Pierce circuit is most often used, since no tun-
ing is required. Neither the Miller nor the Pierce
circuit will oscillate when the crystal is removed
or broken.

Series-Resonant Oscillators. Greater sta-
bility may be secured from series-resonant circuits
in which the crystal acts as a resistance and the
frequency of oscillation is the resonant frequency
of the crystal. A minimum error of 0.0005 percent
may be expected. More components are required
than with the simpler parallel-resonant types, the
components must be tuned mutually, and in most cases
they do not permit grounding one terminal of the
crystal. The load the crystal looks into must be
purely resistive. Since the crystal resistance is in
the feedback path of the oscillator, the lower the
crystal resistance the greater will be the circuit
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Figure 5-16. Miller oscillator

gain. Several circuits of the series type are shown
in Figure 5-18.

In Figure 5-18(e), the crystal must be resis-
tive when LC tank is tuned to the crystal frequency.
Since the antiresonant resistance of the crystal is
too high for the circuit to oscillate, oscillations occur
only at the resonant frequency f; of the crystal unit.

Series-Circuit Desi%l._ The f{requency of
oscillation can be controlled to a small extent by
tuning the LC circuit, but maximum output voltage
is obtained when the circuit is tuned to the exact
resonant crystal frequency. A variable capacitor in
series with the crystal will raise the frequency;
an inductance in series with the crystal will lower
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Figure 5-17. Pierce oscillator
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the frequency, so that exactfrequency adjustment will,
in this case, require the use of a coil and a variable

condenser.

Voltage amplitude increases as the crystal
resistance decreases or as the crystal terminating
impedances are raised. Maximum stability is ob-
tained when the crystal terminating imp